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DEVELOPMENT OF COMPONENTS AND FIBRES FOR THE POWER SCALING OF
PULSED HOLMIUM-DOPED FIBRE SOURCES

By Nikita Simakov

In this thesis the optimisation and peak power scaling of pulsed holmium-doped fibre lasers were
investigated with the aim of demonstrating a fibre gain medium that is able to address the

requirements of applications that currently rely on bulk crystalline Ho:YAG or Ho:YLF solutions.

Conventional fibre processing techniques such as cleaving, end-capping and component fabrication
were improved upon using CO; laser processing. The resulting components and processes are also
characterised under high power operating conditions and have enabled subsequent

experimentation and demonstrations.

Holmium-doped silica fibres were fabricated and characterised with the aim of reducing impurity
contaminations, improving composition and achieving efficient operation at 2.1 um. These fibres
were characterised passively using transmission spectroscopy and actively in a laser configuration.
The most efficient of these compositions operated with a 77% slope efficiency in a core-pumped
laser up to average powers of 5 W and was then processed into a double-clad geometry. The
cladding-pumped fibre was operated at 70 W output power with a slope efficiency of 67% and
represents one of the highest power and most efficient cladding-pumped holmium-doped fibres

demonstrated to-date.

Small-signal amplifiers utilising both thulium-doped and holmium-doped silica fibres were
demonstrated. These amplifiers offered a broad wavelength coverage spanning 490 nm at 15 dB
gain from 1660 nm — 2150 nm. This remarkably broad wavelength coverage is attractive for a large

number of disciplines looking to exploit this previously difficult-to-reach wavelength range.

In addition to these devices, the average power and peak power scaling of 2 um fibre sources was
investigated. A thulium-doped fibre laser operating at 1950 nm with >170 W of output power, a

tuneable holmium-doped fibre laser producing >15 W over the wavelength span from 2040 nm —



2171 nm and a pulsed holmium-doped fibre amplifier with >100 kW peak power at 2090 nm are

reported.

Finally we review the requirements for efficient scaling of mid-infrared optical parametric
oscillators and analyse the non-linear effects that arise when attempting to scale the peak power
in silica fibres in the 2 um spectral region. We implement a range of strategies to reduce the onset
of nonlinear effects and demonstrate a holmium-doped fibre amplifier with peak power levels
exceeding 36 kW in a 5 ns pulse with a spectral width of <1 nm. This represents the highest spectral
density achieved for nano-second pulse duration from pulsed holmium-doped fibre sources. This
preliminary result provides an excellent platform for further peak power scaling and also in

replacing conventional Q-switched Ho:YAG lasers.
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Chapter 1.

Introduction

1.1  Overview

There is a requirement for 2 — 2.1 um sources in materials processing, laser surgery, generating
mid-infrared sources via nonlinear conversion, remote sensing and LIDAR applications. These

requirements are currently addressed by sources based on crystalline holmium materials.

Solid-state laser sources, including fibre lasers emitting at around 2 um are typically based on direct
generation using thulium and holmium rare earth ions. The wavelength range for the operation of
thulium fibre lasers typically spans from 1.9 — 2.05 um [1] and there have been numerous
demonstrations of such sources in the 100 W — 1 kW average power levels [2-5]. Holmium based
sources are typically required in order to operate at wavelengths longer than 2.07 um with

operation demonstrated to beyond 2.2 um [6].

1.2 Medical applications

There are certain aspects which make the 2 um wavelength range suitable for highly precise surgical
applications [7]. The penetration depth of 0.1 — 1 mm at ~2 um allows for efficient processing of

tissue as well as subsequent cauterization.

Sources at 3 um are able to exploit a much stronger water absorption feature; however radiation
at this wavelength requires the use of a fragile soft glass delivery fibre. The 1.7 — 2.2 um radiation
from a thulium or holmium laser can be delivered over many metres with minimal attenuation in a

conventional, robust all glass fused silica fibre [8].
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Figure 1.1: Absorption coefficient of water as a function of wavelength over the span from 200 nm to
10 um [7]. Thulium and holmium lasers operating at 2 um are able to address a strong absorption peak with
<1 mm penetration depth, but still maintain all of the advantages of being compatible with a fused silica

delivery fibre.

The typical parameters of laser sources used in surgery are 2 J pulses with a duration of 600 us
operating at a repetition rate of 50 Hz [9]. These are typically low brightness, flash-lamp pumped
systems operating in a quasi-continuous wave (QCW) mode. The radiation from these sources is

delivered into the patient via 200, 365 and 550 um diameter fibres.

Both the peak and average powers of these systems are addressable by fibre lasers with the added
benefit of significantly improved beam quality. The greatly improved beam quality would enable
delivery via a much thinner fibre (i.e. 80 um outer diameter), thereby allowing smaller bend radii
and improved accessibility within the patient. The fibre laser geometry also allows for the flexibility

of having a continuous (CW), quasi-continuous (QCW), Q-switched or mode-locked output.

1.3  Mid-infrared sources based on holmium lasers

Mid-infrared sources in the 3-5 um spectral region are required for a range of applications including
remote sensing, spectroscopy and free-space communications. Such mid-IR sources can be
generated by quantum cascade lasers [10], directly from a solid-state laser [11] or by the frequency
conversion of a pump laser [12,13]. The highest output powers in the mid-IR have been achieved
by frequency conversion of pulsed 2 um solid-state lasers using optical parametric oscillators (OPO)
relying on Zinc Germanium Phosphide (ZGP) [12,14-16]. Consequently the development of a high

power mid-IR source is reliant on the development of a suitable high power pulsed 2 um pump
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oscillator. Typically Ho:YAG laser systems are used to address this requirement and have been
demonstrated at average power levels exceeding 100 W [14,15,17]. Further power scaling of
Ho:YAG lasers is typically achieved by increasing the number of gain modules, the number of pump
lasers and consequently the size, cost and complexity of the laser. The possibility of replacing
multiple gain media with a single holmium-doped fibre (HDF) laser presents an attractive power

scaling solution.

1.4 Remote sensing and LIDAR applications

A detailed summary of the requirements for fibre based LIDAR sources is presented in [18].
Depending on the range and velocity resolution requirements, the source can operate in a
frequency modulated CW or an amplitude modulated/pulsed regime. The atmospheric
transmission window in the 1.5 — 2.2 um range is shown in Fig. 1.2. Pulsed sources emitting in the
2 um range are able to operate with ~4 orders of magnitude larger peak powers in comparison to
1 um lasers while still remaining eye-safe. Radiation in the 2.1 —2.15 um region is also less sensitive
to scattering losses during atmospheric propagation [18]. While there is a transmission window at
2.04 um that is addressable by thulium lasers, holmium sources are able to operate in a much wider

transmission window between 2.07 —2.2 um.
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Figure 1.2: Atmospheric transmission and maximum permitted energy over a wavelength region spanning
0.8 —2.2 um for a 6 km propagation from ground level to 1000 m height and assuming an aerosol absorption

strength of 0.18 km™ at 1 um [18,19].

As can be seen from Fig. 1.2, there are numerous absorption bands in this wavelength region. These

features are due to C-H, O-H and C-O bonds. While preventing transmission in this window, it also
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offers opportunities for remote sensing and measurement of these species. Thulium fibre sources
are able to operate over the 1.65 —2.05 um wavelength region and address a number of resonances

of varying strengths corresponding to a range of species.

1.5 Material processing applications

The application of 2 um sources for material processing applications is an active area of research.
Conventional 1 um and 1.5 um fibre laser sources are not able to address the intrinsic absorption
bands in many commonly used polymers as shown in Fig. 1.3. In order to enable marking and
welding, additives are incorporated into the material to increase the absorption in these
wavelength regions. By operating in the 1.7 — 2.2 um region it is possible to access strong, natural
absorption features in plastics and polymers without the use of such additives [20]. Wavelength
tuneable and wavelength agile sources can also enable material selective processing and provide
fine depth control by tuning across absorption features. Thulium and holmium fibre lasers offer a
broad operating range spanning the 1.7 — 2.2 um region and thus are well positioned to target this

application [21,22].

Yb3*/Nd3?* lasers Erdt lasers Tm3/Ho* lasers

Transmission (%)

I 1 1 1
0 1 1 1 1 1 1 1

700 900 1100 1300 1500 1700 1900 2100 2300
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PMMA
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Figure 1.3: Transmission spectra though commonly used plastics and polymers with an illustration of typical

operating bands for various rare-earth doped fibre lasers [23].
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1.6 Summary of source requirements

Table 1.1 compares the requirements on the output powers, wavelengths and pulse formats for a
range of typical applications, with the demonstrated outputs from holmium fibre lasers. With the
many benefits that are offered by operating at a longer wavelength, these parameters are all readily
attainable. The peak powers demanded by these sources are achievable by fibre lasers due to the
geometric scaling of the core dimensions (and hence reduction of intensity) without impacting the
beam quality. Furthermore the thresholds for nonlinear effects such as stimulated Raman
scattering (SRS) and stimulated Brillouin scattering (SBS) are greatly increased by operating in the

2 um spectral region.

Table 1.1: Comparison of source requirements for various applications

Wavelength Pulse energy/duration Average power

Mid-IR conversion 2.09 um 1-5mJin 30 ns >100 W
. 2 Jin 600 pus
Medical 1.7-2.15 pm 100 W
applications CW operation
LIDAR - CW 2.06-2.15 pm CW operation 10 W
LIDAR - pulsed 2.06-2.15 um 1 mJin 500 ns 10W
1-10 ps 50 - 100 W
Material processing 1.7-2.15 pm
CW operation >100 W

1.7  Current holmium-doped fibre sources demonstrated

Over the last 10 years there has been substantial effort in the development and power scaling of
sources based on holmium-doped fibres. The pioneering work was undertaken by several groups
who investigated core-pumped systems at lower power levels [24-26]. In 2011 the first resonantly,
cladding-pumped HDF was demonstrated by Hemming et al [27] with 99 W of output power at a
65% slope efficiency. At the time this result was almost an order of magnitude improvement on
previous investigations of holmium-doped fibres [28]. The advent of a power scalable, double-clad
fibre enabled further results including a monolithic holmium-fibre laser with >400 W of average

output power [29] and pulsed sources with >100 kW peak power [30]. More recent efforts on
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composition optimisation have demonstrated HDFs that operate at 93% of the quantum limit with
an 87% slope efficiency [31]. A variety of lower power sources have also been investigated with
operation in the ultrafast regime [32], high gain amplifiers [33] and in a variety of tuneable

configurations [22,34].

1.8  Outline of thesis

In this thesis the development of fibre processing and fibres to enable the power scaling of pulsed
holmium fibre sources is explored. This includes measuring the basic spectroscopy of the holmium
ion; undertaking an investigation into strategies for developing small-signal amplifiers; an analysis
of approaches to reduce spectral broadening during high peak power operation; and finally the
development of enabling components and techniques for further power scaling of pulsed holmium-

doped fibres.

In Chapter 2 we introduce some of the fundamental concepts associated with fibre lasers, double-
clad pumping geometries as well as covering the basic characteristics of the lasing transitions in
thulium-doped and holmium-doped silica. In this chapter we also discuss the origins of noise and

spurious emissions in pulsed and CW fibre lasers.

In Chapter 3 we introduce a variety of components and processes enabled by the modification of
silica fibres with CO, laser sources. Laser cleaving is investigated, and an in-house solution is
demonstrated that provides an order of magnitude improvement on conventional laser cleaved
and mechanically cleaved surface topologies. Cladding surface modification is also investigated, and
robust, easy-to-fabricate cladding light stripper devices are demonstrated. End-cap termination is
demonstrated with excellent beam quality, strength and quality. These underlying components
enable the robust construction of the high power amplifiers and oscillators that are required in the

chapters that follow.

In Chapter 4 we present the basic characterisation techniques that enable rapid, low-cost iteration
of holmium fibres and the subsequent testing of the composition. Hydroxyl concentration and
efficiency measurements are discussed with an analysis of potential noise sources. A summary of
the holmium-doped fibres developed in-house over the duration of this thesis is presented. A
preform with the optimised composition was then fabricated into an all-glass, double-clad design

that is compatible with pumping at 2 um. The fibre was then operated in a free-space pumped



Page: 7 Chapter 1

configuration and produced 70 W of output power at 2.1 um with a 67% efficiency — this represents

one of the most efficient cladding-pumped holmium-doped fibres currently demonstrated to date.

In Chapter 5 we investigate the wavelength coverage offered by thulium-doped and holmium-
doped silica fibre lasers. Small signal amplifiers are demonstrated spanning a wavelength range
from 1.65 — 2.15 um. Various amplifier configurations including diode pumped, fibre laser pumped,
single and double pass geometries are investigated. A cladding-pumped holmium laser is also
presented with an operating range from 2.02 — 2.17 um and power levels of >15 W. In the final
section of this chapter, an acousto-optical tuneable filter (AOTF) is utilised to enable a wavelength

agile holmium oscillator.

In Chapter 6 we focus on the pulsed operation of silica fibres in the 2.1 um wavelength range for
the application of pumping a mid-infrared parametric oscillator. A review is performed on the
source requirements for the pump laser. These requirements are then considered in the context of
the various nonlinear processes in silica fibres operating at high peak power in the 2 um wavelength
region. These are particularly different from the nonlinear limitations encountered in pulsed fibre
sources operating at 1 um. We propose methods to increase the nonlinear threshold and
implement these in the construction of a pulsed amplifier system. These methods include spectral
conditioning of the master oscillator, ultra-large mode-field diameter step-index fibre geometry,
adiabatic tapering and aggressive inter-stage spectral filtering. This amplifier system is able to
operate at peak power levels of 36 kW while having minimal spectral broadening. The sources in
this chapter represent the highest peak power holmium-doped fibre sources demonstrated, and
also achieve operating parameters that are able to equal that of conventional Q-switched Ho:YAG

lasers.

In Chapter 7 we summarise the work presented throughout this thesis. A comprehensive review of
the current state-of-the-art is provided illustrating the current status of holmium-doped fibre
sources. We discuss future concepts for power scaling, as well as for operation in a range of pulsed

regimes.
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Chapter 2.

Background

2.1 Introduction

Optical fibre gain media offer many advantages over their traditional solid-state, crystalline
counterparts such as improved thermal management, beam quality and cost of fabrication. The
thermal load in a fibre laser is typically distributed across many meters of gain medium thereby
allowing fibre lasers to generate many kW of output power without experiencing thermal
degradation. The output beam quality is mostly defined by the engineered dielectric waveguide
layers in the fibre and is far less sensitive to thermal gradients and external perturbations such as
mechanical and mounting stresses. Finally, fibres are produced on a large scale, with a single

preform yielding sufficient gain media for hundreds of high power lasers.

2.2  Fibre geometry

2.2.1 Core-pumped geometry

A core-pumped fibre source configuration occurs when the pump radiation and amplified signal
radiation are confined to the same core waveguide layer. Indeed, the first diode-pumped erbium-
doped fibre laser was operated in this configuration [1]. A major disadvantage of this approach is
that the pump radiation is now required to have a brightness similar to that of the output signal
generated in the core. This approach limits the possibility of power scaling as now there is only one
or two pump sources that can be coupled to the core. While core-pumping offers some advantages
in terms of reducing device length and reducing fabrication complexity, it also prevents the system
from significantly improving brightness with the output beam quality having similar brightness

properties to that of the input pump radiation as defined by the core waveguide. An alternative
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approach that seeks to decouple the guidance of the pump and core radiation is required to make

full use of the power scaling properties of optical fibres.

2.2.2 Cladding-pumped geometry

In a double-clad active optical fibre, the core radiation and pump radiation are confined by layers
with small and large refractive index contrasts respectively. The refractive index contrast between
the core and the cladding is usually small in order to support a much smaller number of modes (and
in some cases only a single-mode) in the fibre core. In combination with the small transverse
dimension of the core, this ensures that the output beam quality of any radiation that is generated
by the core is significantly better than that guided by the cladding. An illustration of the refractive

index of the core, cladding and coatings of double-clad fibres is shown in Fig. 2.1.

Circular claddings support Shaped claddings break
Refractive index helical modes thatdo not symmetry and improve
—_— interact with core interaction with the core

—| Highly divergent pump
, rays guided by cladding

|
|

Low divergence rays
propagate in core cladding

_J coating

Figure 2.1: Refractive index profiles across the core, cladding and coating regions of double-clad fibres. Also
shown are the cross-sections and an illustration of the impact of shaped claddings on the disruption of helical

modes in active fibres.

The acceptance angle (6) of a waveguide in an optical fibre is defined by the magnitude of the
refractive index difference between the two layers. This angle is related to the numerical aperture
(NA) as NA = ngsin(B) where ng is the refractive index of the external medium. For a core with
refractive index (ncore) and cladding with refractive index (nciadding) the numerical aperture can be

expressed as:

NA= [Nf{pre —MNZgq - (2.1)
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2.2.3 Single-mode fibres

The number of guided modes within a step-index fibre is determined by the V-number (sometimes
referred to as normalised frequency). The V-number of a circular step-index waveguide is given
by [2]:

_ 2mrNA
-,

(2.2)

Where r is the core radius, NA is the numerical aperture as defined by Egn. (2.1) and A is the
operating wavelength. For a given core radius, the number of modes at a given wavelength that are

supported increases with increasing NA.

For V<2.405, the fibre can only support the fundamental mode whose profile is a well-defined
combination of Bessel J and K functions at the various interfaces [3] —this solution is referred to as
the LPo; mode. This profile also resembles that of a Gaussian and is a significant aspect of fibre laser
sources. A source operating on the LPo; mode of a fibre will have very similar spatial and
propagation characteristics to that of the TEMg, mode of a conventional laser cavity. Higher order

modes, and modes of non-step-index fibres generally have different transverse intensity profiles.

As the V-number of an optical fibre core is increased, by either increasing the radius or the
magnitude of the refractive index step with respect to the cladding, the strength of the confinement
of the fundamental mode within the core also increases. The mode field diameter (MFD) of the
fundamental mode within a step index fibre can be related to the fibre core diameter and V-number
by the Marcuse approximation [4,5] — this is valid for V>1.5.

Vst e (2.3)

MFD = 2r (0.65 o 1o 2'87) ,
As the V-number increases, the MFD of the fundamental mode asymptotes to 65% of the core
diameter. It is important to remember that this approximation applies to step-index fibres. As the
core diameter is increased in fibres that do not have a step index profile, the diameter of the
fundamental mode may change drastically. This is particularly significant in fibres that have central

features —whose formation are associated with the collapse stage of the MCVD fabrication process.
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2.2.4 Few-mode fibres

As the V-number of the core is increased to V>2.405, the LP11 mode can now be supported and
guided by the core. As the V-number increases further, then the waveguide can support even more

modes [6].

In addition to having different propagation constants, the higher-order modes may have very
different intensity profiles. If a Gaussian, diffraction limited output is desired, then measures must
be taken to prevent significant generation or transfer of power into the higher order modes. Some
cores also have refractive index profiles where the fundamental mode does not have a Gaussian or
near-Gaussian intensity profile. In other applications such as mode-division multiplexed
telecommunications or materials processing, operation on a single, but a higher order mode may

be desired [7-9].

2.2.5 Multi-mode fibres

The typical cladding of a double-clad fibre has a diameter of 125 — 400 um and an NA of 0.22 — 0.46.
This yields a V-number in the order of 100-600 and thus many modes are supported by this
structure. This enables the fibre cladding to confine and guide poor beam quality, lower brightness
pump sources. Typically the pump source is an array of multi-mode laser diodes or fibre lasers. The
active fibre acts as a brightness converter by receiving the pump input which has a poor beam
quality into the multi-mode cladding and generating an output whose propagation properties are
defined by the core and has excellent beam quality. The cladding layer that confines the pump
radiation is also shaped as shown in Fig. 2.1 to disturb any helical modes that would otherwise

experience minimal interaction with the core [10].

2.3  Active fibres

Passive fibres have been an enabling tool for many applications by allowing incredibly low loss
propagation of radiation (with the lowest loss fibres achieving ~0.2 dB/km levels of attenuation).
By including an active rare-earth dopant in the core, it is possible to now optically pump the ions
into a metastable state and then extract that energy by stimulated emission in a spatially and

temporally coherent output.
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2.3.1 Thermal handling of optical fibres

A fibre laser usually contains 3-30 m of active fibre which provides an enormous surface area from
which heat can be removed. Experiments and modelling suggest that these fibres can support heat
loads of >300 W/m [11], and so the possible heat that can be managed by the gain medium is in
the order of 1 — 10 kW [12]. Given that Yb** fibre lasers operate with >80% slope efficiencies, then
this heat load represents 25% of the output power indicating that 4 — 40 kW power levels are not
beyond the thermal handling limit of the fibre [13]. In reality it is rare that the heat load is
distributed uniformly through the gain medium and usually quantum defect heating is not the main
cause of failure, but rather the power handling of individual discrete components such as splices
and combiners. Despite this, single diode pumped amplifiers at the 3 kW level and more complex
systems operating at the 10 kW level have been demonstrated [12]. Further power scaling typically
involves some form of combination of multiple lasers, typically spectral, coherent or

incoherent [14].

2.3.2 Brightness conversion in double-clad optical fibres

The first demonstrations of diode pumped fibre lasers and amplifiers utilised core-pumped
approaches [1,15]. A fundamental limitation here is that the pump source now has to be very high
brightness. As a result, in order to power scale, the pump source must itself be a high brightness
high power source. A solution to this was developed with the double-clad geometry [15]. Here the
active fibre has multiple internal waveguides as shown in Fig. 2.2. The inner waveguide is termed
the core and is typically doped with active rare-earth ions that can participate in optical pumping
and stimulated emission processes — this waveguide is typically of the order of 5-30 um in diameter
and has an NA of 0.06 — 0.2 with respect to the cladding. The next largest waveguide is termed the
cladding and it guides the launched pump radiation which is confined by the interface formed
between it and a low index material — usually a low-index polymer. This pump waveguide typically
has a diameter of 125 —400 um and the NA between the silica and polymer is 0.4 —0.48. This greatly
relaxes the brightness requirement on the pump source and is easily addressable in a scalable

manner by multi-mode diode lasers.
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and divergence acceptance
on in the cladding

Core emission occurs from small spatial
extent and with a very low divergence

coating

Figure 2.2: A low brightness pump beam is launched into the cladding of a fibre. This radiation is attenuated
along the length of the fibre by interacting with the core. The ions in the core emit and this radiation
experiences further amplification and is guided by the core. The output from the fibre core has a small spatial

extent and a low divergence as defined by the core parameters.

Cladding area X Cladding acceptance cone

Brightness enhancement = , (2.4)

Core area X Core acceptance cone

2 2
— Telad X NAcIad

z clad - 20,000
TCOTE X NACO?"E

Where the ‘Brightness enhancement’ is the ratio of acceptance area of the cladding and the core
regions (Cladding area, Core area) and the angular acceptance (Cladding acceptance solid angle,
Core acceptance solid angle). This reduces to the ratio of the radii (rciad, core) and NA (NAgad, core) Of

both the cladding and the core respectively.

Foracommon 20 um, 0.06 NA, 400 um 0.46 NA fibre design, this brightness enhancement is >20000
and is routinely achieved in industrial fibre laser systems with efficiencies exceeding 80% and at
power levels exceeding 1 kW. It is therefore not surprising that fibre lasers are such a widely used

gain medium alongside high power but poorer beam quality semiconductor sources.
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2.3.3 Gain medium quality, scalability of manufacture and efficiency

Silica is a suitable material for high power fibre lasers because of its excellent mechanical and
thermal properties. However, much more importantly than the basic properties is the modified
chemical vapour deposition process (MCVD) which provides a well-developed method for the
fabrication of low loss, high purity silica fibres. The ability to make excellent quality, highly
reproducible, low loss and high purity gain medium in relatively large volumes is an extremely
important foundation for developing further systems based on this approach. Despite the many
advantages that some infrared glasses present as potential hosts, the largest barrier to

development is the ability to achieve the purity, the homogeneity and the volumes required.

The choice of silica as a host has several implications for 2 um fibre lasers. The presence of a strong
material infra-red background loss [16—20] and an absorption feature due to the hydroxyl ion/silica
interaction (SiOH) resonances will drive the design of efficient fibre lasers at this wavelength [21].
The non-radiative decay due to multi-phonon relaxation decreases the lifetime of the upper lasing
level from ~10 ms to less than 1 ms [21]. Despite these additional challenges, both thulium and
holmium doped fibres have been power scaled to the >400 W from a single gain stage in various

architectures.

2.4 Laser operation in rare-earth doped silica fibres

Let us consider a two level energy system where the ions are distributed between the ground state
(N1) and the upper laser level (N2). The absorption and stimulated emission rates are related to the
Einstein B coefficients (B1; and B2:1) and the photon flux density (p(v)). The spontaneous emission

rate is governed by the A;; coefficient. An illustration of these transitions is shown in Fig. 2.3
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Figure 2.3: Transitions corresponding to the absorption, spontaneous emission and stimulated emission of

radiation in a two-level system.

The total population of ions (N) remains constant so we can state that:

N = Nl + NZ , (25)
Where Nj is the concentration of ground state ions and N3 is the concentration of excited ions. We

define the inversion parameter (B) as the fraction of ions in the upper energy state:

B=—, (2.6)

Based on the distribution of energy states within each manifold and the associated transition cross-

sections, we can define the absorption and emission cross-sections and the effective cross-section.

Geffective OL) = ;8 X Opmission OL) - (1 - ;8) X Gabsorptionot) , (2-7)

Where Oefrective is the effective cross-section (>0 represents gain, <0 represents absorption), Gemission
is the emission cross-section and Gabsorption iS the absorption cross-section (m?). It is also important
to bear in mind that the cross-sections are functions of wavelength (A). The output (Po.t) after

absorption or amplification as an initial signal (Po) propagates over a length (L) will then be:

P = poeLXNXGeffective(M ’ (2.8)
This also assumes that the signals are sufficiently small such that there are no saturation effects.
The ion concentration is typically measured by chemical analysis such as mass-spectroscopy, the
absorption cross-section is easily measured using any form of optical absorption spectroscopy, and
emission cross-section can be measured by creating a maximum inversion (usually with another
laser source) and performing spectroscopy on the emitted fluorescence. The emission cross-section

may also be estimated from the absorption spectra using the reciprocity relationship [22].



Page: 19 Chapter 2

The population within each manifold is temperature dependent and is distributed according to
Boltzmann statistics. It is this thermal population that is responsible for the absorption features at
wavelengths longer than the zero-phonon line. As the population of ions is cooled from 295 K to
77 K we would expect that the distribution within the ground state manifold would change and
more ions would occupy the lowest possible energy state. As shown in Fig. 2.4, we also observe the
absorption cross-section at wavelengths greater than the wavelength corresponding to the zero-

phonon transition disappear.
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Figure 2.4: Absorption per unit length in a holmium-doped fibre at 295 K and 77 K. The absorption in the 1.98

— 2.1 um region disappears due to the redistribution of the population in the lower level manifold.

2.4.1 Holmium-doped silica spectroscopy

The energy levels of the holmium ion in silica are shown in Fig. 2.5 [23]. The holmium ion can be
pumped into either the %I level by 1.95 um thulium based sources, or the %I level by 1.15 um laser
diodes or long wavelength ytterbium-doped fibre lasers. Pumping at 1.95 um results in a laser
transition with a very low quantum defect of <10% (absorption at 1.95 um, emission at 2.1 um) and

is attractive for power scaling and high power applications.
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Figure 2.5: Relevant energy levels for the pumping and emission in holmium-doped silica.

The Ho** cross-section at 1.8 — 2.2 um is shown in Fig. 2.6. The emission cross-section is estimated
via reciprocity from the absorption cross-section [22]. The effective cross-section for holmium-

doped silica for various inversion levels (B) as a function of wavelength is shown in Fig. 2.6.
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Figure 2.6: Effective cross-section of holmium-doped silica as a function of wavelength.

2.4.2 Thulium-doped silica spectroscopy

The thulium ion exhibits several broad absorption bands at 790 nm, 1550 — 1900 nm which can be
addressed by diodes and fibre laser pump sources — the relevant energy levels are shown in Fig. 2.7.

Several groups have demonstrated high average power levels with 608 W from a single stage
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amplifier [24] and more than 1 kW from a dual stage amplifier [25]. Both of these demonstrations
operated at 2.04 um and relied on diode pumping at 0.79 um. Other strategies for the power scaling
of thulium fibre sources include resonant pumping with either erbium based sources [26] or
another shorter wavelength thulium fibre laser [27]. Of these approaches, the most electrically
efficient approach to generating radiation at 2 um is achieved by using 0.79 um diode pumping of

thulium and exploiting the cross-relaxation mechanism between thulium ions.

3
A ? H,
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790 nm
3
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Figure 2.7: Relevant energy levels for the pumping and emission in thulium-doped silica.

Cross-relaxation is a well-known effect in thulium-doped gain media and enables a quantum
efficiency >1 with up to 2 laser photons generated for a single pump photon [28]. The cross-
relaxation mechanism allows for a substantial increase in efficiency when pumping at 790 nm. This
2-for-1 process increases the maximum possible yield from 790/1900 = 42% to 790/1900x2 = 83%.
To date, the most efficient demonstrations of diode pumped thulium have operated at ~70% slope

efficiency, with typical high power systems at 50-60% with respect to launched pump.

The thulium emission spans across 1600 — 2100 nm, and varies substantially depending on the
fractional inversion as shown in Fig. 2.8. At low inversions, the gain peaks at around
2000 — 2050 nm. At higher inversions the gain can extend to the 1600 nm range, and indeed has

been demonstrated to operate as short as 1650 nm [29].
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Figure 2.8: Effective cross-section of thulium-doped silica as a function of wavelength.

The inversion required to reach transparency (Geftective = 0) Will vary depending on the relative value
of the absorption and emission cross-sections. For the longer wavelength edge of the transition,
the inversion required to reach transparency will be significantly smaller than that at the zero-

phonon line.

2.4.3 Lifetimes in silica host

The radiative lifetimes (Tragiative) associated with the 2 um transitions in thulium and holmium are
expected to be of the order of many ms. However, there are also non-radiative decay mechanisms
that can contribute to this. One of the most common non-radiative decay mechanism for these
transitions is due to interaction with vibrational modes within the host. This is termed as multi-
phonon relaxation and occurs with a rate (Tnon-radiative) that is dependent on the required number of

interactions. Only the highest energy vibration supported by the material is significant.

The effective lifetime of the upper-state is now governed by both the radiative and non-radiative

processes:

1 1 1

= + , (2.8)

Leffective Uradiative Tnon—radiative
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For the 2 um transitions in silica the Tradiative = 5-10 MS >> Tnon-radiative “0.3 — 1 ms and so the upper-
state lifetime (Teffective) iS almost entirely determined by the non-radiative decay mechanisms. This
process will significantly affect the threshold as in order to achieve a high inversion, the pump rate
must be proportionally larger to compete with the non-radiative processes. This can also have
significant implication for the allowed composition of the host material if the aim is to maximise
the lifetime of the Tm3* and Ho*" ion as several of the dopants in a conventional MCVD process such
as boron oxide and phosphate will increase the maximum phonon energy thereby significantly

reducing the lifetimes of the transitions.

2.4.4 Discussion

When selecting the active material in a laser it is important to consider the final application. It is
not sufficient to only have the necessary emission properties at the desired wavelength, but also
extremely important to be able to control any out-of-band emissions that could lead to substantial

levels of ASE and parasitic lasing effects.

Figure 2.9 makes a comparison between the preferred operating region for the thulium and
holmium ion doped silica fibres. The maximum gain is normalised to 40 dB which is representative

of the isolation strength of commercially available isolators in this wavelength region.
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Figure 2.9: Gain profiles for thulium and holmium fibres under varying inversions normalised to an amplifier

with a peak gain of 40 dB.
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For example, consider the development of a pulsed 2.05 um fibre laser as a replacement for
conventional Ho:YLF solid-state lasers. A thulium-doped fibre laser operating in this region would
require a long length of fibre held at a low inversion (in order to shift the maximum gain to longer
wavelengths). Despite best efforts, there would still be substantial out-of-band gain at
1930 -1980 nm. As a result, the system would be unstable and susceptible to any external
feedback. Energy storage in between pulses would also be problematic. In comparison, a holmium-

doped fibre would be operating on the gain peak at around 2.05 um when at a high inversion.

Management of any out-of-band residual gain can be achieved by filter components that have a
spectrally dependent loss. Ideally the losses would be distributed with the active gain medium
rather than localised at either end — however the effectiveness of this approach will depend on the

operating parameters of the system.

2.5 Non-radiative energy transfer effects

Rare-earth doped fibres are typically doped with concentration levels such that the ions are in close
proximity and thus can interact in a non-radiative manner. It is possible for effects such as energy

migration, up-conversion, transfers and impurity quenching to occur.
2.5.1 Energy migration

Energy migration and diffusion in rare earth ions have been observed in ions such as neodymium,
ytterbium and erbium [30-33]. The energy transfer takes place between an excited ion and an ion
in the ground state as shown in Fig. 2.10. There is no energy loss in this process. The rate of
migration increases with increasing concentration of rare-earth ions and is typically several orders
of magnitude faster than non-resonant up-conversion processes in crystalline material such as

Ho:YAG [34].
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Figure 2.10: Energy migration from an excited holmium ion to a ground state holmium ion.
2.5.2 Energy up-conversion

When two excited ions are within close proximity of each other, it is possible that the energy from
one is transferred to the other shifting it to a higher energy level. A diagram of this process is shown
in Fig. 2.11. In holmium, this up-conversion process also relies on an additional phonon being
released or absorbed. Once in the upper energy level, the phonon environment of the silica host
dictates a rapid decay from the excited state to the upper lasing level. The overall energy loss in this
process corresponds to the energy required to excite an additional holmium ion. The rate of this
process will increase with an increasing concentration of excited holmium ions (i.e. dependant on
inversion fraction and holmium concentration). A consequence of this transfer is that there is now

a probability of spontaneous emission of higher energy photons from the °Isand °Is energy levels.
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Figure 2.11: Up-conversion occurs when two excited holmium ions are in close proximity.
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2.5.3 SiOH impurity quenching

The emission cross-section of a holmium ion in the °I; level overlaps with the combination mode
between the vibration of the SiO, tetrahedron (vi) and the fundamental mode of the hydroxyl
functional group (vs) [35]. It is possible that an excited holmium ion in close proximity to an SiOH
group will experience a rapid de-excitation due to the near resonant energy transfer. This effect
will be exacerbated by energy migration within the holmium ion population. A diagram illustrating

this is shown in Fig. 2.12.

Although not previously reported in holmium doped silica — this effect has been observed in the
praseodymium transition at 1.3 um which is in close proximity to the first overtone of the hydroxyl
group (at ~1.38 um) [36,37]. As a comparison, the strength of the combination mode of the
fundamental resonance (at ~2.2 um) is approximately a factor of 3 larger and this may have

significant implications to the rate of energy transfer.
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Figure 2.12: Near-resonant energy transfer between an excited holmium ion and a bonded hydroxyl group.
The parameters vs and vi describe the hydroxyl fundamental mode and the SiOs tetrahedron vibration,

respectively.

2.5.4 Clustering

Despite best efforts, the distribution of the rare-earth dopant in the host may not be uniform. This
may lead to formation of rare earth ion clusters where the local concentration is far larger than the
average bulk concentration. Within the cluster there will be a greatly increased rate of energy
transfer and up-conversion. Furthermore if the cluster is close to an impurity such as a hydroxyl
group, this can become a very efficient sink for any energy that is absorbed by any of the ions in the

cluster.
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2.6 Sources of noise in rare-earth amplifiers

In many applications the spectral and/or the temporal quality of the output are essential properties
and any spurious emission can rapidly degrade the performance and suitability of the laser. The
source of these emissions stems from spontaneous emission and subsequent amplification. We will

aim to discuss the origins and how to quantify the level of this noise both in CW and pulsed systems.

As a signal is amplified within a 2-level amplifier with gain G, at frequency v, some spontaneous
emission is captured within the same spatial mode. This emission will have a random phase with
respect to the incident signal, and will experience subsequent amplification. The resulting output is
therefore a component of the amplified photon flux (Gp(v)) and a component termed amplified

spontaneous emission (ASE). An illustration of this process is shown in Fig. 2.13

Amplifier with gain G

|
Output radiation

Input signal with | Spontancous
radiation density = p(v) : emission Idensity =G xp(v) + ASE
- > *
| Stimulated I
| emission I
I A 4 A 4 1 I

Figure 2.13: As an input signal experiences amplification, some component of the spontaneous emission is
also captured in the same mode. This noise component will also experience amplification along the length of

the amplifier.

2.6.1 Operation in a CW regime

Consider the spectral data in Fig. 2.14. This is an experimentally measured output from a holmium
doped fibre amplifier [38]. The input seed has a -0.3 dB peak level and an optical signal-to-noise
ratio of 64.5 dB. The output from the amplifier has a peak at 23.7 dB and a background at -23.6 dB.
The signal peak has risen by 24 dB and the background level has experienced an increase of 40.2 dB
indicating that there is indeed substantially more noise present in the system. The resolution used

to perform the measurement was 0.5 nm.
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Figure 2.14: Experimentally measured input and output signals to a holmium-doped fibre amplifier [38]

illustrating the non-ideal growth of the background noise. The measurement resolution was 0.5 nm.

This additional growth of background is associated with amplified spontaneous emission. In this
process, ions near the start of the amplifier spontaneously decay and some radiation is coupled into
the core of the active fibre and co-propagates with the input signal. This spontaneous emission also
experiences the same level of amplification along the length of the amplifier as well as collecting
more spurious emissions. As such the growth of such spurious emission must be very carefully
controlled. In certain applications this out-of-band emission is completely unacceptable to the

application.
2.6.2 Noise figure definition and measurement

In order to quantify the quality of amplifiers operating under different conditions, the noise-figure
(NF) metric is introduced. The NF represents the degradation in the signal-to-noise ratio (SNR)

between the input and output signals of an amplifier [22,39].

SNR;,

NF =10 x loglo (W) , (29)
out

Where the input and output signal-to-noise ratio (SNRin and SNRoutput) are determined in terms of
the currents generated by the signal and noise levels in the photodetector. It is important to note
that the SNR is not the same as the optical signal-to-noise ratio (OSNR). It is also important to note
that the NF is always > 0 dB as the amplifier will add noise during the amplification process. It can
be shown for an ideal amplifier, the quantum limit of the noise figure is 3 dB and indeed erbium-

doped fibre amplifiers with noise figures approaching this value have been demonstrated [40,41].
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The NF can be experimentally determined based on the data provided in Fig. 2.14. according to the

following equation [22]:

NF =10x1 Pase , 1
= X logqg thvG+E , (2.10)

Where we estimate the ASE power level (Pase=-23.6 dBm = 0.00437 mW) at the signal wavelength
by approximating it to the baseline around the main signal spectral feature. The operating
wavelength was 2069.5 nm corresponding to a frequency v = 1.449x10'*Hz. The bandwidth setting
for this measurement was AA = 0.5 nm which is equivalent to a frequency bandwidth (Av = 35 GHz).

The amplifier was operating at a gain of 24 dB (corresponding to G = 251).

Based on these parameters the NF = 7.1 dB. To enable accurate estimates of the NF, great care
must be taken to ensure that the average power, the spectra of both input and output signals are
measured correctly and with the same resolution setting on the instrument. Any systematic errors

in measurement may give unrealistic estimates of the NF performance of the amplifier systems.
2.6.3 Operation in a pulsed regime

Fibre lasers typically operate in a regime where the mode-field diameters are very small, the small-
signal gain and lengths are extremely large. Single pass amplification of spontaneous emission (ASE)
can reach significant power levels, and is able to extract the energy relatively efficiently. Parasitic
lasing can also occur from residual reflections at interfaces and even from the Rayleigh background
scattering in the fibre. In many CW materials-processing applications, this residual power has little

impact on the process. However in pulsed systems, these processes can be extremely detrimental.

Consider the situation of a multi-stage fibre amplifier with a pulsed seed as shown in Fig. 2.15. In
the time between pulses, the ASE background from the 1%t amplifier can build up to levels that are
able to saturate the 2"* amplifier stage. The complete absence of a seed may not even measurably
affect the average output power of the system due to how efficiently this ASE is able to extract the
power from the 2" stage. A question then arises — how to measure and quantify the amount of

energy in the pulses and the amount of energy in the background noise.
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Figure 2.15: A multi-stage fibre amplifier where the parasitic background and ASE from the 1% stage can

potentially extract the power from the 2" stage independently from whether the seed is operating or not.

2.6.4 Experimental measurement of temporal quality of output

The first approach might be to rely on a DC-coupled photodiode as an attempt to make a direct
measurement of the peak power and the background noise. Let us consider a source that is
supposed to produce pulses with duration of 10 ns at a repetition rate of 100 kHz. Typically the
output from a photodiode is observed on an oscilloscope, and the gain is configured such that the

peak of the output (Vi) produces a signal in the order of 1 V as shown in Fig. 2.16.
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Figure 2.16: Illustration of a typical signal from a typical system operating with 10 ns pulses at 100 kHz.

Let us also make the assumption that the total power (P) is distributed between the power in the

ASE background (Pase) and the power contained in the pulsed output (Psig):
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P = Pgig + Ppsp | (2.11)
If we assume that the efficiency of the photodiode and corresponding amplifiers is nep with respect
to the incident power on the detector. The amplitude of the voltage signal (V) generated by incident

radiation P is:

V=mnpp XP , (2.12)

We can integrate the corresponding contributions for the signal and the ASE based on the pulse

duration (10 ns) and the period (10 ps):

_10mns
Psig = 10 us X Vsig X e (2.13)
10 us — 10 ns 1 Vase
Pugp = ——————— X Vjgp X —— x &
ASE 10 s ASE oo Mep (2.14)

The minimum detectable background on an oscilloscope (i.e. the noise floor) will be typically in the
range of several mV. Let us assume that the ASE level is at the minimum level we can measure
reliably (Vase = 1 mV). Then the total power contained in the pulses is equivalent to the total power

in the ASE.

Psig = Pase (2.15)

This suggests that the ASE will only become detectable when the total power contained in the DC
background is equal to the power contained in the pulse. i.e. half of the total output power is

contained in the DC background.

This is obviously completely unacceptable for many applications requiring the high peak power of
the pulses and the absence of power in between pulses and illustrates the dangers of using a
photodiode as a single measurement. The dynamic range offered by such a measurement is in the
range of 20-30 dB and so will not be able to discriminate between sufficient levels of background.
Additional diagnostics such as the use of an RF spectrum analyser may provide additional dynamic
range and may assist in discriminating between a ‘DC’ background and a signal operating at a
100 kHz repetition rate. However this is also complicated by the fact that the ASE may not have a
constant background level. Indeed, we would expect the ASE to grow as more energy is stored in

the amplifier and reach a maximum shortly before the energy is extracted. In these situations, a
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direct measurement of the energy contained by the pulse in comparison with the energy contained

by the background is desirable.

It is possible to increase the dynamic range of the measurement by using an external fast amplitude
modulator with a high extinction ratio. An acousto-optic modulator (AOM) can easily achieve
extinction ratios of 30-50 dB (Raom = 103 - 10®°) for the diffracted orders with rise and fall times of

100 ns. An illustration of this measurement is provided in Figs. 2.17a) and 2.17b).

(a) lSource (b) lSouroe

Trigger AOM to Trigger AOM to
i “measure background : . measure pulse 200 ns
. e

g < » : p -
J\ 9.8 pis
Aector /[)Hector

Figure 2.17: a) The AOM is triggered to diffract the background in between the pulses. b) The AOM is triggered

to diffract the pulses.

In Fig. 2.17a) the AOM receives an RF pulse that is 9.8 us duration and occurs in between the pulses.

The power (P.) on the detector in this configuration is thus equal to:

9.8 us 0.2 ps
Py = Maom MPASE + Ryom X MPASE +Psig || (2.16)

Where naowm is the diffraction efficiency of the AOM and can be as large as 90%, but for the purposes
of this measurement is not a critical parameter. When the AOM is triggered as per Fig. 2.17b), with

a 200 ns window which includes the pulse, the power (P,) on the detector is equal to

0.2 ps 9.8 us
MPASE + Psig | + Raom X MPASE , (2.17)

Py =Maom

Let us assume that the Pase << Psg (in order to analyse the sensitivity of the measurement to small

amounts of ASE).
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9.8 us
Fa 10ps
Py~ 2

Pase + Raom X Psig Puse

P

(2.18)

+ Raom '

ig ig

Where we can see that the sensitivity of the measurement is equivalent to the dynamic range of
the modulator even if we use a slow detector such as a power meter. With this approach it is
possible to directly measure ASE levels which make up as little as 0.1% - 0.001% of the total output

(depending on Raom).

By using a fast DC-coupled photodiode in combination with the AOM, it would be possible to further
increase the sensitivity by the dynamic range of the measurement by a further 20-30 dB, thereby

potentially offering an extremely high sensitivity measurement of the ASE content.

2.7 Summary

In this chapter we have outlined the basic properties of the geometries and design considerations
used in active optical fibres. The geometry and engineered refractive index enables incredible
power scaling and brightness conversion inside optical fibres. Combined with the relatively high
gains possible, this leads to an incredibly useful amplifier platform. However, as with almost all
amplification we also need to consider the possible sources of noise. We introduce the concept of
noise figure and discuss how to measure spurious emissions in both CW and pulsed amplifier

systems.
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Chapter 3.

CO; Laser Processing

3.1 Introduction

CO. laser radiation experiences significant attenuation in silica, with typical penetration depths
ranging from 5 — 30 um at room temperature [1]. Furthermore, the absorption coefficient grows
rapidly with temperature. This effect enables localised heating of the glass and can be used in a
variety of applications. Previously demonstrated processes include repairing surface damage [2],
fabrication of arbitrary surface profiles [3], laser polishing [4], and surface ablation of various glass
surfaces [5]. The non-contact nature of CO, processing is an advantage for high power applications

as it results in a surface that is far cleaner than if a physical contact method were to be utilised.

Figures 3.1a) — 3.1d) show the various optical fibre structures that CO, laser processes have been
developed for as part of this project. The processes developed include fibre end-face preparation,

removal of polymer coatings, cladding surface modification, chemical-free etching and bulk end-

capping.

Figure 3.1: Examples of various laser processed structures for optical fibres. a) A flat-cleave fabricated using
CO2 processing in a 400 um diameter fibre. b) A cleaved capillary with a 180 um diameter and a 30 um wall
thickness. c) A cladding light stripper fabricated in a 250 um diameter fibre. d) An illustration of the chemical

free etching capability.
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3.2 Absorption of COz radiation in fused silica

In many processing applications, it is advantageous to prevent volume heating of the fibre due to
the potential for dopant diffusion, surface melting, surface deformation and unwanted bulging of
fibre surfaces. To avoid operating in this regime, it is necessary to perform the processes using a
wavelength that has a minimal absorption depth in silica. By operating in this strongly absorbing
regime, the deposition of energy is limited to the surface of the fibre and enables very precise

control of ablation depth.

Silica glass is very strongly absorbing in the 9 — 11 um spectral region. Transmission measurements
reveal that <50% is transmitted through a 26 um thick sample of pure fused silica as shown in
Fig. 3.2a) [1]. Indeed, at 8-10 um, this measurement is limited by signal-to-noise due to the strength
of the absorption. Examination of the complex coefficient of propagation shows that it is several
orders of magnitude stronger at 9.4 um than that at 10.6 um as shown in Fig. 3.2b). As a result, this
wavelength can been used to measure extremely low levels of residual oxide contamination in

silicon wafers due to the strength of the Si — O bond resonance at 9.4 um [6].
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Figure 3.2: a) Transmission of radiation through a 26 pum thick sample of fused silica [1]. b) imaginary

component of refractive index in silica glass from 1 — 35 um showing a strong feature at 8.5-9.6 um [6].

Simple transmission measurements are greatly complicated by the fact that substrates used are of
a similar longitudinal dimension to the wavelength that is used to characterise them. In addition
there are also complications arising from the potentially very strong reflections at the air-silica
Fresnel interface. Finally as the substrate is heated, there is also an increased absorbance observed

at 10.6 pum as shown in Fig. 3.3. Similar behaviour at 9.4 um has not been reported.
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Figure 3.3: Transmission of 10.6 um radiation through a 26 um thick sample of fused silica as a function of

temperature [1].

This strong interaction between the CO, laser radiation and the substrate makes it possible to
achieve an almost completely surface heating effect. This is advantageous when processing fibres
as it limits the temperature rise in the bulk of the material, and therefore any deformation and
diffusion which could induce optical losses. We have exploited this effect to precisely machine a
variety of silica structures and also in some cases, locally heat sections of bulk substrates for

bonding applications.

3.3  Preform Shaping

In order to introduce the pump-scrambling shapes discussed in Section 2.2, it is necessary to
machine the surface of the preform prior to drawing. Traditionally this is achieved by using an
ultrasonic milling machine. However, it is also possible to use a CO; laser processing method to
precisely etch away volumes of cladding material in order to achieve the required shape. In this
section we compare these processes and discuss why the CO; laser processing method is more

suited for our application.
3.3.1 Conventional approach: Ultrasonic milling

Ultrasonic machining is a unique non-traditional manufacturing process because it can produce

parts with high precision that are made of hard and brittle materials which are often difficult to
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machine using conventional techniques [7]. Here a tool bit is vibrated at an ultrasonic frequency,
and gradually removes material using mechanical means. Additionally, ultrasonic machining is
capable of manufacturing fragile materials such as glass and non-conductive metals. Ultrasonic
machining is able to produce high-tolerance parts because there is no distortion of the worked
material as there is no heat generation from the sonotrode against the work piece. Furthermore,
no burrs are created in the process, thus fewer operations are required to produce a finished part.

An illustration of the ultrasonic machining process is shown in Fig. 3.4.
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Figure 3.4: lllustration of an ultrasonic machining tool and how it interacts with the workpiece.

(https://en.wikipedia.org/wiki/Ultrasonic_machining)

Because ultrasonic machining is driven by microchipping or erosion mechanisms, the material
removal rate of metals can be slow and the sonotrode tip can wear down quickly from the constant

impact of abrasive particles on the tool.

In some cases, the surface of the preform after ultrasonic milling is not of optical quality and has a
large degree of roughness. In order to prevent scattering losses for the pump radiation, these
surfaces are subsequently fire polished in an oxygen-hydrogen flame before drawing. This fire-
polishing processes introduces substantial hydroxyl impurities into the surface, and is undesirable
if radiation at 2 um is propagating in the cladding. An alternative preform processing method is

therefore desired.

3.3.2 CO:2 laser processing of preforms

In this section we examine the use of CO; laser processing to shape the outside of a preform in

order to achieve a symmetry breaking structure without introducing hydroxyl contamination. This
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is a technique that has been previously demonstrated [8], but has not been as widely adopted as
the ultrasonic milling approach. A schematic is shown in Fig. 3.5 where the preform is mounted
vertically, rotated and translated while multiple CO; lasers are focussed onto the surface. Intensities
of >10 kW/cm? heat up and vaporise a thin layer of silica on the surface. The aim is to prevent and
minimize bulk heating and thermal processing of the preform while performing the required

machining process.

-
___Rotation/translation gear

Translation

8 CO, lasers Power supply

Figure 3.5: Schematic of laser based preform processing [8].

A similar system, but using only a single CO, laser was constructed by Shardlow et al. at the
University of Southampton [9]. This system was used to fabricate a variety of surface profiles, as
well as producing an optical quality finish and a very low hydroxyl contamination of the processed

cladding surface. A schematic of this system is shown in Fig. 3.6.
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Figure 3.6: Schematic of laser based preform processing capability developed at the University of

Southampton [9].
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3.4  Splicing of optical fibres

The integration of active fibres into a laser or amplifier system is almost of equal importance as to
the design of the fibre itself. Indeed, the most common failure mechanisms in a fibre laser arise at
splices (due to excess splice loss), or at regions where there is excess cladding radiation that is able
to interact with and destroy components. In the following we discuss the motivation for achieving

high quality, reproducible cleaving with the intent of improving splice quality.
3.4.1 Typical splicing process

Optical fibre fusion splicing is the process by which a permanent, low-loss, high-strength, welded
joint is formed between two optical fibres. The ultimate goal of optical fibre fusion splicing is to
create a joint with no optical loss yet with the mechanical strength and long-term reliability that
matches the fibre itself. As shown in Fig. 3.7a) the fibre end-faces are first prepared and then
aligned with respect to each other. A heat source then raises the temperature to the point where
the viscosity decreases (the viscosity of silica vs. temperature is shown in Fig. 3.7b)), and the fibres
are pushed into each other by a controlled amount. Further heating then ensures that any residual
surface defects are allowed to reflow such that the splice forms a cylinder with a continuous

surface.
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Figure 3.7: a) Images of the various stages of the alignment and splicing process [10]. b) Viscosity of silica as

a function of temperature [10].
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3.4.2 Splice loss

As the radiation propagates from one fibre to the other, it will experience losses depending on the
properties of the individual waveguides and on the quality of the transition region. For single-mode
and few-moded waveguides, the term splice loss refers to the difference between the power in the
fundamental mode of the input fibre and the power in the fundamental mode of the output fibre.
For very multi-mode waveguides, the term splice-loss is broader and refers to the difference in
powers supported by all of the guided modes of the input and output waveguides. Understanding
the losses and transformation of radiation at this point is important and an illustration of some of

the complex parameters is shown in Fig. 3.8.
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Figure 3.8: lllustration of the possible effects a splice can have on input radiation. Depending on the

application, some of these will be more (or less) significant [10].

Typically a low cladding loss can be seen by visible inspection of the fibre surface with a microscope.
Any defects, or rapid transitions and perturbations in the surface will lead to scattering losses as a
fraction of the guided radiation is coupled into radiative modes. The core-losses can be estimated
by visual inspection with a high performance vision system, or by making a measurement of the

fundamental mode power levels in the input and output fibres.

The optical loss and reflectance of a fusion splice are typically much lower than alternative optical
fibre connecting technologies. Fusion splices are permanent, and can exhibit mechanical strength

and long-term reliability that approaches the original fibre itself — this also means that their
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alignment, and hence their optical transmission, does not change over time or with temperature.
Optical fibre fusion splices can also withstand extremely high temperatures or extremely high

optical power densities as they do not allow dust or contaminants to enter the optical path.

3.4.3 Splice loss measurement

The term “splice loss” is one that is said very simply, but can actually mean a variety of different
things. In the context of double-clad fibres using few-moded or single-mode cores, the term has
many different meanings. An example of various common possibilities is summarised in Table 3.1

below.

Table 3.1: Various definitions of splice loss in the context of cladding guided pump radation, multi-moded or

single-mode laser emission propagating in the core.

Source

Before splice

What happens at the splice

Splice loss refers to...

interface?

Radiation will be redistributed

Any radiation that is

Laser emission

(in the context

of multi-mode
lasers)

radiation guided by
a multi-mode core
(distributed
amongst various
modes)

Multi-mode amongst the many modes of the .
. L . . . scattered outside of
Pump radiation | radiation guided by cladding and/or scattered into . .
. . the cladding region of
cladding modes that are not guided by the S
L the outgoing fibre
outgoing fibre
Multi-mode Radiation can be redistributed

amongst the modes in the core,
coupled to cladding modes, and/or
scattered into modes that are not
guided by either the core or the
cladding of the outgoing fibre

Any radiation that is no
longer propagating in
the multi-mode core

Laser emission

(in the context

of single-mode
lasers)

Single-mode
radiation guided in
one of the core
modes (typically
the LPo1)

Radiation can be redistributed
amongst the modes in the core,
coupled to cladding modes, and/or
scattered into modes that are not
guided by either the core or the
cladding of the outgoing fibre

Any radiation that is no
longer propagating in
the desired single-
mode (typically LPo1) of
the core

As the definition and understanding of splice loss changes between all of these cases, it becomes
important that the measurement that is used to quantify these parameters is also modified. The
measurement for the first two cases (multi-mode pump and multi-mode laser emission) is relatively

simple and is illustrated in Fig. 3.9.
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Figure 3.9: The measurement of the splice-loss between very multi-mode or robustly single-mode fibres is

relatively simple and can be performed using a stable source and a power meter.

In this case the splice loss (Loss) can be presented as:

P transmitted

Loss=1 — (3.1)

P launched

Where Piransmitted aNd Plaunched are the output and input powers as illustrated in Fig. 3.9.

The situation becomes more complex if we only want to measure the radiation propagating in the
core and the fibre has a double-clad geometry. Here, a cladding mode stripper device can be utilised
to attenuate any radiation coupled into and guided by the cladding. Performing the measurement
as shown in Fig. 3.10 will ensure that the power that is transmitted is only radiation confined to the
core. This measurement is still fairly simple to make as it is easy to separate the cladding modes
from the core modes using high index polymers. In fibres where an all-glass cladding is utilised, the
cladding stripper will need to penetrate into the inner cladding in order to interact with those

modes.

Splice point Outgoing fibre Cladding mode

\ stripper
/ Power meter

Input fibbore ——
Plaum:hed

Ptransmitted

Input fibore ——
launched

Power meter
e

Figure 3.10: A cladding mode stripper device is inserted to remove any light that may have been scattered

into the cladding modes. This ensures that the power measured is only of the core-propagating radiation.
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In this case we are not concerned whether the core is single-mode or multi-mode, and again the

loss of this splice can be represented as per Eqgn. (3.1).

In the case where the outgoing fibre contains a few-moded core and a double-clad structure, the
loss measurement increases in complexity. Typically we are concerned about the modal content in
the output fibre, and ensuring that all of the radiation has been coupled into the LPo; mode. In order
to measure the relative modal content we must perform what is commonly referred to as an S2
measurement [11,12]. A diagram of this is illustrated in Fig. 3.11 where a broad-band, single-mode

source is now launched into the outgoing fibre.

Cladding mode

Qutgoing fibre stripper

: — . Optical
Input fibre — ¥ — . T spectrum
LPoy content only At splice, couple into Single mode analyser

LPg; and LP,; modes fibre

: . Optical
Input fibre —— X spectrum
LPgy; content only Sing|e analyser

mode fibre

Figure 3.11: Mode coupling can be measured via the S? technique using a broad-band input source and an

optical spectrum analyser at the output [12] .

In order to understand this measurement technique, let us assume that the input fibre only contains
power in the LPo; mode. The splice is imperfect and some radiation is coupled into the LPo;, the LP1;
and the cladding modes of the output fibre. A cladding mode stripper removes the cladding modes
without perturbing the core modes and only the LPo; and the LP1; are present at the output of the

fibre.

Immediately after the splice we can represent the electric fields for each mode (Eo: and E11) as

follows:
Ey1(\z) = Eje R (3.2)
E;;(A,2) = Eye ke? | (3.3)
2T

k12 = Nepr 12 B (3.4)
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Where the amplitude of each field is given by E; and E;, the effective indices of each mode are given

by (negr1 and nes2), with propagation constants (ki) and the wavelength in vacuum is given by A.

The wavelength and longitudinal position dependant terms contributing to the intensity of the

radiation in the fibre I(A,z) can be expressed as:

I(A,z) < |Egy + Eq1 > (3.5)

2r(n —n VA
=|E1|2+|E2|2+2|E1E2|cos( ("'ffl)t "'ffz)) ) (3.6)

By examining the expression within the cosine, we can see that there is a periodic interference that

has a maximum at position (z = L) for wavelengths (Am) where the following condition is met:

L L
Aneffaz (neffl_neffz)azm , (3.7)

For integer m.

This leads to a wavelength separation (AA,) between constructive interference peaks of:

L
ANy = A1 — A = Aneffm ) (3.8)

Where Anes is the difference in effective index between the two modes.

Let us consider a parameter set that is representative of a fibre laser, the length of active fibre is
typically L = 5 m, modal index separation of Anes = 10* operating wavelength of A = 2 um, i.e.
m =250 and is >>1. This means that we can make the approximation that m = m + 1 and the
corresponding beat will have a wavelength period of:

M

L
Q}Lb = Aneff? = @

=0.8nm | (3.9)

When measured with an OSA, the output spectrum at various transverse positions will have a
modulation superimposed which will have a spectral beat corresponding to this value. The
resolution of a typical OSA in this wavelength region is 0.05 nm (Yokogawa) and can easily resolve
these fluctuations. The amplitude of the modulation can then be related to the relative amplitude
of the LPo; and LP1; modes. Fundamentally, the modal dispersion has created a beat pattern that is

superimposed on the broadband spectrum that was launched into the optical fibre.
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It is important to point out that the measurement must be made in the transverse position where
the field amplitudes are non-zero for the modes involved — otherwise there will be no interference
and consequently no modulation. In more advanced cases and systems, the single-mode input fibre
into the OSA is raster scanned in the transverse plane (x, y) to build up an entire summary of spectra
at each point. This is useful when wishing to reduce the noise-floor on the measurement, or when

wishing to avoid null-points when there are many modes present.
3.4.4 Splice loss optimisation - fibre design

The first significant parameter that plays a role in determining the splice loss is the mode-field
diameter of input and output fibres. The loss of a splice between fibres with mismatched mode-
field diameters is given by:

awiw?

Loss=1 — ———5—=
Wi+ Wiy

(3.10)

Where the Loss is the insertion loss of the splice and the mode-field diameters are w; and W,. The
loss estimate in Egn. (3.10) assumes that both mode profiles are Gaussian. In some scenarios, this
is not an accurate representation. In such case where the mode profiles are non-Gaussian, an

overlap integral approach is necessary to estimate the splice loss [10].

It is possible, by design of the fibre and by producing a specific splice heating profile to diffuse the
cores of each fibre such that the MFDs match at the splice. Care must be taken here to ensure that
the transition regions are sufficiently adiabatic to ensure that there is no mode-coupling that

occurs. An illustration of a mismatched splice and thermally expanded cores is shown in Fig 3.12.

p——

Mode-field mismatch at splice

Transition regions to match mode-field at splice point

z

Figure 3.12: Mismatched mode-field diameters can cause excess splice losses. In some cases it is possible to

mitigate these losses by further thermally processing and expanding the cores.
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3.4.5 Splice optimisation - transverse alignment

Excellent transverse alignment is essential to ensure both low core and cladding losses. Figure 3.13
illustrates transverse misalignment that may occur during a splicing process. This typically places a
requirement of motion resolution in the transverse dimension that is <1 um for very multi-mode
waveguides, and <0.1 um for single-mode cores. The splice loss as a function of the transverse

misalignment is given by:

MZ
Loss=1 — e w? (3.11)

7

Where the Loss is the insertion loss of the splice, AX is the transverse misalighment of the two

fibres, and w is the mode-field diameter of both fibres.

I
TAx \

Transverse misalignment = Ax

Figure 3.13: Illustration of transverse misalignment. This misalignment can lead to both core and cladding

mode losses.

3.4.6 Splice optimisation - longitudinal alignment

The amount of distance that the fibres are pushed into each other during the splice — typically
termed the ‘hot-push’ — will impact the cladding surface profile. Too much or too little hot-push can
deform the cladding and also deform the core as shown in Fig 3.14. This can lead to both large
cladding mode and core-mode losses as these transition regions will typically not be adiabatic.
There is no general formula to describe the losses here as they are highly dependent on the

geometry of the fibre and the distribution of the radiation propagating in each waveguide.
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Cladding deformation
—»

W

Core tapering

Figure 3.14: Too much or too little hot-push can lead to tapering or bulging of the fibre leading to both core

and cladding losses.

3.4.7 Splice optimisation - angular alignment

A poor angular alignment of the cores can result from poor initial cleave angles and from poor
angular alignment of the fibres in the splicer. This can lead to an angle remaining in the fibre after
the splice as shown in Fig. 3.15, or for a kink to appear in the core. Either of these poses substantial
problems —the expected loss due to an angle between two single-mode fibres with matched mode-
field diameters can be predicted by using Eqn. (3.12):

™ Acw

Loss=1 —e An (3.12)

7

Where Loss is the insertion loss of the splice, Aa is the angular deviation between the two fibres, w

is the mode-field diameter of both fibres and n is the refractive index of both fibres.

Poor cleave leads to angled interface

e

Figure 3.15: Poorly prepared or aligned fibre surfaces can lead to substantial losses at the splice point.
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3.4.8 Splice optimisation - discussion

In many cases, the physical geometry of the fibres can be matched, well aligned and spliced to a
high precision tolerance to produce a minimum core-loss. However residual defects in the cladding
can create substantial cladding losses and ultimately degrade the performance and lifetime of the
splice as shown in Fig. 3.16. Further heating of this structure can cause the surface to flow, but
potentially at the cost of deforming the core. As a result, every splice may require careful
consideration to maintain a balance between acceptable core losses and cladding losses and the

desired mechanical stability of the splice itself.

Cladding defect

k

Figure 3.16: Residual defects left in the cladding may not affect the losses for the core-propagating radiation,
but may mechanically degrade the splice point. It is important to maintain a balance between the acceptable

splice losses as well as the mechanical stability of the splice itself.

Also it is important to point out that the various deformations can, and usually do occur in
combination with each other. This does not always provide the operator with a simple solution or
diagnostic as to the most significant cause of the loss. Typically in optimising a splice routine, the
variables that are under the operator’s control will affect more than one combination of the

deformations and so it must be appreciated that splice optimisation is not always a trivial matter.

3.5 Cleaving

In order to avoid excess losses during fusion splicing, the surface of the fibre end-face must be
smooth, defect-free and perpendicular to the fibre axis. A sufficiently perpendicular and planar
fibre end-face can be achieved via a process termed cleaving, in which the glass fibre is fractured in
a controlled manner. As we have already discussed, the cleave quality is an important factor
controlling fusion splice loss. Here, we address the limitations of conventional commercial large

diameter fibre cleavers by examining laser processing of optical fibres.
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3.5.1 Characterisation of cleave end-face profiles

Due to the cylindrical nature of the optical fibre, inspection using side illumination can often give
misleading results. With this in mind characterisation of cleaving processes was performed by
measuring end-face surface profiles with a phase shifting interferometer operating with a LED
source at ~650 nm (Nyfors, Cleavemeter 3D). A schematic of such a measurement system is
illustrated in Fig. 3.17. A Michelson interferometer is constructed by placing the fibre surface and a
reference plate in the image plane of a path matched interferometer. It is important to use a
relatively low coherence source such as an LED in order to avoid interference effects from various
apertures, or from the other end of the fibre. The interference pattern is then observed on a
camera. Any length variation between features on the fibre surface and reference surface results
in interference fringes. By adjusting the position of the reference surface, it is possible to track the

motion of the interference pattern and accurately reconstruct the topology of the fibre surface.

] Reference flat surface

Objective imaging the fibre I
end-face onto camera 50/50 beam splitter

— —

Fibre surface

Collimated light source
LED output

Camera ///

Image the fibre end-face and reference flat.
Interference pattern results if there is a
length variation between the two surfaces

Figure 3.17: End-face interferometer configuration for the characterisation of the end-face surface of an

optical fibre.

3.5.2 Mechanical cleaving techniques

Reproducible and precise cleaving of optical fibres is of significant importance to the fibre laser
manufacturing and telecommunications industries. With the advent of complex optical fibre
designs, including non-circular claddings, micro-structures and the presence of interfaces between
materials of substantially different dopant compositions, mechanical cleaving techniques which

rely on crack propagation often result in poor surface quality and a low process yield. A large variety
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of solutions and products are available that aim to minimize cleave angles, yet the typical quoted
value from various manufacturers is ~0.3° for a 400 um diameter fibre [13—-15]. This corresponds
to a deformation of 2 um across the fibre surface. In addition, there are process features such as
the blade initiation site, misting and hackle that can lead to scattering losses and potentially cause

catastrophic damage in certain applications.

For a standard tension and scribing cleaving process, selection of the optimum cleaving tension is
essential to reduce the presence of initiation features, misting and hackle defects as illustrated in
Figs. 3.18a) — 3.18b). Ideally the entire end-facet of the fibre should have a smooth mirror finish

after the cleaving process as shown in Fig. 3.18c).

(a) 500 g tension (b) 1800 g tension (c) 1000 g tension

Largeblade Mistingand Smooth ‘mirror’ finish
initiation hackleon
defect surface

Figure 3.18: a) End-face image of mechanically cleaved optical fibre where the tension was too low. A large
initiation defect is introduced as a result. b) End-face image of mechanically cleaved optical fibre where the
tension was too large. This leads to a reduced mirror region and presence of mist and hackle. c) End-face
image of the fibre cleaved under the optimal tension conditions showing a larger mirror finish on the

surface [10].

3.5.3 Laser “cleaving” in commercially available systems

Another method capable of achieving flat fibre end-faces is to use a CO; laser to cut the fibre. This
process is no longer a “cleave” in the traditional sense of crack propagation, but is usually referred

to as such since the application and the fibre end-face produced are similar.

CO; laser “cleaving” naturally has no initiation features, nor any residual misting or hackle as there
is no propagating shock wave. Instead the surface is typically very smooth due to it being melted
and fire-polished. While fibre end-face preparation using CO, lasers has been previously

demonstrated, these approaches have largely been limited to processing the fibre in a strong
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thermal regime. As a result, the fibre end-face takes on a more rounded shape due to the highly
thermal nature and reflow effects that occur during the process. The resulting end-face rounding is

typically >4 um topography over the fibre diameter [16,17].

While not presenting a problem where the application is for fibre preparation for termination or
connector fabrication, this rounding is an issue for splicing applications. After splicing the rounded
surfaces typically leave a defect at the edge of the fibre as shown in Fig. 3.19. This defect will cause
scattering of any propagating pump radiation and degrade the mechanical strength of the splice. It
is possible to remove and eliminate this defect by using an extremely hot and long splice routine,
essentially melting and reflowing the glass — and this may be a satisfactory solution for highly multi-
mode fibres. However, in the case of fibres with single-mode or few-moded cores, this will lead to
significant diffusion and potentially distortion of the core — subsequently causing significant splice

loss and mode coupling.

Lots of heat

Figure 3.19: Splicing fibres that have been cleaved with a commercial laser cleaver that has a substantial
amount of thermal processing. A cladding defect remains despite substantial heating and hot-push in the

splice routine.

3.5.4 A new approach to laser cleaving

In contrast to commercial laser cleaver solutions, we have demonstrated a repeatable process that
produces an end-face profile topography of less than 400 nm across the entire surface of a 400 um
diameter fibre with negligible rounding at the fibre edges and cleave-to-cleave reproducibility to

within 200 nm [18]. The magnitude of this end-face topography is equivalent to the surface
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deformation associated with that of a 0.06° angle cleave. This total deformation is also a factor of
5 smaller than the deformation associated with conventional mechanical cleaving and a factor of

10 smaller than commercial CO, laser cleaver solutions.

The process itself is insensitive to the original fibre end-face condition, with fibre preparation
requiring only stripping of the polymer coating as shown in Figs. 3.20a) and 3.20b). Other authors
have investigated and demonstrated the use of CO, lasers to ablate and remove the polymer
coating [19]. The combination of these processes could enable a completely operator independent

process of preparing, stripping and cleaving of the fibre.

CO; laser Beam

CO; laser beam

Figure 3.20: a) Only stripping of the fibre is required as a preparation process prior to cleaving. b) Resulting

end-face after a CO2 ‘cleaving’ process [18].

3.5.5 Experimental set-up of the CO2 laser cleaver

A schematic of the CO, laser fibre processing set-up is shown in Fig. 3.21a). The fibre is held in a
rotary stage that can be linearly translated in three orthogonal axes and tilted in the plane of
incidence of the laser. A 100 W pulse width modulated 9.6 um wavelength CO; laser beam is
focused on to the optical fibre using a 25 mm focal length ZnSe aspheric lens. The beam diameter
of the CO; laser at the laser exit aperture is ~3.8 mm with a full angle divergence of 3.6 mrad and
an M? = 1.2. The beam expands to a diameter of ~7 mm at the ZnSe lens, which focuses the beam
to a spot diameter of ~50 um at the focus. This was confirmed using a 90/10 knife-edge
measurement technique. A visual indication of the spot size is shown in Fig. 3.21b) where the

process feature observed is about a factor of 10 smaller than the diameter of the 400 um fibre.
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Stepper motor
controlled rotary stage
with x, y, z and tilt

Figure 3.21: a) Schematic of the CO: laser cleaver b) lllustration of processing feature size [18].

In all configurations, the fibre was positioned as shown in Fig. 3.22a). Initially the laser irradiates a
large volume of the glass, and there is substantial heating and material removal as shown in Fig.
3.22b). The temperature of the irradiated zones then drops below the evaporation temperature of
silica glass because the fibre is no longer in the direct path of a focused Gaussian beam as shown in
Fig. 3.22c) — 3.22d). At this point, the process is dominated by laser polishing of the fibre end-face
surface. In this regime, the fibre end-face only interacts with a small portion of the CO; laser beam.
It is also important to remove any heat-effected zone from the initiation of the process and the
fibre is fed slowly down into the CO, beam. This allows for very fine control of the material removal
and the subsequent production of smooth features with dimensions an order-of-magnitude less
than the CO; laser wavelength. Final fire-polishing steps are shown in Figs. 3.22e) — 3.22f) which

ensure an extremely smooth surface profile.
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Figure 3.22: a) Initial position of the fibre in a cleave process. b) The laser illuminates the fibre resulting in a
relatively large power absorbed by the fibre and large volumes of glass ablated. c) As the fibre is ablated, less
radiation is intercepted and the process changes from an ablation regime to a polishing regime. d) The fibre
is then moved downwards with the edge of the CO2 laser beam effectively polishing and removing any heat-
affected zone. e) Finer motion control is used to achieve a finer fire-polishing step prior to the end of the

cleaving process. f) The fibre is now cleaved and can be removed from the machine [18].

3.5.6 Flexibility and reproducibility of COz laser cleaving

The CO; laser fibre processing system described in Section 3.5.5 is capable of arbitrarily shaping
fibre end-faces, resulting in profiles such as those shown in Figs. 3.23a) — 3.23f). By varying the pitch
of the fibre with respect to the CO; laser beam, it is possible to produce profiles transitioning from
convex to concave while maintaining a high degree of symmetry as shown in Figs. 3.23a) and 3.23b).
The ablation depth for a fixed pitch can also be controlled by varying the pulse duration. To
demonstrate the potential range of end-face structures that can be achieved a number of arbitrary
structures were fabricated. In Fig. 3.23c) a ramp surface profile was created by firing the laser every
0.45° of spindle rotation, with increasing pulse durations from 40 ps to 70 ps. In Fig. 3.23d)
alternating pulses of 40 ps and 45 ps created sub-micron periodic features and in Fig. 3.23e) and
Fig. 3.23f) alternating pulsing for half and quarter spindle angles provides alternating high and low

planes.
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Figure 3.23: a) — f) Various end-face profiles that can be achieved by modulating the CO: laser pulse duration
as a function of fibre rotational angle. It is possible to fabricate surfaces with concave or convex topographies

and also break the circular symmetry [18].

The reproducibility of the CO; laser cleaving process was tested by cleaving 10 samples of 400 um
outer diameter fibre and measuring the resulting end-face profiles. Figure 3.24 shows the
interference patterns obtained for each cleave. The variation between the surfaces had a standard

deviation of <200 nm at each point on the surface.

Figure 3.24: Interferometric characterisation of end-face profiles of 10 consecutive cleaves showing a high

degree of reproducibility [18].
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3.5.7 Discussion of the CO2 laser cleaving approach

We have presented a 9.6 um CO; laser processing technique suitable for the reproducible, rapid
fabrication of near arbitrary fibre end-face profile shapes. The fabrication of a number of novel fibre
end-face profiles including discontinuous phase steps and arbitrary concave and convex profiles
demonstrates the versatility of this technique. Such complex profiles with sub-micron scale
resolution cannot be fabricated using conventional cleaving or polishing techniques. Previous
investigations of CO; laser cleaving have typically resulted in surfaces with a >4 um topography over
the fibre diameter [16,17,20]. In comparison, we have demonstrated a repeatable process that
produces end-face profile topography of less than 400 nm across the entire surface of a 400 um
diameter fibre with negligible rounding at the fibre edges and cleave-to-cleave reproducibility to
within 200 nm. The magnitude of this end-face topography is equivalent to the surface deformation

associated with that of a 0.06° angle cleave.

3.6 Cladding light strippers

The efficient removal of high power excess cladding light without inducing significant core loss and
beam quality degradation is of significant interest for the production and operation of robust, high

power fibre lasers and amplifiers.

Light propagating in the cladding of a fibre laser can originate from a range of sources. It can be due
to unabsorbed pump radiation that is transmitted through an active fibre, amplified spontaneously
emitted light (ASE) leaving the core, co-propagating signal radiation leaked from the core due to
splice or bend induced losses, or backwards propagating signal radiation due to reflections external
to the fibre laser as illustrated in Figs. 3.25a) — 3.25b). For these reasons the cladding stripping
method must ideally account for light of varying; power levels, propagating angles, direction and

wavelength, without being thermally compromised.

In materials processing applications, the laser is commonly exposed to substantial back-reflections
from, for example, highly reflective metal surfaces [21,22]. In such cases, isolation is necessary to
prevent instability in the fibre laser. This isolation is typically achieved by applying a defocus to the
beam, launching the beam in an off-centre direction or by beam quality degradation. In these cases,
there may be a substantial amount of backwards propagating radiation coupled into the cladding

of the fibre. It now becomes necessary to be able to remove this radiation from the cladding so that
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it does not propagate to and damage the various fibre laser components or even the pump laser

diodes. The power level of the radiation in the cladding can be in the many kW’s of average power.

Low index polymer

(a)

Splice loss

Low index polymer

(b)

Figure 3.25: Unwanted radiation can propagate in the cladding of the fibre as a result of: a) Unabsorbed pump
radiation or spontaneous emission not captured by the core. b) Scattering at splice points. c) Backward
propagating radiation reflected from the end-facet of the fibre or from a work-piece being processed by the

laser [23].

In Chapter 2 we have discussed parameters that could affect the efficiency of the active fibre. It was
identified that complex, all-glass double-clad fibre geometries would be required in order to
provide a low loss guide for the 2 um pump radiation. While posing many advantages in terms of
cleanliness and coating material flexibility, this also restricts our ability to access the inner cladding.
Removing excess pump radiation is now a challenge as we cannot easily perturb the interface
between the low index pump confining layer and the cladding where the pump radiation is
propagating. By using a CO; laser, we are able to etch into the glass and perturb this layer, thereby

allowing for robust, high power cladding light stripper (CLS) devices to be realised.
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3.6.1 Conventional approach

A simple technique for removing excess cladding light involves coating the exposed surface of the
fibre with a refractive index matched polymer. This frustrates and breaks the total internal
reflection condition for the pump radiation and allows it to couple outside of the fibre. At high
power levels, polymer based stripping methods [24,25] are much more likely to fail. Furthermore,
standard polymers are unsuitable for use in thulium, holmium or erbium sources where the 1.5 —
2.2 um radiation is subject to strong attenuation in the polymer, leading to localized heat zones,

and rapid degradation of the polymer.

A number of groups have demonstrated all-glass CLS devices fabricated using mechanical polishing
or CO; laser processing [26]. However there is little information provided about the exact process,
the losses incurred, and the impact on the radiation propagating in the core. One group
demonstrated the ablation and re-deposition of glass to create a scattering surface and achieved a
device with a cladding loss of 13 dB over 8 cm [27]. Another group used soft metals as an absorptive
stripping method suitable for high power operation and demonstrated up to 8.4 dB cladding loss
for device lengths of 7 cm [28]. An alternative technique has been to etch the fibre and create a
rough surface [29-31]. While yielding excellent results, this process involves the use of HF
chemicals and a long process time to achieve reproducible results. Ideally a chemical-free approach

is preferred for a production environment.

The different techniques previously demonstrated provide varying magnitudes of loss per unit

length and demonstrated operating powers as shown in Table 3.2.

Table 3.2: CLS losses and power handling for various fabrication techniques [23].

Method Loss (dB/cm)  Power stripped (W) Ref

High index polymer 3.6 83 [25]
Soft metal coating 1.2 150 [28]
HF etched 29,15,1.7 90, 500, 200 [29-31]
Glass deposition 1.6 200 [27]
Cascaded polymer 3.6 150 [25]
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3.6.2 COz2 laser processing of fibres to fabricate cladding light strippers

The CLS devices developed here were fabricated using a 55 W, pulse-width-modulated (PWM) CO,
laser (Coherent Scientific), operating at 10.6 um. The laser was utilized to ablate channels of various
depths, ranging from 5 um to 75 um on one side of an optical fibre. No rotational manipulation of
the fibre was required in this process. 10.6 um was selected for the CLS fabrication as opposed to
9.6 um as was utilised in Section 3.5 due to the relaxed resolution required for the cladding surface

modification as opposed to the cleaving process (10 um vs. 0.5 pm).

The optical fibre was mounted on a vertical stepper motor controlled stage using V-groove clamps
as shown in Fig. 3.26a), and a strain gauge was used to monitor the optical fibre tension. The tension
was set to a value of 2 N and monitored throughout each CLS fabrication process. A drop in tension
indicated overheating of the fibre and a potential subsequent core loss. A front view and a side view

of the features and structures that were fabricated are shown in Fig. 3.26b) and Fig. 3.26c).

Optical fibre
(a) (b)
motorized —
stage Clamp &
iT Strain gauge
ZnSe lens
______ - 4
T2 ()
|. Vision
system
Motorized stage
ll I Clamp

Figure 3.26: a) Schematic of CO: laser arrangement for the fabrication of CLS devices. b) Front view of the
structures processed into the cladding of the fibre. c) Side view illustrating the depth of the grooves cut into

the cladding [23].

A 25.4 mm diameter, 50 mm focal length ZnSe lens was used to focus the beam onto the optical
fibre with a measured beam diameter of ~50 um. The lens was mounted on a motorized stage
enabling the lens to be swept across the beam over a distance of 1 mm. This optical layout was
chosen for repeatable device fabrication as it ensured that the ablation depth was not critically

dependent on the alighment of the beam to the centre of the optical fibre and the long working



Page: 65 Chapter 3

distance relative to the fibre diameter ensured that there was no critical dependence on the

distance between the fibre and lens.

A co-propagating He:Ne laser was used to assist in the alignment of the swept CO, beam to the
fibre. The fabrication process was monitored visually using a CCD and a 2x telecentric objective with
an 800 nm high pass optical filter. The fibre was backlit by a collimated 800 nm LED. Before
fabrication, a portion of each fibre was mechanically stripped and then cleaned to remove the
polymer coating. Following this, there was no other handling of the exposed glass in the process.

The fibre was held by clamping over the original coating.

Control over the ablation depth of the surface features was achieved by varying the CO, laser pulse
duration from 7.8 us at an average power of 170 mW, up to 15.68 ps at 920 mW. The other process
parameters were held fixed; pulse interval of 1.31 ms, ZnSe lens sweep rate of 2 mm s and vertical
stage velocity of 10 mm min™. These parameters resulted in the ablation depths shown in Fig. 3.27

for fibres of 250 and 400 um outer diameter (OD).

80 -
\ 4
__ 70 -
£
260 -
£ |
g s0 .
c
K=l
z 40
2 ¢ B
£ 30 -
E L3 4250 um OD
= 20 [ | W 400 um OD
= ¢ B
10 4
\ 4
0] T T T T ]
7 9 11 13 15 17

Pulse duration (us)

Figure 3.27: Cut depth as a function of CO2 laser pulse duration for 2 different fibre types that are commonly

used in double-clad laser construction [23].

The maximum ablation depth is greater for the 250 um OD fibre compared to the 400 um OD fibre
as the evaporation rate of silica is temperature dependent [14] and the smaller volume reaches a

higher temperature for a fixed set of CO; laser ablation parameters.

In order to simplify the analysis we investigated only devices fabricated with varying pulse duration,
although it should be noted that there are numerous combinations of these parameters that will

yield the same ablation depth.
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3.6.3 Cladding loss characterisation

The optical loss of the glass cladding due to the CLS devices under investigation is a function of
multiple parameters. These include ablation depth, length of the CLS, propagating angle of the
radiation in the cladding fibre and pitch of the ablation channels. To investigate the device
performance, the cladding loss was characterised as a function of incident angle of light and device

length for CLS devices with various ablation depths at a fixed pitch.

To eliminate the noise from stray radiation that may be guided by the core, a coreless fibre with a
400 um diameter, 0.46 NA cladding was utilized. This is representative of the cladding parameters

of common fibres used to construct high power fibre lasers.

The loss was measured during the fabrication process by launching light into the optical fibre at a
range of angles. To facilitate this, one fibre end was mounted on a computer controlled rotation
stage, which was located 1.5 m from a collimated LED. The fibre was mounted such that the cleaved
end-facet was located on the axis of rotation of the rotation stage. Irises were placed in the path of
the LED to ensure that the radiation incident on the fibre was well collimated. Care was taken to
ensure that the fibre was loosely spooled so as to minimize any mode-scrambling that could
degrade the purity of the launched signal. By positioning the fibre near the CCD sensor without any
lenses, we verified that the output radiation was propagating with the angle that corresponded to
the launch conditions. The other end of the fibre was cleaved and a 4.5 mm aspheric lens with an
acceptance NA of 0.48 was used to image the fibre end-face onto a CCD camera (Spiricon) as shown
in Fig. 3.28. The large NA of the lens was essential to ensure that any radiation that could be guided
by the 0.46 NA of the low index polymer/silica cladding interface was captured by the camera. The
cladding stripper was fabricated in between these two ends. A laser line filter at 532 nm with 1 nm
FWHM was used to reject stray light due to the room lights and the black body radiation associated

with the heating of the fibre during fabrication.
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Figure 3.28: A collimated LED is launched into a fibre as it is scanned along a rotation stage. This effectively

sets the internal propagating angle of the rays inside the fibre for a certain angle. By sweeping through the
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angle we are able to resolve the loss of the CLS as a function of internal angle [23].

This technique for the characterisation of the cladding loss is similar to those used by other groups
characterising the angular dependant losses of optical fibre coatings [32]. This is also similar to
techniques used by double-clad fibre manufacturers in characterising the optical quality and losses

of high NA coatings. The losses for 3 different cut depths in a 400 um fibre are shown in Fig. 3.29

and these results are summarised in Table 3.3.
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35 um cut depth
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Figure 3.29: The loss of a cladding stripper in a 400 um fibre with a 0.46 NA coating as a function of length

and internal propagating angle for different cut depths [23].
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Table 3.3: Loss of CLS devices written into a fibre with a 400 um diameter at a 620 um pitch for various

ablation depths and launch angles [23].

Internal propagating angle

0.1rad

0.2 rad

15 um cut depth 1.5 dB/cm 2.0dB/cm 3.3dB/cm 3.6 dB/cm
20 pum cut depth 1.8 dB/cm 3.0dB/cm 3.8 dB/cm 4.2 dB/cm
35 um cut depth 2 dB/cm 3.8dB/cm 5.5dB/cm 6.1 dB/cm

3.6.4 Core loss characterisation

A diagram illustrating the core loss measurement is shown in Fig. 3.30. Here a 2 um ASE source and
an optical spectrum analyser were used to measure the core loss as a function of wavelength. For
the purposes of this measurement a fibre with a 20 um diameter, 0.09 NA core and a 400 um
diameter, 0.46 NA cladding was used. The cut-off wavelength for this core is 1950 nm. This fibre is
representative of one that would be used in a high power thulium-doped fibre laser [15], and has
similar core and cladding diameters to fibres commonly used in building high power ytterbium-

doped fibre lasers [16].

I I

1

: CO, laser : CLS _J= OSA

| Cls

: fabrication 1

I | CLS || ASE Source

Figure 3.30: Schematic of the core-loss measurement. CLS devices were inserted before and after the
fabricated device in order to remove the contribution from radiation propagating in cladding modes from the

measurement [23].

The core loss measurement results are shown below in Fig. 3.31. The induced losses are measured
to be <0.008 * 0.006 dB/cm from 1950 — 2100 nm for all cut-depths. In fact, the loss measurement
was limited by the noise and stability of the ASE source. As such we were unable to obtain an
extremely accurate measurement of the broadband spectral losses. This measurement also
confirms that there were no resonant loss features associated with the periodic CLS structure that

could affect the performance of the devices over this wavelength region.

In a separate experiment, these devices where utilised on a high power, narrow band 1950 nm
thulium pump laser and showed a <1% decrease in output power for a 35 um cut, 60 mm device.

This result is consistent with the low losses that were observed in-situ during fabrication.
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Figure 3.31: The loss of the CLS with various cut depths was measured to be less than <0.008 + 0.006 dB/cm

with the measurement limited by the stability of the ASE source [23].

3.6.5 Power handling demonstration

A device was fabricated in a fibre with a 20 um diameter, 0.09 NA core and a 400 um diameter, 0.46
NA cladding. The CLS device had a 60 mm length, with 35 um deep cuts at a pitch of 500 um. The
device was suspended in air and glued into an aluminium package. To test the power handling
capability of the device, a 400 um diameter, 0.22 NA output fibre from a fibre-coupled laser diode
was spliced onto this fibre. 300 W of radiation at 790 nm was then launched through the CLS device.
Images taken both with a thermal camera and a normal visible camera are shown in Fig. 3.32a) and
Fig. 3.32b). The maximum temperature rise from the laboratory temperature of 20°C for 300 W of
stripped radiation was <60°C and was located near the stripped section of the fibre. This region is

entirely glass, and is expected to be able to cope with a much larger operating temperature.

For 300 W of launched power, only 2.7 W was measured at the output yielding an extinction of
>20dB. Also of note is that the fibre contained a core, which would have guided some of the

launched radiation and preventing this power from being affected by the CLS device.



Chapter 3 Page: 70

Figure 3.32: a) Thermal image of a 20 dB, 60 mm long, CLS device in a 20/400 um passive fibre operating at 300 W
launched power. b) Visible camera image of the same device under the same operating conditions. Negligible heating

was observed near polymer areas suggesting that these devices are suitable for high power operation [23].

3.6.6 Discussion of cladding light stripper device development

A simple, alignment insensitive process for the fabrication of CLS devices has been presented. We
have characterised the device performance in terms of core-propagation and cladding-propagation

losses. Devices with large cladding losses and negligible core losses were fabricated and packaged.

Finally, we demonstrated the high power operation of such a CLS by removing 300 W of radiation
from the cladding of an optical fibre, which provides adequate power removal for kW level fibre
laser fabrication. Analysis of the thermal images indicated that the device was operating well below
the damage threshold of the polymer fibre coating indicating that reliable long-term operation can

be expected.

3.7 Fibre termination

In almost all applications, the radiation from the fibre has to exit the silica waveguide and will
experience a Fresnel reflection at this glass-air interface. In order to prevent feedback from this
interface from degrading the performance of the amplifier or causing other effects, it is necessary
to manage this reflection and any reflected radiation properly. In this section we shall review
traditional methods and discuss more advanced techniques developed to address this requirement

during this project.
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3.7.1 Conventional strategies

In order to reduce the back-reflections coupled into the core it is possible to use a large angle cleave
or an end-cap. Fig. 3.33 shows illustrations of such conventional techniques.
Beam reflected at Fresnel interface is

Beam reflected at Fresnel interface is propagating with a much larger intemal angle
propagating with a much larger internal angle

V.

Angle cleave on Angle cleave on

endca
P Coreless silica fibre endcap

Figure 3.33: Comparison of various termination techniques illustrating some of the considerations that must

be made in order to avoid feedback or end-facet damage.

Table 3.4 summarises the relative performance of either device. As can be seen, while the simple
angle cleave is much more effective for reducing back reflections, it is also much less power scalable
as the intensity is very high at the end-facet in comparison to the end-cap approach. Furthermore,
if no AR coatings are used then both devices still suffer from having a relatively large power density
at the end-face as well as a 4% power penalty. AR coating a small end-cap is problematic and only

several companies have been able to demonstrate this at high power.

Table 3.4: Performance metrics of various termination processes

Angle cleave End-cap

-30 dB (no AR coating)

Reflectivity -50 dB .50 dB (AR coating)

Only for very low power due

. . Moderate power levels
to high power density at core P

AR coating?

Ease of Very simple: More complex:
manufacture One cleave Splice then re-cleave
.. <4% wi i
Minimum 4% with AR coating at

4% moderate power levels

transmission loss 4% with no AR coating

With AR coating, there is
Management of Problematic at high power as less radiation

reflected radiation this is now in the cladding With no AR coating, again

this is problematic
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3.7.2 CO:z laser end-capping

An alternative solution is to increase the dimension of the end-cap significantly as shown in
Fig. 3.34. The output side of the substrate is now large enough to support an AR coating and the
beam is allowed to expand significantly over the length of the device. However, conventional
splicing techniques are no longer applicable here due to the very different thermal masses and
physical dimensions of the substrate in comparison to the fibre. In order to achieve the localised

heating of the substrate surface a CO; laser technique was utilised [33].

Ensure no core
deformation occurs

.

Output beam
diameter

AR coating
Figure 3.34: Proposed end-capping approach with a large bulk end-cap

In the process developed here, a 10 mm long end-cap with an AR coating with a reflectivity <0.25%
at 1900 — 2200 nm was utilised. The estimated feedback can be predicted by comparing the

diameter of the reflected beam with the diameter of the fibre core as shown in Fig. 3.35.

Ensure no core

. Output beam
deformation occurs ;
diameter
.

Reflected beam diameter

AR coating
Figure 3.35: Predicted feedback protection for the reflected radiation from the AR coated surface.

The reflected beam has essentially propagated a distance of 20 mm in silica for the device described
here. The initial beam is the fundamental mode of a 20 um diameter core, 0.09 NA fibre and the

mode-field radius at A = 1950 nm can then be derived from the Marcuse equation [34]:

1.619 2.87
w=r1|0.65+ W -l—W , (3.13)
2ntrNA
= =29 , (3.14)

A
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wo = 9.83 um (radius) | (3.15)

Where W is the mode-field radius as a function of the core geometry, r is the radius of the core, V
is the V-number of the core, A is the operating wavelength, NA is the numerical aperture and W is

the mode-field radius of the fundamental mode.

Here the mode-field radius is essentially the radius of the waist of a Gaussian beam, and so we can
calculate the expected radius after propagating through 20 mm of silica (n = 1.45) using the

Gaussian beam propagation equation:

2
z
w(z) =w, 1+ (a) , (3.16)
nwwé
Zp = T 0.225mm , (3.17)
Wo0 mm = 874 pm | (3.18)

Where w(z) is the radius of a Gaussian beam after propagating a distance z from an initial waist with
radius of Wo. The Rayleigh length (zr) is a function of the initial waist radius, refractive index of the
medium (n) and operating wavelength (A). The beam radius after propagating a distance of 20 mm

in a silica substrate is given by W20 mm.

We can approximate the effective overlap between a beam with a radius of 874 um and the radius

of the fundamental mode of the core at 9.83 um using Eqgn. (3.10):

2 2
AWEW30 mm

(W{ + Wy mm?)?

Neoupling = 1 —Loss = =5x107* , (3.19)
Where the ncouling is the amount of radiation that is coupled back into the core of the fibre, the Loss
term is the same as in Eqgn. (3.10), Wo is the mode-field radius of the core, and Wzo mm is the beam

radius after propagating 20 mm in a silica substrate as per Eqn. (3.18).

This value is an overestimate as the reflected beam has a fairly strong curvature across the wave
front and is thus not at the waist of a propagating beam, whereas Eqn. (3.19) is calculated based on

the assumption that the modes under comparison are both at the waist positions.
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We also need to take into account the presence of the AR coating which further reduces the total

feedback into the core of the fibre:

F = NMeoupting X Rag = 1.25X 107¢ = =59 dB (3.20)

Where F is the ratio of the backwards propagating radiation that is coupled into the core in
comparison to the output from the fibre, Neoupiing is the same term as in Eqn. (3.19), Raz = 0.25% is

the reflectivity of the AR coating.

Thus, the estimated resultant isolation achieved is a sufficient level of feedback protection for most
applications and is comparable to the reflectivity achieved with most ultra-smooth, angle-polished

connectors, but with greatly improved power handling capability.

One of the challenges in this process is ensuring that the core of the fibre does not experience
significant bending or deformation at the bond to the bulk silica substrate. Such deformation will
degrade the beam quality of the laser output. In order to avoid this, an intermediate core-less
section of fibre was spliced to the fibre prior to end-capping as shown in Fig. 3.36. The lengths of
the core-less section was chosen such that the propagating beam experiences no clipping at the
fibre end-cap end-face. In this assembly, the section of the fibre with a core experiences normal
splicing conditions between a matched diameter fibre and is then sufficiently removed from the
CO; processing region when fusing the fibre to the substrates minimising any thermal distortions

of the core region.

Ensure no clipping occurs Output beam
\ diameter
-
/ e

Core-less section of fused silica

with diameter matched to the fiber AR coating

Figure 3.36: A coreless matched diameter fibre is used as an intermediate substrate in the end-capping

process to avoid diffusion and deformation of the core when splicing to the bulk substrate.

Further modifications to this approach such as making an angle on the surface of the end-cap,
increasing various dimensions and integrating CLS structures on the end-cap will reduce the
feedback further. However, this would only be relevant to applications where further levels of

feedback protection are required.
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3.7.3 Characterisation of end-cap quality and high power operation

To test the end-capping process a 1 cm x 1 cm x 1 cm cube of fused silica with a single AR coated
side at 1900 — 2200 nm was spliced to a fibre with a 20 um diameter core, 400 um diameter cladding
and a core NA of 0.09. This fibre was matched to the output fibre of a 140 W, single-mode, thulium-
doped fibre laser operating at 1940 nm. The output beam profile when 140 W of power is launched
through the fibre is shown in Fig. 3.37 and suggests that there is negligible beam distortion in
comparison to an angle cleaved facet. M? measurements performed before and after end-capping
indicate that there is no degradation in beam quality with the output beam quality measured to be

M?=1.1.

Figure 3.37: Output beam profile from a single-mode thulium laser after the bulk end-cap was attached to

the output fibre. There is negligible beam distortion observed.

3.8 Summary

We have discussed a large variety of approaches to processing bulk silica glass and silica fibres. In
particular the employment of a non-contact, clean, directional heat source such as CO, laser
radiation has enabled substantial improvement of many important processes. The unique
properties of this heat source has allowed extremely high performance fibre end-face preparation
with features that are an order of magnitude smaller than conventional techniques to be
demonstrated. High power cladding light stripper devices were fabricated by performing localised
ablation of the fibre cladding surface. Finally, by locally heating only the surface of a large substrate,
we have been able to weld fibres onto large substrates with dimensional differences of greater than
20x. The optical and thermal performance of the devices were tested up to the power levels
available in the laboratory. It is anticipated that these techniques could be extended and
demonstrated at much higher power levels; however they have been demonstrated to allow

operation at power levels relevant for this project.
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Chapter 4.
Optimisation of Holmium-Doped

Fibres

4.1 Introduction

Achieving efficient operation in holmium-doped fibre (HDF) lasers requires a careful understanding
of the various loss mechanisms that can impact the fibre efficiency. We review the impacts of
various materials that can be included in the composition on the background loss of the fibre and
the expected impact on the phonon energy of the host. A range of holmium-doped fibres were
fabricated using the modified chemical vapour deposition (MCVD) technique and characterised. We
measure the properties of the fibres and describe a simple method for accurately measuring the

efficiency without having to resort to a complicated fibre design.

Once an efficient composition is identified, it is transitioned into a double-clad geometry. This is
further complicated due to the requirement for low-loss propagation of 1.95 um pump radiation in
the cladding region. Finally an all-glass, double-clad, HDF is fabricated and tested in a laser
configuration. The fibre laser produced a CW output power of 70 W at 2.1 um, with a diffraction

limited beam quality and an efficiency of 67% with respect to absorbed pump power.

4.2 Loss mechanisms in silica

Absorption due to hydroxyl contamination and background infrared absorption are the main loss
mechanisms present in silica over the 2 um wavelength range [1,2]. The development of low-loss
silica fibres for long-haul telecommunications applications has resulted in much effort being

devoted to the elimination of SiOH impurities from silica fibres. In the telecommunications domain,
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it is the presence of the overtone at 1.38 um which affects the losses in the 1.55 um region. This
absorption feature at 1.38 um is shown in Fig. 4.1a) and is the most common method of measuring
hydroxyl group content in fibres. The combination mode of the SiO, tetrahedron with the
fundamental hydroxyl resonance leads to a loss arising near 2.3 um. Fig. 4.1b) shows the effect that

trace amounts of SiOH contamination can have on the background loss in the 2 um region [3].
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Figure 4.1: Absorption due to SiOH impurities in silica in the a) Visible/Near Infrared (400 — 1600 nm) region
and b) Near/Mid Infrared (1000 — 3000 nm) region [3].

The origin of hydroxyl impurities can be from multiple sources, these include the gases used in the
MCVD fabrication and starting materials. By controlling these processes and incorporating chemical

drying passes, passive fibres fabricated by the MCVD process typically achieve hydroxyl
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concentrations of <<10 ppb [1]. The level of contamination increases in rare-earth doped fibres due
to the additional process of solution doping which involves exposing the preform to the atmosphere
and to solutions including ethanol and dissolved rare-earth salts [4]. Despite this added challenge,
holmium-doped fibres with SiOH concentrations of 1-3 ppm have been demonstrated commercially
and more recently holmium-doped fibres with <0.5 ppm hydroxyl contamination have been
reported [5]. The hydroxyl induced loss in comparison to the background infrared absorption is
shown in Fig. 4.2 and suggests that hydroxyl levels of <1 ppm reduces the contribution to the loss

to an order of magnitude lower than that of the background infrared loss at 2100 nm.

As an example, the minimum background loss that is achievable in silica at 2100 nm is ~0.074 dB/m.
For a ~5 m length (as is typical of a fibre laser) of passive fibre this leads to a transmission loss of
0.37 dB (8.2%) loss. In comparison the actual loss experienced in a fibre laser will be reduced due
to the non-uniform signal intensity throughout the gain medium. The presence of this background
loss will drive the design of the fibre or device geometry to minimize the physical length of the
amplifier or laser cavity to maximise the efficiency. This requirement will need to be balanced with
maintaining a sufficient fibre length to dissipate the quantum defect related thermal load as well

as providing sufficient gain length.
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Figure 4.2: Silica background infrared absorption [1] and losses arising due to hydroxyl contamination [3].
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4.3 Fabrication and materials

Different compositions of silica based glasses can increase the material background loss of the
fibre [6-9]. Indeed, as shown in Fig. 4.2, silica itself exhibits absorption in the 2 um wavelength
range. Despite other compositions such as germanate or multi-component silicate glasses
exhibiting lower IR loss, a scalable method of producing extremely high purity and low loss fibres
with these materials has not been developed. For example, typical losses for germanate fibres
fabricated using rod-in-tube techniques are reported at around 0.3 dB/m in this wavelength region
and these are typically associated with scattering losses at the core-cladding interface. In
comparison, the background losses that we have measured in typical MCVD fabricated, solution
doped fibres are of the order of <0.02 dB/m in the 1500 nm region. This is significantly larger than
passive fibres which routinely achieve losses in the range of 0.0003 dB/m, however this loss is
consistent with commercial silica fibore manufacturer’s background loss specifications for typical

rare-earth doped fibres.

4.3.1 Modified chemical vapour deposition process

A comprehensive overview of the MCVD process for fabricating a fibre is provided in [1]. A basic
overview is provided here for the purpose of describing the materials involved and the origins of

hydroxyl contamination.

The MCVD process is illustrated in Fig. 4.3 and relies on the high temperature oxidation of reagents
inside a rotating tube which is heated by an external heat source. Chemical reagents are converted
into gas form by passing a carrier gas such as O,, Ar, or He through a liquid precursor. Halides which
have high vapour pressures at room temperature are suitable for this and include SiCls, GeCls, BCl3,
PCl; and POCIs. The process relies on the fact that the vapour pressure of these dopants is
significantly larger than that of any transition metal impurities which may be present in the starting
materials. As a result the gases that enter the rotating tube are essentially free of these metallic
contaminants. An important fact to note is that hydrogenated species have very similar vapour

pressure to the dopants and are able to introduce hydroxyl contamination.
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Figure 4.3: lllustration of typical MCVD process for fabrication of the preform and then drawing to a

fibre [1,10].

4.3.2 Solution doping

Unfortunately, the vapour pressure of rare-earth and aluminium salts are too low at room
temperature to allow a similar deposition method. As a result, incorporation of rare-earth ions and
aluminium oxide is thus achieved by solution doping. Here a porous layer of soot is deposited during
the MCVD process — typically under much lower temperatures than standard soot layers for passive
fibres. Instead of immediately consolidating this layer, the preform is cut from the lathe and soaked
in a solution of the required rare-earth chloride, aluminium chloride and ethanol. The rare-earth
ion and any co-dopants are absorbed into the soot matrix. The preform is then spliced back onto
the lathe and the soot layer is dried and consolidated [11,12]. An illustration of this process is

shown in Fig. 4.4.
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Figure 4.4: Illustration of solution doping process for incorporation of a rare-earth into the core of a fibre [10].

The solution doping process introduces further possible sources of contamination in addition to the
sources that are present during the conventional MCVD fabrication of a passive optical fibre.
Moisture in the air can ingress when the preform tube is removed from the lathe for solution doping
and residual moisture may be present in the rare-earth chemicals and the ethanol solution. As a
result additional chemical drying steps such as purging with dry nitrogen and chlorine drying are

typically employed to reduce the residual moisture and hydroxyl contamination [13].

4.3.3 Discussion

A summary of the possible materials that can be included in the fibre core composition is provided
in Table 4.1. If the aim is to achieve efficient operation at 2 um then P,0sand B,0; should not be
included as part of the core composition. Boron is well known to provide a large loss for both the

pump (1.95 um) as well as the signal (2.1 um) radiation.

The °l7 level of holmium is heavily quenched by the multi-phonon transition in the silica host. Thus,
only materials which reduce the host glass phonon energies are suitable for incorporation into the
core composition, which includes Al,O3; and GeO.. In order to prevent clustering it is likely that a

high concentration of Al,Os is required to increase the solubility of the rare earth [14-16].
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Table 4.1: List of possible materials for composition of rare-earth doped fibres

IR transmission edge Refractive index
Material Host properties
vs SiO; vs SiO;
Enhances solubility
Al;05 No effect Reduces phonon energy, Increase
improves lifetime
GeO; Slight improvement Photosensitive Increase
F No effect - Decrease
Worse Enhances solubility
P,0s With hydroxyl has Increases local phonon energy, Increase
additional absorption
features Quenches lifetime [17]
Quenches lifetime [17]
B,0; Much worse Increases local phonon energy, Decrease
Commonly used for stress rods
Lasing ion
Ho,0s Unknown Enhances photosensitivity with Increase
GeO, [18]

4.4  Double-clad fibres suitable for pumping at 2 um

An additional challenge for holmium-doped fibres is the necessity to provide low loss guidance of
the pump radiation. In standard double-clad fibres, a low-index polymer is typically used to both
protect the fibre and confine the pump light to the cladding. However, these polymers are strongly
absorptive at 2 um due to infrared chemical resonances which precludes the use of polymer
coatings for confining pump radiation at this wavelength. As a result power scaling of holmium-
doped fibre lasers has traditionally been limited by the lack of a double-clad fibre that exhibits low-
loss at the pump wavelength of 1.95 um. To alleviate this issue, alternative cladding materials such
as fluorine doped silica and air-jacketed fibres have been investigated with promising results [19].

Double-clad, holmium-doped fibres with all-glass or air-cladding geometries are shown in
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Figs. 4.5a) — 4.5c). The NA possible with fluorine doping (0.26-0.28 NA) is not as large as air-clad
fibres (>0.6 NA). However, the impact of the reduced NA (vs. fluoropolymer ~0.46) is mitigated in
the case of a resonantly pumped geometry due to the high brightness of the fibre laser pump
source. Single-mode thulium lasers at 1.95 um suitable for cladding pumping holmium-doped fibre
lasers have been demonstrated at the >180 W level [20-22]. A solid all-glass fibre is also preferred

from the cleaving and splicing perspective.

Silica Low index, pump
cladding confining layer

Low index, pump
confining layer

Silica
cladding

Low index, pump
confining layer e

Holmium
Holmium doped core

doped core v '4) - -".(‘l.ébé.d'éé:ré'

Figure 4.5: a) A fluorine layer confines the pump light to an octagon shaped silica cladding of a commercially
available holmium-doped fibre [23]. b) Holmium-doped fibre fabricated at the University of Southampton
with an octagon silica cladding surrounded by a fluorine-doped silica layer. c) An air-jacket design provides

pump guidance in a holmium-doped fibre [24].

4.5 Impact of cladding and core dimensions on device

efficiency

Designing an efficient holmium-doped fibre is achieved by considering all of the possible loss

mechanisms and the relevant constraints that they impose on the system.

Literature reports in bulk crystalline materials suggest that holmium suffers from up-conversion
losses at higher dopant concentrations [25]. The choice and purity of host material will be equally
important to avoid quenching the already extremely short lifetime and minimising excess
propagation losses. An all-glass cladding geometry is also necessary to avoid excess propagation

losses at the pump wavelength.

Even with the best choice of available materials, the device length needs to be kept at a minimum

to reduce the loss of the 2.1 um signal due to background absorption. Given this constraint, let us
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consider the impact of background losses on the performance of a laser for various fibre dimensions

and dopant concentrations.

The small-signal core absorption at 1950 nm will typically achieve a strength of 140 dB/m for a

1 wt.% dopant concentration.

dB dB
A ore(1950 NM) P = 140 P X C(wt.%) , (4.1)

Where acre(1950 nm) is the small-signal core absorption at 1950 nm, and C is the dopant

concentration of the holmium ion in wt.% of the rare-earth oxide Ho,0s.

Assuming uniform pump distribution, the pump absorption in the cladding (Qciaddaing) Scales as:

aB aB A
acladding(1950 nm) (E) = Qcore (1950 nm) (E) X ACE:;;:TLQ , (4.2)

Where Ociagding(1950 nm) is the cladding absorption at 1950 nm, Acore and Aciadaing are the core and

cladding areas respectively.

This greatly depends on the exact geometry of the fibre cladding which can be and usually is non-
circular in nature. For a simple geometry where the core and cladding are both circular, then the
core:cladding area ratio can be represented by:

2
A core  __ MTeore

T2 (4.3)
Acladdmg HTcIadding ’

Where reore and readding are the radii of the core and the cladding respectively.

Let us assume that a significant proportion of the pump radiation is absorbed. The length of the
gain medium for a given device will be taken to correspond to a 95% (13 dB) pump absorption
coefficient. In this case we also make the assumption that the background loss for the 1950 nm

pump radiation is negligible. The length of fibre required is then:

Lim) = 13 dB , (4.4)

dB
acladding(1950 nm) ( )

m

Where L is the length of fibre required to achieve a 13 dB attenuation of the 1950 nm pump

radiation.
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As the signal is being amplified along the length of the fibre, the signal intensity at 2100 nm along
the gain medium is not constant and will depend on the pump direction, small-signal gain, and
cavity finesse. Let us assume that the effective length of the gain medium is ~0.66 of the actual
length. Based on the previous review of background loss in silica, the attenuation coefficient at
2100 nm is taken as 0.074 dB/m. The excess loss due to infrared absorption of silica can be

expressed as follows:

dB
Excess loss(dB) = 0.66 X 0.074 (E) XL(m) , (4.5)

Where the Excess 10ss is the additional loss due to infrared absorption and L is the length of the

fibre as obtained in Eqn. (4.4).

Figure 4.6 shows the expected slope efficiency assuming an excess loss for various clad:core
diameter ratios and a device length corresponding to a pump absorption of 95% with the excess
loss contribution of Eqn. (4.5). The device configuration will affect the effective length parameter —
taken here as 0.66 in Eqn. (4.5). Despite this, Fig. 4.6 is still useful to illustrate the impact of doping

concentration on device length and the subsequent efficiency achieved.
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Clad:core diameter ratio

Figure 4.6: Expected slope efficiency with respect to launched pump power as a function of clad:core
diameter ratio for various Ho** dopant concentrations. The only loss mechanism that is considered here is

the background loss of the fibre at the 2100 nm holmium emission.

It should also be pointed out that typically the fibre will need to operate at a non-zero inversion
(typically ~ 20% for holmium at room temperature as illustrated in Fig. 2.6) and as such the effective

pump absorption coefficient will be reduced due to the large emission cross section at the pump
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wavelength. This is illustrated in Fig. 2.6 where the absorption at 1950 nm varies significantly with
increasing inversion. In situations where the holmium ion population is held at a high inversion, the
length of the gain medium for efficient absorption at 1950 nm will be larger than expected in these

derivations.

Figure 4.6 suggests that minimising the clad:core ratio is the method for maximising efficiency, and
while it is certainly possible to operate with an extremely small clad:core ratio (i.e. 3:1), it is not
necessarily practical. The requirement to decrease the clad:core area ratio also has to be balanced
with the restrictions associated with the fabrication of the multi-mode fibre combiners for

launching multiple thulium pump lasers into the cladding of a single holmium-doped fibre.

4.6 Measurement of hydroxyl concentration in holmium-

doped fibres

A list of allowable materials and possible strategies to fabricating an efficient holmium-doped fibre
laser has been presented earlier in this chapter. As discussed, a significant factor is also the
presence of hydroxyl impurities. The presence of the 1.38 um absorption feature which
corresponds to the overtone of the 2.7 um resonance provides a useful absorption feature that
does not overlap with any absorption features associated with the holmium ion. This makes
measurements of very low hydroxyl concentrations possible. In order to facilitate as accurate a
measurement as possible, the fibre should be drawn to be single-mode at 1300 nm such that there
is no resulting modal-interference phenomena as discussed in Section 3.4.3 in the wavelength

region of interest.

Typical measured transmission spectra of a broad-band supercontinuum source through a
holmium-doped fibre is shown in Fig. 4.7a). A 1 ppm hydroxyl contamination is associated with
0.06 dB/m peak absorption at 1385 nm [3]. Given that typically a 100 m length of fibre is available
after the fibre drawing, and that the noise level and fluctuations of the supercontinuum source is
of the order of 0.3 dB, this provides a lower bound of 0.003 dB/m to the measurement or equivalent
to a 0.05 ppm concentration of SiOH. By comparing the two traces and scaling for the cutback length
of fibre (94.8 m) the background loss is obtained as shown in Fig. 4.7b). A 0.12 dB/m strong

absorption was measured at 1385 nm corresponding to a hydroxyl contamination of ~ 2 ppm.
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Figure 4.7: a) Transmission spectra of a broad-band supercontinuum source through a length of holmium-
doped fibre. b) Resulting absorption spectrum showing a 0.12 dB/m absorption peak at 1385 nm

corresponding to a hydroxyl concentration of ~ 2 ppm.

4.7 Holmium concentration measurement

The holmium concentration incorporated into the fibre is measured by performing a cutback on a
length of fibre drawn to be single-mode at 1.9 um and typical transmission spectra are shown in
Fig. 4.8a). A 0.5 wt.% concentration can be associated with a 70 dB/m absorption at 1950 nm based
on reports in the literature [14,26-28]. It is expected that different core compositions correspond
to different absorption strengths due to variations in the local environment for the holmium ion.
Due to the strong absorption, a much shorter length of fibre is used in this cut-back experiment
typically 0.3 — 1 m. The resulting absorption is scaled against the length as shown in Fig. 4.8b). In
this case, the holmium-doped fibre had a peak absorption of 27 dB/m at 1950 nm which

corresponds to a dopant concentration of 0.2 wt.%.
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Figure 4.8: a) Example of a transmission measurement through a length of holmium-doped fibre to
characterise the holmium ion concentration. b) Resulting absorption spectrum showing a 27 dB/m absorption

peak at 1950 nm corresponding to ~0.2 wt.% holmium oxide concentration.

4.8 Efficiency measurement of core-pumped lasers

In order to test the efficiency of the HDFs, the fibres are tested in a core-pumped laser configuration
as shown in Fig. 4.9. A single-mode, FBG stabilised thulium laser operating at 1.95 um, providing
pump power up to ~10 W, is spliced to an isolator and then to a HR FBG at 2.1 um. A length of
holmium-doped fibre is spliced to the output of the grating. A laser cavity is then formed between
the HR FBG and the Fresnel reflection from the normal cleaved end-face of the fibre. A dichroic is
used to separate the residual thulium pump power and the holmium output power. A series of
cutback measurements are performed on the HDF to determine the peak operating point, and also

to determine the pump launch efficiency at the input of the holmium-doped fibre.
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Figure 4.9: Experimental arrangement used to test the efficiency of various holmium-doped fibres by

measuring the performance of a core-pumped laser oscillator.

The measurements are reconciled to obtain the internal efficiency of the holmium-doped fibre. Due
to the large output coupling (T = 96%), the laser is less sensitive to the loss at the splice between

the HR grating and the HDF in comparison to a laser oscillator with a lower output coupling fraction.

In order to investigate the reproducibility of this technique, we analyse the cavity configuration and
the possible variables that can impact the measurement. This also allows us to isolate the key
parameters that are required to make the measurement as accurately as possible and reduce the
possible errors on the slope efficiency estimate. A diagram of the cavity model is shown in Fig.

4.10a). Under steady-state (CW) lasing conditions, the following relationship holds:

G* X (1=M)>XRyg X Roc =1 , (4.6)

Where G is the single-pass gain of the active fibre, Rur is the reflectivity of the HR FBG (Rur=1), Roc
is the reflectivity of the output coupler — in this case the Fresnel interface between silica and air
(Roc=0.04) and the splice loss (n) is the unknown variable but assumed to be <10%. By substituting

these parameters into Egn. (4.6) the following relationship is recovered:

Gx(1—-1m)=5 , (4.7)

Note that the gain of the active fibre will vary between G = [5, 5.6] as n varies from [0, 0.1]. As

shown in Fig. 4.10a) we measure the total output power at 2.1 pm (P2.1,m) and the pump launched

into the active fibre at 1.95 pm (P1.95,m).
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By considering that the power reflected from the output coupler is Roc X P2.1um / (1 - Roc) we can
derive the expression for the total power at 2.1 um that is lost (P.ost) in the splice region propagating

in either direction:

PZ.lp.m

P
Prost =M X G X Roc X 1—R,.

—2 4 X (1 —M) X G X Ryg X Ry X
1—Rye

(4.8)

Where Pyt is the power lost at the splice and P,.1umis the total output power at 2.1 um.

If we assume that n is small, then n? = 0 and by substituting the various parameters, we recover

the following relationship:

P 0.04
ﬂ=2quGx—=0.42xLz0.42Xq ) (4.9)

Py 1um 0.96 1-—n

This is represented by the curve in Fig. 4.10b). For a splice loss as large as 10%, the output power is
reduced by a maximum of <5%. Here the splice loss results in the measured slope efficiency

representing an underestimate of the actual internal slope efficiency.
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Figure 4.10: a) Diagram of the cavity used to measure the slope efficiency. b) Variation in output power from

the holmium laser as a function of excess splice loss.
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Providing that care is taken to select the appropriate fibres for the HR grating to ensure that the
mode-field diameters are well matched, then this level of splice loss is readily achievable. The splice
loss can also be estimated by cutting back the fibre laser. By cutting to a length of 20 mm of HDF,
there is insufficient gain for the HDF to lase or generate any significant spontaneous emission. As a
result, we can expect that at high intensity, the pump will completely bleach this short length of
fibre. Typical examples of this behaviour are shown in Fig. 4.11. By then cutting away the HDF
completely and measuring the pump radiation that is able to propagate through the HR grating, we
can estimate the magnitude of the splice loss at the pump wavelength. While the splice may have
different properties at the signal wavelength, by considering the change in the MFD in both the
active and passive fibres, we are able to get an estimate for the magnitude of the splice loss. The
typical splice losses illustrated in Fig. 4.11 are in the region of 12%, which suggests an error of 6%

(or £3 %) of the slope efficiency according to Fig 4.10b).
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Figure 4.11: Transmitted pump power through 20 mm of HDF for different pumping rates for various fibres.

This illustrates the bleaching of the pump radiation and also provides an estimate of the splice loss.

Another advantage of the core-pumped experiment is that the infrared background loss is low, as
the length of the fibre is relatively short (<5 m) for all tested doping concentrations. This then allows

a valid comparison of efficiency between fibres with varying compositions.

The main disadvantage of this measurement is that the fibre must now be operated at a large
inversion to achieve the small-signal gain required to reach threshold in the low-Q cavity. As a
result, the efficiency may be reduced by stronger up-conversion and energy transfer losses that
would not be present in a cladding-pumped system operating at a lower inversion. Increasing the

cavity Q is possible by using a partially reflective output coupler grating or bulk optic, however doing
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so will also increase the impact of the splice loss. This increase in uncertainty and complexity is
undesirable. Another possible solution is to use a longer wavelength pump which will bleach and
hold the HDF at a lower inversion. In this case a longer length of fibre would be required, and the
variation in the IR background loss between different doping concentrations would become a
significant factor. Overall, the use of a low-Q cavity is deemed to be sufficiently representative to

provide information for compositional optimisation.

49 Summary of in-house core-composition optimisation

For the characterisation of in-house fabricated HDFs a 1950 nm pump laser and a 2104 nm fibre
Bragg grating were employed. The typical fibre lengths required for there to be sufficient gain to
achieve lasing range, from 5 m, for the lower concentrations, to 2 m, for the larger concentrations.

A summary of the various holmium-doped fibres fabricated to date is shown in Table 4.2.

Table 4.2: Summary of rare-earth and hydroxyl concentrations for various holmium-doped silica fibres. Also

shown is the measured efficiency from the core-pumped experiments.

Preform Absorption Holmium Absorption Hydroxyl Slope
Preform location at1.95pum concentration at1.38 um concentration efficiency
L10194 80 130 0.93 0.017 0.27 37+2
L10244 80 27 0.19 0.12 1.94 65+3
110254 80 25 0.18 0.15 2.42 67 +2
L10270 80 45 0.32 0.18 2.90 55+4
110332 80 45 0.32 0.308 4.97 69 +3
L10332 340 43.5 0.31 0.363 5.85 60 +2
110382 80 35 0.25 0.07 0.13 74 +3
L10382
Fluorine 150 1 0.25 0.07 0.13 67 +2

clad

There is little explicit correlation between any of these parameters and the slope efficiency
measurements. One conclusion that can be drawn is that larger concentrations are less efficient,
this can be attributed to up-conversion losses. Indeed, when the fibre from L10194 was operated

with a lower inversion (by operating at cryogenic temperatures) the performance improved
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substantially to >60%, implying that there may have been a significant loss mechanism for this fibre

associated with the upper state population which is consistent with the presence of up-conversion.

Comparing fibres drawn from preforms L10270, L10332 and L10382 it is evident that there are other
parameters that contribute significantly to the efficiency. All of these have similar holmium
concentration, varying hydroxyl impurity levels and efficiencies ranging from 55% to 74%. It is
suspected that the additional factors that are significant in determining the efficiency of the lasers
include dopant distribution uniformity and the Al,O; concentration. Further investigation and
guantification of these parameters is essential in order to be able to identify a strategy to increase
the fibre efficiency. The best efficiency observed was in the 71 — 77% range which was larger than
commercially available fibres (70%) [29] but has since been superseded with recent reports of a

composition with an 87% efficiency [30].

4.10 All-glass, double-clad fibre development

Based on the compositional optimisation preform L10382 was chosen to be transitioned to a
double-clad fibre. To achieve this, a part of the L10382 preform was laser processed into an octagon
with the technique described in Section 3.3, and over-clad with a silica tube that contained a
fluorine-doped layer on the inner surface. The refractive index of the fluorine doped silica layer
with respect to the un-doped silica cladding produced a guiding NA of 0.12. The resulting preform
was then drawn to a fibre with dimensions of 14/65/180 um. An end-face image illustrating the

resulting fibre structure and measurements of the fibre dimensions is shown in Fig. 4.12.

Un-doped SiO,

Outer cladding
diameter = 180 um

Core diameter = 14 um

Inner cladding
flat-to-flat = 65 pra

Fluorine-doped
Si0, layer

Figure 4.12: End-face image with dimensional measurements of the fluorine-clad holmium-doped fibre

fabricated from the core rod L10382.
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Table 4.3: Summary of core-rod performance and fluorine-clad fibre performance.

Preform Preform Absorption Holmium Absorption at OH Slope
location | at1.95um | concentration 1.38 um (dB/m) concentration efficiency (%)
(mm) (dB/m) (wt %) (ppm)

110382 80 35 (core) 0.25 0.07 0.13 74+3

L10382 150 1 (cladding) 0.25 0.07 0.13 672

Fluorine

clad

4.10.1 All-glass, double-clad fibre characterisation

The fluorine-clad fibre was characterised in a free-space cladding-pumped configuration. Two
different configurations were investigated using the schematics as illustrated in Fig. 4.13. In both
configurations the output from the 1.95 um pump laser was collimated and then focused into the
octagonal cladding of the holmium-doped fibre. At the other end of the fibre a dichroic mirror
separated the residual 1.95 um pump radiation from the 2.1 um holmium emission. In one
configuration, the distal end of the fibre had an angle cleave and the cavity was formed between
the HR and 4% Fresnel reflection. In this configuration the cladding-pumped holmium-doped fibre
was operated in a counter-pumped regime. One of the challenges here was ensuring stable
alignment of the HR mirror at higher power levels. The transmitted pump and intra-cavity radiation
at 2.1 um caused sufficient thermal lensing in the collimating optic that the alighment degraded as

a function of output power.

In order to avoid these complications with this free-space coupled feedback, the fibre was re-
cleaved with a perpendicular cleave and a cavity was formed between the opposing 4% Fresnel
reflections at each end. In this case the output power of the laser was split almost equally between
the two beams exiting each end of the fibre. Power meters were positioned to measure the power
of each output simultaneously. This configuration was observed to be much more stable and
resistant to misalignment and fluctuation than the initial approach. In a final configuration, the fibre
would be envisaged to be utilised in an all-fibre configuration with either FBG reflectors to provide

feedback, or a master oscillator spliced onto the fibre to provide an input signal to be amplified.
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Figure 4.13: lllustration of cavities used to characterise the in-house fabricated, all-glass, double-clad,

holmium-doped fibre.

In order to ensure that the pump light was launched into the inner octagonal cladding and not the
outer cladding, which would also provide guidance, but with a substantially increased loss due to
the low index polymers, the output pump power from the fibre at all operating power levels was

monitored. Examples of bad and good launch alignment are shown in Fig. 4.14.

Inner octagonal SiO, cladding

Outer F-SiO, / SiO, layers

Figure 4.14: lllustration of poor (left) and good (right) alignment of the 1.95 um pump laser into the inner

cladding of the fluorine-clad, holmium-doped fibre.
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4.10.2 All-glass, double-clad fibre results

The output power vs the launched pump power for the lasers shown in Fig. 4.13 is shown in Fig.
4.15. The fibre operated with an efficiency of 67% with respect to absorbed pump power. In the 10
m device, the pump absorption under operating conditions was 90% - which is in agreement with
the expected area ratio and core absorption measurements. The cavity length increased from 2.5
m in the core-pumped configuration to 10 m in the cladding-pumped system as expected based on
discussions in Section 4.5. The reduced slope efficiency of the cladding-pumped system can be
entirely attributed to the increased fibre length and the resulting increase in IR background losses.
As such an increase in the IR loss up to a maximum of 10% is expected. This is consistent with the
reduction in slope efficiency that we observe (from 74% in the core-pumped configuration to 67%

in the cladding-pumped configuration).
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Figure 4.15: Output power at 2100 nm vs. absorbed pump power at 1950 nm. The pump absorption was

measured to be ~90% for the fibre length of 10 m.

The laser operated free-running at 2100 nm as shown in Fig. 4.16a). The output beam had a
Gaussian profile (shown in Fig. 4.16b)) and an M%, = 1.04, 1.08 suggesting that the fibre was
operating with a robustly single-mode and near diffraction limited output. This is also consistent
with the measured fibre core parameters (14 um diameter, 0.11 NA) which yields a V number of

2.3 at 2100 nm corresponding to single-mode operation.
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Figure 4.16: a) Spectral output and b) beam profile from the holmium-doped, all-glass, double-clad fibre.

411 Summary

In this chapter we have described methods for measuring and quantifying parameters which impact
the efficiency of holmium-doped fibres such as dopant concentration, hydroxyl impurity
concentration and background loss. We have developed and described a technique enabling
efficiency measurements to be made with simple single-mode fibres and quantified the possible
sources of error. This technique has enabled a rapid, low-cost iteration of the composition in order

to methodically improve fibre fabrication parameters.

A summary of the various compositions that have been developed in-house as well as those
reported in the literature is provided in Fig. 4.17. A common trend is the consistent reduction in
slope efficiency at larger dopant concentrations. This is consistent with the expected up-conversion
losses. More recent demonstrations by Hemming et al. have shown slope efficiencies of resonantly

pumped holmium-doped fibres of 87% which are approaching the theoretical limit of 93% [30].
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Figure 4.17: Summary of the performance of various holmium-doped silica fibres reported in the literature

and developed as part of this project [29-31].

Finally we have demonstrated an all-glass, double-clad fibre based on the best performing
composition developed. This fibre was then power scaled up to 70 W. The fibre operated with a
67% slope efficiency with respect to absorbed 1950 nm pump power, and equals the current record
in efficiency for a cladding-pumped holmium-doped fibre [23]. Fabrication of such a fibre is
particularly challenging due to the complexity associated with the fabrication of a shaped inner
cladding with a Fluorine-doped silica outer layer while ensuring that there is minimal hydroxyl
contamination both in the core and the cladding. The CO; processing of the preform and the careful

optimisation and characterisation of composition were essential to achieving this result.
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Chapter 5.

Thulium and Holmium Sources

5.1 Introduction

This chapter presents the operation of thulium-doped and holmium-doped fibres in various
regimes. The first section reviews the development of monolithic, robustly single-mode, thulium

fibre lasers operating at 1950 nm. These act as pump sources for the holmium-doped silica fibres.

A range of small-signal thulium-doped and holmium-doped fibre amplifiers is investigated and a
wavelength coverage spanning 1660 — 2150 nm with > 15 dB gain is demonstrated. A variety of
amplifier geometries are considered and a host of techniques for increasing the spectral coverage
are investigated. These techniques include the use of spectral filters, inversion management and

amplifier geometry.

A double-clad holmium-doped fibre is characterised in a tuneable configuration with a
demonstrated output of >15 W over a span from 2040 — 2170 nm. This represents one of the longest

wavelength sources in a silica fibre with a power level exceeding 10 W.

Finally the concept of wavelength agility is introduced and a source that can be rapidly,
electronically switched and swept across 2050 — 2140 nm based on an acousto-optical tuneable

filter (AOTF) and a holmium-doped silica fibre gain medium is demonstrated.

5.2  High power 1950 nm pump source development

There have been few demonstrations of diffraction limited performance from large-mode-area
(LMA) thulium-doped fibre designs incorporating a pedestal. Only a few groups have been able to
report near diffraction limited (M?<1.1) performance at power levels exceeding 50 W [1]. Typically

thulium-doped fibre lasers utilising LMA-type fibres to enable power scaling to >50 W are reported
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with beam qualities ranging from M? = 1.2 — 3 [2-8]. This degradation in beam quality can lead to
pointing instability, lower efficiency and spectral instability of the laser [9-11] and these effects
may make the laser less suitable for the target application. There is a clear need for a more robust
thulium-doped fibre solution that will enable high power, diffraction limited performance from

thulium-doped fibre sources.

521 Thulium-doped fibre design

In the case of 0.79 um diode pumped thulium-doped fibre lasers, the requirement for efficient
cross-relaxation results in a core composition that has a refractive index difference of ~0.02 with
respect to the un-doped silica cladding, which is equivalent to a core NA of 0.23. A robustly single-
mode core of this composition is then limited to a maximum core-diameter of ~6 um for a V-number
of 2.4 at 1950 nm. This presents a challenge in power scaling due to the high intensity present in
such a small core. Furthermore, power scaling is typically achieved by scaling the cladding diameters
to 400 um in order to match the available diode brightness and alleviate the thermal issues. This
core:cladding (6:400 um) ratio results in a very long fibre (>20 m) for efficient pump absorption. At
these lengths it will be difficult to operate at 1950 nm and the fibre gain-peak will be in the 1980 —
2020 nm region. As a result a method for increasing the core-diameter without degrading beam
quality or changing composition is required to ensure that the fibre length remains sufficiently small

to allow for stable operation at 1950 nm.

As the core NA cannot be reduced without degrading the efficiency of the laser, one approach is to
produce a raised index cladding around the core commonly termed a pedestal [12]. In this case,
the core experiences a local low-index step, and hence low NA, whilst maintaining the core
composition required for good pump conversion efficiency. Figures 5.1a) — 5.1b) show the end-face
images of the current commercially available 25 um core diameter TDF and the new fibre which has
a 20 um core diameter. Both fibres have a pedestal structure and a 400 um flat-to-flat octagonal

cladding.
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Figure 5.1: a) End-face view of a 25P/400-TDF with a 25 pum core, 40 um pedestal and a 400 um flat-to-flat
octagonal cladding. b) End-face view of a 20LP/400-TDF (LP: large pedestal) with a 20 um core, 65 um pedestal
and a 400 pm flat-to-flat octagonal cladding [13].

5.2.2 Impact of pedestal diameter

The choice of pedestal diameter is dictated by a trade-off between on-lathe fabrication time of the
preform, preform yield and fibre laser performance. In the following sections, we examine some
key parameters for fibres that incorporate a pedestal to improve beam quality, and demonstrate
that anincrease in laser performance and yield on device fabrication can justify the move to a more

challenging, large pedestal design.

In an amplifier or laser device utilising active fibres with pedestals, the radiation coupled into the
pedestal, due to either splice loss or spontaneous emission, experiences significant interaction with
the core and potentially a large gain. As a result this leads to problems such as reduced hold-off in
pulsed systems, and imposes a higher sensitivity to splice loss in these devices. Furthermore there
may also be significant backward propagating ASE guided by the pedestal. An illustration of these

various effects and how they propagate through the fibre core and cladding is shown in Fig. 5.2.
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Figure 5.2: lllustration of a splice between a passive non-pedestal fibre and an active fibre containing a
pedestal around the core. The majority of the radiation at the splice from the passive to the active fibre is
contained by the pedestal (red arrows). This radiation will experience amplification based on the interaction
with the core. The pedestal is also able to capture some of the spontaneous emission from the excited rare-
earth ions (blue arrows). This radiation also experiences amplification and has components travelling in both
directions along the active fibre. At the active fibre to passive fibre splices, due to the spatial overlaps, the

radiation from the pedestal will be coupled into the cladding and no longer confined by the core [13].

Any radiation contained in the pedestal will not be guided by the core of the passive fibre and will
thus couple to the cladding of the GDF at the splices at either end of the active fibre. As well as
degrading performance these processes can degrade device lifetimes, such as fibre Bragg gratings

(FBGs), fused combiners, isolators, laser diodes and cladding strippers.

The detrimental interaction between the radiation propagating in the pedestal and in the core can
be estimated by considering the relative areas of both structures. For the 25P/400-TDF, the
radiation propagating in the pedestal experiences only a slightly reduced (40% as shown in Fig. 5.3)
interaction strength with the core. In the 20LP/400-TDF, the core diameter is reduced to 20 um and
the pedestal diameter is increased to 65 um, substantially reducing this interaction strength from

40% to 10%.
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Figure 5.3: The area ratio used to estimate the effective overlap between the radiation propagating in the
pedestal and the core as a function of pedestal diameter for different core diameters. Indicated are the
parameters for the commercially available 25P/400-TDF and the 20LP/400-TDF fibre design used in the

current work [13].

5.2.3 High power 1950 nm thulium-doped fibre laser

A schematic of the laser fabricated using the 20LP/400-TDF is shown in Fig. 5.4. The output from a
fibre-coupled laser diode is tapered and then spliced to the passive fibre containing the HR FBG.
The GDF passive fibre has a matched MFD to the active TDF and a 400 um diameter cladding with
a 0.46 NA. The other end of the passive fibre is spliced to a 6 m length of active thulium-doped fibre.
The active fibre is mounted in a heat-sink which contains bends of 50 mm radius. The output end
of the TDF is spliced to another length of 400 um GDF passive fibre, which contains a 10% reflective
output coupler (OC) FBG. The passive fibre containing the OC also contains a cladding stripper to
remove any residual pump radiation and 2 um light that may have been coupled into the cladding
due to splice losses. A 1.5 mm long, 400 um diameter core-less fused silica fibre is spliced onto the
output. A 2° angle on the end-cap is used to further reduce the amount of feedback that occurs

from the Fresnel reflection at the glass-air interface.
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Figure 5.4: A schematic of a typical 1.95 um thulium-doped fibre laser [13].

The output from the laser is collimated using a high power IR lens (DPM Photonics) and is
attenuated by several wedges (CaF,) before being brought to a waist using a ZnSe lens and directed
onto a pyro-electric detector (Pyrocam lll). The M? parameter of the laser output was measured by
translating the Pyrocam and recording the beam parameters through the beam waist. The spectrum
was measured using an optical spectrum analyser (Yokogawa, OSA) and the output power levels

were monitored on calibrated thermal power meters (Ophir).

The output power from multiple lasers is shown in Fig. 5.5a). Each laser is capable of producing
more than 160 W with a slope efficiency varying from 50 — 52%. The variation in slope efficiency is
attributed to the variation of the exact fibre length and differences in the splice losses between
lasers. A typical beam profile measurement at maximum power is shown in Fig. 5.5b). The beam
diameter evolves with an M?y = 1.02, 1.03 indicating that the laser is operating with a diffraction
limited output. The intensity profile has a >94% quality of fit to Gaussian at all points. We confirm
that all of the radiation is confined to the core of the single-mode passive output fibre, with no

measureable power in the cladding.
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Figure 5.5: a) Slope efficiency of 1.95 um output vs 0.79 um launched pump power. b) Evolution of the second
moment width (D4c) beam diameter through the focus of a lens and the Gaussian fit of the output at

maximum power [13].

The evolution of the spectrum with respect to output power is shown in Fig. 5.6a). The full-width
half maximum (FWHM) bandwidth of the output was observed to increase from a resolution limited
0.05 nm to 0.1 nm as the laser power was increased from 16 W to 170 W. A low resolution (2 nm),
high sensitivity scan of the entire thulium gain band is shown in Fig. 5.6b) confirming that there is a

negligible level of ASE and no parasitic lasing at other wavelengths.
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Figure 5.6: a) Evolution of the spectrum with increasing output power measured with an OSA resolution
setting of 0.05 nm. b) Laser output spectrum measured with an OSA resolution setting of 2 nm showing there

is negligible ASE content at the output of the laser [13].

5.2.4 Discussion

We have presented the design and characterisation of a thulium-doped fibre laser (TDFL) based on

an active fibre incorporating a large-pedestal geometry. The TDFLs presented here have a relatively
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low component count, are completely monolithic and produce up to 170 W output power at 1950
nm with a robustly single-mode output with an efficiency ranging from 50-52% with respect to
launched pump power. By correcting for pump losses in the components before the active fibre,
the total absorbed pump radiation and the Fresnel reflection from the uncoated end-cap, we
estimate the internal efficiency of the thulium fibre to be ~58% with respect to absorbed pump
power. This has been verified in separate cut-back measurements. This slope is still far from the
ideal efficiency of 80% (assuming ideal cross-relaxation) and suggests that there are still potentially
significant efficiency gains that can be made by optimizing both the composition and the fibre

design.

The output beam propagated with a Gaussian fit of M%y = 1.02, 1.03 at the full output power of
the laser. No pointing instability or variation in beam quality was observed while changing the pump
power. The output spectrum has a spectral linewidth of <0.2 nm and shows no evidence of higher
order modes supported by the FBG which are typically reported in systems that operate with

multiple transverse modes [8].

We have demonstrated sources relying on these and similar fibre designs operating at 1908 nm, for
the pumping of room temperature and cryogenic Ho:YAG solid-state lasers, 1940 nm, for the
pumping of Ho:YLF lasers, and at 1950 nm, for the pumping of Ho:silica, as well as at wavelengths

as large as 2050 nm [14].

5.3  Small-signal amplifiers in thulium-doped and holmium-

doped fibres

The availability of practical, high-performance optical amplifiers is a critical enabler for many
important photonics applications. For instance, the erbium-doped fibre amplifier (EDFA) operating
from 1530-1625 nm revolutionized the field of optical telecommunications, eliminating fibre
attenuation as a fundamental limit to long distance optical fibre communications. Here we report
the demonstration of a suite of practical thulium-doped and holmium-doped silica fibre based
amplifiers, providing continuous, high-gain, low-noise small-signal amplification across a waveband
extending from 1660 nm to the effective upper-edge of the silica fibre transparency window at
2150 nm, corresponding to a 490 nm gain bandwidth. The availability of such amplifiers in this

previously difficult to address waveband should pave the way for a plethora of important fibre
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optics applications in areas such as optical communications, sensing, medicine and laser based

materials processing.

5.3.1 Amplifier configurations

The geometry of the amplifiers investigated was similar to that of the typical EDFA. These were all
core-pumped systems where the pump radiation was launched into the core of the active fibre
(either thulium or holmium) via a wavelength combining element such as a dichroic based WDM or
a fused biconic taper WDM. We investigated both direct diode pumping using 790 nm, 1150 nm
and 1550 nm diodes to address the respective absorption bands in the rare-earth ions. In situations
where a larger inversion was required, either erbium-ytterbium-doped fibre lasers (EYDFL) or
thulium-doped fibre lasers (TDFL) were utilised for pumping the thulium-doped and holmium-

doped fibres respectively.

We investigated both single-pass and double-pass configurations as shown in Figs. 5.7a) — 5.7b). In
some cases, spectral filtering mechanisms were employed within the amplifier to enable operation
at the extreme wavelengths. These mechanisms include the use of bend-loss filters, absorptive

filters, as well as the implementation of long-wavelength pumping for inversion management.

(a) 1950 nm 7 m HDF
pump laser

Attenuator APC connector
Tuneable Laser 1950/2100 nm
Source g WDM
99/1 tap Isolator Output
coupler
Photodiode
(b)
99/1 tap
coupler Circulator
Tuneable Laser | | g 1950/2100 nm
Source WDM
Attenuator 7'm HDF I

Retroreflector

APC connector l

1950 nm
pump laser

Output

Figure 5.7: Two different amplifier configurations with a) Single-pass holmium amplifier configuration. b)

Double-pass holmium amplifier configuration [15].
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5.3.2 Amplifier characterisation method

In the following, we describe the measurements that were used to perform the amplifier
characterisation. These measurements describe the properties of the amplifier such as noise-figure,
small-signal gain, saturated gain and spectral bandwidth which is essential when applying the

amplifier to a range of applications.

First, a known input signal at a known wavelength is launched into the amplifier. The input signal
power level, and the level of the background ASE are measured. In practise, a monochromatic signal
with a low level (>50 dB extinction) of background noise provides a suitable input source for these
measurements. The output of the amplifier is characterised, with measurements taken of the
output spectrum, and the average output power. In an ideal situation, the amplifiers would be
characterised for a continuous range of input power levels at each wavelength; however due to the
absence of an automated fibre attenuator and diagnostics, this amount of data collection was not
possible. As a result, for the following characterisations, 2 different seed input power levels were
chosen corresponding to a “small-signal” (-20 dBm = 0.01 mW) regime and a “saturating signal”

(0 dBm =1 mW) regime.

A schematic of the tuneable source and the associated components for diagnostic measurement
that were used in the characterisation of the holmium-doped amplifiers is shown in Fig. 5.8a). The
output from a tuneable Cr:ZnSe laser (IPG) was launched into a single-mode fibre and passed
through an all-fibre attenuator. A 99/1 tap coupler and a photodiode were used to monitor the
power levels launched into the amplifier. The spectral quality of the output was found to be
excellent with an optical signal to noise ratio (OSNR) of ~65 dB as shown in Fig. 5.8b). The
reproducibility and stability of the calibrated output was measured to be +0.2 dB which was
attributed in part to the stability of the fibre coupling fixture and the pointing stability of the solid-
state, tuneable laser source. The laser was not operated below 2030 nm due to a degradation in
performance of the 99/1 tap coupler at the shorter wavelengths and also due to potential risk of

damage occurring to the tuneable laser source when tuning to <2030 nm.
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Figure 5.8: a) Schematic of tuneable laser source, attenuator and tap coupler used to monitor and calibrate

the input signal level. b) The calibrated output at different wavelengths showing a >60 dB optical signal-to-

noise ratio and a nearly constant power level of 0 dBm at the peak [15].

The procedure for characterising the amplifier was carefully repeated as follows:

A A o

The average power was recorded on a thermal power meter

The spectrum was recorded using an OSA via a broad-band attenuator

The master oscillator was tuned to the desired wavelength and allowed to stabilise
The attenuator was adjusted to ensure the power launched into the amplifier was correct

The pump source to the amplifier was turned on and allowed to stabilise for 1-2 minutes

The pump source was switched off and the process repeated for another wavelength

An example of a characterisation summary and the output spectra from one HDFA is shown in Figs.

5.9a) - 5.9c¢).
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Figure 5.9: Performance of the 1950 nm fiber laser pumped HDFA. a) Summary of gain and NF vs. wavelength.

b) Amplified spectra for the small-signal with a non-saturating (-20 dBm) input signal. c¢) Amplified spectra

with a saturating (0 dBm) input signal. The spectra were measured with an OSA resolution setting of

0.5 nm [15].
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5.33 Performance of small-signal amplifiers

Table 5.1 summarizes the various amplifiers that have been characterised and provides information
about bandwidth, operating wavelengths, noise figures, pump sources and whether or not spectral
filtering was employed. All of these have been fully described across various papers and in order to

avoid repetitive content, this is information is not included in this thesis.

As shown in Fig. 5.10, almost a 500 nm bandwidth (at the >15 dB gain level) of continuous coverage
has been demonstrated from 1660 — 2150 nm by using either thulium or holmium-doped silica fibre
amplifiers. The solid data points correspond to fibre-laser pumped amplifiers and open data points
correspond to diode pumped amplifiers. The fitted lines represent the small-signal gain parameter

and the points represent the noise-figure performance of each of the amplifiers.

Table 5.1: Summary of the various amplifiers that have been demonstrated spanning almost 500 nm in the

infrared wavelength region. AA refers to the 15 dB bandwidth of the amplifier.

Gain Spectral Pe?k 15 dB span I\fmse Lege?d
medium — gain o o Figure Ref. for Fig.
(dB) (dB)
Thulium EYDFL Yes 29 1690 1660-1710 50 6.5-12 [16,17] 1.
. Diode,
Thulium Yes 29 1760 1720-1800 80 9-15 [16,17] 2.
790 nm
Thulium EYDFL Yes 33 1760 1710-1800 90 9-15 [16,17] 3.
. Diode,
Thulium No 35 1840 1740-1960 220 5-10 [18,19] 4,
1550 nm
. Diode,
Thulium No 36 1900 1820-2030 210 5-10 [18,19] 5.
1550 nm
. Diode,
Thulium No 33 1950 18902050 160 5-10 [18,19] 6.
1550 nm
Thulium EYDFL No 42 1950 1910-2020 110 5-12 [18,19] 7.
. Diode,
Holmium No 25 2040 2030-2100 70 5-7 [15] 8.
1150 nm
Holmium TDFL No 41 2060 2050-2120 70 6-10 [15] 9.
Holmium TDFL Yes 39 2090 2050-2150 100 8-14 [15] 10.
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Figure 5.10: Summary of the gain curves and noise figures of various thulium-doped and holmium-doped

fibre amplifiers. A continuous >15 dB gain coverage has been demonstrated from 1660 — 2150 nm [16-19].

5.3.4 Discussion

For rigorous characterisation of the amplifier architectures presented here measurements should
be made at a continuously varying power level for both the master oscillator and also the pump to
the amplifier, however this method was time prohibitive given the manual adjustment in the
wavelength tuning, power adjustment and the quantity of amplifier experiments conducted. It is
also important to note that the results presented here represent optimised amplifiers — i.e. with
optimised fibre lengths, spectral filtering and operating pump powers. During the course of the
development a number of iterations of the amplifiers were constructed and tested to demonstrate

the optimum performance for each configuration.

In most cases the amplifier performance was limited by the performance of the available fibre
coupled components. Dual-stage isolators in this wavelength range typically have anisolation rating
of up to 40 dB—in comparison to 1550 nm components which are available with a single component
isolation approaching 58 dB. This limits the peak gain at which the amplifiers can safely operate.
Furthermore, unlike at 1550 nm, low insertion loss components are not readily available with
typical insertion losses of ~1.3 dB at best. This reduces the available gain and also increases the
noise figure of the various systems. As better components become available in this spectral region
we anticipate that both the gain and NF of these systems will be improved, as well as the possible

operating ranges.
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5.4 Tuneable operation of a double-clad, holmium-doped

fibre laser

As we have discussed in Section 2.4, power scaling of fibre sources requires the use of a double-
clad geometry. This architecture results in a significantly lower pump intensity present in the core
region. As we have analysed in Section 4.5, for efficient operation the active fibre must be
sufficiently long to allow for a significant transfer of pump power to the core. The resulting
parameter space and operating conditions for a double-clad holmium-doped fibre in a high power
system is consequently very different to that of the small-signal amplifiers demonstrated in Section
5.3. In order to determine the operating wavelength of cladding-pumped, holmium-doped fibre

lasers a tuneable laser experiment was undertaken [20].
5.4.1 Experimental set-up

A schematic layout of the experimental set-up is shown in Fig. 5.11. The output of a single-mode
1.95 um fibre laser is collimated and launched into the cladding of a 6.5 m long double-clad
holmium-doped fibre. This fibre had a robustly single-mode core with a diameter of 18 um, and NA
of 0.083. The holmium ion dopant concentration was 0.5 wt.%. The core was located within an

octagonal cladding that had a flat-to-flat dimension of 112 um and a 0.24 NA.

L Dx L 8°angle cleave L Dx

i o 14
1950 nm / 0 cleave\‘
Tm laser _l__ =

w
PM
HDF OSA
DG! /Dx

L - Lens PM Pl

DG - Diffraction Grating

Dx - Dichroic HR @ 2.04 — 2.2 pm, HT @ 1.95 pm
HDF — Holmium doped fibre

OSA - Optical Spectrum Analyser

Plll = Pyrocam Il

PM - Power Meter

W - Wedge

Figure 5.11: Schematic of tuneable holmium-doped fibre laser experiment [20].

Care was taken to ensure that the 1.95 um pump light was focused into the cladding and not the

core of the holmium-doped fibre in a similar manner as in Fig. 4.14. A dichroic mirror (Dx: HR @
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2.04-2.2 um, HT @ 1.95 um) was placed in between the two ZnSe lenses (L, focal length = 15 mm)
to separate the pump and laser light. This dichroic was angle tuned to minimize feedback between

the holmium and thulium oscillators.

The laser cavity was formed between a diffraction grating (DG) and the 4% Fresnel reflection at the
opposite end of the fibre. The tuning arrangement utilised a Littrow configuration. The reflectivity
of the diffraction grating was >80% for P-polarized light and >90% for S-polarized light at 2.1 um.
This allowed for continuous tuning with minimal dependence on polarization state. In order to
increase the threshold for parasitic lasing, the end of the HDF facing the dispersive end of the cavity
was cleaved at an 8° angle. Another dichroic mirror was then used to separate the pump and laser
light at the output. An uncoated CaF; wedge at near normal incidence provided two low power
reflections which enabled monitoring of the spectrum and beam profile of the laser output on an
optical spectrum analyzer (Yokogawa, AQ6375 OSA) and a pyroelectric beam profiler (Ophir,
Pyrocam lll). Calibrated thermal power meters (Ophir, Thorlabs) were used to monitor the residual

pump power and output laser power throughout the experiment.

5.4.2 Results of tuning experiment

The typical spectrum (taken at an OSA resolution setting of 2 nm) of the output of the holmium-
doped fibre laser is shown in Fig. 5.12. Parasitic lasing was observed when attempting to tune the
laser beyond 2.171 um. When attempting to tune to wavelengths <2.04 um, there was significant
feedback between the thulium-doped pump laser and holmium-doped fibre laser through the
dichroic mirror, which was evident by spurious spectral emission when monitoring the spectrum of
the thulium-doped pump laser. For the tuning graphs, only the operating points where parasitic or

spurious lasing was absent are presented.
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Figure 5.12: Typical spectra recorded at the output of the tuneable laser when operating at various

wavelengths. These measurements are taken with an OSA resolution setting of 2 nm [20].

The results of the tuning experiments are shown in Fig. 5.13. The output from the holmium-doped

fiber laser could be tuned from 2.04 um to 2.171 um while maintaining a signal-to-noise ratio of

>53 dB
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Figure 5.13: Output power vs wavelength for a range of launched pump powers. Only points with a signal-to-

noise ratio of >53 dB are presented [20].



Page: 121 Chapter 5

A maximum power of 29.7 W was achieved at 2.12 um for 74 W of launched pump power. Slope

efficiency measurements for operation at 2.12 um and 2.171 um are shown in Fig 5.14.
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Figure 5.14: Slope efficiency of the laser when operating at 2.12 um (peak of the tuning curve) and at

2.171 um (longest wavelength of the tuning range) [20].

5.4.3 Discussion of tuning experiment

We have investigated the operation of a cladding-pumped, holmium-doped fibre and
demonstrated a tuning range of >130 nm spanning from 2.04 pm to 2.171 um. The peak output
power was achieved at 2.12 um. This result complements the 1.95 um-core-pumped, small-signal,
holmium-doped fibre amplifier presented in Section 5.3, which operated from 2.05 —2.12 um with
a peak gain at 2.06 um. The difference between the two geometries is due to the small-signal gain
and inversion that the gain-medium is operated at, the difference in length of the active fibres and

the difference in pumping rates along the active fibre.

The tuneable laser source is able to operate over the wavelength region where the small-signal gain
of the active fibre is sufficient to match the output coupling rate of the HR/4% cavity. This typically
implies a single-pass gain of ~7 dB. The longer fibre length and reduced pump interaction resulted
in the distribution of the inversion across a longer distance in comparison to the core-pumped
configuration. This effect is somewhat similar to the use of a longer pump wavelength for inversion
management as was demonstrated in the core-pumped configuration corresponding to data 10 in

Fig. 5.10. As a consequence, the 1.95 um cladding-pumped tuneable laser was able to operate at a
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much longer wavelength (2.171 um) in comparison to the 1.95 pum core-pumped, small-signal, high-

gain amplifier (2.12 pm) corresponding to data 9 in Fig. 5.10.

The achieved power of 18 W at 2.171 um also represents the longest wavelength operation of a

silica fibre laser at power levels >5 W.

5.5 Wavelength agile holmium-doped fibre source

In many spectroscopic applications there can be numerous advantages to being able to scan over
multiple resonance features with a single system. The ability to operate and scan over a spectral
region can aid in identifying additional compounds and chemicals, provide more specific
information about temperatures and concentrations, as well as increase the range or resolution of
Differential Absorption LIDAR (DIAL) systems. One of the major disadvantages of the mentioned
tuning components is that when transitioning in between wavelengths, the tuneable component is
usually resonant at the intermediate wavelengths. This can lead to spurious emissions, and requires
the insertion of another element (similar to a Q-switch) that would prevent the laser cavity from
responding. It also usually takes time to transition from one wavelength region of interest to
another. Typically with mechanical components, it is possible to achieve very fast sweep rates,
however this is usually a resonant effect and as shown in Fig. 5.15, only a small fraction of this entire

span may provide any useful information.
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Figure 5.15: lllustration of absorption features and operation of a typical swept source in comparison to a

wavelength agile source.
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The term wavelength agility refers to the ability of changing wavelength with no spurious emissions
and no inertia associated with the tuning mechanism. The ability to arbitrarily control the output
wavelength would allow the source to sweep over only the relevant features. If such wavelength
control is possible with no time penalty, this could increase the integration time substantially as the
source would be able to focus only on regions of spectroscopic interest. The improved integration
time would depend on the ratio of the width of the absorption features to the entire wavelength
swept region and in some applications the effective integration can be increased by orders of
magnitude. Such an increase in integration time would allow a significant increase in signal-to-noise

in the measurement without having to change the output power of the source in any manner.

The concept of wavelength agility can have substantial implications and yield many advantages to
lasers designed for spectroscopic applications. Wavelength agile operation is not restricted only to
fibres, but can apply also to bulk crystalline lasers which may have discrete operating transitions,
gas or chemical lasers, semiconductor gain elements and even a wavelength multiplexed

arrangement of gain media with a single tuning element.

55.1 Methods of achieving wavelength agility

Wavelength tuning can be achieved in many ways including incorporating a mechanically tilted
etalon or diffraction grating. These mechanical components, while suitable for swept sources, are
typically less reliable when rapid wavelength switching is desired due to the inertia associated with
rotation of the mechanical arrangement. Another demonstrated approach utilises an intra-cavity,
all-fibre etalon, however these components are limited in peak power handling and are sensitive to

external temperature fluctuations.

Recently, acousto-optic tunable filters (AOTFs) have attracted substantial attention as a wavelength
selective element in the 2 um range [21-23]. In this work we characterize the performance of such
an AOTF designed to operate with a narrow bandwidth of <0.8 nm at 2 um. Finally, this filter is
incorporated as a wavelength selective element in a holmium-doped fibre laser cavity and an
electronically-controlled wavelength agile source operating in the atmospheric transmission

window around 2.1 um is demonstrated [24].
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5.5.2 Characterisation of the acousto-optical tuneable filter

The AOTF used in this experiment is a TeO; based device with a nominal design bandwidth of 0.8 nm
and requires an RF input of ~¥210 mW at 27 MHz when operating at 2.1 pm. The AOTF has a much
broader wavelength tuning capability than was investigated in the work described here with its
operation limited by the gain bandwidth of the holmium-doped fibre and the WDM component
used in the laser. The AOTF was first characterized using the optical arrangement shown in Fig. 5.16.
A narrow line (0.1 nm bandwidth) thulium-doped fibre laser operating at 2050 nm was launched
into port 1 of a 2 um, polarization-insensitive circulator (AFR). The output from port 2 was then
collimated by an off-axis parabolic mirror (Thorlabs RCO2APC-P01) to produce a beam with
diameter of 2.6 mm which was propagated through the AOTF. The two zero-order beams were
directed away from the experiment so as to minimize the potential for feedback from undesirable
scattered radiation. A high reflectivity (HR) mirror was aligned to retro-reflect the diffracted beam.
The retro-reflected beam then double passes the AOTF and is coupled back into the fibre. A power
meter and optical spectrum analyser (OSA) were then used to characterize the returning signal. The
initial alighment was performed using the 2050 nm fibre laser which had a linewidth of <0.05 nm.
A super-continuum (Koheras) source was then launched into the circulator to measure the spectral

bandwidth of the return signal.

HR mirror aligned to retro-reflect 1% order diffracted polarisation (e-ray)

I O order (o-ray)
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Figure 5.16: Optical characterisation of the AOTF using a narrow line 2050 nm thulium-doped fibre laser and

a broadband super-continuum source [24].
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The power measurements for each output from the AOTF when the narrow linewidth thulium-
doped laser was used as shown in Fig. 5.16 are summarised in Table 5.2. The incident beam on the
AOTF was un-polarised and the total power was 510 mW. With the AOTF off, the beam (R1)
corresponding to the polarization that would experience diffraction (i.e. with the AOTF on)
contained 330 mW. The RF signal was optimized to maximize the power in the diffracted order D1.
At 210 mW of RF input power 260 mW of power was diffracted into beam D1. The HR mirror was
then aligned to maximize the power contained in F1 up to 110 mW. Taking into account the
insertion loss for the circulator (~1 dB), the total amount of power coupled back into the fibre was

~140 mW.
Table 5.2: Characterisation of power levels with the RF signal to the AOTF on or off [24].

D1 R1 \ F1
RF signal off 0 mw 330 mW 0 mw
RF signal on 260 mwW 70 mW 110 mW

The AOTF single-pass diffraction efficiency for the narrow-line 2050 nm source was measured to be
79% with respect to the signal power polarized in the o-ray with 260 mW diffracted from 330 mW
and 70 mW remaining in the zero-order beam. The efficiency for double pass feedback strength in
the diffracted arm was measured to be 43% at this wavelength for the o-ray polarization with

140 mW out of the original 330 mW coupled back into the fibre.

Replacing the narrow-band fibre laser input with the broadband super-continuum source revealed
that the double-pass bandwidth through the filter had a full-width half-maximum of 1 nm as shown
in Fig. 5.17. As a comparison, Fig. 5.17 also illustrates the typical line-width of the holmium-doped

fibre laser when the AOTF is utilised as a tuning element.
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Figure 5.17: Spectral response of the AOTF showing a FWHM bandwidth of 1 nm. When incorporated into
the laser cavity, the line-width of the laser is substantially smaller at ~0.16 nm. The OSA resolution setting

was 0.05 nm [24].
5.5.3 Wavelength agile holmium-doped fibre laser

Having characterised the AOTF, the device was then utilised as the wavelength selective filter in a
fibre laser cavity. The schematic of the resulting wavelength agile fibre laser cavity is shown in
Fig. 5.18. The AOTF provides the wavelength selective feedback in the high reflectivity end of the
cavity in a similar manner as demonstrated in Section 5.5.2, but with the circulator removed. A fibre
coupled dichroic-based WDM was used to couple 1950 nm pump radiation from a Tm fibre laser
and the 2100 nm signal into the core of a 4 m length of active holmium-doped fibre (Nufern). The
pump laser was operated at 1.1 W average power. The WDM (AFR) had a large operating bandwidth
with high transmission (>95%) from 2030 — 2200 nm and high reflection (>95%) from
1800 — 2010 nm. The holmium-doped fibre had a 10 um diameter core with a 0.15 NA and core
absorption of 70 dB/m at 1950 nm. This was then spliced to a 90/10 broadband fused fibre splitter
(AFW). The 90% arm was used to provide the laser output and an all-fibre retro-reflector (Thorlabs)
was spliced to the 10% arm. This configuration provides broadband feedback to the laser cavity
with an effective reflectivity of ~1% that covers the tuning range supported by the holmium-doped

fibre and the AOTF.
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Figure 5.18: Wavelength-agile holmium-doped fibre laser with the AOTF providing the high reflectivity
feedback, and the combination of 90/10 splitter and retro-reflector providing the low reflectivity feedback.
The laser output was taken from the 90% port of the splitter. The laser performance was then characterized
with the aid of a thermal power meter and optical spectrum analyser or collimated onto a diffraction grating

and monitored using photodiodes for temporally resolved spectral characterisation [24].

The output power was measured with a thermal power meter and the output spectrum was
measured on an optical spectrum analyser (Yokogawa). The temporal behaviour of the laser was
measured with a DC-coupled extended InGaAs photodiode with a 20 ns response time (Thorlabs).
To demonstrate the wavelength agility of the source, the output was collimated onto a diffraction
grating with two photodiodes monitoring specific wavelengths in order to observe the temporal

dynamics of the wavelength switching and any associated transients.
5.5.4 Characterisation of tuneable operation

For tuneable wavelength operation the AOTF was driven with a constant RF source. In this mode
the laser could be tuned from 2037-2132 nm by changing the RF frequency from 25.82-27.22 MHz
in discrete steps as shown in Fig. 5.19a). The output power, spectra and out-of-band ASE content
at each wavelength were measured and are shown in Fig. 5.19b). The OSA resolution setting was
0.1 nm and the typical line-width of the laser is ¥0.1 — 0.2 nm as shown in Fig. 5.17. The strength of
the signal peak was >45 dB above the ASE background and the output power was >150 mW over
this wavelength range. It is evident from the background ASE features in Fig. 5.19b) that the
holmium gain-band extends down to 2010 nm; however the WDM utilised here prevented

operation below 2030 nm.
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Figure 5.19: a) Output wavelength and laser power as a function of AOTF drive frequency. b) Output spectrum

taken at each AOTF frequency setting. The OSA resolution setting was 0.1 nm [24].

By integrating the out-of-band emission, the total ASE content is <2% (-17 dB) for the span from
2037-2132 nm and <0.3% (-25 dB) for the range from 2040-2120 nm. Such a low ASE level makes
this source suitable for further amplification without the requirement of an intermediate spectral

filtering stage.

5.5.5 Characterisation of wavelength swept operation

For wavelength swept operation the AOTF was driven by a swept RF frequency, linearly scanning
from 25.92 — 27.12 MHz over 10 ms. A long-hold (50 ms) OSA scan taken to measure the power
spectral density at each wavelength is shown in Fig. 5.20a). In this mode, the OSA integrated the
total radiation at each wavelength for the duration of the long-hold. The temporal output of the
laser is shown in Fig. 5.20b). The strength of the self-pulsing in the laser varied over time despite

the laser operating conditions being constant. Sweeping rates of 9 nm/ms were achieved.
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Figure 5.20: a) Long hold OSA scan demonstrating that the laser generates output across the entire swept
wavelength interval. b) Temporal dynamics of the swept laser showing pulsed and near continuous operation
—the laser operation fluctuated between these regimes, and in most cases there was substantial self-pulsing

observed [24].
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5.5.6 Characterisation of wavelength agile operation

Wavelength agile operation was achieved by driving the AOTF with a frequency modulated RF
source switching between 2 discrete frequencies. This driven waveform resulted in the laser
switching rapidly between two wavelengths. The output spectrum from the laser operating in this
wavelength agile mode for 2 pairs of operating wavelengths is shown in Fig. 5.21a). The spectral

data confirms that there is minimal ASE content emitted during this mode of operation.

The two wavelengths were then separated by the external diffraction grating and the temporal

characteristics of the output at each wavelength are shown in Figs. 5.21b) and 5.21c).

The transient behaviour when switching between two different spectral regimes was also
characterised. Figure 5.21b) demonstrates the temporal behaviour when switching between two
wavelengths with high small signal gain (2065 and 2110 nm). Whereas Fig. 5.21c) demonstrates the
temporal behaviour when switching between a wavelength on the edge of the spectrum (2122 nm)
which has a relatively low small-signal gain and a wavelength near the centre of the holmium gain

band (2057 nm).
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Figure 5.21: a) Spectral output when switching between wavelengths with differing small signal gain showing
negligible amount of broadband ASE (red-high to low small signal gain, blue-high to high signal gain). b)
Temporal dynamics of the laser output when switching between wavelengths where the laser operates
efficiently. c) Temporal dynamics of the laser output when switching between a high gain region to a

wavelength on the edge of the spectrum [24].
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5.5.7 Discussion

We have integrated an AOTF as the wavelength selective element in a fibre laser cavity with a
broad-band feedback output coupler and characterised the operation in wavelength tuneable,

wavelength swept and wavelength switched configurations.

The AOTF was found to provide a diffraction efficiency of 79% with a double pass spectral FWHM
of 1 nm at 2088 nm. The effective feedback for the correct polarization was 43%. While this is a
substantial loss, the impact on the efficiency of the laser over most of the tuning range is minimized
by operating with a very low reflectivity output coupler (1% effective feedback with a 10% insertion
loss). As a result, the non-ideal feedback does not lead to a substantial penalty in terms of efficiency
or performance. The line-width of the laser is significantly narrower (<0.2 nm) than the AOTF
response (1 nm) due to gain saturation and the multi-pass nature of the oscillator. Despite the weak
output coupler reflectivity of 1%, the residual radiation experiences multiple passes through the

AOTF and subsequent spectral filtering.

The laser could be tuned over the spectral range from 2037 - 2132 nm by changing the drive
frequency to the AOTF from 25.82 — 27.22 MHz. The optical signal-to-noise ratio was >45 dB and
output power was >150 mW over this wavelength span. The typical laser line-width was <0.2 nm at

all operating wavelengths.

The transition between wavelengths was possible with a typical response time of ~35 us which is
largely attributed to the build-up time of the acoustic field in the AOTF device. When operating at
the lower gain region of the emission, the build-up time of the laser can become significant. This is
evident in Fig. 5.21c) where only one pulse at 2122 nm has time to build up in the 100 ps window
as opposed to when operating near the peak of the spectrum (2050 — 2110 nm) where multiple
pulses are observed in a similar temporal window. Attempting to switch at a faster rate may limit
the accessible spectral bandwidth of the source. With these restrictions in mind, we have
demonstrated true wavelength agility with zero mechanical inertia across almost the wavelength

range spanning 2040 — 2130 nm.

The laser was observed to self-pulse significantly in all operating conditions — this is largely
attributed to the frequency-shifting nature of the AOTF. As a result of operating on the 1st
diffracted order, the AOTF imparts a 51.64 — 54.44 MHz frequency shift every round trip of the

cavity. This frequency shift potentially prevents stable formation and oscillation for a CW laser
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mode as the circulating radiation sweeps through the spectral response of the filter. This is also
compounded with the long cavity length and energy storage in the fibre gain stage. Transitioning
to a semiconductor gain medium with a reduced cavity length could potentially eliminate some of
these self-pulsing features. Employing a null-shifting AOTF device may also aid in the elimination of

self-pulsing behaviour.
5.5.8 Summary of wavelength agile holmium-doped fibre source

We have characterized the performance of a narrow-band AOTF operating at 2 um. This AOTF was
then incorporated as the wavelength selective element in a holmium-doped fibre laser cavity. As a
result we demonstrated a wavelength agile, digitally-controlled laser source producing >150 mW
from 2043 — 2131 nm with excellent spectral quality. The laser source provided an output that could
be controlled anywhere in this spectral region with a switching speed of ~35 us. Single wavelength,
swept and rapid wavelength switching operation were all demonstrated and investigated over this
wavelength range. This source provides access to a wavelength region corresponding to a high
atmospheric transmission and also of interest for the pumping of non-linear mid-infrared optical
materials. We anticipate the use of AOTF and fibre-coupled AOTF components in future applications

to enable all-fibre wavelength agile sources in this wavelength region.
5.6 Summary

In this chapter we have extensively characterised the performance of thulium-doped and holmium-
doped fibre sources. Notable demonstration include high power, robustly single-mode thulium-
doped fibre lasers operating at 1950 nm, monolithic all-fibre TDFAs and HDFAs, the first diode
pumped holmium-doped fibre amplifier, the first tuneable operation of a resonantly cladding-
pumped, holmium-doped fibre operating at >18 W from 2040 — 2170 nm, and a wavelength agile

holmium source operating from 2040 — 2130 nm.

We have also summarized the key overall results from a substantial body of work undertaken over
the past 5 years towards the development of ultra-wideband operation of thulium-doped and
holmium-doped fibre amplifiers. We have demonstrated amplifiers spanning a combined spectral

bandwidth of 490 nm (>40 THz) extending from 1660—2150 nm. This remarkably broad wavelength
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coverage is attractive for a large number of disciplines looking to exploit this previously difficult-to-

reach wavelength range.

The wavelength coverage demonstrated is in agreement with the modelling and predictions in
Chapter 2 and enables coverage almost entirely spanning the 1530-2150 nm range in combination
with EDFAs and previously investigated U-band amplifiers [25]. This potentially provides sources for
a range of applications as discussed in Chapter 1. It is hoped that the comprehensive descriptions
of the amplifiers as well as the development and increased availability of components, fibres and

seed sources will allow the technology to be exploited in other research areas.

Indeed already there are many groups showing a great interest in various holmium and thulium

amplifiers and gain media for various applications [26—29].
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Chapter 6.

Holmium-Doped Fibres for High Peak

Power Operation

6.1 Introduction

Sources in the mid-infrared (mid-IR) region spanning from 3.4 — 5 um are of interest for many
applications. The excellent atmospheric transmission, shown in Fig. 6.1, coupled with the spectral
chemical fingerprints of many greenhouse gases and hydrocarbon compounds makes this region
extremely interesting for LIDAR and remote sensing applications. Sources in the mid-IR region are

also of interest in materials processing, medical, and defence applications.
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Figure 6.1: Atmospheric transmission from the UV to 14 um. The resolution of this trace is ~50 nm, and

broadly illustrates the transmission windows of the atmosphere [1].

However, the path to producing high power, solid-state laser sources in this wavelength region is
challenging. Where laser transitions do exist, it is difficult to select a host material that does not

significantly quench the radiative lifetime with multi-phonon processes. Such low phonon energy
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materials typically do not have the necessary purity or the physical properties to act as a good host
for the gain medium. A summary of various sources operating in this wavelength region is presented

in Table 6.1.

While direct generation of mid-IR radiation has certainly progressed significantly, it is still a very
immature technology. Only Fe:ZnS and Fe:ZnSe have been demonstrated to operate in this region
at >5 W and this approach still required cryogenic cooling and a relatively exotic pump source at
3 um. In comparison, nonlinear optics offers a much more established route to power scaling

sources in the 3.4 —5 um region [2].

Table 6.1: Solid-state laser approaches to scaling of mid-infrared laser sources.

Approach Wavelength  Output power Comment

. Limited by thermal scaling of
Nd:YAG - PPLN 3.5-4.0 um 20 W [3,4] Nd:YAG oscillator
. Limited by thermal scaling of
Nd:YAG>KTP-> ZGP 3-5um 10W [5,6] Nd:YAG oscillator
. Limited by thermal scaling of the
Ho:YAG/YLF>ZGP 3-5um 20-99 W [7-9] Ho:YAG/YLF laser
acL 3-5um 520 W [10] CW scaling posgb!e, but peak
power limited
Scaling possible, but thermal
Soft glass fibres 3.44 um 1.5W [11-14] limitations of gain medium are
significant
Fe:ZnSe 4.15 um 35W [15-17] Cryogenic operation required
Supercontinuum >3.5 um >1W [18-20] Significant Power 'S p'roduce.d n
atmospheric absorption regions

6.2 Nonlinear optics background

Nonlinear optical effects are analyzed by considering the response of the dielectric material at the
atomic level to the electric fields of an intense light beam. The propagation of a wave through a
material produces changes in the spatial and temporal distribution of electrical charges as the
electrons and atoms react to the electromagnetic fields of the wave. The main effect of the forces
exerted by the fields on the charged particles is a displacement of the valence electrons from their

normal orbits. This perturbation creates electric dipoles whose macroscopic manifestation is the
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polarization. For small field strengths this polarization is proportional to the electric field which

leads to the familiar equation:

P(t) =xWE®) (6.1)

Where P(t) is the polarisation response of the material, E(t) is the driving electric field and ¥ is

the linear susceptibility.

For larger electric fields, the material response is not always linear. To describe this non-linear

regime, the polarisation field can be expanded in a power series in terms of the electric field:

P(t) = xWE®) + YPE>() + XPE3(6) + -, (6.2)

Where the quantities ¥® and %® are known as the second- and third-order nonlinear optical
susceptibilities. In the non-linear case, the re-radiation comes from dipoles whose amplitudes do
not faithfully reproduce the sinusoidal electric field that generates them. As a result, the distorted

re-radiated wave contains different frequencies from that of the original wave.
6.2.1 Operating principles of optical parametric oscillators

Optical parametric generation is a product of the second order nonlinear term where the driving

electric field is composed of multiple frequencies:

E(t) = Eje @1t 4 E,e @2t ¢ ¢, | (6.3)
Where w; and w; are the frequency components of the electric field with corresponding amplitudes
of E1 and E;.

We consider the second term of Eqn. (6.2):

PA(t) = yPDEX(1) (6.4)

Where P?)(t) is the second-order polarisation term and is proportional to the square of the driving

electric field.

By substituting Eqn. (6.3) and expanding we retrieve the following equation:
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P(Z)(t)
= xP|EZe 2iwst 4 EZe~2wat 4 2F Fye i @1tw)t | (6.5)
+ 2E, Eje @170t t . c. ]+ 2xD[E, E + E, E;]

The various components can be grouped:

PO = ) Ploe ont (656)

Where w, is the respective harmonic with amplitude P(w,). The various harmonics and associated

nomenclature are listed in Table 6.2.

Table 6.2: Various harmonic components of the second-order nonlinear polarisation term.

Component Frequency Terminology

P(2w;) = xPEL, 2w, Second Harmonic Generation
P(2w,) = xPE3, 2w, Second Harmonic Generation
P(w; + wy) = 2xPEE,, w1+ Wy Sum Frequency Generation
P(w; — wy) = 2xPE,E;, w1 - Wy Difference Frequency Generation
P(0) = 2y (E,E; + E,E;), 0 Optical Rectification

Of particular interest is the difference frequency generation term (DFG) which is often illustrated

as shown in Figs. 6.2a) and 6.2b).

(a)
(01
S S W, =0 -0
@) 3 2
@, X —
— =

Figure 6.2: a) Schematic diagram of difference-frequency generation between two driving electric fields w1
and w2 generating a third field ws= w1 — w 2. b) lllustration of the conservation of energy of the process in this

interaction [21].
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It is also possible to exploit this nonlinear phenomena by providing the nonlinear material with a
feedback mechanism and a sufficiently intense driving field at w: (pump). This configuration is
termed an optical parametric oscillator where the other fields (signal and idler) build up from
background noise (termed optical parametric generation). An illustration of the optical parametric
oscillator is shown in Fig. 6.3. Equation 6.6 neglects the longitudinal evolution of the various fields
in the nonlinear material. In order for the fields to coherently build up in intensity, the process must
satisfy the conservation of momentum or phase matching conditions between the wave-vectors, k
=w X n(w)/c, where n(w) is the refractive index of the material at angular frequency w, of the various

fields that are involved.

The output frequencies (w; and ws) of an OPO are usually determined by the phase matching
conditions for the nonlinear material which will define the spectral gain profile, wavelength

selective elements in the OPO cavity and any input seed radiation, if present.

- @, (signal)
@ =0,+o, -
— .
(pump) ————
@, (idler)

Figure 6.3: An optical parametric oscillator driven at only one frequency (pump, wi) in the presence of
feedback that enables the recirculation of parametric generation within the cavity at either/or both the signal

(w2) and idler (w3) [21].

One attractive feature of this process is the conservation of energy between the input and output
electromagnetic fields. There is no energy lost in the nonlinear material due to the conversion
process. In practise however, material performance is limited by either optical damage due to the
peak power requirements to achieve a sufficiently strong nonlinear interaction or by thermal

effects due to the residual material absorptions at either the pump, signal and/or idler wavelengths.

6.2.2 Detailed description of a high power mid-IR optical parametric oscillator

Some of the highest average power, solid-state mid-IR sources have been enabled by the frequency
conversion of pulsed Ho:YAG lasers in an optical parametric oscillator. Despite issues associated
with the thermal effects in bulk crystalline materials, these systems have been scaled to >40 W
average power, and to 100 W at a reduced duty cycle [7-9]. The limitation to further power scaling

in these systems is typically the thermal effects in the gain medium of the Ho:YAG pump laser.
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Multiple rods and pump lasers are required in order to distribute the heat load, with single-rod

oscillator systems typically limited to mid-IR output power levels of ~10 W [22,23].

A high power mid-IR OPO system is shown in Fig. 6.4 [8,24]. The laser system is based on a pair of
1.908 um thulium fibre lasers which pump a dual rod Ho:YAG oscillator. The output of the Ho:YAG
laser is then focused into a ring OPO; a 50% IC/OC and three HR mirrors form a cavity around a pair

of 12 mm ZGP crystals.

o — o
| HO:YAG Laser \ HR:High reflector
| HR 1] - TFP: Thin film polariser
Tm HR I RTP EO | HWP: Half-wave plate
Fibre . Q-switch | OC: Output coupler
Laser | . IC/OC: Ring OPO input/output coupler
-TFP —— HWP | — e ——— . — \
I .
" : > ep I [ ZGP OPO i
Ho:YAG . i
i <>lens | | HR ZGP HR |
HR | R —— ] D 1 (} ! — <7 |
O et M| . i
TFP Ho:-YAG I | one | 1900 T TR
Tm | Etalon oc . N ]
Fibre . ) v s o | — — — —
Laser \ .
HR vV M e e e e e —— — — J— Mid-IR
Output

Figure 6.4: Schematic of a high power and high beam quality mid-infrared source [24].

The ZGP OPO was pumped with up to 54 W at 2.09 um from the Ho:YAG laser. Typical pulse
durations from the Ho:YAG laser had a duration of 37 ns at a repetition rate of 26 kHz providing
pulse energies of 2.1 mJ resulting in peak powers of 50-100 kW. The Ho:YAG laser was tuned to
operate at 2.09 um using an intra-cavity etalon, and the beam quality at the maximum output

power was measured to be M?=1.2.

The maximum output power produced by the ZGP ring OPO was 30.2 W, Fig. 6.5a), the slope
efficiency was 63%, and the optical-optical conversion efficiency 56%. The output spectrum was
found to be similar to previous standing wave spectra, as shown in Fig. 6.5b). The beam quality of

the signal was measured to be M2 = 1.3, and a near field beam profile is depicted in Fig. 6.5c).



Page: 143 Chapter 6

(a (b)

@
o

N
o

N
o

=2
o

Intensity, a.u.

0.5

-
(=]

63%

Average ZGP OPO Output Power, W

® Mzgporo =

o

0
0 10 20 30 40 50 60 3.6 3.8 4 4.2 4.4 4.6 4.8
Average Ho:YAG Pump Power, W Wavelength, um

Figure 6.5: a) Output power of the ZGP optical parametric oscillator with respect to launched pump power.
b) Spectrum of the output illustrating operation over 3.6 — 4.8 um. c) Near field profile of the mid-infrared

OPO output [24].

The performance of the OPO is pump limited and can be pushed to higher average powers. However
scaling the Ho:YAG pump laser is not a simple matter as it will require an increase in the number of
thulium-doped pump lasers and Ho:YAG rods. An alternative approach to power scaling the pump
source is to replace the crystalline gain medium with a silica fibre based gain element. This should
be more amenable to power scaling with single-stage thulium-doped and holmium-doped fibres
having been demonstrated at >400 W in CW operation; however the peak power and spectral
requirements in order to achieve efficient conversion in the OPO are much more difficult to achieve

from a fibre based source.

Multiple groups have investigated the use of fibre lasers to pump ZGP OPOs with a summary
provided in Table 6.3. A common trend between these results is the limited peak power, apart from
the photonics crystal fibre (PCF) approach, and the subsequent thermal issues in the ZGP material.
Another common feature amongst all of these demonstrations is the relatively poor slope efficiency
(30-40%) which is significantly lower than the 60-70% slope efficiencies demonstrated in most solid-

state-pumped ZGP OPO systems.

The reason for this is a combination of operating wavelength, extremely tight focus to compensate
for the reduced peak power, walk-off between the beams which is more significant under tight
focussing conditions, and the limitation in achievable peak power resulting in the OPO operating

closer to threshold.
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Table 6.3: A review of 2 um fibre laser pumped mid-infrared OPOs.

. . Peak power at Output average Comment
Gain medium . L.
2 um/pulse duration power in mid-IR
Tm:fibre 5 KW/30 ns 2.5W Thermal lensing in ZGP | [25]
limited scaling
Tm,Ho:fibre 4 KW/60 ns 2 W Thermal lensing in ZGP |~ [26]
limited scaling
Tm:fibre 7 kW/30 ns 6.5W Degraded M? [27]
Tm:PCF 20 kW/1 ns 1w Limited average power [28]
Tm:fibre 4 KW/50 ns 3w Therr'na_l Iensmg in ZGP [29,30]
limited scaling
6.2.3 Pump source requirements for optimised OPO efficiency

ZGP exhibits a defect related absorption at wavelengths <2.05 um. With excellent growth control
and post-processing irradiation, this absorption band can be pushed to allow efficient pumping at
wavelengths as short as 2 um, however the thermal effects are still pronounced at this wavelength.
In order to minimise any residual absorption the target pump wavelength is >2.05 um to enable

further power scaling.

The OPO efficiency as a function of peak power is illustrated in Fig. 6.6 — in this case, the beam
diameter of the 2.09 um pump laser in the ZGP was 0.5 mm [24]. By increasing or decreasing the
pump diameter, we can expect to change the conversion efficiency and the threshold. A higher
peak intensity will lead to a lower threshold and better conversion. However, we should also expect
thermal effects to become more pronounced at the higher average intensity. This provides a target
estimate of the peak powers that are required in order to enable efficient conversion in the OPO.
By aiming for peak powers in the 40 — 50 kW range we hope to ensure that the conversion efficiency

is approaching 50% in the OPO.
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Figure 6.6: Conversion efficiency of the ZGP OPO as a function of incident peak power at 2.09 um [24].

However we also have to be aware that the bandwidth of the seed source must be maintained
within the phase matching acceptance bandwidth of the OPO otherwise we can expect to see a
reduction in efficiency. As shown in Fig. 6.7, a 0.5 THz detuning (8 nm) leads to a 25% reduction in

conversion efficiency and a substantial increase in threshold [31].
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Figure 6.7: Increase in threshold and decrease in slope efficiency of a ZGP OPO as a function of pump

bandwidth [31].
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6.2.4 Summary of pump requirements

A summary of the various requirements on the pump source for a ZGP mid-IR OPO is provided in
Table 6.4 as well as a short justification for each requirement. Some degree of flexibility does exist
between these values, and they serve only as an indicative aim. In the next section we discuss the

feasibility of achieving these with a pulsed fibre amplifier.

Table 6.4: A review of the pump requirements to enable efficient operation for a mid-IR ZGP OPO.

Requirement Value Comment
Wavelength (nm) >2050 nm Avoid ZGP absorption
Peak Power (kW) >40 kW Efficient OPO conversion
Pulse duration (ns) 1-100 ns Multiple OPO round trips

Bandwidth (nm) <2 nm (0.2 THz) | Minimize OPO threshold and maximise slope

Beam quality (M?) <15 Mode-overlap with OPO

6.3 Gain medium selection

The gain curves for thulium-doped and holmium-doped silica under various inversion levels are
shown in Fig. 6.8. These curves are scaled to a 40 dB peak gain which is representative of the limit
of commercially available isolators. In practise the scaling to achieve these gain parameters under
lower inversion operation is achieved by increasing the fibre length and distributing the pump

radiation over a larger volume.
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Figure 6.8: Spectral gain profile of Tm and Ho-doped silica fibres operating at different inversions and scaled

to 40 dB.

In order to operate at 2.05 um in thulium, there will a large amount of excess gain present at shorter
wavelengths — as seen in Fig. 6.8 —a 22 dB gain for a Tm:fibre at a 10% inversion will result in a 40
dB gain at 1950 nm. Managing this out-of-band gain becomes increasingly more difficult in a pulsed
system, especially where spurious lasing and pulses can extract significant energy and cause
damage to components. Indeed, in practise, pulsed Tm:fibre systems tend to operate at
wavelengths <2.02 um [27,28,30,32]. Power scaling of ZGP OPOs is not possible at this wavelength
region, and so alternative materials such as OP:GaAs must are more suited. In contrast, a pulsed
system based on Ho:silica would be operating at or near the peak of its gain and is able to address

the pump wavelength requirements of ZGP.

6.4 Nonlinear effects in optical fibres

Fibre lasers offer an excellent route for power scaling by distributing the thermal load over a long
gain medium. The dielectric waveguide confinement also aids in defining an excellent mode quality
for the output that is resistant to thermal deformations. However the high intensity radiation
propagating through a long length of gain material will start to generate substantial nonlinear
effects. In most cases the nonlinear effects will act to limit the peak power, degrade the spectrum
or even in some cases create an effective mirror and reflect a large portion of the incoming

radiation.
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Nonlinear effects in fibre lasers and amplifiers have been well characterised and discussed in the
literature, however most studies tend to focus for operation at 1 um as this is the dominant
wavelength for industrial fibre lasers. Typically, pulsed 1 um fibre systems are limited in peak power
by a combination of Stimulated Raman Scattering and Stimulated Brillouin Scattering. In contrast,
at 2 um the limiting nonlinear effects are similar to those seen in 1.55 um systems due to the
dispersion properties of silica. In this context, we will examine Stimulated Raman Scattering,

Stimulated Brillouin Scattering and Modulation Instability with a focus on operation at 2.1 um.

6.4.1 Stimulated Raman scattering

Stimulated Raman scattering is a nonlinear process that involves 2 optical fields, termed pump and

Stokes, and a vibrational mode of the medium. The gain can be expressed as follows:

_ Isrs Py

Gainggs (m™1) —ajr+Ggno (6.7)

Aerr
Where the Raman gain in silica gsgs = 0.5x107** m/W, Pq is the incident peak power, Acs is the
effective mode-area, aug is the background loss at the Stokes wavelength, and gy, is the operating

gain of the amplifier at the Stokes wavelength.

A spectrum of the Raman gain in fused silica is shown in Fig. 6.9. The first Raman Stokes shift from
a pump operating at 2.1 um occurs at ~2.3 um which overlaps with the hydroxyl absorption (~0.2
dB/m/ppm), and the IR-silica background loss (~0.5 dB/m). The resulting background loss for a fibre
with a 1 ppm OH? concentration is oz = 0.7 dB/m (aur = 0.16 m™*). The holmium emission cross

section is negligible at 2.3 um and so g, = 0.
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Figure 6.9: Raman gain in fused silica for a pump wavelength of 2.1 um [33].

There are several methods for mitigating the onset of SRS. These methods typically involve
increasing the mode-field diameter to reduce the peak intensity, reducing fibre length or
introducing a spectrally dependant loss into the fibre. This loss mechanism can be realised by bend-
loss design of the optical waveguide or by including an absorber at the Stokes wavelengths. The
restriction is that any loss mechanism needs to be able to operate over a fairly large bandwidth
(~*100 nm as seen from Fig. 6.9 and must be able to discriminate between the original pump

(2.1 um) and the Stokes (2.3 um).

6.4.2 Stimulated Brillouin scattering

Stimulated Brillouin scattering is a nonlinear process that involves 2 optical fields again termed
pump and Stokes and an acoustic field. A high intensity and coherent pump field will create an
acoustic grating in the fibre through the process of electrostriction [21]. The acoustic wave creates
a modulation of the refractive index of the material in the form of a moving grating. This acoustic
grating then scatters the pump radiation with a frequency shift that corresponds to the acoustic
velocity of the grating and the angle of propagation of the Stokes field. The maximum scattering
occurs in the backwards direction (opposite to the propagation of the pump field) and the
associated frequency shift in silica (Qsss) at 2.1 um is ~8 GHz. This effect manifests as a reduction in
forward propagating radiation and an increase in the backwards propagating radiation (a frequency

shifting mirror). As the pump field is increased, the strength of the acoustic grating increases and
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the Stokes field also increases. Furthermore the interference between the pump and Stokes fields
further increases the strength of the acoustic grating leading to a rapid and coherent growth of the
strength of the frequency shifting mirror. In a high-gain fibre amplifier, the backwards propagating
radiation is able to extract a significant amount of gain as it double passes the gain medium. This
can lead to a significant amount of power propagating backwards towards various components
including pump diodes, isolators and fibre devices. Figure 6.10a) illustrates a thulium-doped fibre
amplifier system where multiple orders of SBS were generated. As a result, the output spectrum of
the laser appeared as shown in Fig. 6.10b) with the output containing every second order SBS Stokes
order. Indeed, the 8" Stokes order has experienced a 0.9 nm (65 GHz) wavelength shift from the

original pump yielding an approximate value for Qsgs= 8.1 GHz which agrees well with theory.

Amplifier fibre

(a) (b)
0
210 —Amp with SBS
Master = =20 Amp, no SBS
Oscillator T 30 i 2 |_Master
Original signal— lAmpHﬁed SIgNA| — ) £ .40 / 4t
Amplified SBS reflection 2
‘ 15t Stokes ] 1st Stokes o -50 Bt
SBS reflection | Amplified € 60
2 Stokes ! 24 Stokes il ‘»\,1 8"
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Figure 6.10: a) lllustration of cascaded SBS generation in an amplifier with the output containing the original
pump signal and every 2" order. b) Spectral output of a pulsed 2.04 um fibre laser that has generated multiple

SBS orders.

The strength of this nonlinear effect can be expressed as follows:

-1y = Ises Po

Gainggs(m
Aerr

—air * Yo (6.8)

Where Gainsgs is the effective gain of the nonlinear mechanism, gsgs is the gain peak for fused silica
and is = 5x10* m/W [33], Po is the incident peak power, At is the effective mode-area, au is the
background loss at the Stokes and is of the order of 0.1 dB/m (or = 0.023 m), and gwo is the
operating gain of the amplifier as the Stokes shift of 8 GHz is negligible compared to the gain

bandwidth of a holmium-amplifier (>50 nm).

It is possible to reduce the onset of SBS by employing in-homogenous broadening techniques by

either reducing the coherence of the acoustic grating along the length of the amplifier via
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temperature, tension and composition gradients or by reducing the coherence of the pump field
via phase or frequency modulation [34]. These approaches increase the bandwidth of the overall
SBS gain while simultaneously reducing the peak gain [2]. Finally, more complex approaches include
modifying the composition of the fibre core to reduce the overlap between the acoustic grating and

the optical fields [35].

These suppression techniques have been a key element in scaling ytterbium-doped fibre amplifiers
for coherent beam combination applications. The SBS line-width varies inversely with wavelength
and in silica is ~¥10 MHz at 2.1 um — about a factor of 4 smaller than at 1 um — it is anticipated that
these in-homogeneous techniques will be even more effective when operating in this wavelength
region. Indeed, a single-frequency, CW, thulium-doped fibre amplifier was operated at 608 W of
output power with no SBS — at a similar power level, a ytterbium-doped fibre amplifier system

required significant spectral broadening of the input signal radiation to avoid SBS [36].

6.4.3 Modulation instability

Modulation instability (MI) occurs when operating at wavelengths in the anomalous dispersion
region (Dx =52 ps/(nm.km) B2 = -50 ps?/km at 2.1 um). Here Dy is the dispersion parameter given as
Dy = - 2rcB2/A? and B2 = 62B/ dw? is the second order dispersion coefficient. The zero-dispersion
wavelength (ZDW) in silica is approximately 1300 nm with wavelengths > ZDW experiencing an
anomalous dispersion. As a result of operating in this dispersion region, any intensity noise
experiences exponential growth via Ml. Subsequent propagation and amplification of a pulse in this
regime, leads to the phenomena termed ‘pulse-break-up’, and the formation of a periodic
picosecond pulse train within the envelope of the original nanosecond pulse. The peak power
continues to grow as these pulses experience amplification within the amplifier. Self-phase
modulation (SPM) then induces spectral broadening, which is further amplified by the available gain
from the MI. These effects are typically characterised by the appearance of sidebands in the
spectrum that spread symmetrically around the initial frequency of the pulse [52]. These sidebands
are also able to extract a significant amount of power from the active fibre amplifier, and due to

their proximity to the original signal, are difficult to spectrally filter.
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The equations and parameters governing this gain profile are described as follows:

y= Ny Wo ,  4rPy
CAerr Bl 7

(6.9)

Where y is the nonlinear coefficient, n,=2.6x10%° m?/W in silica, wo is the centre frequency of the
driving field, Aeff is the effective mode-area, c is the speed of light in vacuum, Py is the peak power

and Qcis an introduced constant with the units of rad/s.

The gain profile of the Ml can be written as follows:

g(Q) = B0z — )2 (6.10)

Where g(Q) is the Ml gain as a function of frequency offset Q from the pump frequency.

Figure 6.11 illustrates the behaviour of the Ml gain coefficient for a source with central wavelength

of 2040 nm, B2 = -50 ps®/km and nonlinear coefficient y = 0.276 W/km.
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Figure 6.11: Modulation instability gain profiles as a function of wavelength for varying peak powers at a

pump wavelength of 2040 nm, B2 = -50 ps?/km and nonlinear coefficient y = 0.276 W1/km.

The frequency at which the Ml gain is a maximum (Qmax) occurs at:

E
Qmax =T (zlgjr)z

(6.11)

’

The resulting peak gain for Ml (gmax) is:

1
8max = g(Qmax) = E |ﬁ2 |Q§ = ZVPO ’ (6-12)



Page: 153 Chapter 6

An example of MI occurring in a pulsed thulium-doped fibre amplifier operating at 2040 nm is
illustrated in Fig. 6.12. Here the characteristic features/sidebands around the carrier can be

observed along with extensive spectral broadening associated with further SPM.
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Figure 6.12: Measured performance of a 2040 nm pulsed thulium source during the onset of MI and

subsequent spectral degradation due to Ml and SPM.

The peak gain for modulation instability for typical peak powers occurs with a frequency shift of 10-

30 nm from the original signal.

As demonstrated in Chapter 5, the operating bandwidth of holmium-doped amplifiers is typically
much larger than this shift, and as a result any background noise around the signal will experience
significantly more gain than the signal radiation itself. The resulting gain experienced by the Ml can

be expressed as:

Gaing (™) = Gmax + Juo (6.13)

Where Gainyy is the peak gain experienced due to M, gmax is the peak Ml gain from Eqn. (6.12) and

gro is the operating gain of the holmium amplifier at the Ml sidebands.

To negate the deleterious effects of MI, groups have proposed fibre designs where the dispersion
of the amplified mode is shifted into the normal regime via resonant interaction with other cladding
structures present in the fibre [53]. Other approaches for suppressing or avoiding Ml involve
improving the spectral quality of the seed laser, increasing fibre core area and reducing device

lengths.
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6.4.4 Comparison of nonlinear processes

Table 6.5 shows a direct comparison of the gain of each nonlinear effect for a 2.1 um pulse with

peak power Py = 10 kW, propagating in a fibre with an effective area Acts= 300 um? (MFD = 20 um).

Table 6.5: Summary of strengths of SRS, SBS and MI nonlinear gain coefficients for a 2.1 um pulse with 10 kW

peak propagating in a fibre with an effective area of 300 um?.

Effect ‘ Gain (dB/m) ‘ Comments
Very little can be done to directly suppress this effect.
Ml 23 + gHo a o Le B
Peak gain occurs within £15 nm around signal.
Assume fibre has OH content of ~1 ppm.
SRS 6.5

Peak gain at 2.3 um from a 2.1 um pump

1 GHz, (10 GHz) bandwidth of master oscillator
SBS 72(7.2) + 8uo Further inhomogeneous broadening can be used.
Peak gain at -8 GHz (0.1 nm) from signal

As can be seen, the dominant nonlinear effects are Ml and SBS, in comparison to pulsed 1 pum
systems where the dominant nonlinear effects are SBS and SRS. Suppression techniques can be
used to limit the onset of SBS; however Ml is much more difficult to mitigate. The strength of the
spontaneous contribution of each effect is also unknown —and so it may be difficult to predict the
onset of each effect if seeded by noise. Elimination of seeding mechanisms is also extremely
important — for SRS and Ml this involves spectral filtering and for SBS this involves elimination of

any counter-propagating signal radiation that may arise from residual reflections.

6.5 Preliminary experiments with a cladding-pumped,

holmium-doped fibre amplifier

An initial experiment was conducted with a large mode-area, holmium-doped fibre and a
Q-switched Ho:YAG master oscillator. This was done in part to characterise the operation of the
fibre in a pulsed system, but also to see if this simple approach would be sufficient to meet the

requirements of an OPO pump source.
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6.5.1 Polarisation maintaining, large mode-area, holmium-doped fibre design

An end view of the holmium-doped fibre is shown on Fig. 6.13. The fibre has a 45 um diameter core
with a 0.075 numerical aperture (NA). The V-number is ~5 at 2.1 um and as a result the core is not
single-mode. The holmium concentration is ~0.5 wt.% with a peak core absorption of 70 dB/m at
1.95 um. The inner silica cladding has a diameter of 250 um. A fluorine-doped silica layer is used to
provide the pump guidance with a 0.24 NA. The fluorine-doped layer is further over-clad with fused
silica out to a 400 um diameter. Two features located in the inner silica cladding created a stress-

induced birefringence of 1.5x10.

Silica
cladding

Holmium
doped core

S
!

Stress rod

Fluorine doped silica layer

Silica overclad

Figure 6.13: End view of the PM, LMA holmium-doped fibre. The labels detail the various types of glasses

used to provide pump guidance and birefringence.

6.5.2 Q-switched Ho:YAG master oscillator

The master oscillator is a Q-switched Ho:YAG laser similar to the design presented in [22]. A
schematic of the laser is shown in Fig. 6.14. A 1.908 um thulium fibre laser is used to resonantly
pump a 30 mm Ho:YAG (0.7 wt%) rod through a dichroic mirror (TFP1: HT @ 1.908 um, HR @ 2.09
pum S-pol, HT @ 2.09 um P-pol). The laser cavity is formed between a highly reflective mirror (HR)
and a 70% reflective output coupler (OC, radius of curvature = 100 mm). The HR also ensures that
the thulium pump is double passed through the rod. A quarter-wave plate (QWP) provides hold-off
and a Rubidium Titanyl Phosphate (RTP) Pockels cell acts as the Q-switch. The etalon restricted

output to ~¥2091 nm, suppressing 2097 nm emission.
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Figure 6.14: Schematic of the Q-switched Ho:YAG laser used as the master oscillator.

1908 nm
Tm laser

The output of the laser is collimated by a 100 mm lens (L2). A combination of a half-wave plate

(HWP1) and thin film polariser (TFP2) provides control of the energy output of the system. A

Faraday rotator (FR) and a polarising beam splitter (PBS) provide isolation protection for the master

oscillator from reverse propagating signal and reflections from the amplifier. A second half-wave

plate (HWP2) is used to adjust the polarisation incident onto the fibre amplifier. The output

spectrum of the master oscillator is shown in Fig. 6.15. It is centred at 2091 nm and suggests that

multiple longitudinal modes are present.
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Figure 6.15: Spectrum of the output from the Ho:YAG master oscillator indicating that multiple longitudinal

modes are operating.

The master oscillator provided stable pulses when operating at 20 kHz and 10 W output power. The

pulse duration was 21 ns at full-width half-maximum (FWHM). The beam quality of the Ho:YAG
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laser was diffraction limited. HWP1 was adjusted so as to launch 200 W at 20 kHz (4 W) into the
PM, LMA fibre amplifier.

6.5.3 Holmium-doped fibre amplifier configuration

A schematic of the amplifier is shown in Fig. 6.16. The holmium-doped fibre is counter-pumped
with a 150 W thulium-doped fibre laser at 1.95 um [14]. The length of the holmium-doped fibre
used is 10 m. A 1.5 mm long, 400 um diameter un-doped silica end-cap with a 4° degree cleave is
used at the output end. A similar dimension end-cap but with a 0° degree cleave is used at the input
end. The fibre is spooled on a water-cooled mount with a diameter of 30 cm. At the time that this

experiment was conducted, the bulk CO; end-capping capability had not yet been commissioned.

0° angle cleave
4° angle cleave
1.5 mm endcap

L Dx1 L 1.5mmendcap l L Dx2 HoYAG ot
Vi o: inpu
1950 nm |'\
Tm laser S —
"
— I—I
f PM
< : PM
L-Lens

Dx1 - Dichroic HR @ 2.04 — 2.2 ym, HT @ 1.95 pm
Dx2 - Dichroic HR @ 1.95 pm, HT @ 2.09 pm

HDF - Holmium-doped fibre

OSA — Optical Spectrum Analyser

Plll — Pyrocam Il

PD - Photodiode

PM - Power Meter

W - Wedge

Figure 6.16: Schematic of pulsed holmium-doped fibre experiment.

A dichroic mirror (Dx1: HR @ 2.1 um, HT @ 1.95 um) reflects the holmium output to the diagnostics.
A CaF, wedge provides a pick-off for imaging (Plll: Ophir Pyrocam Ill), spectral (OSA: Yokogawa OSA)
and temporal (PD: Discovery Semiconductors) measurements. The power transmitted through the
wedge is measured on a calibrated thermal power meter (Ophir). A second dichroic (Dx2: HT @ 2.1
um, HR @ 1.95 um) protects the master oscillator from any residual pump power transmitted
through the amplifier. A ZBLAN patch-cord is used as the input to the OSA in order to avoid
attenuation at wavelengths >2.1 um due to absorption and bend loss that would be present in a

silica patch-cord.
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6.5.4 Double-clad, holmium-doped amplifier results

The output power vs. launched pump power is shown in Fig. 6.17. The pump absorption was 95%.
The amplifier operated with a slope efficiency of 45% with respect to launched pump power up to
35 W (1.7 mJ pulse energy) and a reduced slope of 25% up to 45 W (2.25 mlJ). An ASE measurement
as described in Section 2.4 confirmed that there was negligible (<100 mW) ASE at the 45 W output
level. There was also no significant increase in reverse propagating power towards the master
oscillator. The inset to Fig. 6.17 shows that the output pulse shape was very similar to the input

pulse from the master oscillator. The duration of the output pulse was 20 ns.
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Figure 6.17: Output power of holmium-doped amplifier vs input pump power. Inset: the pulse before and

after amplification showing no significant distortion.

The spectrum of the amplifier output is shown in Fig. 6.18. As the pumping rate was increased,
there was a broad-band output generated spanning from 2.05 — 2.4 um. The central peak was
maintained at 2.09 um. The polarisation extinction ratio was > 11.5 dB (93%) under all operating

conditions.
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Figure 6.18: Significant spectral broadening is observed even at modest output energies. The OSA resolution

setting was 0.5 nm.

The beam quality was calculated from measurements of the beam profile through the focus of a
100 mm lens. The measured values of the beam diameter using the second moment are shown in
Fig. 6.19. A magnification element was attached to the Pyrocam in order to resolve the waist region.
The evolution of the diameter as a function of distance corresponded to an M? of 1.6 in both axes,

indicating that the amplifier was operating on multiple transverse modes.
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Figure 6.19: Waist measurements through a focus. M%y = 1.59, 1.60 were fitted to these points. The near

field profile is shown.
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6.5.5 Discussion

The PM, LMA holmium-doped fibre amplifier produced pulses of energy of 2.25 mJ at a repetition
rate of 20 kHz with negligible CW background or ASE. The output was linearly polarised with an
extinction ratio of >11.5 dB and had a beam of M? = 1.6. The 20 ns FWHM pulse duration at the
output was almost identical to the master oscillator input and we estimate that peak powers in

excess of 120 kW were achieved.

There was significant spectral broadening observed with the output spectrum extending from 2.05
— 2.4 um with a central peak at 2.09 um. We attribute this effect to modulation instability leading
to pulse break-up and super-continuum generation. No evidence of stimulated Brillouin scattering

or stimulated Raman scattering was observed.

The reduction in slope efficiency at >35 W (1.75 mJ) output power is attributed to the increase in
power at wavelengths >2.2 um due to the super-continuum generation and subsequent absorption

in the active fibre or the fused silica refractive optics before the power meter.

We believe that the efficiency at low powers (45%) is below the quantum efficiency (93%) due to a
combination of energy transfer processes in the holmium ion population, residual hydroxyl

contamination, and significant infrared absorption at wavelengths >2.15 um.

The summary of the amplifier output and the original requirements are summarised in Table 6.6.

Table 6.6: Summary of required and achieved source parameters.

Property Requirement Achieved
Wavelength (nm) >2050 nm 2090 nm
Peak Power (kW) > 30 kW 125 kW

Pulse duration (ns) 1-100 ns 20 ns
Bandwidth (nm) <2nm (0.2 THz) >20 nm
Beam quality (M?) <15 1.6

Despite achieving sufficiently good beam quality and sufficiently large peak power, the significant
spectral broadening of the source makes it unsuitable for efficient pumping of a ZGP OPO. Another

approach is required. For many industrial applications such as marking and material processing, this



Page: 161 Chapter 6

spectral broadening may not be a problem. However this effect is prohibitive for applications where

the emission is required to pump an optical parametric oscillator for further mid-IR generation.
6.6  Alternative approach for peak power scaling

Despite operating as a fairly high performing 2 um pulsed system, it is clear that the approach
described in Section 6.5 is limited by spectral broadening and is unsuitable for constructing a pump
source for the pumping of a mid-IR OPO. Over the next section we propose a new approach to peak

power scaling and discuss the motivation and requirements for this approach.
6.6.1 Description of approach

The approach chosen to minimise the spectral broadening was a large mode-area, core-pumped,
amplifier. This addresses the mechanisms responsible for the onset of of Ml and subsequent
supercontinuum generation. As discussed in Section 6.3, there are very few parameters that can be
modified in order to suppress this nonlinear effect. These include reducing fibre length, increasing
mode-field diameter and reducing the intensity noise present during the pulse. Other authors have
proposed using resonant waveguide structures to modify the dispersion properties for the
fundamental mode, to couple and propagate in a higher-order mode or to coherently combine the

output from multiple fibres.
6.6.2 Overview of core-pumped approach

The device length is typically determined by a combination of the requirement for efficient transfer
of the pump energy to the active material as well as providing sufficient gain for efficient extraction
of this stored energy. In order to maximise the pump interaction with the core and to minimise the
fibre length, a core-pumped approach was chosen. A schematic of the core-pumped approach is
shown in Fig. 6.20. Here a 1.95 um pump laser and a 2.1 um master oscillator are combined into
the core of a single fibre which is then spliced to a length of holmium-doped fibre. In order to
couple the pump and the signal into the fundamental-mode of the same core, both the pump and
signal radiation must originally be taken from single-mode fibres. This places a limitation on power

scaling of the holmium amplifier to that of the thulium pump laser and the power handling of the
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wavelength combiner (WDM). The bandwidth of the thulium-doped pump laser must also be

relatively narrow in order to be able to achieve a high coupling efficiency.

2.1 pm master
oscillator

1.95 um/2.1 um WDM

D
Combined 1.95 um
and 2.1 um radiation

1.95 pum thulium

| Holmium-doped fibre
pump laser

Amplified 2.1 um
radiation

—

Figure 6.20: lllustration of a core-pumped amplifier approach where the master oscillator and pump are

combined via a WDM device into the core of a holmium-doped fibre amplifier.

This technique also significantly reduces the cost of fabrication of the active fibre as it is now no
longer necessary to have a double-clad structure. This however does come at the expense of no
longer being able to exploit a double-clad architecture for power scaling. As discussed in earlier
chapters, a double-clad geometry facilitates the coupling of many thulium pump lasers to a single
holmium laser. However, in a core-pumped configuration, only a single thulium laser is able to be
used as a pump source — thereby limiting the average power of the holmium output. With recent
developments of single-mode 1.95 um thulium fibre lasers, we anticipate that this approach is still

able to scale to the 10-100 W level with relative ease.

6.6.3 Mode-area scaling in multi-mode fibre

Due to compositional restrictions, we cannot arbitrarily scale the NA of the core to lower and lower
values. Recently, we have demonstrated that an efficient holmium-doped core composition that
required an NA > 0.132. A robustly single-mode core with this composition therefore will have a
12 um diameter and a mode-field diameter of ~13 um. This relatively confined mode will reduce
the thresholds for the various limiting nonlinear effects. In order to increase the fundamental
mode-field without modifying the core composition, it is possible to use the pedestal technique
that is common in thulium-doped fibres. With this approach, the mode-fields have been scaled to
~20 — 22 um diameter. With the many different glass compositions in a pedestal structure,

manufacturers typically will not be able to control the refractive index properties of the waveguide
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and typically specify an effective NA of ~0.1 as the minimum. This is only slightly better than the
original starting composition of the core at 0.132 NA and so an alternative scaling method is

desirable.

Another approach is to operate with a multi-mode core and increase the core diameter. While this
certainly seems simple when considering a step-index core, the variations in refractive index can
affect the scaling properties of this approach. In fibres fabricated using the MCVD process it is
common that there will be a central feature that typically forms as a result of additional thermal
processing of the inner-most layer during the collapse stage. In our analysis we compare a step-
index fibre with a 0.006 R.1.U. core with radius r and a fibre with a centre peak of height 0.001 R.1.U
and extent of 0.1r. The example of both refractive indices is illustrated in Fig. 6.21a). A finite-
element multi-physics computational software was utilised to solve for the guided modes of the

dielectric waveguide (COMSOL).
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Figure 6.21: a) Step-index and a fibre with a central defect. b) Mode-area of the fundamental mode as a

function of core diameter.

The level to which the MFD can be scaled will depend on the uniformity of the refractive index
profile and how it scales when drawn to a larger diameter. This is shown in Fig. 6.21b). In this
particular case, the central peak will limit the MFD to ~2000 um?. For a core diameter of >60 pum,
the MFD is also greatly reduced in the presence of this feature. If there were a central dip present
of a similar magnitude it would begin to distort the field profile of the LPo; and would no longer
appear Gaussian. For the first iteration, the fibre was manufactured with a 60 um core diameter as
this is a relatively ‘safe’ region in which even such a significant defect will not greatly reduce the

MFD.
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The refractive index profile of the fibre is shown in Fig. 6.22a). Zooming in on the top of the profile
we see that the peak-to-peak variation in refractive index is 4x10° R.l.U — shown in Fig. 6.22b). This
is truly impressive for a preform fabricated by solution-doping MCVD technique and is comparable
in profile quality to preforms fabricated both by the REPUSIL and chelate delivery methods [37]. It
is anticipated that such a flat refractive index profile will allow MFD scaling to significantly larger

dimensions than this initial attempt.
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Figure 6.22: a) Measured profile of flat-top holmium-doped fibre. b) Residual ripple in the core profile

achieves a peak-to-peak value of 4x10” R.I.U.

When drawn to a core diameter of 60 um, the resultant fibre has a V-number of 12.0 at 2.07 um
and supports many modes. There is no mode-filtering technique that is applicable to a core with
these parameters. It is therefore, essential to ensure that the launch condition into this multi-mode
core is of extremely high quality into the fundamental mode only. A common method of achieving
this is to use an adiabatic taper [38—41]. Here the fibre was tapered from the original 60/600 um
to a 20/200 um (MFD = 17.1 um) and then spliced to the 15/250 um 0.1NA (MFD = 17.0 um) fibre
which was used in the WDM. The pointing stability and subsequent S measurements were used to
quantify the amount of HOM content present at the output of the active fibre after the tapering

and splicing processes were performed.

The length requirement for the adiabatic taper transition is easily achievable on a GPX Vytran 3400
glass processing machine. The quality and shape of the taper was found to be of critical importance.
Care must be taken to ensure that the taper is as symmetric as possible. An example of a taper that
produced substantial (~40%) coupling from the LPo; to the LP1; mode of the 60 um core is shown in
Fig. 6.23a). After improvements in the fabrication process, the taper shown in Fig. 6.23b) ensured
that less than 5% of the input radiation was coupled into the LP;; mode —i.e. the launch purity into

the 60 um core was >95% LPo;.
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Figure 6.23: a) Initial attempt at an adiabatic taper had significant deformation and provided significant

coupling from the LPo1 to the LP11. b) Taper used in final experiment provided <5% coupling to the LP11 mode.

A narrow band 2100 nm laser source was propagated through the taper and subsequent length of
holmium-doped fibre. The beam profiles in the near and far fields from the output are shown in
Figs. 6.24a) and 6.24b). By imaging the output of the fibre with a high magnification arrangement,
we were able to establish that the MFD of the fundamental mode was 37 um. To the best of our
knowledge, this is the largest fundamental-mode MFD propagation demonstrated for a holmium-
doped fibre. This significant increase in mode-field should enable a significant increase in the

thresholds for the various nonlinear processes.
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Figure 6.24: a) Near and b) Far field profiles of the beam after re-imaging of the output from the 60/600 active
fibre.

6.6.4 Temporal and spectral mitigation techniques

The origin of the modal instability occurs due to the exponential growth of any intensity noise
present in the system. In order to avoid the onset of this instability a source with a low relative
intensity noise is required. If we examine the pulsed Ho:YAG laser used in the experiment in
Section 6.5, we can see that this is indeed operating on multiple longitudinal modes. Similarly, the
gain-switched fibre lasers described in [42—45] also typically operate on multiple longitudinal
modes. Interference between these longitudinal modes will cause intensity modulation through the
duration of the pulse and the resulting high peak power regions will suffer extensive nonlinear

effects.

In order to avoid longitudinal mode-beating, it is necessary to use a source that is operating on a
single longitudinal mode. However, if this is simply a single-frequency oscillator, then the SBS
nonlinear effect will dominate. The linewidth of the source needs to be artificially broadened to the
>10 GHz level in order to increase the SBS threshold. One common technique in high power fibre
amplifier development is to use a phase modulator to rapidly dither the phase during the pulse [34].
Another approach would be to apply a frequency chirp or frequency modulation along the duration
of the pulse. Such a frequency chirp can be achieved by current switching a single-mode
semiconductor source [46]. The rapidly switching current will impart a frequency chirp across the

pulse provided that the diode is able to respond fast enough. It is important to note that the
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linewidth broadening mechanism required to suppress the SBS nonlinear effect is of the order of
10 GHz, whereas the efficiency and threshold of the mid-IR OPO begins to be significantly affected
by broadening of >200 GHz. As a result we do not anticipate degradation of mid-IR conversion

efficiency as a result of the artificial broadening used to suppress the SBS nonlinear effect.

6.6.5 Schematic of master-oscillator and core-pumped amplifier

As a result of the temporal and spectral mitigation techniques described above, the master
oscillator is now limited to <5 mW peak power from a semiconductor seed. This then requires
significant (>70 dB) amplification to achieve the 30-100 kW peak powers that are desired for the
final output. Here the master oscillator is a single-mode diode (Eblana photonics) that is driven by
a 5 ns flat-top current pulse (Optical pulse machines) at a 100 kHz repetition rate. The output from
the seed diode passes through two stages of high gain amplification utilising similar construction to
the single-pass amplifier presented in Section 5.3, but using PM fibres and components. All of the
fibres in these initial stages have a 10 um core diameter, 130 um cladding diameter and PANDA
stress rods to provide the internal stress-induced birefringence. The amplifiers are separated by
dual-stage isolators as shown in Fig. 6.25. The output from the final amplifier achieves a peak power
of 1.5 kW and is collimated and filtered using a volume Bragg grating (VBG, Optigrate) with a
bandwidth of 0.8 nm. The VBG is able to reflect >90% of the input signal and provides excellent out-
of-band rejection of any modulation instability spectral features that have appeared as a result of

the high peak power in the 10 um core.

Zmw 1.5 kw Lens, f=4.5 mm
peak peak peak .ﬂ

Dual stage PM " U

ual stage Dual stage PM
3048 PM HoDFA isolator (45dB) ~ 30dBPMHODFA  igglator (45 dB)
5ns pulses H Output
| —_—
HR mirror
Pulse generator board

Figure 6.25: The master oscillator undergoes several stages of amplification in order to boost the 5 mW peak
power to 1.5 kW. Finally, a VBG is used to spectrally filter the output in order to remove any Ml that was

spontaneously generated in the first stages.

The output from this master-oscillator is then coupled into one of the pigtails of the high power
1950/2080 nm WDM as shown in Fig. 6.26. A 1950 nm thulium pump laser is spliced onto the other
input port of the WDM. The output fibre from the WDM is spliced to the 20/200 tapered end of the
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active 60/600 HDF as discussed in Section 6.6.3. A 2 m length of 60/600 HDF is estimated to be of
sufficient length to provide the necessary gain (13 - 20 dB) for the final stage of amplification. After
reflecting from the VBG and with the associating losses of the free-space coupling, a pulse with
~1 kW peak power was launched into the taper of the HDF. An AR-coated, bulk end-cap as discussed
in Section 3.7 was utilised to ensure that there was minimal feedback from the end-facet. This was
essential to prevent instability in the thulium laser, and also to minimise the amount of broadband

feedback that could potentially seed nonlinear effects such as SBS.

2077 nmMaster | apg f= 25 mm

Oscillator | 15/250,0.INAGDF
—> 1950 nm/2080 nm WDM S T
Taper 20/200 > 60/600 HDF
15/250, 0.1NA GDF
1950 nm thulium Unused port 2 m, 60/600, 0.13NA HDF
pump laser
O.utput t? Lens, f = 25 mm
GDF — Germanium doped fibre diagnostics n
HDF —Holmium doped fibre & “
WDM - Wavelength division multiplexer v
AR coated
bulk end-cap

Figure 6.26: Schematic of core-pumped Ho:silica fibre amplifier.

6.6.6 Performance of core-pumped, holmium-doped fibre amplifier

The output power as a function of launched 1950 nm pump power is shown in Fig. 6.27. The inset
in Fig 6.27 shows the temporal profile of the output pulse at maximum power. The amplifier
produced 17 W and operated with a 38% slope efficiency. The pulse duration is ~5 ns and shows
significant shaping due to gain saturation. The gain saturation occurs primarily in the final amplifier
with minimal saturation in the first two stages. This level of gain shaping can be compensated by

pre-shaping the current pulse to the seed diode oscillator.
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Figure 6.27: Output power of the pulsed, holmium-doped, core-pumped amplifier as a function of launched

pump power Inset: Temporal profile of the pulse at maximum peak power.

The near and far field profiles of the output are shown in Figs. 6.28a) and 6.28b). The output of the
amplifier had an M2~ 1.2 with some distortion that was attributed to residual core distortion at the
end-cap interface. The pointing stability of the source was excellent suggesting that the output was

robustly single-mode.

Figure 6.28: a) Near and b) Far field profiles of the amplifier output at full power.

The evolution of the spectrum as a function of peak power is shown in Fig. 6.29. The onset of
modulation instability is seen by the presence of the characteristic sidebands. However there is
minimal spectral broadening of the main carrier signal. Even at 36 kW peak power 99% of the power

is contained within a 1 nm bandwidth.
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Figure 6.29: Spectrum of the output as a function of peak power showing the characteristic side bands due

to MI. The OSA resolution setting used for these measurements was 0.05 nm.

6.6.7 Discussion

A number of techniques have been applied to minimise the spectral broadening observed at high
peak powers. We have transitioned the final amplification stage into a core-pumped system in
order to reduce the fibre length and the gain fibre has a large, step-index core with an increased
mode-field area to reduce the peak intensity. As well as this, a new master oscillator configuration
is used to increase the threshold for the onset of Ml by eliminating longitudinal mode-beating
effects. Finally, aggressive spectral conditioning using a VBG before the final stage of amplification
ensures that the Ml grows from spontaneous emission in the final stage as opposed to being seeded
by spectral degradation from the initial pre-amplifier stages. Figure 6.30 compares the spectral
output from the two pulsed MOPA systems operating at the same peak power (36 kW) presented
in Section 6.5 and 6.6 overlaid on top of each other — the centre wavelength for the cladding-

pumped MOPA is shifted to 2077 nm for comparison purposes.
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Figure 6.30: Comparison of spectral broadening between two pulsed, holmium-doped silica fibre amplifier

systems at the same peak power level. The OSA resolution setting was 0.05 nm for both traces.

A significant reduction in broadening is demonstrated. The combination of the mentioned
techniques has yielded an output that has a 10 dB reduction in spectral broadening over almost the
entire bandwidth and a 35 dB reduction in broadening within 10 nm proximity of the signal. The
integrated power within a 1 nm bandwidth is >99%. Table 6.7 lists the final output parameters of
the laser amplifier system. This approach has been able to achieve all of the peak power, spectral,

and beam quality requirements in order to enable efficient pumping of the ring ZGP OPO.

Table 6.7: Summary of required and achieved parameters for efficient pumping of a ZGP OPO.

Property Requirement Achieved
Wavelength (nm) >2050 nm 2077 nm
Peak Power (kW) >40 kW 36 kW

Pulse duration (ns) 1-100ns 5ns
Bandwidth (nm) <2nm (0.2 THz) 1 nm (99% content)
Beam quality (M?) <15 1.2
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6.7 Summary

This chapter has presented the pump requirements for the generation of high-power mid-infrared
radiation. Based on existing, demonstrated optical-parametric oscillators, a set of parameters is
extracted and summarised in Table 6.4. The various possible nonlinear limitations were discussed
and two approaches were investigated. A cladding-pumped, large mode-area amplifier produced
an output that met most of the requirements, but was limited in application by the spectral

degradation due to nonlinear effects.

A second approach was demonstrated where efforts were taken to significantly reduce the impact
of these nonlinear effects, in particular Ml. This was achieved by modifying the temporal properties
of the seed, transitioning to a core-pumped approach and scaling the mode-field diameter of the

fibre.

The strategy has yielded an output that has a significantly narrower spectral width and now meets

the requirements for efficient frequency conversion in the OPO.
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Chapter 7.

Conclusion

7.1 Introduction

Throughout this thesis thulium-doped and holmium-doped fibres have been investigated under a
variety of operating conditions. We have characterised sources including high average power, CW
laser oscillators, high gain small-signal amplifiers, tuneable and wavelength agile sources as well as
high peak power amplifiers. In addition to the laser development, a review of relevant
spectroscopic and nonlinear phenomena was performed with a focus on issues relevant to the
development of high peak power holmium-doped fibre sources. A compositional optimisation was
undertaken with the output being one of the most efficient cladding-pumped holmium-doped
fibres reported to date. The following section summarises the achievements of each chapter and

discusses possible future areas of research.

7.2 Summary

In Chapter 3 we investigated some of the essential fibre processing techniques that provide an
excellent fundamental platform for the construction of the subsequent sources. Indeed, while these
processes are essential to achieving single-mode output from a fibre, they are rarely discussed in
literature. Furthermore, we have developed cleaving and processing techniques that provide a
much better surface control in comparison to conventional approaches. In addition to cleaving, we
have also fabricated cladding light stripper devices and demonstrated end-capping techniques

which provide robust solutions even at high average power levels.

In Chapter 4 our aim was to develop and optimise the composition of holmium-doped silica fibres.
We reviewed the fabrication process and discussed some of the compositional choices as well as
analysing impurities we would expect to be significant. Finally a range of fibres were analysed and

tested in basic laser configurations. The composition presented here — despite achieving one of the
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most efficient reported across the literature — is substantial lower than recent reports [1] which
have demonstrated resonantly, core-pumped, holmium-doped fibres operating at 93% of the
guantum limit. This high efficiency composition has yet to be transitioned into a cladding-pumped
geometry. In addition to improving the efficiency in a core-pumped configuration, we analyse the
core:clad ratios required to scale to a cladding-pumped geometry without inducing substantial
infrared absorption losses. The most efficient of the developed compositions was then transitioned
into a double-clad geometry —an expensive and complicated process when aiming to pump at 2 um.
This fibre is one of the first fluorine-coated, shaped inner cladding fibres demonstrated at the
University of Southampton, and is also one of the most efficient cladding-pumped holmium-doped
fibres demonstrated operating at 2.1 pm with output powers of 70 W with a 67% slope efficiency

with respect to absorbed pump power at 1.95 um.

In Chapter 5, we investigate the broad spectral coverage offered by thulium-doped and holmium-
doped fibres. Various fibres, amplifier designs and components are developed in order to
demonstrate high gain amplifiers spanning over an large aggregate wavelength range of 1660 —
2150 nm. This wavelength range is tantalisingly close to the long wavelength band (L-band) at
1625 nm. Indeed from Fig. 2.8 it certainly seems that it is possible to operate a thulium amplifier at
1600 nm. In order to achieve this an inversion of almost 100% is required, furthermore, it is also
important to consider the implications and limitations of out-of-band gain. As illustrated in Fig. 2.9,
achieving 10 dB gain at 1650 nm will result in 40 dB gain at 1800 nm. Pushing to shorter wavelengths
will increase the gain in the 1750 — 1800 nm to the level where parasitic lasing and excess levels of
ASE will be generated. In order to mitigate these effects, spectrally dependant losses will need to
be introduced — ideally these losses should be distributed along the active fibre rather than lumped
losses. In combination with this approach and scaling the core diameter and mode-field diameters,

it is expected that thulium amplifiers can be operated at wavelengths as short as 1600 nm.

In addition to relatively simple small-signal amplifiers, we also investigated power scaling and beam
quality issues with conventional thulium-doped fibres. A large-pedestal thulium fibre geometry was
proposed and demonstrated to operate at 170 W CW output power with a robustly single-mode
output. The large pedestal concept ensures that any radiation lost from the fundamental mode
does not experience significant gain along the length of the fibre. This laser offers extremely narrow
line-width operation which finds application in the pumping of cryogenic holmium-doped gain

media [2] and other applications where excellent beam quality, spectral stability and performance
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is required. This laser is also essential in future chapters where we pursued a core-pumped

approach via a WDM device.

With the ability to build efficient, single-mode, monolithic thulium pump lasers we then
constructed several holmium-doped fibre sources. A tuneable cladding-pumped holmium laser is
operated at >15 W over the entire 2040 — 2170 nm range. This represents one of the longest
wavelength results in silica fibres at power levels exceeding 10 W. This source also operates over
an atmospheric transmission window as shown in Fig. 1.2. Acousto-optic tuneable filter
components are used to create a wavelength agile holmium source operating from 2040 — 2130 nm
and rapid and agile tuning operation was demonstrated. However the source was susceptible to
self-pulsation effects. Given the length of the fibres and the build-up times, this resulted in pulses
that had duration of the order of 1 us. In order to reduce the pulse duration, it will be necessary to
transition to a different gain medium and a much shorter cavity span. Microchip or semiconductor
gain media could offer an exciting alternative to produce a source with wavelength agility and pulse

durations of the order of 1-10 ns.

In Chapter 6 our focus shifted to developing fibre pump sources for the pumping of mid-infrared
parametric oscillators. We reviewed the requirements on the pump laser which are typically
addressed by Q-switched Ho:YAG lasers and conducted a preliminary investigation of a pulsed
holmium-doped fibre amplifier system. The output of this source, while impressive, was not
suitable for the pumping of an OPO due to severe spectral broadening and so we reviewed the
various nonlinear processes and potential mitigation strategies. We implemented as many of these
techniques as practical and demonstrated a holmium-doped fibre amplifier geometry that has the
desired output characteristics for pumping ZGP optical parametric oscillators. However, we have
only made preliminary efforts in this area and the strategies that we have employed can be pushed
further. Table 7.1 summarises the further possible scaling opportunities using the mitigation

strategies that we have proposed.
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Table 7.1: Summary of mitigation strategies employed and possible future directions.

Technique Description Effectiveness Possible further increase

Increasing dopant concentration

Core-pumped 8 mdevice 22 m | 4x (increasein . ) o
) without reducing efficiency could
approach device length thresholds
allow for another factor of: x2
18 um = 37 um
Mode-field area H . H 4x (increase in )
. core diameter Possible another factor of: x4
scaling i thresholds)
scaling
. Multi-longitudinal L.
Master oscillator L More accurate chirping or phase
mode source 2> 3x reduction in ] .
spectral ) ) modulation of master oscillator.
. Chirped single peak power )
properties Possibly x1.5
frequency source
o Introduce VBG Difficult to Distributed spectral filtering to
Spectral filtering o ] N
spectral filtering quantify further mitigate Ml

Amplify on a mode

. that has increased

Higher-order . Other groups have demonstrated
. area or different Not employed o . .

mode operation . . significant scaling potential [3]

dispersion

properties

One of the greatest opportunities remains in the spectral filtering aspect. In order to limit the
impact of MI, it is necessary to create a loss at £10-30 nm around the central signal. Potential
mechanisms for achieving such a loss may be the use of a slanted FBG along the length of the active
fibre, long period gratings or resonant waveguide structures in the fibre. With any mitigation
technique it is important to bear in mind that the loss at the carrier should be minimised and that

the strength of the loss mechanism should be on the order of 5-10 m™ (see Fig. 6.11).

The strategies employed in the peak power scaling of the holmium-doped fibre amplifier have
allowed it to produce an output that is nearly identical to Q-switched Ho:YAG lasers in peak power
and spectral density. This is extremely significant in further developing and power scaling mid-
infrared sources. To date, the highest average power holmium laser demonstrated has been in
fibre [4] and if it is possible to transition this approach to a higher peak power output then that is

certainly attractive in many applications.

By examining Table 7.1, there certainly seems to be a potential for a factor of 10x increase in peak
power levels from our preliminary demonstration. This would result in a few-ns duration pulse with
a peak power of ~0.5 MW while maintaining a bandwidth of <1 nm. Bearing in mind that the scaling

is performed with a step-index fibre manufactured using the conventional MCVD technique and is
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thus amenable to a mass-production environment. It is expected however that as the core is made
increasingly larger in order to scale the MFD of the LPo; that thermal effects similar to those
observed in a traditional bulk crystalline laser may become prevalent. Identifying where this
compromise between the thermal performance of a fibre and the non-linear-free capability of a

bulk crystalline geometry is extremely interesting for many applications.

Another possible area of interest is combining the wavelength agility in the pump source for the
mid-IR OPO. As shown in Fig. 7.1, the mid-infrared output signal and idler can be tuned across 3100
— 5800 nm as the pump laser is tuned across 2040 — 2110nm. A wavelength agile, high peak power,
holmium amplifier could enable rapid access to the entire 3- 6 um region. In combination with a
second AOTF device — potentially internal to the OPO, or perhaps in combination with a QCL, this

could enable a narrow band, wavelength agile, power scalable, mid-infrared source.
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Figure 7.1: Signal and idler wavelengths as a function of pump wavelength for a 55° cut ZGP crystal [5].

Another opportunity lies in the ultrafast regime and the generation of pulses with durations in the
100 fs timescale. Holmium-doped silica can certainly support the bandwidth of a 100 fs pulse —
indeed such sources have already been demonstrated [6]. In this region, the Ml nonlinear effect
becomes less significant and other non-linear phenomena apply. However the mode-area scaling
techniques and the core-pumped approach would certainly help reduce the total accumulated non-
linear phase and preserve the shape and spectral properties of the pulses. It is expected that such
ultrafast sources are also of interest to the community and will be developed as passive

components and active fibres become readily available.
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During this project, substantial progress has been made in the development of holmium-doped
fibres and holmium-doped fibre systems. We have demonstrated numerous world-leading results,
improved on conventional processing techniques, assembled a host of amplifiers and sources, and
investigated a variety of limiting processes. Despite this, the technology of holmium-doped fibres
still remains early in its development — indeed, it has only been 6 years since the demonstration of

the first double-clad holmium-doped fibre, and there are huge potentials for further scaling, both

in the CW and pulsed regimes.
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