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ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
OPTOELECTRONICS RESEARCH CENTRE
DOCTOR OF PHILOSOPHY

WAVELENGTH SELECTION AND TRANSVERSE MODE CONTROL IN HIGH
POWER FIBRE LASERS

By Jae M O Daniel

In this thesis we explore the wide parameter space of thulium doped silica fibre lasers,
looking at various techniques for the control of operating wavelength and bandwidth as
well as transverse beam profile. We demonstrate the extremely broad tunability of
thulium fibre sources. Through various device architectures we show wavelength
coverage over a 450nm wavelength range from 1660nm to 2115nm. With a simple
external cavity containing an electronically controllable acousto-optic tunable filter we
construct a wavelength agile tunable fibre source. This source demonstrates rapid
wavelength selection and coverage within the thulium gain band including multiple
simultaneous wavelength selection. Under fixed wavelength operation we show the
generation of high power and efficiency 1726nm light in a monolithic thulium fibre
source with output powers of up to 12.6W and internal laser slope efficiencies of 69%.

Exploiting the fast cavity dynamics of pulsed fibre sources we demonstrate the generation
of a bandwidth and wavelength flexible ASE source. Under pulsed operation we generate
peak powers of greater than 2kW with tunable bandwidth from 24nm to 0.28nm
corresponding to a change in coherence length from ~5mm down to ~60um. Applying
this source to nonlinear frequency conversion, we show the ASE seeded supercontinuum
generation at output powers of up to 1.5W, covering a wavelength range of more than one
octave from 1000nm to greater than 2400nm. Looking further ahead with this ASE
source, we investigate the effects of propagation and amplification within a multimode
waveguide, highlighting the potentially detrimental effects of modal interference and
through spectral bandwidth tailoring, successfully supresses these effects. Showing stable

high peak power amplification within a multimode thulium fibre amplifier.

Finally, we introduce a novel mode selection technique utilising multimode fibre Bragg
gratings. Allowing the selection of individual modes within a multimode fibre oscillator.
We experimentally demonstrate this technique within a multimode thulium fibre source



showing the electronically controllable selection and arbitrary switching between the
fundamental and next higher order mode at switching speeds of up to 20kHz and output
powers of greater than 5W. Extending this technique, we show the generation of near
arbitrary superpositions of the first two guided modes with electronically tunable beam
‘flatness’ and other parameters. The prospects for further core area scaling are also

discussed.
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Chapter 1.

Introduction

1.1 Overview

The introduction of high power lasers into new markets tends to have a disruptive effect,
displacing existing technologies and enabling processes that were otherwise impractical.
This has resulted in the current market situation where it is almost impossible to purchase
modern consumer goods that have not benefited from the use lasers at some point in their
manufacture; such as the ubiquitous use of laser marking of plastics and metals. Within
the semiconductor industry, lasers are used from the initial photolithography steps
through to the final packaging of the end product. In the medical field lasers have also
seen wide adoption, from application of the highly precise work conducted in laser
ophthalmology through to the ablation of kidney stones. In the automotive and
manufacturing industries high power lasers allow rapid processing and welding of
materials and are quickly displacing existing technologies. This is most obvious in the
additive manufacturing sector, where the laser sintering of metals allows parts to be
constructed with complexities and composites not achievable with any other technique. In
the defence sector interest in directed energy applications has also driven the

development of very high power laser sources as well as countless other applications.

Optical fibre lasers offer a convenient route to power scaling in a robust architecture and
can service many of the above applications. Through total internal reflection, pump and
signal can both be waveguided in a fibre laser configuration, this allows long interaction
lengths, tight mode confinement and high overlap with active ions. The result of this long
and distributed gain medium is high small-signal-gain or low lasing threshold and high
laser slope efficiencies. Typically fibre cladding diameters are kept to below ~500um
with device lengths in few to tens of meters, fibre core dimensions are also generally kept

to below 20-40um. From a power scaling perspective this long and thin device format

1
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results in large surface area to doped volume ratio, leading to low thermal load per unit
length. The ability to define the transverse lasing mode through waveguiding allows the
generation of near perfect beam profiles that show low sensitivity to changes in thermal
load. High power fibre lasers generally operate in a ‘double-clad’ arrangement (Figure
1.1), here the inner core is doped with active ions and intended to guide the lasing mode
and a secondary outer-cladding is used to guide pump light. This allows lower brightness
diode sources to be launched into the larger area cladding whilst still maintaining single

mode operation of the signal.

Pump
Light

Figure 1.1 A typical double clad optical fibre, showing pump guidance (red) within

the cladding (blue region) and signal propagation within the core (grey).

The power scaling of this approach is unrivalled. Over the course of ten years, from the
initial demonstration of a near diffraction-limited 1.36kW fibre source in 2004 [1] powers
have steadily increased. In 2009, a 10kW single mode source was demonstrated [2], and
more recently through the spatial combination of 91 individual kW fibre lasers, 103kW of
output power was reported this year (2013) with combined output from a multimode
beam delivery showing a beam quality factor of M?~50 [3]. Perhaps the most impressive
achievement of this power scaling is the high level of laser slope efficiency achieved at
kW levels, with commercially available sources showing slope efficiencies of 90% under
diode pumped operation and output powers of 1.1kW and wavelengths within the

ytterbium gain band [4].

Whether operating at the Watt level or kW level the basic fibre laser architecture remains
essentially unchanged. In the manufacture of fibre lasers and the individual components
that comprise these sources, a high level of automation is used. Techniques and
equipment initially developed in the telecoms sector have been repurposed for high power

laser development, such as the use of modified chemical vapour deposition (MCVD) for
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active fibre manufacture and optical fibre fusion splicers for fibre joining. This use of
automated equipment such as the fusion splicer, where the core and cladding of two fibres
are aligned and permanently fussed together with sub-micron positional accuracies,
greatly simplifies the construction of such high power sources. This allows the rapid
production of fibre lasers. Once the initial design has been perfected technicians in
production line environments can assemble a well-designed fibre source relatively

quickly and repeatedly.

The choice of a fibre laser over other laser architecture is largely dependent on the
operating regime. The area in which fibre lasers excel is in high beam quality, high
average output power applications. Whilst moderate pulse energies are possible, in
comparison to bulk laser arrangements there is no competition. The same advantages that
allow efficient CW operation of fibre lasers also put limits on output pulse energy. The
tight mode confinement and long interaction length seen in fibre lasers can lead to
detrimental nonlinear effects that become particularly pronounced under high peak power
operation. On top of this due to high levels of small signal gain, only limited energy
storage can be achieved within an active fibre before amplified spontaneous emission
(ASE) begins to extract inversion, effectively clamping energy storage. Pulse energies of
up to 10’s of mJ [5,6] have been demonstrated within fibre sources at nanosecond pulse
widths, achieved through the use of exotic cavity arrangements or at the cost of beam
quality. However pushing significantly beyond these levels would require a dramatic
change in device architecture. This is in comparison to bulk laser cavities where 10’s of
mJ are regularly achieved and scaling to significantly higher pulse energies is possible by

increasing resonator mode size [7].

Whilst fibre lasers will never compete with other laser architecture in terms of pulse
energy generation or peak power operation, they do have some unique advantages that
have allowed them to quickly gain traction within the industrial sector. Whilst bulk lasers
generally show high sensitivity to thermal effects, as we have discussed above, fibre
lasers are relatively immune from these same issues and, due to their waveguiding nature,
very high beam qualities are possible. The monolithic nature of high power fibre sources
is also a strong advantage, alignment free operation is an attractive prospect within an
industrial environment where vibration and movement can lead to issues within bulk
sources. Long device lifetimes without the need for regular maintenance also add to the

attraction of these sources.
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In this thesis, we focus on wavelength and mode control within the two-micron
wavelength range operating with a thulium-silica fibre gain medium. In a silica host,
fluorescence emission from thulium ions can be seen from 1600-2200 nm (Figure 1.2).
With wavelength tunability from 1700-2100nm in standard configurations. The operating
wavelength range from thulium sources represents an interesting spectral region for a
number of reasons. Thulium emission sits within the ‘eye-safe'” wavelength range from
~1400-2500nm and because of this it is an attractive source for free space applications
where laser safety is a concern, such as LIDAR [8] and free space communications [9].
The wavelength range covering the thulium emission band is also a rich region of
spectroscopic markers for identification of various chemical species, this is also seen in
Figure 1.2 where prominent atmospheric water absorption features are seen from 1800-
1950nm. These water absorption features also transfer across to liquid-state water
absorption, where a peak in absorption is seen at 1940nm and is an attractive target for
medical applications. Other material absorption features also sit within the thulium
emission band and can allow the enhanced laser processing and welding of polymers and
plastics [10]. Sitting between ytterbium/neodymium (~1um) and COy(~10um) laser
sources, thulium represents an unexplored wavelength range that has yet to be
commercially exploited for high power processing applications, and can represent an
interesting source for speculative use. From a power scaling perspective in the fibre laser
architecture, doubling of propagation wavelength from the 1um to 2um allows larger core
areas to be achieved for single mode operation. This has the beneficial result of increasing
energy storage and thresholds for detrimental nonlinear effects. The lower emission and
absorption cross-sections of Tm:silica in comparison to Yb:silica may also represent a

route to greater pulse energies within a fibre source.

'Eye-safe in this context relates to an increase in maximum permissible exposure (MPE) limits
rather than an implication of complete eye safety. Direct exposure of watt level laser sources is
still an issue of significant concern regardless of wavelength. The increase of MPE levels within
this wavelength range relates to an increase of absorption of these wavelengths within the eye in
comparison to short wavelength near IR sources, but also reasonable absorption depths in
comparison to longer wavelength sources where cornea damage is likely to occur due to short
penetration depths.
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Figure 1.2 Fluorescence emission spectrum from a thulium aluminium co-doped
silica optical fibre (The active fibre was core pumped with a single mode 1565nm

source and spectral measurements were taken at a 2nm resolution).

1.2 OQutline of thesis

In this thesis we explore the wide parameter space fibre lasers can offer, exploiting broad
gain bandwidths and novel fibre waveguide behaviours to create sources that show agility
in mode of operation of wavelength, bandwidth and beam profile. Throughout this work
we highlight promising applications of these sources. The experimental demonstrations
reported in this thesis are all achieved in thulium doped silica fibre, but in many instances
the concepts presented transfer directly to other active ions and wavelength ranges within

the fibre laser architecture.

In Chapter 2 we introduce the relevant background theory for fibre laser operation and
power scaling. First we look at the range of rare earth dopants and wavelength coverage
available within a silica host, detailing pumping options and operating wavelengths. We
then look in more depth at thulium spectroscopy, discussing the various pumping levels
and dynamics such as two-for-one cross relaxation. Highlighting, through reference to
published literature, the achievable laser slope efficiencies at different pump wavelengths
and dopant concentrations. In the final section of this chapter we look at the relevant

nonlinear loss processes encountered when power scaling optical fibre lasers and review
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core area scaling techniques with an aim to increase the thresholds for detrimental

nonlinear effects as well as increasing laser energy storage.

In Chapter 3 we introduce the application of narrow linewidth sources within the 1700-
2100nm wavelength range, detailing the use of widely tunable sources for spectroscopic
characterisation and components testing as well as highlighting several promising
applications within the short wavelength range of the thulium emission band. These
include the targeting of C-H absorption features within the 172xnm wavelength range.
The targeting of such resonances allows the preferential heating and processing of
materials for medical and industrial applications. In the experimental section of this
chapter we detail several tunable sources offering a combined wavelength span of
>450nm, from 1660nm to 2115nm. Through the use of an electronically tunable
wavelength filter we construct core and cladding pumped thulium fibre sources operating
from 1700-2115nm, both sources utilising an external cavity arrangement containing an
acousto-optic tunable filter (AOTF) and HR mirror. The result is highly reconfigurable
wavelength control. This simple arrangement allows high average output powers and
broad spectral coverage. Due to the electronically-controllable nature of the AOTF, rapid
selection and switching between operating wavelengths is also possible, allowing
operation in a non-sequential manner as well as simultaneous selection of multiple
wavelengths within the thulium gain band. We extend the short wavelength operation of
the core pumped thulium source through the use of a compression-tuned fibre Bragg
grating (FBG), allowing high efficiency wavelength dependent feedback and enabling
wavelength tuning down to 1660nm. Finally within a fixed wavelength configuration
using two static FBG’s, we show the high efficiency generation of 1950nm and 1726nm
light with single mode beam qualities and output power levels of 14W and 12.6W
respectively, operating with laser slope efficiencies of 69% and 63%.

In Chapter 4 we focus on the generation of broad bandwidth, temporally incoherent,
amplified spontaneous emission. By exploiting the high small signal gain, and
corresponding short pulse-build-up time in a pulsed fibre source, we generate broad
bandwidth pulsed ASE light with peak powers of up to 2.2kW. Through the use of a
wavelength selective external cavity we extend this source to one of tunable spectral
bandwidth and central wavelength. This novel coherence-length-tunable source shows
spectral bandwidth control from 24nm FWHM down to 0.3nm, resulting in a change in

coherence length from 5mm down to 60um. As a promising approach for pulse energy



Chapter 1 Introduction 7

scaling, we apply this source to the suppression of modal interference within a large core
multimode fibre amplifier. Here we utilise the broad spectral bandwidth of the ASE seed
to suppress the detrimental effects of modal interference. This is demonstrated through
the comparison of narrowband and broadband seed amplification. For the narrowband
case unstable beam profiles and poor pointing stability is seen. By moving to a broadband
seed these detrimental effects are almost completely suppressed, with an increase in beam
stability of nearly an order or magnitude. In this multimode amplifier, pulse energies of
up to 1.1mJ are generated with peak powers of >20kW. Finally, through the use of
highly nonlinear fibre, we utilise the high peak powers of this pulsed ASE source to
generate a supercontinuum white light source, covering over an octave in wavelength

from 1000nm to 2400nm at output powers of 1.5W.

In Chapter 5 we describe our work towards the selection and operation of individual
modes within a multimode fibre laser. Through the combination of a multimode fibre
Bragg grating and a free space wavelength selective element, we successfully
demonstrate selection of the fundamental mode and next higher order mode in a
multimode laser. By making use of AOTF for free space wavelength selection, we are
able to rapidly select and switch between guided modes of the multimode fibre, with
switching speeds of up to 20kHz and output powers of 5W. This mode agile laser is
further extended through the use of modal superposition, by incoherently combining the
fundamental Gaussian mode and a donut shaped LP;; mode within the laser cavity, we
demonstrate the generation of flat-toped beam profiles with electronically selectable

‘flatness’ as well as other novel shapes.

In Chapter 6 we conclude the work presented throughout this thesis, summarising key
results obtained and reiterating the concepts discussed, we pay particular attention
towards future routes for laser power scaling whilst still maintaining the broad degree of

flexibility as demonstrated in this thesis.
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Chapter 2.
Background

2.1 Introduction

An optical fibre laser, where both waveguiding and signal amplification occur within the
same doped core region, can allow for significant power scaling within a rugged device

architecture.

The benefits of light guidance within the doped region include long interaction lengths
with tight mode confinement and a high overlap between the active ions and resonator
mode. These properties result in high small-signal-gain, low lasing thresholds and
excellent power extraction. The long and thin device format results in large surface areas,
allowing for efficient heat removal and simplified power scaling. Due to the
waveguiding nature it is also possible to ensure single mode operation even at
considerable power levels, resulting in near ideal Gaussian beam profiles that are resistant

to thermal load and lensing effects.

In this chapter we will investigate the various options for laser dopant and wavelength
coverage [1], paying particular attention to thulium spectroscopy and the relevant
transitions for power scaling within the two-micron wavelength range. We will briefly
discuss the concepts of Gaussian beam propagation in free space and mode guidance
within optical fibre [2,3]. Finally, we will discuss the relevant parameters for output
power scaling within a fibre laser architecture, highlighting the detrimental effects of
relevant nonlinear processes [4] and present the techniques commonly used to mitigate

them.
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2.2 Rare earth dopants within Silica optical fibre

Power scaling in an optical fibre architecture is almost exclusively achieved within a
silica host. This is partially because the pre-existing technology was borrowed from the
telecoms sector, where large amounts of money have been spent developing componentry
and low loss fibre, but also due its high chemical stability and robustness. In comparison
to other glass hosts such as fluoride or germanate glass, silica shows increased damage
thresholds and more than double the glass transition temperature (Tg=~1150°C [5]). On
top of this leveraging off telecoms technologies, such as the modified chemical vapour
deposition (MCVD) process, allow hundreds to thousands of meters of active fibre to be
fabricated within a single batch and thus enables relatively low cost production.
Transparency of silica is from approximately 400nm to 2400nm with a maximum phonon
energy of ~1100cm™. Within this section we will focus on dopants and transitions
relevant to power scaling in this wavelength range and within a silica host (Figure 2.1).

a» ytterbium (Yb3+)

eossssssmmme = thulium (Tm3+)

neodymium
o (Nd3+)

@» holmium (Ho3+)

erbium (Er3+)

800 1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)

Figure 2.1 Wavelength coverage within silica of several common glass dopants
2.2.1 Ytterbium (1000-1200nm)

Ytterbium doped fibre sources are the most mature in terms of industrial use and power
scaling. Ytterbium fibre lasers are generally pumped with diode sources operating at
wavelengths of 910nm-940nm and 976nm, with laser operation possible from ~976 -
1180nm [6-8]. For high power operation the lasing wavelength tends to be in the 1060-
1080nm range. The low quantum defect between pump and lasing wavelength and the
availability of high power laser diodes has ensured wide industry adoption. Commercial

systems have demonstrated laser slope efficiencies of nearly 90% at power levels above a
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kKW [9]. The current power records for single and multimode operation of Yb:fibre
sources sit at 10kW? [10] and 100kW [11] respectively and represent the highest values

reported for any fibre laser operation.
2.2.2 Erbium (1500-1600nm)

Erbium and erbium-ytterbium co-doped fibres operate within the so called ‘eye safe’
wavelength range, with laser operation demonstrated from 1480-1620nm [12,13], and
high power operation generally occurring at wavelengths longer than 1550nm. For
Er:silica, optical pumping can be achieved at 975nm and 1470nm. Due to clustering
effects limiting doping levels and narrow absorption peaks, Er:fibre is often co-doped
with ytterbium in high power situations. This allows the increased solubility and
increased absorption cross section of ytterbium to be used for laser pumping, with a non-
radiative energy transfer between excited state Yb and ground state Er. Yb sensitization
also allows broader pump wavelength operation in the 9xx nm range [14]. The current
power record for erbium operation was demonstrated in a cladding pumped Er:Yb co-
doped fibre with a maximum power level of 297W at a slope efficiency of 40% at low
power, decreasing to 19% at maximum output power [15]. More recently, higher
efficiency has been obtained with in-band pumping configurations with laser slope
efficiencies of 75% and 80% demonstrated, at output powers of 103W [16] and
18.4W [17] respectively. Both demonstrations were pumped at 1535nm with the former

result achieved with multimode diodes and the latter with a single mode fibre source.
2.2.3 Thulium (1700-2100nm)

Thulium fibre sources, pumped at either 79xnm or >~1550nm show laser emission from
~1700-2100nm with maximum output generally achieved at wavelengths of 2000-
2040nm. Due to a fortuitous cross relaxation process, when pumping at 79xnm, it is
possible to achieve laser slope efficiencies greater than the quantum defect limit (~40%).
In this process one pump photon is able to produce two signal photons and allows a
significant increase in laser slope efficiency [18]. Power scaling in thulium fibre sources
has pushed output powers to 608W within narrow linewidth (<5MHz) operation at a laser

slope efficiency of 54% [19]. For broader wavelength operation, a maximum output

2 At Photonics West 2013 IPG reported 20kW operation with a beam quality of M*=1.4, few
details were given on this source or its design and it is not entirely clear that this is a solely fibre
based solution
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power of 1.05kW has been reported, operating at a wavelength of 2045nm in a dual-stage
amplifier configuration. In this demonstration the single stage amplifier slope efficiency
was ~62% (500W output), however the total efficiency reduced to 53% in the dual
amplifier configuration [20]. Thulium fibre sources are an attractive alternative to high
power erbium fibre sources for operation in the ‘eye safe’ wavelength range. This is due
to a greater ease in power scaling as is evident in demonstrated output powers. The broad
wavelength coverage (>400nm) of thulium sources also make it attractive for targeted

spectroscopic applications, where sources can be tailored to specific absorption features.

2.2.4 Holmium (2000-2200nm)

Holmium doped fibre lasers operate in the in the 1990-2180nm wavelength range [21,22]
with options to pump at ~1150nm or 1900-2000nm [23]. In-band pumping with high-
brightness thulium sources is seen as a promising route to power scaling of holmium
sources. Single mode operation of a 400W oscillator has recently been demonstrated at an
operating wavelength of 2120nm. This source was a double clad holmium doped fibre,
cladding pumped by an array of single mode thulium sources in a high core to clad area
ratio configuration, and operated with a slope efficiency of ~40% [24]. Previous
demonstrations using a similar approach have yielded slope efficiencies of up to
66% [25,26].

2.2.5 Other dopants

Other dopant options for extended wavelength coverage using silica as the host include
neodymium for operation in the 900 - 940nm — 1060 - 1140nm wavelength ranges [27—
30], as well as Bi doped silica for operation in ~1200-1500nm [31,32]. Finally,
exploiting nonlinear processes, stimulated Raman Scattering (SRS) can provide power
scaling at wavelengths not accessible to other sources. With the recent demonstration of
301W of single mode output power operating at a wavelength of 1480nm, pumped with

~470W of 1117nm and corresponding to a conversion efficiency of 64% [33].

In this thesis we will mainly focus on thulium as the laser gain material, however many of
the concepts presented are independent of dopant and can be equally applied to other

dopants and laser wavelengths.
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2.3 Thulium spectroscopy

In a silica host, florescence emission of the *F,-*Hs transition of thulium can be seen from
1600-2200nm (Figure 2.2) with a large proportion of this emission band covered by fixed
wavelength and tunable thulium sources. In-band pumping directly to the upper laser
level (°F,) is possible using sources operating at wavelengths around the ~1650nm
absorption peak. Here due to the low quantum defect (<20%) high efficiency lasing is
possible and is attractive from a thermal loading perspective. In practice this is commonly
achieved with high brightness Er:Yb fibre laser sources at wavelengths >1560nm, with
412W demonstrated using this approach at a slope efficiency of ~60% [34]. Tandem
pumping schemes (thulium pumped thulium) are also an interesting approach for power
scaling within a thulium source. Very recent results investigating low quantum defect in-
band pumping have produced impressive results. With laser slope efficiencies of 90%
demonstrated for 1908nm pumping and 2005nm lasing at power levels of 1.5W [35].
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Figure 2.2 (a) Energy level diagram [36] and (b) absorption and emission cross-
sections [36,37] for Tm-doped silica.

79xnm diode sources can be used to excite the *H, manifold. From here several routes can
be taken to populate the *F, level, multi-phonon decay can lead to non-radiative relaxation
into the upper laser level, spontaneous emission of 1470nm light can also allow the
depopulation of this level, however it is of lower probability. It is also possible for a cross
relaxation process to occur between neighbouring Tm ions. Here decay from the *H, level
is achieved via resonant energy transfer with a neighbouring unexcited Tm ion, with the

decay of the primary Tm ion from *H, to °F, resulting in an excitation of the second Tm
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ion from the ground state (*Hg) to the upper laser level. This process is a very attractive
one as it allows for one pump photon to excite two signal photons, thus doubling the
pumping quantum efficiency. The probability of this cross relaxation process occurring is
dependent on the mean distance between neighbouring Tm ions, with higher thulium
concentration enhancing the cross relaxation process [38]. However as thulium
concentration is increased detrimental processes begin to become significant such as
energy transfer upconversion and excited state absorption. In a silica host an optimum
thulium concentration of 3.5-4wt% thulium has been experimentally shown and has
resulted in laser slope efficiencies of upward of 70% under 795nm pumping [39],
corresponding to a pumping quantum efficiency of 1.8 times the quantum limit.

2.4 Optical fibre waveguides and beam propagation

2.4.1 Optical fibre waveguides

Optical fibre waveguides, generally consisting of a cylindrical core region surrounded by
a glass cladding layer that is then buffered by a polymer layer, provide an attractive
approach for laser signal propagation. The core region of the optical fibre is doped such
that the refractive index is greater than the surrounding cladding and allows waveguiding
via total internal reflection. The cladding region provides mechanical rigidity to the core
region and the polymer buffer layer serves to prevent contamination and contact with the
bare glass. Depending on fibre design, the cladding region can be guiding or anti-guiding
for single or double clad operation (Figure 2.5) and generally this is achieved with either

a low index or high index polymer buffer layer.

The acceptance angle of an optical fibre is defined by the magnitude of the refractive
index step between the core and cladding and is related to the optical fibre’s numerical
aperture (NA) as NA=ngsin6, where nq is the refractive index of the transitioning medium
(generally air) and 6 is the acceptance angle of the fibre. For a core refractive index

(neore) and cladding refractive index (ngaq) the numerical aperture of a step index fibre is

NA = ’ngore - n?lad 1)

In the ray picture of optical fibre propagation, for a given core size, the number of ray

given by [3]:

paths guided increases for increasing NA. These ray paths combine to form allowed
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electromagnetic field distributions or modes within the fibre. The number of guided
modes within a fibre is determined by the V parameter or normalised frequency

parameter. The V parameter of a circular step index waveguide is given by [40]:

2
V= anNA @)

where r is the waveguide radius and A is the propagating wavelength. For V<2.405 the
fibre can guide only the fundamental mode, whose profile closely matches that of a
Gaussian intensity distribution, with the number of guided modes increasing for VV>2.405.

To gain insight into the modal dispersion behaviour in increasingly multimode fibre we
first define a normalised propagation constant:

2
_(B/)? —nkag  Mepr — Nliaa

b
2 2 2 2
Neore — Nelad Ncore — Nclad

(3)

where B is the mode propagation constant, k= 2zt/A and ne is the effective index of the
guided mode. In Figure 2.3 we can see both the increasing number of guided modes and
decreasing effective index spacing of the guided modes for an increasing V-number. As
can be seen , above the single mode cut-off (\V>2.405) the LP,; mode can begin to guide
and as V number is further increased the fibre becomes progressively more multimode.
Above the single mode cut-off steps must be taken to suppress higher order modes if

Gaussian beam propagation is desired.
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Figure 2.3 Propagation constant and number of guided modes for increasing V-

clad

number of a step index fibre [3].

As the V-number of an optical fibre is increased the strength of mode confinement of the
fundamental mode also increases. The mode field diameter (MFD) of the fundamental
mode within a step index fibre (at the 1/e? point) can be related to the fibre core diameter
and V-number by the approximation [41]:

1.619 2.879
w0=r(0.65+W+?> 4)
In Figure 2.4 we plot this approximation alongside the calculated (Optifibre) values of
mode field diameter within a step index fibre, here we can see a close agreement between
approximation and calculated values. From Figure 2.4 we can see that mode confinement,
although initially weak, asymptotes to a value of ~70% of the fibre core diameter within

an unbent fibre.
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Figure 2.4 Normalised fundamental mode confinement for increasing V-number and
core diameter (for A=2um & NA=0.2).

2.4.2 Gaussian beam propagation and beam quality

For a Gaussian beam propagating in free space, the beam waist radius (at the 1/e2 point)

after a distance z is given by [2]:

N[ =

w(z) = wy

2
14 (£> ] ©)
W,
where, w, is the minimum beam waist radius and A is the propagating wavelength. From
the waist position we define the Rayleigh range (zo) as the distance at which the beam

waist has expanded to V2 times its initial value, i.e. the point at which w(ze)= Y2w,. From

(5) we can see:

2
70 = (%) ©)

For non-diffraction-limited Gaussian beams, a beam propagation factor or M? can be used
to describe the divergence and propagation behaviour relative to a diffraction-limited
fundamental mode beam. M? is defined as the ratio of beam parameter product
(BPP=0.wy, where 6 is the far field divergence) to the BPP of a diffraction limited

fundamental mode beam (= 4/ x). Rearranging this into (5) we get:
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1
1+ <M2/12>T (7)
W,

Here we can see, beams with non-diffraction-limited behaviour essentially behave as

w(z) = wy

diffraction-limited beams of increased wavelength. The brightness of a propagating beam
is defined as the ratio of beam power over the beam area and solid angle far field

divergence, as given by [42]:

P P P

B = = =
4,0, " nwinb?  MIMZIRZ ®)

For multimode waveguides, we can approximate the beam quality factor of a fully filled

nwed wr | r
M? = 1 zTSIH 1( ’ngore_nglad> zTNA ©)

2.4.3 Double clad fibre lasers

waveguide as:

The first demonstrations of modern optical fibre lasers relied on core pumping
technologies, where high brightness pumps (generally diode based) were guided within
the same doped core as the lasing mode. This approach has limited power scalability due
to the high brightness required from the pump source. A solution to this limitation was
found in using a cladding pumping architecture [43]. Here the active fibre has two nested
waveguides. The first waveguide, the inner core, is designed to be single mode and doped
with active ions. The second waveguide, the cladding, is designed to be multimode with a
diameter roughly an order of magnitude greater than the core. This allows lower
brightness pump sources to be coupled into the cladding of the active fibre and absorbed
by the doped core whilst traversing the length of the fibre. This reduces the cost of pump
sources and greatly increases the laser power scalability through the use of low
brightness, high power diode bars and stacks. In this way the double clad fibre becomes a
brightness converter, taking the low brightness pump sources and converting them into

high brightness signal light.
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Figure 2.5 Refractive index profile and conceptual cross sections of double clad

fibre (top) and single clad fibre (bottom).

To ensure efficient absorption in the core for pump light coupled into the multimode
cladding, some modifications to the cladding geometry must be made. Double clad fibres,
with circular outer cladding and central doped core have lower pump absorption than
would initially be expected given the area ratios of the core and cladding. This is due to
excitation of modes within the cladding that have a small spatial overlap with the doped
core. These modes can be thought to take on a helical path about the core area and
therefore do not interact with the doped active fibre sufficiently to be absorbed (Figure
2.6(b)). This results in some fraction of unabsorbed pump power even for increased fibre
length. To combat this effect it is possible to fabricate the fibre with the active core offset
from the centre of the cladding. To be effective the core has to be placed significantly off
centre, and in practice this leads to difficulties in fibre fabrication and splicing. An
alternative to this is to produce a non-symmetric cladding. The idea of this approach is to
break the symmetry needed for helical ray propagation. A ‘D-shaped’ outer cladding is a
simple and effective solution to enhance pump absorption within the double clad fibre
(Figure 2.6(c)). To facilitate fibre fusion splicing other, more symmetric shapes such as
octagonal geometries can be used (Figure 2.6(a)). For this approach, a compromise is
made between fibre splicing and pump absorption. In addition to shaped claddings it is
possible to introduce doped glass sections within the cross section of the fibre cladding
(Figure 2.6(d)). A common dual-purpose approach is found in polarisation maintaining
fibres, where low index stress rods are inserted into the fibre preform prior to drawing.
This serves to both increase pump absorption due to breaking up of the fibre symmetry

and also induces birefringence into the core of the waveguide due to a thermal expansion
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mismatch between the ‘stress rods’ and the cladding glass leading to a stress optic effect

within the core.

(@) (b) (© (d)

Figure 2.6 Several common double clad fibre cross sections, (a) octagonal, (b)

standed step index, (c) D-shaped double clad fibre and (d) polarisation maintaining
‘PANDA’ type.

2.5 Considerations for power scaling in optical waveguides

When power scaling with a fibre architecture issues arise that would not normally be seen
in free space bulk laser configurations. The high small signal gain commonly seen within
waveguided gain media leads to problems associated with parasitic amplified
spontaneous emission (ASE), particularly under low repetition rate pulsed operation,
where energy storage is effectively clamped by the onset of ASE. Even with the energy
storage limitations associated with ASE, intensities of the guided mode within a fibre
laser source can approach levels in the GW/cm™. This is due to tight mode confinement
of the waveguide and is compounded by the long interaction lengths that are typical of
active fibres. Because of this, nonlinear interactions that would not normally be seen at
equivalent power levels within a bulk laser medium can become significant and can
eventually lead to catastrophic damage through dielectric breakdown of the glass itself. In
this section we will discuss these effects, highlighting the major concerns and referring to

the common approaches for alleviating them.
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2.5.1 Pulsed laser operation

The tight mode confinement and high spatial overlap between dopant and propagating
laser mode within a fibre laser leads to a high small signal gain and low lasing threshold.
Whilst this is advantageous under CW operation, where low thresholds and high
conversion efficiencies are seen, from an energy storage perspective this is problematic.
In pulsed operation, where feedback is suppressed and inversion is allowed to build-up,
small signal gain can become very high. So much so that even the small levels of
spontaneous emission from the excited ions become significantly amplified. Eventually
this amplified spontaneous emission will clamp the inversion for low repetition rate
operation and put an upper limit on energy storage within the fibre. This is in comparison
to a bulk laser, where the onset of ASE clamped behaviour is at much higher levels,

allowing significantly higher energy storage before ASE becomes an issue.

As a rough rule of thumb, fibre lasers can operate up to approximately 10 times the
saturation energy before the onset of ASE clamped behaviour [44]. With the saturation
energy given by:

Acohvy
Esar =
Us(ae (A4) + O-a(/ll))

(10)

where A, is the area of the doped core, Zv, is the photon energy at the lasing wavelength,
ns is the overlap between the dopant and the guided mode and oe(4) & oa(A) are the
emission and absorption cross-sections of the dopant at the lasing wavelength. From
eq.(10) we can see that we have several options for increasing saturation energy and
hence extractable energy storage within the fibre. First, provided sufficient pump power
is available, it is advantageous to operate on a wavelength or dopant where effective cross
section (oe(AL )toa(AL)) is low. It is also possible to reduce signal overlap (and increase
Esa) through novel doping profiles, such as ring doping away from the mode centre [45].
Core area scaling also has the effect of increasing Esy and is perhaps the easiest of the
approaches to implement, although not without its own issue such as increasing modal

content etc. as will be discussed within the following sections.



22 Chapter 2 Background

2.5.2 Nonlinear effects

Interaction of propagating light through inelastic scattering of the glass host leads to
phonon excitation within the glass lattice. As the intensity of propagating light increases
these phonon driven processes can become significant and lead to strong nonlinear
interaction between the glass and propagating mode. In this section we will look at
several prominent nonlinear processes (or limitations) for high power propagation within

an optical waveguide.
Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a nonlinear process that involves the excitation of
an acoustic wave through sufficiently intense incident light, leading to the generation of a
Stokes-shifted, backward-propagating wave that can contain a large proportion of the
incident power. SBS can be very problematic for single frequency and pulsed fibre

operation, often leading to catastrophic damage of components or the fibre itself.

Through electrostriction, propagating light can excite an acoustic wave within the optical
fibre. In turn this acoustic wave leads to refractive index modulations of the glass and the
formation of a traveling-wave Bragg grating. The incident (pump) light is then scattered
from this grating with a Doppler shift dependent on the acoustic wave propagation
velocity (va~6000m/s in silica [4]) and the excitation wavelength. The frequency of the
excited acoustic wave (and hence Doppler frequency shift) in a medium of refractive
index n is given by:

_2ny,

Vp = 1 (11)

With typical values of vg = I8GHz (A=1um) and vg =~ 9GHz (A=2um). The Brillouin gain
bandwidth and gain coefficient in fused silica are approximately Av,=~50-100MHz and
0s~0.5x10™ m/W [4] with actual values dependent on fibre geometry and dopants. For

spectral bandwidths greater than Av, the effective Brillouin gain is given by:

Avb

_ 12
AVb + AVlaser 9e ( )

IBeff =
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As the laser spectral bandwidth increases gge; quickly decreases in value. The threshold

for SBS can be approximated by [4]:

214,

PpSBS _
Ipefrflerr

th

(13)

where L is the effective interaction length of the propagating mode, as given by l,¢r =

1_€—o<L

where L is the fibre length and o is the loss (or gain) coefficient of the fibre at the

SBS pump wavelength. A is the effective area of the propagating mode calculated from

eq.(4) for the fundamental mode.

Due to the high spatial overlap between the acoustic wave and guided mode as well as a
long interaction length, it is possible for the back reflected Stokes wave to contain a large
fraction of the incident (pump) power. Within fibre amplifier systems such as the MOPA,
this effect can be disastrous, with strong amplification of the backward propagating wave
(particularly in co-pumped configurations) often leading to catastrophic damage of pump

diodes and other in-line components.

The timescales and bandwidths associated with SBS are related to the acoustic wave
build-up time and are of the order of ~10ns. For pulse widths below this, thresholds for
SBS can increase dramatically and other nonlinear effects such as stimulated Raman

scattering become more prominent.

As we can see from above, SBS can be a major issue for single frequency propagation
and amplification within fibre lasers. If significant power scaling is to be achieved, or
long fibre propagation lengths are desired, steps must be taken to avoid the detrimental
effects of SBS. Such approaches include the use of width fluctuations [46] or thermal
gradients [47] along the length of the fibre, which have the effect of broadening the SBS
gain bandwidth. It is also possible to reduce the overlap between acoustic and optical

modes through acoustic index tailoring of the waveguide [48].

Eq.(13) allows a very rough approximation of SBS threshold and can be used as a ball-
park figure, however the individual parameters will change considerably due to material
properties and fluctuations. In practice, the back reflected Stokes wave is often monitored
in laser or amplifier systems and power scaling halted if rapid increases in back reflected

power is seen.



24 Chapter 2 Background

Stimulated Raman scattering

Stimulated Raman scattering (SRS) is an optical phonon driven process where incident
light of sufficient intensity leads to an excitation of molecular bond resonances (in silica
optical fibre Si-O bonds). This process is similar to SBS but the energy of the excited
phonons is much higher and is referred to as optical phonon excitation rather than
acoustic photon excitation. In this process photon energy is lost to lattice phonons and
thus the transmitted light is Stokes-shifted to longer wavelengths.

Under low intensity propagation this process is relatively weak, however as intensity and
interaction length increase energy conversion from this process can become very

significant.

Again, as was the case for Brillouin gain bandwidth and coefficient, the values for Raman
gain bandwidth and gain coefficient are material dependent but we can get an idea of the
behaviour by taking the values for bulk fused silica. In this host the Raman gain spectrum
spans from Avg ~ 0-18THz with a peak at Av, = 13.2THz and peak gain of gg ~ 1x10™
m/W (at A=1064nm and assuming linear polarisation [49]). The Stokes frequency shift
associated with Raman scattering is ~44nm for A=1uym and ~176nm for A=2um. The
threshold for SRS is approximately given by [50]:

P&t = 108ers (14)

Irlesr

SRS is a cascading process, with 1% order Stokes shifted light able to generate a 2" order,
3" order etc. Stokes shifted signal as the power increases. In some situations, the effects
of SRS can be exploited, allowing distributed amplification or access to otherwise

difficult to reach spectral areas [33,51].

When propagating light within an active fibre SRS has two detrimental aspects. Firstly,
by virtue of the frequency shift, the propagating light can be shifted in wavelength outside
the gain band of the dopant, leading to an effective gain lower than would be seen
otherwise. Secondly, the energy difference between the pump and Stokes signal is lost as
heating within the lattice. This is in addition to the potential of running into increased

material or component absorption at longer wavelengths.



Chapter 2 Background 25

Comparison of SBS and SRS effects

Here we can see that SRS can essentially be thought of as a loss process, with heat
generation from the Stokes frequency shift as well as any light loss due to increased
material absorption. Whilst SBS is a much more detrimental process within fibre lasers,
the back reflected signal light can be further amplified within the gain medium and be
incident on pump diodes that are generally very susceptible to facet damage from excess
light. Furthermore, as SBS can be a cascaded process with multiple reflections backward
and forward amplification can be multi-pass, greatly increasing peak power and

potentially leading to catastrophic damage within the fibre.
2.5.3 Optical damage

Another prominent issue within fibre lasers (particularly pulsed sources) is the dielectric
breakdown of the waveguide material. Here, for sufficiently intense light, ionisation and
plasma formation can occur in the glass leading to a thermal runaway and catastrophic
damage of the glass fibre. Although values within literature show some variability both
on damage threshold and pulse width scaling factor [52]. For uncoated bulk silica
illuminated with ps-ns pulse widths at a wavelength of 1064nm we can estimate the bulk
damage threshold of silica as [53]:

X*xA
ff
Pnax = IthAeff ~ Tg (15)

where P, defines the upper limit of propagating power, X = 1.5kW - ns%>/um? and 1
is the pulse width expressed in ns . In general the most susceptible point of an optical
fibre is the transition from optical fibre waveguiding to free space. Here small defects at
the glass surface are suspected to lower the glass damage threshold in comparison to the
bulk material. To mitigate this effect is it possible to effectively increase this damage
threshold by first expanding the beam whilst still within the glass. In this situation a
section of fused silica can be bonded directly to the fibre end-face, generally this takes on
the form of a coreless optical fibre, commonly referred to as an ‘end-cap’. Assuming a
diffraction-limited fundamental mode beam, the increase in the mode field radius as a

function of end-cap length is approximately given by:
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L*NA

Nciad

w(z) =~ + Teore (16)
With w(z) limited to ~2/3 of the end-cap radius to prevent significant diffraction losses
from the end-cap boundary.

2.5.4 Other nonlinear considerations

As both SBS and SRS are proportional to area/length, increasing the core size can be an
effective means of suppressing these detrimental effects, however an upper limit on peak
power within a waveguide is set by the self-focusing limit. Here, due to the Kerr
nonlinearity, focusing of the propagating mode starts to occur. As this further increases
beam intensity this process becomes a runaway effect and will eventually lead to optical

damage of the waveguide, with critical power given by [54]:

0.14612

nn,

(17)

crit =

where n, the nonlinear refractive index (~2.7 x 10%° m?/W in silica [55]) with the self-
focusing limit ~4MW for A=1pm and ~16MW for A=2pm.

2.6 Mode area scaling

As we have seen in the previous sections, to increase laser output powers within an
optical fibre laser, mode area must be scaled. This allows the reduction in the detrimental
effects of nonlinear processes and within pulsed systems allows the increase of pulse
energy storage and extraction. By increasing the effective area of the propagating mode
the thresholds for both SBS and SRS are increased, as well as the threshold for glass

damage.

From Figure 2.3 and eq.(2) we can see for increasing core area eventually the conditions
for higher order mode propagation are met and the waveguide is no longer strictly single
mode. When the core area is scaled several approaches can be taken to suppress the onset
of higher order mode guidance. Low NA fibres, where core numerical aperture is
decreased as core size is increased, allow scaling of core area in the strictly single mode

regime. It is also possible to operate with VV-numbers slightly higher than single mode
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cut-off by taking advantage of differences in bend loss between the fundamental and
higher order modes under coiled fibre operation. Other approaches that can be taken
include; the use of specialised launch arrangements to excite only a single mode
(fundamental or higher order) or introducing resonant (or anti-resonant) structures to the
waveguide that preferentially couple to and cause loss to higher order modes. Within this

section we will briefly discuss several of these approaches.
2.6.1 Low NA fibres

Step index

From eq.(2) it follows that to maintain a fixed V-number for increasing core size then
core numerical aperture must be reduced. Fabrication tolerances during doped fibre
manufacture put a practical lower limit of ~0.06NA for solution doping techniques. This
lower limit of NA results in core diameters of 12.8 & 25.5um at wavelengths of 1um &
2um if true single mode guidance is required. In practice it is possible to scale core
beyond this point and still maintain single mode beam quality. By exploiting the
increased bend loss for higher order modes within few mode fibres, it is possible to coil
the active fibre to a diameter that results in significant bend-loss for higher order modes
whilst still allowing relatively low loss fundamental mode propagation [56,57]. Using
this approach, commercially available [9] step index fibres with core diameters of 25um
or more have demonstrated near perfect beam quality (at operating wavelengths of ~1um
and corresponding to an equivalent of ~50um diameter for 2um propagation). As core
size is further scaled with this approach the difference in bend loss between the
fundamental mode and higher order modes becomes less prominent, putting an upper

limit on distributed bend loss mode filtering [58].
Microstructured fibres

The lower limit of core NA is due to the fabrication tolerances achievable with MCVD
fibre manufacture. Microstructured fibre, where rather than having a defined core, a
series of high index or low index rods (or air holes) are used as sub wavelength features
to define an effective refractive index profile. This is a much more versatile approach to
fibre refractive index design and allows much lower core NA’s to be fabricated. Using
this approach core NA’s as low as 0.02 [59] are commercially available. More

sophisticated designs such as confined doping (to match the MFD of guided mode rather
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than core diameter, Figure 2.4(b)) are also commonly used. Commercially available
microstructured fibres demonstrate core diameters up to 100um whilst still maintaining
single mode guidance. Reduction of fibre core NA to such extreme levels however comes
at a cost to the strength of mode confinement. As these fibres are very weakly guiding,
mode skew and bend loss effects become significant [58] issues and such extreme core
diameters must be kept straight. Often, these fibres are fabricated with cladding diameters
of >1mm, resulting in inflexible rod type fibres and limiting their ability to integrate into

commercial systems.

The high dopant concentrations and large core areas often seen in microstructured fibre
designs as well as the resulting short device lengths (~1m), lead to higher energy storage
and lower nonlinear effects. Due to these properties microstructured fibres excel in short
pulse operation, with the current pulse energy records (26mJ for single mode output)

obtained with large mode area rod type fibres in MOPA configurations [60].

More recently, detrimental effects associated with the weakly guiding nature of these
fibres have started to emerge, such as thermally induced mode coupling and
instability [61] leading to a threshold like onset of beam quality degradation and higher

order mode excitation.
2.6.2 Single mode propagation within a multimode fibre

Provided mode coupling is sufficiently weak within a low scattering optical fibre, it is
possible to use different launch techniques to couple into a single mode of a multimode
fibre and propagate some distance along the fibre without significant beam quality

degradation.

First demonstrated by Fermann [62] through the use of free space launch and mode
matching into the fundamental mode, propagation of a fundamental mode within a
multimode waveguide was demonstrated. In practice this is a difficult technique to
achieve and imperfect launching results in some excitation of higher order modes, in a
passive fibre this is not a significant issue. However in active fibre amplifiers, where
unsaturated gain within the wings can be significant, this leads to degradation of laser
beam quality. By using high precision fibre fusion splicing techniques it is possible to
negate the need for free space launching and move from a single mode fibre to a

multimode fibre in an all glass format. This can be achieved through the use of a fibre
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taper. Here the larger core fibre is tapered down in diameter so that the mode field
diameters of the two fibres match. At this point the tapered fibre is cleaved and spliced to
the smaller core fibre. This approach is commonly used in combination with distributed
bend loss within solid core fibres to allow near single mode propagation of otherwise

multimode fibre.

2.6.3 Resonance structures for mode filtering

Other novel designs have been implemented such as secondary resonance elements that
match propagation of higher order modes, causing an increased loss for all but the
fundamental [63] or through the use of leakage channel that again provide loss for higher
order modes [64]. However these approaches are less common, and to date published

work has been limited.
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Chapter 3.

Tunable thulium fibre lasers

3.1 Introduction

High brightness sources operating in the 1700-2100nm wavelength range can enable
many potential applications. Medical applications, such as soft tissue surgery [1] and acne
treatment [2], benefit from the increased absorption seen in this band. For materials
processing long wavelength fibre sources allow enhanced processing of polymers, in
comparison to shorter wavelength sources [3]. The 1700-2100nm wavelength range is a
region of rich chemical absorption features and can be used for gas species identification
and determination of atmospheric concentrations [4]. Within the defence community,
there is a great interest in the ‘eye-safe’ wavelength region that thulium allows access to
[5]. This is both for direct applications such as LIDAR [6], but also as a platform for
further wavelength conversion into the mid-IR [7]. In the research environment, access to
high brightness sources in this wavelength range serve as a tool for further laser and
component development. As commercial applications of two micron sources become
more established within industry, there is a growing need for high brightness, wavelength
flexible sources for the characterisation of next generation optical systems. One such
system is the thulium-doped fibre amplifier (TDFA) that is currently being explored in
long wavelength communications [8]. To date, wavelength coverage of this band has
tended to be restricted in availability and/or of a low spectral power density. Low-level
commercial maturity is seen within this wavelength range in comparison to Yb or Er
sources operating in the 10xx nm and 15xx nm bands. This situation is changing, with the
laser community continuing to find advantage in the broad wavelength coverage and

unique spectroscopy of thulium sources.

In this chapter we will look at the range of applications enabled by the broad wavelength

operation of thulium sources. First introducing thulium spectroscopy, then analysing the

35
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potential wavelength coverage and the issues associated with the varying quasi-three-
level behaviour seen in this dopant. We will then review the current state of the art, both
within literature and commercial options for (fibre) sources in this wavelength band.
Finally, we will demonstrate several tunable source architectures, experimentally showing
wavelength coverage from 1660nm through to 2115nm. Extending these results to higher
power levels we also investigate the achievable efficiency of two fixed wavelength
sources, operating at wavelengths of 1726nm and 1950nm with internal slope efficiencies
of 69% and 72% respectively.

3.2 Background

3.2.1 Spectroscopic proprieties

Whilst the thulium florescence from the °F, — *Hg transition can be seen from 1600-
2200nm it is in practice extremely difficult to cover this entire emission band with a
single fibre source. The combination of varying quasi-three-level behaviour as a function
of wavelength (Figure 3.1) and gain saturation effects caused by amplified spontaneous
emission, require trade-offs to be made when attempting to access either the long or short

wavelength components of this band.

—Absorption
—Emission

Cross section (1e-21 cm2)
N
wv

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Wavelength (nm)

Figure 3.1 Absorption and emission cross-sections for Tm:silica, data from: [9,10].
At low excitation levels, signal reabsorption of shorter wavelengths pushes gain to longer

wavelengths where more 4-level behaviour is seen. At higher excitation levels, gain is

dominated by short wavelength ASE preventing longer wavelength operation. As a
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result, to access the shorter wavelengths of the %r, — 3Hg transition, where signal
reabsorption is prominent, high excitation density and short cavity lengths are required.
This is achievable with low thulium doping concentrations and high brightness (core)
pumping. Whilst to access the long wavelength components of the emission band longer
device lengths and lower brightness (cladding) pumping is desired. To highlight this

behaviour we first define the fractional inversion of the two laser transitions as:

N,
F =
N; + N,

(18)

where N; and N, are the population densities for the lower (*Hg) and upper (°F,) laser
manifolds. With the resulting the net gain cross-section:

0(4) = Fa.(A4) — (1 — F)a, (1) (19)

where o,(4) and o.(’,) are the absorption and emission cross-sections at the operating

wavelength A,

The wavelength dependent net gain cross section of the °F, — ®Hg transition in Tm:silica is
plotted in Figure 3.2 for a range of fractional inversion levels. Cladding pumped fibre
lasers with low brightness pumping (generally by 79xnm diode sources) and high thulium
concentrations (to maximise two-for-one efficiency) tend to operate with low excitation
density, operating in the 1900-2100nm wavelength range. Whilst core pumped systems
(generally pumped by high brightness 156xnm fibre sources), tend to have lower dopant
concentrations and much higher excitation density leading to operation in the 1700-

1950nm wavelength range.
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F=1

1900 2000 2100 2200

Wavelength (nm)

Net gain cross section (1e-21 cm2)

F=0

Figure 3.2 Calculated net gain cross sections of Tm:silica over a range of fractional
inversion levels. Successive lines represent increasing fractional inversion levels in

0.1 increments from O (lower curve) to 1 (upper curve).

3.2.2 Applications

3.2.2.1 Chemical sensing and medical use

As we have seen above, the emission band of Tm:silica covers an extremely broad
wavelength range of greater than 1700-2100nm. Because of this broad wavelength
coverage it is an interesting source for spectroscopic characterisation and the targeting of
various species and materials. In the gaseous state, CO,, CH, and H,O all show
absorption features within this wavelength range (Figure 3.3). Using various techniques
of absorption spectroscopy these species can be specifically targeted to allow
concentrations to be determined over short or long distances [4,11-13].
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Figure 3.3 Atmospheric absorption bands of several gas species in concentrations

typically found in the atmosphere, data from: [14].

Within this band liquid water shows a local maximum in absorption at ~1940nm (of
0=120cm™, see Figure 3.4) but also reduces to a local minimum (¢=4.5cm™) at 1700nm.
This is of interest within the medical field, where soft tissue absorption closely matches
that of liquid water and allows a tailoring of penetration depth from ~0.085-2.2mm across
the thulium emission band. This range of penetration depths sits in between that of CO,
sources (~10um) and Yb sources (2-8cm) and can be advantageous for soft tissue cutting
and promotion of coagulation [15]. Thulium sources are also commonly used in

lithotripsy and other urology applications [16].
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Figure 3.4 Liquid water absorption spectra with highlighted sections detailing the

penetration depth across several laser operating windows, data from : [17].
3.2.2.2 172x nm C-H stretch bond absorption

At the shorter end of the thulium emission band strong absorption features relating to C-H
bond stretch resonance (1% overtone) are seen in materials containing hydrocarbons [18].
These features are generally within the 172xnm wavelength range. Within this same
wavelength range liquid water demonstrates a local minimum in absorption, this allows

the preferential targeting of hydrocarbon rich materials.

Laser acne treatment

A promising medical application has been identified to take advantage of this fortuitous
combination, at wavelengths of 1726nm fat/lipid rich tissues within the human body
show local absorption maxima. At this same wavelength, soft tissue shows a local
absorption minima (due to high water content). The result is a situation where lipid
absorption is stronger than that of the surrounding soft tissue, this allows preferential
absorption within lipid rich tissues, such as the sebaceous glands (see Figure 3.5). As
described in [2] this effect can be employed in the treatment of skin conditions such as
acne, allowing the preferential heating of these sebaceous glands whilst leaving the

surrounding tissue relatively unharmed.
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Figure 3.5 Comparison of absorption coefficients for water and fat tissue absorption
within the 900-2600nm wavelength range. At a wavelength of 172xnm, water
absorption shows local minima and within the same range, fat absorption shows

local maxima, from [2].
3.2.2.3 Absorber free polymer materials processing

In addition to the promising medical applications of thulium sources within the 1700-
2100nm wavelength range, organic polymers demonstrate strong absorption features due
to O-H, O-C and C-H bond resonances. Figure 3.5 shows the absorption features of
1.6mm thick samples of several common plastics in the 500 to 2500nm wavelength range.
Here we see prominent absorption features within the thulium emission band. At around
1720nm C-H overtones result in absorption features many times stronger than that of
10xx nm or 15xx nm absorption. At longer wavelengths absorption features due to O-H
bonds are also seen. These prominent absorption features (particularly at shorter
wavelengths) have the potential to allow laser welding and processing of plastics without
the need for absorption enhancing additives [3] . It should also be possible to exploit the
differing absorption features within this range to target specific plastics for preferential

heating via wavelength selection and tuning.
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Figure 3.6 Absorption spectra for several common polymers types (sample thickness
1.6mm), from [3]

3.2.2.4 Thulium as a pump source

Thulium fibre sources have also proved useful for laser pumping of other dopants.
Holmium shows useful absorption features within the thulium emission band from ~1900
- 2000nm for crystal and glass hosts [19,20]. Cr doped laser materials can also be
pumped with thulium sources, allowing access to the 2-3um wavelength range [21].
Proposals have been made for in-band pumping schemes where shorter wavelength
operation thulium fibre lasers are used to pump longer wavelength thulium sources
[22,23]. The advantage of such an arrangement is the low quantum defect between pump
and signal (18xx-19xx>19xx-20xx nm) and may allow significant power scaling. More
recently the very short wavelength operation of thulium (1686nm) has been highlighted
as a potential pump source for Dy:fluoride to allow laser access to 3.7 and 4.7um laser

operation [24].
3.2.3 Tuning techniques for fibre lasers

As we have highlighted above, there is a large application space available for thulium
sources that covers the entire °F, — 3Hg emission band. Because of this it can be
advantageous to operate thulium sources in tunable configurations, this is both for the
range of applications mentioned above and also as an invaluable piece of diagnostic

equipment for component testing and system characterisation.
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There are many options for wavelength selection and tuning within a fibre laser cavity,
the high small signal gain and low thresholds result in a very forgiving architecture and

allow for techniques that would not normally be appropriate in lower gain systems.

Most fibre laser tuning techniques require the movement away from an all fibre cavity,
with the introduction of external cavity free-space components. However, much success
has been had with ‘fiberising’ of these components, where a robust and compact package
is designed to allow the propagating light within a fibre to exit into free space, through a
desired component and then back into the fibre with a minimum of loss and without the
need for any user alignment. Such a high level of sophistication has been achieved within
these packages that they are commonly thought of as ‘all-fibre’ components. Although
many components within the two-micron wavelength range have not reached this level of

integration, the barriers are financial rather than physical.

Here we will review several different tuning techniques relevant to this thesis, and
afterwards cite the relevant work utilising these techniques when applied to thulium

sources.
3.2.3.1 Diffraction grating

Diffraction gratings are commonly used, and widely available, wavelength dispersive
elements; most often found in wavelength diagnostics instruments such as
monochromators. The principle of operation is based on the wavelength dependent
diffraction from a periodic structure. Where the incident light is dispersed in angle,
dependent on both the spatial frequency of the periodic structure and the wavelength of
the incident light. As a wavelength selective element, they have found wide use in fibre
laser sources; this is due to their wide wavelength coverage, commercial availability and
simplicity in wavelength control. The characteristic diffraction equation for a periodic

structure is given by:

mA = d(sinf + sinf") (20)

Where m is the diffracted order and 8 & 6’ are the incident and diffracted angles with
reference to the grating normal and d is the spatial period of the structure. The grating can
be operated in a retroreflective configuration where incident and diffracted angles (of

orders above 0) are equal (Figure 3.7(a)). In this configuration, the so-called Littrow
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configuration, wavelength tuning can be achieved by varying the angle of the diffraction

grating.
mA = 2d(sinf) (21)

Through the use of an additional adjustment mirror it is possible to operate the grating in
a ‘Littman-Metcalf” configuration (Figure 3.7(b)) where the grating angle is fixed and
adjustment of the feedback mirror is used for wavelength tuning. In this configuration,
grating resolution is enhanced through a double-pass arrangement.

Grating Grating

HR

(a) (b)
Figure 3.7 Diffraction grating in (a) Littrow configuration and (b) Littman-Metcalf

configuration.

Depending on the substrate reflectivity and the grating’s periodic structure shape the
diffraction efficiency of a reflective diffraction grating can be upwards of 90% in a

Littrow configuration for a given polarization and design wavelength.
3.2.3.2 Volume Bragg grating (VBG)

Volume Bragg gratings, where a periodic refractive index modulation is written into the
volume of a photo thermal refractive (PTR) glass, demonstrate high wavelength
selectivity and high power handling capability. The glass for these devices shows a broad
wavelength transparency (from 350nm to 2500nm) and high thermal stability [25],
allowing broad wavelength coverage. Relying on Bragg diffraction these elements can be
operated in either a transmissive or a reflective configuration. Due to a relatively large
refractive index modulation and long interaction length, a typical VBG can be very

efficient, with reflectivities of >95% commonly achieved with sub-nm bandwidths. This
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allows compact narrowband wavelength selection without the need for beam expanding

optics. The relationship between operating wavelength and grating period is given by:

/‘{VBG = ZA Ccos 9 (22)

Where, 4 is the period of the index modulation and & is the angle of incidence relative to
the grating normal. Through the use of angle tuning a VBG can be configured as a
wavelength selective external cavity element. Here the reflected beam of the VBG (when
operated away from normal) is back reflected via secondary mirror (Figure 3.8) and
allows a down tuning of the resonance wavelength and a doubling of the VBG
wavelength selectivity.

AAA,

N4 A, VBG

Figure 3.8 Schematic of a reflection type volume Bragg grating in angle-tuned retro-

reflective configuration.
3.2.3.3 Strain tuned fibre Bragg gratings

Fibre Bragg gratings, where a periodic index modulation is now written directly into the
core of a fibre waveguide, are true all-fibre components that do not require any free space
elements. Due to the strong overlap between the index modulation and the guided mode,
as well as long interaction lengths, wavelength reflectivity and selectivity can be very
high; with 99.9% reflectivities regularly achieved and spectral bandwidths in the tens of

picometres. The first order resonance wavelength for a fibre Bragg grating is given by:

Arpc = 2Negppl (23)
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Where ny is the effective index of the propagating mode. During the fabrication process,
some increase in optical fibre absorption is seen, but in well-designed packages FBG’s
can allow power scaling from the 100’s of Watt to the kW level. By changing the
effective Bragg period (n.A) it is possible to achieve a degree of wavelength flexibility.
Often this is accomplished by temperature control or by either straining or compressing
the length of the grating. Strain tuning, where the grating is placed under sufficient
tension to physically increase the separation of the Bragg period, can be used to shift the
operating wavelength to longer values. However, due to the tension experienced by the
optical fibre this method is prone to microcrack formation and can suffer low reliability.
Wavelength shifts of the order of 3% (of Aq) are achievable [26].

Another technique involves the longitudinal compression of the optical fibre containing
the FBG, here the physical separation of the Bragg period is decreased and thus shorter
wavelength operation is achieved. Due to the use of compressive forces rather than
tension, microcrack formation is hindered and results in a higher reliability device with a
wider tuning range. Using this technique over 100nm of wavelength down-tuning has
been demonstrated at an operating wavelength of 1600nm [27], corresponding to a
physical compression of the glass of over 8%. Due to the mounting arrangement required
for reliable compression tuning, effective heat sinking of the FBG is difficult and to date

operation at higher power levels is unproven.

FBG FBG

TSk b

(a) (b)
Figure 3.9 Fibre Bragg gratings in (a) compression and (b) tension tuned

configurations.
3.2.3.4 Acousto-optic tunable filter (AOTF)

An acousto-optic tunable-filter, based on the acousto-optic effect, is an electronically
controllable band pass filter that provides high power handling and rapid wavelength
selection without the need for moving parts. Through the use of an acoustic transducer
driven by an RF input signal, an acoustic wave is formed within a crystal. The

propagation of this acoustic wave leads to an index modulation within the crystal. When
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driven by an appropriate RF frequency, a diffraction grating forms within the medium

and is used to deflect a narrow band of wavelengths into a fixed angle (Figure 3.10).

Acoustic
absorber

N A

I "= = o® o ow o

7
Acoustic
transducer
Figure 3.10 Schematic of an AOTF, defecting X, into the 1% order whilst

transmitting A; & Az in to the 0" order.

A unique property of the AOTF is the angle of deflection of the diffracted beam is fixed
and independent of resonance wavelength. This allows the 1* order diffracted beam to be
backreflected using a static mirror, with wavelength selection achieved by simply

changing the RF drive frequency.

As there are no mechanically moving parts within the AOTF the selection and switching
of wavelength can be much faster than would be possible in a mechanical system, limited
only by the acoustic wave build-up time. Based on the same crystal technology used in
high power Q-switchers, AOTFs are capable of high power handling and high diffraction
efficiency, and due to the large transparency windows of the AO crystals used
wavelength coverage can be extremely broad, often covering over an octave of
wavelength spread. Spectral selectivity of high performance AOTFs can be of the order

of a few nm for near-IR light and can be enhanced by double passing the device.
3.2.4 Review of two microns source wavelength coverage

Within this section we will look at tunable and fixed wavelength sources within the 1700-

2100nm wavelength range, paying particular attention to thulium fibre sources.

The commercial availability of sources within the 1700-2100nm wavelength range has, to
date, been limited, although this is changing. Within the past few years, due to the
increasing availability of components, a number of companies have introduced products
in this area [28-34]. Notable products include supercontinuum sources, where broad

wavelength coverage can be extended through the thulium emission band through to



48 Chapter 3 Tunable thulium fibre lasers

beyond 2400nm [35-37]. For higher output power options also exist for single
wavelength or tunable sources. IPG photonics is perhaps the most developed in this
wavelength range, with tunable Thulium source operating across 1900nm-2100nm at
power levels of up to 50W and fixed wavelength options at powers of up to 200W.
Nufern, originally only supplying thulium doped fibre, now offer a fixed wavelength
1940nm source with power levels up to 40W and Advalue photonics offer a range of
pulsed and CW sources with power levels up to 10W. Fibre coupled multimode bulk laser
sources are also available within this wavelength range and have been primarily intended
for medical applications at power levels of up to 200W [38,39]. The cost of entry for this
wavelength range is dominated by expensive diagnostic equipment and componentry, but
is continuing to fall as the market expands.

Within published literature, a significant amount of work has been demonstrated for both
power scaling and broad wavelength coverage. The current power records for single
frequency and broader linewidth thulium operation sit at 608W [40], demonstrated in
2009, and ~1.1kW [41], demonstrated in 2010, both at a wavelength of ~2040nm. These
results were achieved under cladding pumped operation with 79xnm diode pumps and
operated with slope efficiencies of >50%. For higher brightness pumping with 1567nm Er
fibre sources, Meleshkevich et.al have demonstrated 415W of output power at a 1940nm

wavelength with slope efficiency of ~60% [42].

For wavelength tunable operation, wide wavelength coverage has been achieved in
thulium fibre sources using external cavity configurations. Using a diffraction grating in
Littrow configuration, Clarkson et al. demonstrated a 230nm wide tuning range from
1860-2090nm with up to 7W of output power in a cladding pumped thulium source with
maximum slope efficiency of ~25%. [43]. Shorter wavelength operation was then
demonstrated in [44] with the use of a core pumping configuration. Laser tunability of
this source was over ~250nm ranging from 1726nm-1973nm. High brightness pumping
was provided by a 1565nm pump source, resulting in ~46% slope at the gain peak as well
as much shorter wavelength operation. Highlighting the effect of laser threshold on
operating wavelength within the three level system, Tang et al. [45] demonstrated a
~100nm tuning range using broadband reflectors and changing only the cavity feedback
level. For low feedback levels (4%) laser operation was at 1949nm and by increasing
cavity feedback (to 95%), the operating wavelength was pushed to 2055nm. This effect

was also demonstrated in [46], where a maximum of long wavelength emission at
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2138nm® was achieved with a combination of a diffraction grating and a high level of
optical feedback (R=35%). The approach of external grating wavelength tuning has been
extended in [47] to a master-oscillator power-amplifier (MOPA) configuration. Where
in a cladding pumped amplifier configuration >200W was demonstrated from 1927-
2097nm.

The above demonstrations all rely on free space external cavities for wavelength
selection. ‘All fibre’ solutions have been demonstrated in [48] and [49], with an
electronically controlled Fabry Perot tunable filter and a mechanically tuned fibre-
coupled grating. Both of these demonstrations were limited to sub 100mW output powers,
but show broad wavelength coverage from 1840-2040nm and 1810-2080nm from the two

respective sources.

Demonstrations of fixed single wavelength operation within the thulium gain band have
also shown wide wavelength coverage, generally through the use of fibre Bragg gratings
[40,50-58]. To date demonstrations of short wavelength thulium fibre operation have
been limited. In [44] 2W was shown at a wavelength of 1723nm for 20W of launched
pump power (1565nm) in a slightly multimode configuration. Other than this result only
very low power sources have been demonstrated, with 1740nm operation shown in [51]
(power level not quoted but < 50mW). ImW of output power was demonstrated for single
frequency operation at 1735nm [53] and 1684nm reported in [52]. The output power for

the laser was not reported, but estimated to be of the order of ImW.

From bulk thulium sources wavelength coverage and tunability can be dependent on host
material and dopant concentration, within a YAG host thulium has demonstrated
wavelength coverage from 1870nm-2180nm within several different configurations [59—
63]. Other notable fixed wavelengths demonstrations include 115W & 120W generated
from diode pumped Tm:YAG at wavelengths of 2010nm [64] & 2020nm [65]
respectively. Additionally the shorter wavelength range of the thulium emission band can
be accessed by Er:bulk in a range of different hosts with discrete wavelength operation
at wavelengths within the 1640nm-1730nm range [66—70]

% There is some confusion as to the actual maximum operating wavelength within this paper. With
the conclusion listing 2188nm as the maximum operating wavelength, however this value is not
demonstrated within the results section of the text.
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Using nonlinear frequency conversion, Er:fibre pumped Raman sources have also been
demonstrated within the short wavelength end of the thulium gain band. Vinay et al.
reported 4W of single mode output power at an operating wavelength of 1708nm in a
Raman laser configuration. This was pumped by 11W of 1542nm [2]. Codemard et al.
reported 10.2W at 1660nm, pumped with 21.4W at 1552nm [71].

3.3 Wavelength-agile thulium fibre laser

3.3.1 Introduction

Here we present a thulium fibre laser arrangement with external cavity comprising of an
electronically addressable acousto-optic tunable filter (AOTF) and a broadband reflector
for wavelength control. This simple arrangement allows a broad wavelength coverage
and high power handling capability. As the AOTF is an electronically-controlled
wavelength selective element no moving parts are needed within the laser cavity,
allowing the fast and precise selection of operating wavelength. Moreover, this design
allows for the possibility of selection and switching between multiple simultaneous
wavelengths at speeds that far exceed those possible in mechanically-tuned systems. The
use of an AOTF also allows wavelength selection and sweeping in non-traditional ways.
Mechanically tuned systems must access operating wavelengths in a linear way, with the
sequential selection of increasing or decreasing wavelength. Because of the lack of
moving parts, the AOTF can select operating wavelength in non-sequential formats with
non-linear sweep profiles. As input drive frequency defines operating wavelength,
sophisticated computer control is possible and should allow the more targeted use of

available light.

As mentioned within the background section, to cover the entire wavelength range of the
thulium gain band multiple sources must be used. These target either longer wavelengths
with long device lengths and low excitation densities or shorter wavelength through high
excitation density and short active fibre lengths. Within this section, we first demonstrate
a cladding pumped source, exploring the unique features of the AOFT within the longer
wavelength region of the thulium gain band. This same approach is then applied to short

wavelength operation with core-pumped low concentration thulium doped fibre (TDF).
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The AOTF used within this work was supplied by Gooch and Housego and had an
electronically addressable wavelength coverage from 1200-2200nm with an acoustic
wave build-up time (and optical rise time) of ~ 20us (for 10% to 90% transmission). Its
behaviour was polarisation dependent with a 0-70% diffraction efficiency for a linearly
polarised input. The single-pass spectral selectivity of the AOTF was wavelength
dependent and showed a 2nm (FWHM) pass band when operated at 2000nm. Control of
the resonance wavelength of the AOTF was achieved with a dual channel arbitrary
waveform generator providing the appropriate RF drive signal (between 29-31MHz @
200mW for the 1700-2100nm wavelength range).

3.3.2 Cladding pumped AOTF source

3.3.2.1 Experiential arrangement

The experimental layout is shown in Figure 3.11. A 4-meter length of polarisation-
maintaining thulium-doped active fibre with a 10um core diameter and 130um cladding
diameter was used as the laser gain medium. The fibre had a ~2.2 wt.% thulium
concentration and a core numerical aperture (NA) of 0.15. The active fibre was cladding-
pumped by a fibre-coupled multimode 795nm diode source, which was coupled into the
inner-cladding of the active fibre using the free-space in-coupling arrangement shown in
Figure 3.11. Feedback for lasing was provided by the ~4% Fresnel reflection from a
perpendicularly-cleaved fibre facet at the pump in-coupling end of the fibre. At the
opposite end, an external cavity containing AOTF and HR mirror provided feedback for
the diffracted beam. The fibre facet adjacent to the external cavity was angle-cleaved at
14° to suppress broadband feedback and hence unwanted parasitic lasing between the
fibre ends. The stress rod orientation in the polarisation maintaining active fibre was
carefully adjusted, prior to angle cleaving, so that the fast (or slow) axis was parallel to
the plane of incidence of the angle cleave. This simplified fibre rotation alignment,
removing the need for a waveplate to align polarisation within the external cavity. Due to
the strong birefringence seen in the AO crystal used within the AOTF (TeQ,), the AOTF
served as a linear walk-off polariser within the external cavity and ensured single

polarisation operation across the lasing band.
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795nm Pump

Figure 3.11. Experimental arrangement for the cladding pumped AOTF tunable

thulium fibre laser.
Diagnostics arrangement

A typical diagnostics arrangement for recording laser output power spectra etc. is shown
in Figure 3.12, this consists of an uncoated optical wedge used as a beam sampler with
the bulk of the laser output directed towards a thermal power meter. The use of uncoated
wedge allows access to a ~4% pick-off from the main output and demonstrates only very
week wavelength dependence. These 4% beam samples can then be directed towards
optical spectrum analysers (OSA) and oscilloscope (CRO) enabling the spectral and
temporal behaviour of the laser to be measured. Beam sampling wedges can also be
cascaded to allow further attenuation (0.16%, 0.064% etc.) of the output beam and can

come in use when performing beam quality measurements with higher sensitivity

photodetectors.
Thermal
Laser output  \ '\ S I]*’@E[ meter
—_—
OSA
CRO
N

Figure 3.12. A typical laser diagnostics arrangement, demonstrating average power

measurement as well as spectral and instantaneous temporal measurements.

3.3.2.2 Results

The laser yielded a maximum output power of 5W at 1975nm for 18W of launched pump.

The spectral width of the output was 0.09nm FWHM and the polarisation extinction ratio
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(PER) was 14.5dB. By changing the RF driver frequency to the AOTF the laser could be
tuned from 1917nm to 2115nm with > 4W output power across 1930-2080nm (see Figure
3.13). Further increasing pump power beyond 18W lead to a reduction in the laser tuning
range. This was due the onset of parasitic lasing at the fibre gain peak (1980-2000nm)
when attempting to access the extremities of the tuning range. Threshold pump power
was measured as a function of lasing wavelength by noting the pump power required for
the onset of relaxation oscillations. The latter were monitored with the aid of a fast
photodiode. The results (shown in Figure 3.13(a)) indicate that the minimum threshold
pump power was 1.5 W at 2000 nm and that this increases to ~2.6W at the extremes of
the wavelength tuning range. The increase in threshold at the short wavelength end of the
tuning curve is attributed to increases in the three-level character and, at the long

wavelength end, to a decrease in the emission cross-section.
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Figure 3.13 Laser output power (left axis) and threshold pump power (right axis)

versus lasing wavelength

Under fixed wavelength operation the output of the fibre laser was continuous-wave
(Figure 3.14), with no evidence of self-pulsing regardless of the operating wavelength.
An advantageous feature of the simple linear cavity arrangement used in our experiments
is that the inversion clamped at a safe level when the AOTF was switched off. When no
feedback from the external cavity is present, parasitic lasing is able to reach threshold and
occurs between the fibre end facets of the cavity. The large difference between the
effective feedback reflectivities for the perpendicular facet and angled facet, cause most
of the power generated by parasitic lasing to exit the cavity via the AOTF zero-order. The

ratio of output powers between two laser output couplers can be described by
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%= i_il \/% for a laser in the saturated regime [72]. We estimate the feedback
2 —R2 1

reflectivity (R2) of the angle cleave to be ~ 10®° %. This coupled with the relatively high
4% feedback from Fresnel reflection lead to the majority (>95%) of laser output under
parasitic operation to be directed towards the angle cleave and eventually dumped by the
AOTF. This inversion clamping behaviour reduces the likelihood of catastrophic damage
due to self-pulsing events and allows the AOTF to be operated at a low duty cycle
without detrimental consequences. We investigated this behaviour by driving the AOTF
with a 50% duty cycle and 100Hz switching frequency. Figure 3.14(b) shows the time
profile of the laser output. As can be seen during the ‘off’ period, minimal light is
directed towards the laser output and in the ‘on’ period the laser quickly settles down to
CW behaviour. Figure 3.14(c) shows a close-up of the laser turn on dynamics. Following
an initial period of relaxation oscillation (~20 us) the laser output quickly settles down to
CW behaviour.

Figure 3.14 Oscilloscope traces of laser output under, (a) CW operation (200us/dev).

(b) Laser switching behaviour for 100Hz on-off modulation (2ms/dev). (c) Close-up

of laser turn on dynamics showing initial relaxation oscillation of ~20ps (40us/dev).

By driving the AOTF with multiple RF signals it is possible, in principle, to provide
resonance for more than one wavelength within the external cavity. To investigate this
behaviour, we used the dual channel output of the function generator to simultaneously
drive the AOTF with two different RF frequencies and thus provide resonance at two
wavelengths simultaneously. Under this mode of operation we could indeed demonstrate
lasing at two independent wavelengths. Figure 3.15 shows the laser operating at 1960nm
and 2010nm simultaneously with approximately equal output powers. The relative
powers in the two lasing lines are adjusted by simply changing the RF drive power of

each channel. In this way it was possible to produce an arbitrary ratio of powers between
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the two wavelengths, compensating for the wavelength dependent gain in the fibre gain

medium.

Figure 3.15 Laser output spectrum showing dual lasing operation with 1;=1960nm
& 2,=2010nm.

As the separation of the two lasing wavelengths is decreased, beating between the RF
signals used to drive the AOTF lead to complicated laser behaviour. Figure 3.16 shows
the effect of decreasing wavelength separation (and hence RF drive frequency separation)
on the temporal behaviour of the laser output. For wavelength separations above ~40nm
we see simple CW behaviour. However, as separation is decreased below 40 nm a
periodic modulation of the output power was observed with the modulation depth
increasing and modulation frequency decreasing with decreasing wavelength separation.
For a wavelength separation of 30nm a modulation frequency of ~500kHz is seen. Whilst
for 10nm separation this decreased to < 200kHz. This behaviour arises due to the beat
frequency of the RF signals falling within the AOTF response time as the RF frequency
spacing decreases. As the wavelength separation of excited wavelengths decreases, the
beat frequency between the RF signals also decreases, and eventually falls within the
frequency response of the AOTF. This leads to a modulation in diffraction efficiency of
the AOTF and eventually manifests as a modulation of the laser output via cavity ‘Q’
switching. This behaviour could be avoided by using multiple AOTFs, allowing

simultaneous lasing on lines with greater flexibility in the wavelength separation.
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Figure 3.16 Right-to-left, oscilloscope traces of laser behaviour in the time domain
for dual wavelength operation and decreasing wavelength separation (10us/div). CW

operation is seen for wavelength separations above 40nm.
3.3.3 Core pumped AOTF source

3.3.3.1 Experiential arrangement

In order to access the shorter wavelength side of the thulium gain band a core pumped
system was constructed, this contained the same external cavity arrangement as used in
the cladding-pumped system; however the 2wt% active fibre was replaced with a 0.2wt%
thulium concentration fibre. The fibre had core and cladding dimensions of 6/125um
(diameter) and a core NA of 0.20. The active fibre device length of 1-meter provided
approximately 18dB pump absorption. This fibre was end pumped with a single mode
1565nm source with up to 7W of output power. Pump in-coupling and signal out-
coupling was achieved with a free space arrangement configured with a relay imaging
arrangement. A dichroic mirror was used for separation of signal and pump. A passive

fibre lead-in (SMF28) was spliced to the active fibre and was used to reduce thermal load

(D, 5\

T 'J - ,b

at the pump in-coupling point.

17xx-19xxnm A Passive SMF
lead-in

1m 6/125 0.20% TDF

Figure 3.17 Core pumped short wavelength AOTF tunable thulium source.
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3.3.3.2 Results:

At a launched pump level of 6.8W wavelength tunability from 1700-1970nm was
achieved, with greater than 1W of output power seen when tuning from 1720-1950nm. At
the power maxima of 1800nm the fibre showed a slope efficiency of 30%.

25
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Signal output power (W)
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1650 1700 1750 1800 1850 1900 1950 2000
Wavelength (nm)

Figure 3.18 Core pumped thulium laser tunability for 6.8W of launched pump power

Here we can see the combination of high brightness core pumping and lower thulium
concentration has resulted in much shorter wavelength operation of the tunable source.
This is due to the higher excitation density and the shorter device lengths needed resulting
in reduced signal reabsorption at the shorter wavelength portion of the thulium emission
band.

3.3.4 Wavelength combination

Within this section we have demonstrated wavelength coverage from 1700 to 2115nm
from two independent fibre gain stages, with 1700-1970nm tunability achieved with high
brightness pumping and short cavity lengths and 1915-2115nm achieved with lower
brightness cladding pumping. For many applications it is desirable to access this entire
wavelength range within a single output. With this in mind, several steps have been taken

to allow the spectral beam combination of the two fibre sources.

As a future extension to this work, a proposed layout allowing combination of these
sources is shown in Figure 3.19. Here we spectrally combine the output of the two gain
stages using dichroic mirrors. This arrangement has the advantage of needing only one

external cavity tuning element, and should allow the seamless transfer from one laser gain
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stage to the other. This arrangement will enable watt level output powers to be achieved

across a 400nm wavelength range, controlled by a single AOTF drive signal.

1700-2100nm

17xx-19xxnm

—— AT =D
' 1m 10/125 0.20% TDF .
1 1
1

1
: ' HRS

1
| -/

4m 10/125 2.2%wt TDF

Figure 3.19 Diagrammatic layout of the purposed dual gain stage spectrally

19xx-20xxnm

combined fibre source.

Due to time constraints the above configuration is yet to be realised experimentally,
however a custom run of bandpass filters has been commissioned (Figure 3.20) and
successfully tested within the group. With the combination of two external cavity
wavelength swept sources (one cladding pumped and one core pumped) more information

on this source can be found in [73].
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Figure 3.20 (a) Spectral transmission properties of the commissioned band pass
filters, the precise cut-on band of the filters can be fine-tuned via angle control. (b)
Normalised tuning bands of the two gain stages demonstrating the possibility for

over 400nm wavelength coverage
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3.4 Compression tuned FBG for ultrashort wavelength thulium

operation

Within this section we look at the extreme lower wavelength limits of the thulium °F, —
%H, transition. Here a core pumped configuration was constructed with a compression
tuned FBG for wavelength selection (Figure 3.21). By replacing the external cavity
tuning arrangement with an all-fibre solution, higher efficiency wavelength-dependent
feedback is achieved. This is due to the high reflectivity of the FBG arrangement as well
as much lower coupling losses associated with the fibre fusion splices. The estimated
feedback efficiency of this arrangement is ~90%, this is in comparison to the externally-
tuned cavity operating at an estimated 40% efficiency. The high efficiency of this
compression-tuned arrangement comes at a cost of limited wavelength tunability and
potently limited power handling (due to the compression mounting arrangement). Within
the following experiment, a Bragg grating with central wavelength of 1726nm is tuned
down to 1660nm without damage, providing sufficient wavelength coverage to be limited

by the gain of dopant rather than the tuning element.
3.4.1 Experimental arrangement

We constructed an all-fibre cavity for these short wavelength experiments, containing a
compression-tuned fibre Bragg grating (constructed by M. Ibsen) to provide wavelength
selective HR feedback and terminated at the opposite end with flat cleave for laser output
coupling. The central wavelength of the FBG in its uncompressed state was 1726nm with
a specified reflectivity of >99.9%. The active fibre had a thulium concentration of
0.2wt%. and core and cladding diameters of 10/100um respectively. The core NA was
0.13 and thus operated in a single mode for both the pump and signal wavelength. This
active fibre was core pumped with a commercially available 1565nm source. Pump
coupling provided by a custom ordered filter type WDM (AFR), containing a dichroic
mirror rather than a fused fibre coupler as would normally be used. The use of a dichroic
filter within the WDM allowed broadband operation and a sharp transition between pump
and signal wavelength. The WDM operated to combine 1565nm pump light with signal
light operating at 1650-2100nm. Due to the limited specified power handling of the
WDM, a maximum of 4.5W of pump light was incident. At this pump power. 4.05W was

coupled into the active fibre. At the laser output residual pump light unabsorbed by the
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active fibre was separated from the signal light using a dichroic mirror of 95% reflectivity
(at pump wavelength). All signal power measurements were corrected for residual pump

levels. The experimental layout of this cavity is shown in Figure 3.21.

m O 4% feedback
WDMP>$

Dump _ P - - >
«- - ,I—H-\-[-{-\-\- 10M10um TOF (o
FBG
Figure 3.21 Experimental layout for compression tuned short wavelength thulium
fibre laser.
3.4.2 Results

After an initial fibre cutback a 0.6m length of active fibre was chosen for these
experiments. This allowed maximum wavelength tuning without the onset of parasitic
lasing when operating at the wavelength extremes. The fibre Bragg grating was
compression tuned from an initial wavelength of 1720nm down to 1660nm in 5nm
increments. Over this wavelength range the maximum laser output power and pump
power at laser threshold were recorded (Figure 3.22). At a maximum launched pump
power of 4.05W the laser produced 1.5W of signal output at a wavelength of 1720nm. At
this wavelength unabsorbed pump power was 0.53W. When tuning to shorter
wavelengths laser threshold continually increased to a maximum value of 3.6W of
launched pump power (2.4W absorbed). This was at a remarkably short lasing
wavelength of 1660nm. Due to the relatively high threshold and limited power handling
of the WDM, output power at this wavelength was limited to 65mW.
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Figure 3.22 Pump threshold (left axis) and maximum out power (right axis) over a

range of operating wavelengths.

The laser slope efficiency was measured at 20nm increments from the uncompressed
FBG wavelength of 1720nm downwards, the results of which are shown in Figure 3.23.
The laser demonstrated slope efficiencies of 47% (56%), 40% (51%) and 26% (36%)
with respect to launched (absorbed) pump power, at wavelengths of 1720nm, 1700nm
and 1679nm respectively. At these wavelengths, when operating with maximum pump

power, pump absorption was 87%, 79% and 70% of total launched power.
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Figure 3.23 Laser slope efficiency for 1720nm (blue diamond), 1700nm (red

squares) and 1679nm (green triangles)

The laser output spectrum across the laser tuning range is shown in Figure 3.24. Here we

can see a >40dB signal level above ASE background. These measurements confirm the

absence of parasitic lasing even at the shortest operating wavelength.
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Figure 3.24 Laser output spectra across the tuning range from 1660nm to 1720nm
demonstrating a >40dB height above ASE background (as measured with a 2nm

spectral resolution).
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These results represent the shortest wavelength operation or tunability of a thulium doped
fibre laser within the published literature. This surprisingly short wavelength operation is
enabled through the high efficiency of the compression tuned feedback arrangement.
Here we can see a 40nm extension to the short wavelength operation of the thulium cavity
in comparison to the AOTF tuned case. By utilising high efficiency feedback we are able
to lower the pump threshold power at these short wavelength ranges and suppress the
onset of parasitic lasing. Strong three-level laser behaviour is seen when operating in this
short wavelength range and this is demonstrated by the saturation of pump absorption at
the shorter wavelength end of the laser tuning curve, indicative of the high excitation
density needed to reach transparency.

3.5 High efficiency 1950nm & 1726nm fibre sources

FBG’s offer a robust monolithic solution for discrete wavelength selection and allow
higher levels of feedback than are possible in external cavity configurations. Through the
use of all fibre components system integration and power scaling are greatly simplified
and allow the quick construction of high performance sources.

Within this section we demonstrate two core pumped sources operating at wavelengths of
1951nm and 1726nm. Using Bragg gratings spliced directly to the active fibre, we are
able to construct these sources into monolithic cavities operating close to the quantum
defect limit. The same in-house fabricated TDF was used within these experiments as was
used in the previous section. Two fibre Bragg gratings, purchased from an external
vendor, are used in the following experiments. The FWHM bandwidth of these FBG’s
were ~0.5nm at central wavelengths of 1951.1nm and 1726.4nm with reflectivities of
95% & >99% respectively. These gratings were written directly into the core of a length
of SMF-28e (corning) and demonstrated single mode behaviour at both the signal and
pump wavelengths. We remove the need for discrete WDM within this cavity by
pumping directly through the FBG. This increased pump coupling efficiency as well as
system power handling. The cavity is formed by either the short or long wavelength FBG
spliced to the active fibre, providing HR feedback, and output coupling is provided by 4%
Fresnel reflection. Approximately 1m of active fibre was used as the laser gain medium.
Splice loss between the active fibre and FBG was estimated to be ~2% at an operating

wavelength of ~1950nm.
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Figure 3.25. Experimental layout of monolithic all fibre source

3.5.1 Results

For an incident pump power of 20.9W, 14W of signal light was obtained at the laser
operating wavelength of 1951nm corresponding to an optical to optical efficiency of 67%
and slope efficiency of 69% (launched). At an operating wavelength of 1726.4nm output
power was slightly reduced to a maximum power of 12.6W and slope efficiency of 63%.
Single mode output was taken directly from the active fibre, threshold for the two sources

was < 1W.
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Figure 3.26 Fixed wavelength Laser performance, blue diamond’s show 1951nm

wavelength operation and red squares show 1726nm output.

When operating with either FBG, the laser demonstrated a narrowband output at a
spectral width of <0.07nm, a high-resolution spectral trace of 1951nm operation is shown
in Figure 3.27. At low pump powers, self-pulsing was present in both sources but
decreased in modulation depth as pump power was increased. An oscilloscope trace of
laser output at maximum pump power and 1951nm wavelength operation is shown in
Figure 3.27. Here we can see a ~+/-5% ripple at microsecond rates. For 1951nm

operation no evidence of ASE was seen at full pump power, with an optical signal to
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noise level of >70dB measured. At 1726nm ASE power increased slightly but still
maintained an optical signal to noise level of greater than 60dB (as measured at a 2nm

spectral resolution).

(@) (b)

Figure 3.27 (a) 1951.1nm Laser output stability at 11W output power showing +/-

5% short term variation in output power , 1s/dev. 12.5ks/s (b) laser output spectrum
showing emission at 1951.5nm with a 0.06nm FWHM spectral linewidth and no

evidence of ASE with a signal to noise ratio of >70dB.

3.6 Conclusion

We have investigated the wavelength coverage of thulium doped silica fibres under core
and cladding pumped configurations, highlighting the effects that the varying quasi-three
level nature of the °F, — ®Hg transition have on laser emission behaviour. With two
different tuning techniques, we have achieved wavelength coverage of 454nm from
1660nm-2115nm.

In a cladding pumped configuration with 2.2wt%. thulium concentration and an external
cavity containing an electronically addressable AOTF we have demonstrated > 4W of
output power from 1930nm-2080nm. In a core pumped configuration with the same
tuning element we show >1W of output from 1720-1950nm. These values correspond to a
spectral power density of over 3-orders of magnitude greater than commercially available
supercontinuum sources. Due to the electronically controllable nature of the AOTF, this
laser configuration offers a high degree of flexibility in both operating wavelength and
duty cycle. We demonstrate this with the dual wavelength operation of a cladding

pumped thulium source, with the individual lasing wavelengths controlled digitally. We
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also demonstrate low duty cycle operation of this source with a fast rise time and low off
state light leakage. The combination of high power, flexibility in operating wavelength
and very high spectral power density afforded by this approach should benefit a range of
applications in sensing, spectroscopy and component characterisation as well as proving a

platform for nonlinear frequency conversion to the mid-infrared wavelength range.

We extended the short wavelength operation of a core pumped thulium source through
the use of a high efficiency compression tuned FBG, allowing laser operation from
1720nm down to 1660nm. This tuning range represents the shortest wavelength operation
of a thulium source operating on the °F, — Hj transition within published literature.
Output powers in this tunable configuration were limited by power handling of the filter
type WDM, but an initial slope efficiency measurement of >35% close to threshold (at
1680nm) suggest that reasonable conversion efficiencies should be possible. By moving
to a fixed wavelength operation it was possible to remove the need for discrete WDM,
allowing pumping directly through fixed wavelength FBG’s removing the damage
limitations of the previous WDM. 1950nm &1726nm wavelength operation was
investigated in this configuration, with 14W & 12.6W achieved at internal slope
efficiencies of 72% & 69% respectively. Again, the output power of 12.6W at 1726nm
represents the highest reported value within literature. Several applications have been
highlighted for short wavelength thulium operation, including the targeting of C-H
resonances at 172xnm. With the potential to be a very large application space, its use in
dermatological applications such as the treatment of acne [2] and for absorber free laser
processing of polymers [3] has great commercial potential. At still shorter wavelengths,
the pumping of Dysprosium fluoride fibres at 1680nm for direct laser operation in 3400

& 4500nm wavelength bands [24] is another attractive application.
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Chapter 4.
Temporally incoherent fibre

Sources

4.1 Introduction

Amplified spontaneous emission (ASE) sources can offer broad bandwidths and low
temporal coherence whilst still possessing high spatial coherence and brightness. Such
superluminescent sources are of great use for a number of applications. Within the white
light interferometry and optical coherence tomography (OCT) sectors the excellent
temporal stability and wide wavelength coverage of these sources have ensured wide
adoption [1,2]. In this chapter we will present several different techniques for the
generation of broad bandwidth ASE light, studying in detail the generation of pulsed ASE
light in Q-switched fibre sources. We will then apply this pulsed ASE source to the
generation of a broad wavelength band through supercontinuum generation via a simple,
low cost, highly nonlinear fibre. Finally, we investigate the suppression of modal

interference in multimode amplifiers using this broad bandwidth seed source.

The typical approach for the generation of broadband ASE light is through suppression of
feedback in a high gain laser medium. Here the total feedback of an optical cavity is
reduced to a level at which round trip gain is less than unity. By doing so, any
longitudinal mode generation (through resonator feedback) is suppressed and the cavity
output is a broadband amplified spontaneous emission. Generally the spectral output of
these sources is simply determined by the gain bandwidth of the lasing material.
However, for some applications it is desirable to enhance wavelength coverage of some
spectral regions at the cost of others, or to modify the spectral shape or flatness of the
source [3,4]. The most direct approach to achieve this wavelength control is through

wavelength selective feedback to the ASE source. However, a trade-off must be made

73
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between the desire for strong wavelength control and the need to maintain low enough
levels of feedback to suppress parasitic lasing. These issues mean it is more common to
spectrally filter the ASE light after generation rather than shape it with an external

feedback arrangement.

Within this chapter we explore the use of pulsed fibre sources rather than feedback
suppression for ASE generation. It is possible to use the fast dynamics of a Q-switched
fibre source as a means of generating ASE light. This is due to a high small signal gain
and resulting fast pulse build-up time seen within a fibre cavity when operated in Q-
switched mode. Here, longitudinal modes do not have time to become established before
the pulse energy is extracted from the fibre. This approach to ASE generation has the
advantage of relying on cavity dynamics rather than feedback suppression at the output of
the source, allowing for much higher levels of feedback and resulting in strong spectral

control and higher extraction efficiencies.

Before describing this behaviour in more detail, we must first clarify what is meant by Q-
switch in such an arrangement. Strictly speaking, Q-switching implies resonator
behaviour, however within this work we use the term Q-switching to describe a
modulation of round trip cavity loss, this definition is more in line with common usage
within the fibre laser community and is therefore maintained here for simplicity. A

conceptual layout of a Q-switched fibre source is shown in Figure 4.1.

In the ‘off” state of a Q-switched fibre source, cavity feedback is suppressed and
inversion builds up within the gain medium. High levels of inversion lead to amplified
spontaneous emission within the cavity, which is directed towards the cavity end with
lowest feedback, in this case towards the Q-switch. This ASE light is then dumped by the
off-state Q-switch. Eventually, for continued pumping, this increasing ASE will clamp
cavity inversion and the source will behave like that of a feedback suppressed ASE
architecture. When the Q-switch is then transferred into the ‘on’ state, this nominally
dumped ASE light is fed back into the cavity. Here, due to high levels of inversion, this
ASE light is strongly amplified through several round trips of the cavity. Eventually this
light becomes sufficiently intense to saturate the gain and a pulse is extracted [5]. Due to
the low number of round trips required to reach this saturation, longitudinal modes do not
have time to become established before pulse extraction; and the output is simply a time

gated amplified spontaneous emission. Here the difference to a standard feedback
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suppressed ASE source is the larger number of round trips for amplification. This enables
much higher extraction efficiency for a given pump power and reduces any excess gain
that could lead to parasitic lasing. Within this picture we can think of a Q-switched fibre
source as a self-seeded multipass amplifier rather than a traditional laser source. The
above picture is in comparison to a lower gain system such as a more traditional bulk
laser, where ASE is generally less of a contributing factor and pulse energy extraction is

achieved after longitudinal mode formation and a large number of round trips.

Todump AOM
(no feed(back) off 4%

o Active fibre
Highly reflective gain medium
feedback mirror

Figure 4.1 Conceptual layout of a typical free space Q-switched fibre laser cavity

with acousto-optic modulator (AOM)

As this fibre cavity behaves like a multipass amplifier, seeded by broadband ASE light,
we can use spectral control within the feedback cavity to define the spectral bandwidth or
the central wavelength of any back reflected light. As this spectral shaping and filtering is
used during the initial pulse formation, only low levels of light are lost. Here no
significant power penalty is incurred from this wavelength control. This approach allows
the spectral shape of the emitted ASE light to be controlled with a high degree of fidelity
without affecting the source efficiency or output power. On top of this, the relatively
high levels of optical feedback for this cavity result in high extraction efficiencies and
reduced sensitivity to back reflection from downstream components. This is in
comparison to feedback suppressed ASE sources that show high sensitivity to back

reflection and require protection with high performance optical isolators.

4.2 Background

Under steady state conditions the emission from a laser oscillator is made up of a number
of longitudinal modes or discrete wavelengths, with the spacing between adjacent modes
given by A%/2nL. Interference effects similar to that of a Fabry—Pérot interferometer lead

to this discrete mode formation within the resonator. Here preferential lasing occurs at
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wavelengths resonant with the cavity. On top of this mode formation is the spectrally
dependent gain of the lasing material. The result of these two effects is a laser emission
showing a series of regularly spaced wavelengths with a broader band wavelength
envelope. An ASE source on the other hand, does not contain longitudinal modes and is
simply a continuous spectra defined by the emitted envelope. This can be achieved
through the suppression of Fabry—Pérot resonator effects, where in the simplest case the
round trip gain of the cavity is reduced to less than unity. Here the cavity experiences a
net loss for any oscillating light and so these resonator interference effects are no longer

present.

In this picture, for any significant amount of ASE light to be generated, the small signal
gain must be very high. This favours waveguided sources, where small transverse

dimensions and high spatial overlap between inversion and guided mode is seen.

Feedback provided Feedback suppressed by
by OC facet angled facet

) > N >

(a) (b)
Figure 4.2 Spectral emission behaviour of a Laser (a) and ASE (b) source,

demonstrating longitudinal mode formation in (a) and suppression in (b).

In order to suppress lasing within such a cavity, we must ensure that high levels of output
coupling are present. For the extremely high gain seen in typical fibre sources this means
that even the feedback from the ~4% Fresnel reflection (present at the glass air interface)
must be suppressed. Several different approaches have been developed to achieve this
aim. Typically feedback suppression within waveguides can be split into two categories.
Firstly, suppression of this Fresnel reflection can be achieved through the use of anti-
reflective coatings at the air/waveguide interface. Secondly, techniques can be used to
suppress the recoupling of the back reflection, rather than suppressing the reflection itself.

Within a fibre waveguide this can take the form of angle cleaved end facet, where the
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resulting tilt placed on back-reflected wavefront significantly lowers its effective
coupling efficiency. The use of angle cleaving can be remarkably successful, with levels
of feedback suppression typically in the range of >50dB (loss) for angle-cleaved or
polished facets. The lower limits of feedback suppression are ultimately governed by

backscatter within the fibre itself.
4.2.1 Prior demonstrations of high power ASE sources

Typical demonstrations of ASE sources are in the 10’s to 100’s of mW level and are
considered standard pieces of equipment within the telecoms industry. However if non-
standard wavelengths or high power levels are desired sources must generally be
constructed in-house. Within the literature there have been several prominent
demonstrations of high power or high configurability ASE sources. Demonstrations
utilising Yb doped fibre hosts are the most developed within this area. In 2006 Wang et.al
[6] demonstrated 110W of output power within a 37nm bandwidth with a dual ended
output. The slope efficiency was 67% and the beam quality of this source M?=1.6. Later
this work was extended to single ended operation at power levels of 62W and amplified
to 120W [7]. Both of these demonstrations represented significant power scaling in
comparison to previous works [8,9] and were enabled by a novel twisted fibre feedback
suppression scheme. A similar approach was applied to thulium doped active fibre
in [10]. The output of this source was single ended with up to 11W of ASE light centred
at 1950nm. In this work a spectral bandwidth of 280nm was demonstrated at low power
levels (~mW), however the bandwidth quickly narrowed to ~30nm for increased pump
power. Again the approach taken in this work was feedback suppression through angle

cleaving.

The above demonstrations highlight the significant power levels that can be achieved in
fibre based ASE sources. However, the reliance on such high levels of feedback
suppression and the use of free space configurations is non-ideal. In order for these
sources to demonstrate practical application, it is desirable to move to a more fiberized
solution. With this in mind demonstrations of all-fiore MOPA configurations have
produced very impressive results. With up to 1.1kW of ASE output demonstrated at an
operating wavelength of 1030nm [11,12]. More recently all fibre configurations have also
been demonstrated at longer wavelengths, with 25W of output power centred at

2000nm [13]. Both of these demonstrations consisted of low power ASE seeds that were
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then amplified through several gain stages to the desired power level. In the case of [11]
this required a total of 5 amplifier stages to reach an output power of 1.1kW. The reason
such a large number of amplifiers were required was the need to maintain low power
levels in the ASE seed and ensure suppression of parasitic lasing. In addition to this the
authors also used spectral filtering after ASE generation, leading to strong seed

attenuation.

As mentioned in the introduction, it is of interest to control the operating wavelength of
these ASE sources. Several different approaches can be taken to achieve this. Spectral
filtering after ASE generation is straightforward to achieve but must come at the cost of
output power. Other approaches have been successfully implemented using intracavity
wavelength control [14-16]. For example, the use of an external feedback arrangement
containing a diffraction grating for wavelength control [16]. Within this arrangement,
light is spatially dispersed by the diffraction grating and an array of variable height metal
pins are positioned to attenuate the dispersed spectrum. By changing the height of an
individual pin, the level of aperaturing, and hence attenuation, of different wavelength
components can be controlled. This allowed the authors to ‘flatten’ the back reflected
ASE light, moving from a bandwidth of ~30nm to 62nm. The approach of intracavity
wavelength selection is versatile and does not require the sacrificing of efficiency. The
main limitation of spectral control in feedback suppressed sources is the balance that is
required between sufficient feedback for wavelength control and the suppression of
parasitic lasing. This is demonstrated in the above result, where output powers were

limited to <100mW before the onset of parasitic lasing.

Here we see both the impressive results that can be achieved with fibre-based ASE
sources, but also the limitations imposed by their high sensitivity to feedback. As
mentioned in the introduction, Q-switched fibre lasers can be used as an alternative to
feedback-suppressed ASE sources. When operated in a high gain regime, and provided
Q-switched gate operation is sufficiently fast, they can be an efficient and robust source
of pulsed ASE light. The advantage of this arrangement is the ability to use a relatively
high cavity Q. Here we are no longer relying on feedback suppression for ASE generation
but rather exploiting cavity dynamics. With this pulsed arrangement, ASE can be
produced with relatively low sensitivity to back-reflections from downstream
components. In addition to this, due to the higher levels of feedback, more efficient power

extraction is achievable in comparison to feedback suppressed sources. W.ithin the
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experimental section of this chapter we will explore this behaviour. Investigating the
number of round trips required for pulse formation as well as the application of spectral
control within the Q-switched cavity.

4.3 Applications of broadband sources

This section provides the background motivation for the two applications that will later be
experimentally demonstrated within this chapter. First we will look at long wavelength
optical coherence tomography, where the high peak powers and broad wavelength
coverage enabled by this pulsed ASE source allows high-resolution depth measurements
of semi-transparent samples. We will then look the effects of modal interference within
multimode fibres, experimentally demonstrating the suppression of these detrimental

effects by use of an ASE source with a broad operating bandwidth.
4.3.1 Coherence length and optical coherence tomography

Optical coherence tomography (OCT) is a non-destructive technique that allows high
resolution, volumetric images to be constructed through the depth scanning of a semi-
transparent medium [17]. This is achieved using white light interferometry, where
through the collection of many depth scans a three-dimensional picture is formed of a
sample under test. The most prominent use of this technique is within the medical sector,
where it is commonly used as a tool to allow non-destructive volume mapping of various
biological samples, such as the human eye. Whilst primarily a tool for the medical sector
OCT has found use within many other fields [18-21], such as the recent demonstration of

the analysis of individual layers of a multi-layer stacked grin lens [22].

In the most basic sense, an OCT system is simply a Michelson interferometer with a
variable length reference arm and fixed sample arm (Figure 4.3). When interrogated with
white light, interference fringes will only form when the two arms have matching length.
The coherence length of the interrogating light source defines the degree to which these
two arms must match and thus the resolution of the technique. If a sample with multiple
layers is inserted into the interferometer, interference between the sample and reference
arm will occur at several different positions. By recording the position of the reference
arm when these interference events occur, the position of the individual layers within the

sample can be found.



80 Chapter 4 Temporally incoherent fibre sources

4.3.1.1 The Michelson interferometer
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Figure 4.3 Conceptual layout of a Michelson interferometer. S, denotes the incident
light source, L; & L, are the relative path lengths of the sample and reference arms

respectively and D is a photodiode used to monitor transmitted power.

The optical path length difference between the sample and reference arms of the above

interferometer is given by:
A=2(L,—Ly) (24)

For monochromatic light, translating the length of L, will result in a sinusoidal intensity
change as described by [23]:

I(A) = 11 + 12 + 2“ 11]2 COS(koA) (25)

where, 1; and |, are the initial intensity in the two arms of the interferometer and 4, is
wavelength of incident light. In reality the incident light will have a non-zero bandwidth,

which for the sake of simplicity we will describe by a Gaussian function:

2
I1(k) = Iyexp — <%> (26)

where Ak=2r AL / 2% is the full width of the spectral bandwidth at half maximum
(FWHM) and A, the central wavelength of the source.

With this source now used to interrogate the interferometer, the resulting intensity profile

with respect to path length mismatch is given by:
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Ak * A2
1(A) =1+ 1, + 2\/I;1,exp — (—) cos(kyh) (27)

2VIn2
We can now define the coherence length L. of the light source as the value of 4 at which

the interferogram drops to half its maximum, i.e.

2In(2) A3 0.44 23
L = — = *

~ — 28
¢ AL n Al (28)

From Eq.(27) we can see that rather than a continuously oscillating function, the intensity
of the interference pattern now decays with a Gaussian shape as the reference arm is
scanned. The bandwidth of the source, as well as its central wavelength, dictate the rate at
which this Gaussian envelope decays. These two values define the coherence length of
the source, as seen in Eq.(28). The coherence length of the source scales as a function of
wavelength squared and is inversely proportional to bandwidth. From this we can see that
short wavelengths and broad bandwidths are desirable to reduce coherence length, and

thus increase the resolution of the technique.

Figure 4.4 plots the behaviour of two white light sources with Gaussian spectral shape.
Bandwidths are 50nm and 100nm FWHM, both with a central wavelength of 21000nm. As
can be seen the FWHM of this interferogram is ~9um for AA=50nm and ~4.4um for
AX=100nm, corresponding to the coherence length of the two sources. From this we can
see that two points must be separated by greater than the coherence length if they are to

be individually resolved.
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Figure 4.4 Expected intensity profile on detector for a Gaussian shaped input
sources and scanned reference arm. With spectral bandwidths of AA=50nm (blue) &

AX=100nm (red) and central wavelength of Ag=1pum.
4.3.1.2 Long wavelength OCT for art conservation

Within galleries containing historical works, a constant maintenance program must be
carried out to maintain the appearance and ‘health’ of these important works. This is due
to aging of protective varnishes and deterioration of previous restoration process. Typical
restoration and maintenance process are time consuming and labour intensive. The
original components of the painting need identification before restoration can be carried
out and this is often dependent on the skill and experience of the restoration worker.
Maintenance processes can include the removal of old varnish layers through mechanical
and chemical means as well as identification of previous restoration attempts. Towards
this aim, a range of different techniques are employed including the use of x-ray and
infrared imagery. A promising application of OCT is in the analysis of these features,

allowing a sub-surface look within the paintings.

The use of OCT to augment existing diagnostics as well as allowing further identification
of individual layers of these paintings is of great interest. Figure 4.5(i.a) shows an
example of OCT applied to this application. Taken with a 900nm central wavelength
source, the letter ‘A’ on the image marks the area under test. Figure 4.5(i.b) shows a
microscope image of the painting (taken destructively) and Figure 4.5(i.c) shows a two-

dimensional OCT line scan of the painting within the same region.

Current commercial options for OCT are non-ideal for imaging paintings. The commonly

used pigments within these works tend to lack transparency within both the visible and
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short wave infrared. Whilst opaque at shorter wavelengths, a large proportion of these
pigments show higher levels of transparency when moving to longer wavelengths.
Analysis of commonly used pigments for absorption and transmission properties has
identified a window within the 1800-2200nm wavelength range that demonstrates good
transparency. The use of light sources within this window shows promise for OCT
analysis of these works [24]. Figure 4.5(ii) shows the averaged transparencies across
several commonly used pigments (with transparency normalised to one at a wavelength
of 2200nm). Current commercial options for broadband sources within this wavelength
range are limited. As part of a project involving Nottingham Trent University and the
National gallery, several broadband sources were developed within this wavelength

range. The results of which will be discussed throughout the chapter.
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Figure 4.5 (i.a) A sample work ‘The Madonna and Child ~1600” used to perform

comparisons between destructive material removal (i.b) and a non-destructive OCT
scan (i.c). Position ‘A’ on the image denotes the area over which the cross section
and OCT scans were taken. (ii) Plot showing the averaged transparency across

several pigments normalised to a transparency of T=1 at 2200nm [24].
4.3.2 Power scaling within multimode waveguides

As is a continuing theme within the fibre laser community, the desire for ever increasing
output powers pushes fibre core scaling techniques forward. By moving to larger areas,
increases of output power and pulse energies are possible. This is due to both increased
energy storage as well as decreased effects of detrimental nonlinear processes. However
difficulties arise when core size is increased beyond the single mode limit. As core area is
expanded to a point where guidance is no longer strictly single mode, steps must be taken

to ensure single mode propagation (e.g. via bend loss induced mode-filtering, fibre
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design, etc.). For further area scaling, these solutions become less effective and ultimately
put a practical upper limit on core size if single mode output is required [25].

An alternative to this approach of maintaining single mode guidance within a multimode
fibre is to sacrifice single mode beam quality and move to a multimode output regime.
Whilst published literature has in general focused on single mode power scaling, many
applications exist that do not require the very high beam qualities of single mode fibre
lasers [26,27]. This is seen within industry where the use of multimode beams from high
power disk lasers have had wide adoption [28]. As has the common use of multimode
delivery fibre for initially single mode sources [29]. Potentially very large gains can be
had by moving from multimode delivery of a single mode source to generating the
multimode beam directly within the active fibre. The movement to a multimode regime
within the active fibre can relax the requirements on componentry such as fibre splices,
reduce costs due to simplified fibre designs and the use of lower brightness pumps. This
also allows significant increases in pulse energy and output powers in comparison to the
single mode case. Both the current records for output pulse energy and CW output powers
from fibre lasers are held by multimode architectures, at levels of 82mJ [30] and

100kW [31] respectively. Both well above their single mode counterparts.

However issues can arise when moving to multimode fibres. If the benefits of single
mode fibre lasers, such as high pointing stability, are to be maintained care must be taken
to manage the undesirable effects of modal interference within these multimode
waveguides. When propagating through multimode fibre, interference occurs between
guided modes and can lead to unstable output profiles [32-34]. For narrow band seed
sources, the effects of modal interference are seen at the outputs of multimode fibres
(Figure 4.18). Complex interference patterns between the guided modes define the beam
profile. Changes in the relative phase between the modes due to fibre movement, stress or
temperature fluctuations produce a constant change in the laser beam profile and beam
pointing direction. This results in an unpredictable and unstable laser output, severely

limiting the applicability of such sources.

One way to combat this problem is to employ a seed source with a coherence length
shorter than the optical path difference of the excited modes [33]. In this case, rather than
seeing the defined intensity profile of a narrowband modal interference pattern, the output

profile is an incoherent combination of many interference patterns. The net result is an
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output beam with a smooth, symmetrical profile, excellent pointing stability and a relative

immunity to vibrations or temperature fluctuations.
4.3.2.1 Modal interference

Due to modal dispersion seen within multimode fibre, any initially in phase modes
launched into a multimode fibre will experience a walk off between their relative phase.
For monochromatic light the resultant intensity profile of these modes (due to coherent
superposition) will evolve down the length of the fibre. Any fibre movement or
temperature fluctuation within the fibre will lead to a change in the phase relationship
between these modes. This change in phase is dependent on the relative overlap of the
various modes within the core and cladding and behaves in very unpredictable ways.
When applied to an optical fibre exposed to typical temperature fluctuations and
movement, these phase changes result in an unstable intensity profile along the fibre
length and at the fibre output.

For the case of two guided modes at the same wavelength, the interference of these
modes can be described by the same interference equations used in the previous section.
For the modal path length difference A = An, ¢l we get:

ZTTATleffl
I(A) = 11 + 12 + 2 1112 COS /1— (29)

This equation describes the periodic interference of the two guided modes. From this we
can see that at a fixed [ position a periodic interference occurs every time An,¢sl /A =m

(where m is an integer).

The spectral beat period of two modes at a fixed length is then given by:

Aneffl

Ay =AMt —m = — =
b m(m+ 1)

(30)

Since typical values of interest are: I~10m,Angsr~107%1~10"°m - m~1000 i.e.

m>>1. we can then simplify eq.(30) to:
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Anef l . A(Z)
2 (providedm > 1) =

Anggrl
This beat period A2, defines the range of wavelengths over which one full cycle of modal
interference occurs and beyond which the cycle begins to repeat. If we launch a range of
wavelengths of equal spacing and intensity into a multimode optical fibre, with a total
wavelength span greater than the spectral beat frequency, we can start to ‘fill in’ these
modal interference patterns. This is because we are essentially sampling all the phase
relationships of the modes and incoherently combining them. As the number of
wavelength components increases within this comb so does the level of filling. Eventually
the resultant profile is a smooth, stable sampling of all the intensity combinations of the
modal interference. This is essentially the same as increasing the path length difference of

an interferometer to greater than the coherence length of the source.

We can estimate the bandwidth required to effectively suppress the effects of modal
beating between two modes within a step index fibre by first assuming that modal content
is defined by the launch conditions and that the effects of mode coupling is minimal.
Figure 4.6(a) plots an estimate of the required spectral bandwidth to suppress modal
interference for a fixed fibre length and Figure 4.6(b) plots the estimated fibre length to
suppress these effects for a fixed spectral bandwidth. Note: these calculations are based
on a mean effective index separation between the guided modes of the fibre (as calculated
using Optifibre mode solving software) and the propagation of only two modes; this is
intended to highlight the trend of modal interference rather than model an actual fibre.
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Figure 4.6 (a) Behaviour of spectral beat period as core size is increased with fixed
fibre lengths of 1, 10 & 100m. (b) Fibre length required to suppress the detrimental
effects of modal interference for fixed spectral bandwidths of 0.1, 1, & 10nm. Core
NA is 0.20.
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Here we see the somewhat counterintuitive behaviour of the requirements of increasing
bandwidth or fibre length to effectively suppress the effects of modal interference as core
size is increased. This is explained as a result of the decreasing modal dispersion as fibre
core size (V-number) is increased. The result is a requirement for longer distances or

broader bandwidths to obtain the same optical path length difference.

If we now consider the behaviour of many mode excitation within the waveguide, we
note a competing effect of this reduced modal dispersion. As core size is scaled the
number of modes that can be guided also increases, and for intermediate V-numbers, the
number of guided modes is roughly proportional to:

M=~— (32)

If we analyse a fully filled waveguide as core size is scaled, we note that the number of
interference nodes (or speckle spots) increases as the number of guided modes [35]. As
the fibre becomes more multimode the relative size of these spots must decrease. This
behaviour is shown in Figure 4.7, where the propagation of a monochromatic light within
fully filled fibres of increasing diameter is modelled (Rsoft BPM). Here we can see a
decreasing in the asymmetry of the output profile for increasing fibre core size.
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(d) (€) ()

Figure 4.7. Output intensity profiles of fully filled multimode fibres with increasing

core size and fixed NA (0.22), for core diameters and resulting V-numbers of: (a)
10pum, 4.6 (b) 15um, 6.9 (c) 20um, 9.2 (d) 30um, 13.8 (e) 50um, 23 (f) 100um, 46.

As is demonstrated in Figure 4.7, the result of increasing the number of guided modes is a
reduced sensitivity of the net ‘centre of mass’ of the guided modes to the relative position
of the individual spots. For a low number of modes (Figure 4.7(a)), any change in phase
relationship between the guided modes will result in drastic changes to the output beam
profile. However, for increasing number of modes the relative intensities of the individual
speckle spots has less of an effect on the resultant profile. Ultimately tending toward a
top-hat profile matching the fibre core diameter (Figure 4.7(f)).

Experimental work

4.4 Thulium ASE source

We first investigate the output behaviour of a low power, feedback-suppressed, thulium
ASE source. Here a simple all fibre configuration is constructed and demonstrates the
typical behaviour of feedback suppressed ASE sources.
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4.4.1 Experimental layout

See Figure 4.8, the cavity consisted of a 4m length of thulium-doped active fibre with
1wt.% thulium concentration. Fibre core and cladding dimensions were 6 and 100 pm,
with numerical apertures of 0.22 and 0.46 for the core and cladding respectively. Pump
light was provided by a fibre coupled 3W single emitter diode operating at a wavelength
of 795nm. This was coupled into the active fibre through a 2+1 tapered fibre bundle
(TFB). Due to a cladding diameter mismatch between the active fibre and TFB (125um
into 100 pum), an estimated 30% of pump light was lost in this coupling process. Output
from the fibre source was taken from the single mode port of the TFB after a fibreised
isolator. Within this configuration we opted for a flat cleave at the active fibre end
opposite the fibre output. This choice was to allow the 4% back-reflection of any
spontaneous emission, increasing the level and unidirectionality of emitted ASE
light [36]. This 4% level of feedback, coupled with the feedback suppression of the fibre
isolator, was found to be sufficiently low to prevent the onset of parasitic lasing at

maximum pump power.

0 =
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«- <} || 10/110pm D-shaped TDF Dump
Figure 4.8 Cladding pumped all fibre ASE source in a feedback suppressed
arrangement.
4.4.2 Results

Figure 4.9 shows the emitted spectrum of the fibre ASE source for increasing output
powers. The central wavelength of this source was 1950nm. At a pump power of 0.3W, a
spectral bandwidth of 140nm was obtained, at this pump level the total signal output
power was 2uW. Although output power increased rapidly as pump power was increased,
gain narrowing of the source reduced the spectral bandwidth by an order of magnitude. At
a maximum pump power of 2.1W, 34mW was obtained from the source with a spectral

bandwidth of 31nm. At this pump power > 1uW/nm was seen from 1890-2038nm.
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Figure 4.9 (a) ASE source output spectrum for increasing pump power. (b)

Corresponding signal output power

Although the power levels of this source were modest, it does demonstrate the playoffs
that must be made between output power and spectral bandwidth in typical ASE sources,

particularly when relying on the intrinsic wavelength selection of a passive cavity.

4.5 Bandwidth controllable pulsed ASE source

In an approach similar to that used in [16] we introduce a wavelength selective feedback
cavity to the ASE source. However, rather than using a feedback suppressed source we
apply this to a Q-switched cavity. Within this cavity we use an acousto-optic modulator
(AOM) as a Q-switching element and a diffraction grating and HR mirror arrangement as
the spectral control element. This allows a robust ASE generation whilst also allowing

strong spectral control.
4.5.1 Experimental layout

A source was constructed from a thulium-doped fibre, with 0.2 wt.% Tm concentration,
0.13NA and a 10 um core diameter. This active fibre was core pumped by a 1565nm
Er,Yb fibre laser source with pump light being coupled into the active fibre via a fused
fibre wavelength division multiplexer (WDM). Cavity feedback and output coupling was
provided by the ~4% Fresnel reflection from a perpendicularly cleaved fibre end facet.
At the opposite end, feedback was provided by an external cavity containing a TeO,
AOM and a diffraction grating. The AOM has a rise time of 100ns and a drive frequency
of 111MHz (corresponding to a 222MHz round trip frequency shift for oscillating light).
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The external cavity was aligned so that the first order diffracted beam was incident on the
grating. The resulting beam diffracted from the grating was then focused through a
variable width slit onto a highly reflecting mirror, see Figure 4.10. By adjusting the
position of the slit in front of the HR mirror the mean oscillating wavelength of the cavity
could be controlled, and by adjusting the width of this slit the spectral bandwidth of this

oscillating light could also be controlled.

AOM
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Figure 4.10 Experimental layout of the Q-switched ASE source, with an external
cavity containing an acousto-optic modulator (AOM), diffraction grating and

variable aperture slit.

45.2 Results

We first operated the AO Q-switch in a time gated regime to allow the investigation of
the time scales associated with various cavity dynamics, such as the onset of lasing etc.
This also allowed confirmation that we are indeed operating in an ASE regime for the
initial pulsed output. At a launched pump power of approximately 2W the external cavity
AOM was operated at a repetition rate of 1kHz with an on duration of 0.96ms. Gate width
and repetition rate were chosen to allow sufficient time for steady state behaviour to
become established within the cavity, as well as allowing sufficient ‘off” time to ensure
the cavity started from noise. Using a fast photodiode and oscilloscope a time trace was
recorded and the point at which gate opening occurred was set as zero. Figure 4.11 shows
the behaviour of a single turn on event, with the x-axis being expressed in number of
cavity round trips for clarity. From this trace we can see that an initial pulse is extracted
within ~4 round trips (140ns) of oscillating light. Only after ~760 round trips (~27us) do
other cavity dynamics start to become apparent. With at first, large hybrid Q-switched
mode-locking pulses and after ~2500 round trips (~87us) more stable mode-locking
becomes established. This mode-locking is a result of a round trip frequency shift
imparted by the AOM [37]. It can be seen from the below trace that the initial pulse

appears to be distinct from the other two modes of operation, happening within a very
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short number of cavity round trips. This remarkably fast build-up time of the initial pulse
further suggests that it is indeed seeded from pre-existing ASE built-up within the cavity
in the off state. Given this small number of round trips it is not expected that longitudinal
mode formation has time to become established within the initial pulse. Note: Due to the
limited dynamic range of the measurement system, it was necessary to operate the
photodiode in the saturated regime for the initial Q-switch pulse to allow measurement of
the lower power dynamics, Insert (a) of Figure 4.11 was recorded in addition to the initial

trace after signal attenuation.
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Figure 4.11 A typical oscilloscope trace demonstrating turn-on dynamics when

operating the cavity in gated mode. Insert (a) shows the initial Q-switch pulse
formation and extraction within several cavity round trips, Insert (b) demonstrates
the initial onset of Q-switched mode-locking and Insert (c) shows the cavity

operating in a more steady state behaviour.

With the AO drive signal optimised for Q-switched mode of operation and the centre
wavelength of the variable slit adjusted to the fibre gain peak of 1850nm, the source
produced 10.3W of broadband output. At a repetition rate of 500 kHz and launched pump
power of 18.2W, with a corresponding pulse duration of 95ns. A maximum peak power
was obtained at a pulse repetition rate of 125 kHz, with up to 7.9 W of output power

obtained within smooth 29 ns broadband pulses; the resultant peak power was in excess
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of 2kW (see Figure 4.12(b)). At this repetition rate, and with a fully open slit width of
6mm, spectral emission was seen from 1800nm to 1900nm with a FWHM spectral
bandwidth of 24nm. No evidence of the sharply modulated spectral structure, normally
associated with fibre laser operation, was seen. The fine structure that can be seen within
the spectral traces (Figure 4.13(a) ) are a result of the atmospheric OH absorption features
prominent within the 1800-1900nm wavelength range [38]. To characterise the level of
CW background within the Q-switched output, a 4% pickoff was taken from the laser
output and was incident on a second acousto-optic modulator. This second AOM was
used to time gate the optical pulse, allowing the relative power contained with the pulse
(in comparison to CW background) to be measured. This measurement confirmed a
greater than 20dB signal-to-noise level at a pulse repetition rate of 125kHz. i.e. >99% of
power is contained within the ASE pulse. Pulse-to-pulse stability was measured using a
fast photodiode and analysed using the pulse area function of a Tektronix oscilloscope.
With a sample size of n >2000 the standard deviation of pulse-to-pulse energy fluctuation
was found to be approximately 0.25%.
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Figure 4.12 (a) Source output power vs. launched pump power demonstrating a

slope efficiency of 63% prior to rollover. (b) The maximum peak power obtained vs.

pulse repetition rate demonstrating an approximately constant peak power for

repetition rates below 125kHz, at pulse frequencies above this a linear decay in peak

power is seen due to limited pump power. (c) a typical output pulse profile for a

pulse repetition rate of 100kHz and pump power of ~15W.

The roll-over in output power seen in Figure 4.12(a) at lower pulse repetition rates is a

result of CW ASE clamping the output pulse energy of the cavity. As the repetition rate

of the laser is reduced, the longer ‘off’ time between cavity pulses eventually allows

sufficient CW ASE to build-up between the Q-switched pulse output, and begins to

extract cavity inversion. Eventually as pump power is further increased beyond this

rollover point parasitic lasing can occur. This is directed towards the 0™ order dumped

beam of the AOM. When operating in a parasitic lasing regime, the output showed
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marked change in pulse shape and spectrum, with unstable multi-pulse behaviour in the

time domain and strong spectral narrowing and spiking occurring.

By reducing the slit width within the external cavity, the oscillating bandwidth could be
continually reduced from 24nm down to 0.75 nm (Figure 4.13(a)) before a significant
drop in power was observed (Figure 4.13(b)). Within this range of spectral bandwidths
pulse energy and peak powers maintained approximately constant values, with only the
expected increase spectral power density for reduced spectral bandwidths. For linewidths
below ~0.75nm the limited resolving power of the diffraction grating meant that
attenuation as well as wavelength narrowing occurred for any further reductions in the slit
width. By translating the slit position within the external cavity, it was also possible to

tune the centre wavelength of the source from 1785nm through to 1935nm.
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Figure 4.13 (a) Laser output spectrum for varying slit width. (b) Laser output power

for varying output bandwidth.

The temporal behaviour of the individual wavelength components of the broadband ASE
pulses was further investigated through the use of volume Bragg grating (A,=1932nm,
AX=0.5nm) as a wavelength filter. The output of the Q-switched source was directed
through the VBG, and was used to filter 0.5nm spectral slices from the broad bandwidth
output pulse. The narrowband spectral slices were then incident on a fast photodiode,
with angle tuning used to scan across the wavelength range of the output pulse. Across
this range no evidence of wavelength dependent delay or chirp was observed within the
time resolution of the measurements. The individual wavelength slices did however
demonstrate a higher level of modulation of pulse shape in comparison to the unfiltered

pulse, with the cause of this behaviour is still under investigation. The original smooth
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pulse envelope was recovered when several wavelength slices were superimposed in post

processing.

4.6 Applications

Within this section, we will detail two experiments utilising the relatively high peak
power and broad spectral control of this pulsed ASE source. Firstly this source is used as
a seed to initiate supercontinuum generation, increasing the spectral coverage to greater
than an octave; this broadband supercontinuum source is then applied to OCT. The
second half of this applications section will focus on the suppression of modal
interference within a multimode amplifier, here we take advantage of the spectral control
of the ASE source. Using this as a seed to characterise and ultimately suppress the

detrimental effects of modal interference.
4.6.1 ASE seeded supercontinuum generation

As the coherence length of the white light source limits the spatial resolution achieved
within an OCT system it is advantageous to maximise the spectral bandwidth of this
source. Here we push beyond the gain bandwidth of the Tm-doped fibre by taking
advantage of the high peak power of the pulsed ASE source to generate broadband ASE
seeded supercontinuum (SC) light. The single mode output from the pulsed ASE source
was directly spliced to a 5m length of small-core germanium-doped, highly nonlinear
fibre (HNLF) and was used as a seed source for continuum generation. This HNLF was
fabricated by Fibercore, having a 3.8um germanium doped core and NA of 0.29. The
fibre was single mode at the seed wavelength, with a single mode cut-off at 1400nm. The
calculated zero dispersion wavelength of this fibre was 1550nm. The mode field diameter

was calculated (Optifibre) to be 5.0um at the seed wavelength of 1850nm.

Initially several different arrangements were trialled to allow the coupling of the free
space output from the pulsed ASE source to the small core germanium-doped fibre. The
difficulty arose in trying to maintain optical feedback to the Q-switched source whilst
also allowing coupling in to the HNLF. As feedback to the Q-switched seed relies on the
4% Fresnel reflection from the flat cleaved fibre output, simply splicing on to the GDF
was not a viable option. Free space launching was considered non-ideal due to the

difficulty in reliably packaging such an arrangement. A mating arrangement consisting of
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two flat cleaves was trialled but ruled out due to etalon effects between the flat cleaves
interfering with the seed spectrum. A second mating arrangement was developed
consisting of a flat cleave for source feedback and a butted angle cleave to allow core
coupling. This simple mating arrangement proved successful, however did introduce a
2dB (~39%) insertion loss into the SMF. Ultimately it was found that back-reflection
from an optical isolator spliced directly to the pulsed source provided sufficient feedback
for stable pulsing to occur. The power penalty of this arrangement was approximately
12.5% including isolator losses when coupling to SMF28. Due to the large mode field
diameter (MFD) mismatch between the SMF28e output from the isolator (12.5um MFD)
and the HNLF (5.0um MFD) an initially high splice loss of >40% was seen between
these two fibres. Through splice optimisation using long duration diffusion splicing, we
reduced this value to 26%, resulting in a maximum peak power of 1.13kW launched into
the HNLF with this arrangement. This corresponded to a total launched seed power of
4W (at a pulse repetition rate of 50kHz). The limited power handling capability of the
isolator placed an upper limit on the average power level coupled into the HNLF. The

experimental layout of this supercontinuum source is shown in Figure 4.14.

Small core GDF

Isolator.
— Tap _O@_ SC Output B

1.0m 10/125 0.20%

1565nm Pump diagnostics

HR

Figure 4.14 Experimental layout of the ASE seeded supercontinuum source, with an

all fibreised coupling arrangement.
4.6.1.1 Results

At a 50kHz pulse repetition rate and 1.13kW of launched peak power (40ns pulse width),
the HNLF produced a supercontinuum output ranging from 1000nm through to 2450nm
as measured with the aid of two spectrum analysers (Figure 4.15). The bulk of the
continuum generation occurred at wavelengths longer that than the 1850nm seed. For 4W
of launched seed power 1.5W of supercontinuum output was generated, with a spectral
power density of > 1.5mW/nm over a 650nm wavelength range from ~1750-2400nm.
From 1900-2350nm the source showed excellent flatness with a spectral ripple of only

~1dB. We investigated the effects of seed linewidth on the generated supercontinuum and
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found a maximum emission at a narrow seed linewidth of ~1.65nm, this also
corresponded to an enhanced low-level visible generation seen across the fibre length. A
comparison of the generated supercontinuum for broadband and narrowband seeds is
shown in Figure 4.15. The red coloured spectrum denotes the narrowband (1.65nm) seed
and blue denotes the broadband (>24nm FWHM) seed.

An important parameter of the usefulness of this source for OCT application is the level
of pulse-to-pulse spectral fluctuation. We measured the spectrally dependent pulse-to-
pulse energy variations of this supercontinuum source through use of a high-resolution
monochromator and fast photodiode. A small area InGaAs photodiode with temporal
bandwidth of 50MHz was used for the pulse-to-pulse stability measurements, and
allowed the direct measurement of spectrally dependent pulse-to-pulse fluctuations. A
spectral selectivity of ~3nm was obtained with the monochromator and detector
arrangement. This slightly low resolution was chosen to ensure sufficient signal was
incident on the fast photodiode. The pulse energy variance of the SC source was
measured from 1100nm to 2500nm. Figure 4.15 shows the pulse energy variance (26 or
95% confidence) across the supercontinuum emission range. For the broadband seed we
can see that the majority of pulses fall within 3% of the signal average from 1200-
2400nm, this value increased slightly for the narrowband seed but still stayed within 4%

of the mean.
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Figure 4.15 (Left Axis) Measurements of the spectrally dependent pulse-to-pulse
energy variance (20) taken with a spectral resolution of 3nm FWHM. (Right axis)
Generated supercontinuum at the maximum launched seed peak power of 1.52kW
detailing the difference in spectra for broadband seed (>24nm FWHM) and
narrowband seed (1.65nm FWHM).

In Figure 4.16 we plot the spectral evolution of the supercontinuum for increasing seed
peak power. On top of this is the calculated group delay (Optifibre) for the first two
guided modes of this fibre. Here we can see the smooth generation of broadband light

from 1000nm to 2400nm with the spectral evolution closely matching the predicted group
delay.
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Figure 4.16 Spectrogram detailing the fibre supercontinuum evolution as seed peak
power is increased to a maximum value of 1.13kW (1.52kW launched), overlaid on
this is the predicted fibre group delay for the first two guided modes, colour variance
of the plot expresses spectral intensity in dB. Note: interpolation was utilised

between peak power measurements on this graph to aid the eye.

4.6.1.2 Discussion

Due to the relatively long pulse widths as well as the pump wavelength being within the
anomalous dispersion regime it is expected that this continuum generation in initiated by
the onset of modulation instability within the HNLF [39]. Here a pulse break-up of the
initial 30ns pulse into a large number of solitons occurs and can explain the relatively
smooth spectra and high pulse to pulse stability. Although the formation of a single
soliton in this picture is highly unpredictable. The relatively long pulse width of the pump
in comparison to the modulation instability period of the fibre (of the order of 1ps) results
in a very large number of solitons being formed within the pulse envelope. Here due to
statistical averaging, the result is stable supercontinuum generation within the pulse

envelope.

In the above experiment we observed a dependence of the seed spectral bandwidth on the
level of continuum generation. When scanning through spectral bandwidths (from a
maximum of >24nm down to 0.3nm) we found a peak in continuum generation at a
bandwidth of approximately 1.65nm. This corresponded with a maximum in the visible
light emission from the HNLF as well as a slight increase in long wavelength emission.

This dependence of continuum generation on the pump spectral bandwidth is consistent
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with results reported elsewhere [40], and is explained by a matching of the pump
coherence time with the modulation instability period of the fibre. Here the fluctuations in
spectral beating within the pump match the period of modulation instability and lead to an
enhancement of its effects. The result is an increase in the number of high peak power
solitons forming and an increase in generated bandwidth. It is expected that this should
also come at the cost of increased fluctuations within the generated continuum in
comparison to the broadband seed, where such enhancements are not expected to be
significant. Whilst we did measure an increase in the pulse-to-pulse fluctuations for the
narrow band seed, only limited conclusions can be made from this. Measurements of the
pulse-to-pulse energy fluctuations of the initial seed prior to launch into the HNLF found
an increased fluctuation for the narrow band seed in comparison to the broadband seed
(26=0.31% for broadband and 26=0.77% for narrowband seed).

Longer-term stability measurements were conducted on this source through the
comparison of several spectral measurements taken at half-hour intervals (using an
optical spectrum analyser (OSA)). With the generated spectral shape compared across an
hour-long timescale we found an approximately 5% (+/- 2.5%) variation in spectral
shape. These variations are suspected to be a result of temperature drift of external cavity
components within the pulsed ASE seed. By moving to an all fiberized ASE seed it is

expected that the source stability can be increased in the future.

In terms of the intended application as a light engine for OCT systems, there are several
potential advantages to lower repetition rate high pulse energy SC generation in
comparison to the commercially available options operating at repetition rates in the 4-
80MHz range (with pico or femtosecond pulse widths). At these relatively low repetition
rates it is a viable option to implement a lock-in (or time gated) detection scheme. Here as
the pulse is operating with a ~-40dB duty cycle, a time gated detection scheme can
effectively reduce the average power requirements for the OCT system by several orders
of magnitude whilst still maintaining a reasonable signal to noise ratio. Although this is
also technically possible with higher pulse frequencies, the shorter pulse widths become
more challenging to effectively time gate and require high cost, high bandwidth detection

schemes.
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4.6.1.3 Long wavelength OCT analysis of paint pigment samples

(Note: These results were taken in collaboration with Dr. Masaki Tokurakawa and our
project partners at Nottingham Trent University (NTU), Dr. Haida Liang and Dr Chi
Shing Cheung.)

Initial tests of the coherence length of this broadband source were conducted through the
use of a time domain OCT system constructed by NTU. The experimental layout of this
system consisted of a broadband 50:50 2000nm fused fibre coupler to split the SC light
towards a reference arm (containing a collimation lens and retroreflective mirror mounted
on a motorised translation stage) and sample arm (containing a collimation optic and
galvo scanner). Samples were mounted onto microscope slides and then interrogated
using this system. The back-reflected light from both the sample and reference arms were
interfered via the 50:50 coupler and incident on a balanced detection and data acquisition

scheme.

Using this supercontinuum source, after first spectrally filtering out the short wavelength
components using a Ge filter, measurements were made with a blank microscope cover
slip (silica). The initial results of this are shown in Figure 4.17 here we can see a clear
interferogram from the air-glass interface. The FWHM of this interference fringes is
approximately 10pum and represents the spatial impulse response of the system (limited

by the wavelength sensitivity of the balanced detector).
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Figure 4.17 OCT depth scan of fused silica microscope cover slip detailing the air

glass reflection with spatial resolution of ~10um.

A second packaged and portable version of this supercontinuum source has been

constructed by Dr. Masaki Tokurakawa and is currently with NTU for further research.

Initial results taken by NTU using a long wavelength ASE source (Section 4.4) are
promising. Figure 4.18 shows typical line scan (‘B-scan’) results taken with 930nm &
1950nm light sources. Here a microscope slide painted with titanium white oil paint is
interrogated. Figure 4.18(b) shows the results obtained with 930nm light, excess
scattering caused by the Ti:white sample at 930nm as well as strong absorption lead to
poor image quality with low contrast. By moving to longer wavelengths (Figure 4.18(b))
there is a clear improvement in image contrast. Here the paint layer (of ~100um) is easily
visible, as is the bottom layer of the microscope slide. Note: the 1950nm source used in
this work was a packaged version of the ASE source detailed in Section 4.4. This was
constructed by Dr. Tokurakawa and myself.
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Figure 4.18 An example of the contrast enhancement obtained by moving from short
wavelength OCT (930nm) to long wavelength OCT (1950nm). (a) Shows the sample
under test consisting of a microscope slide with top surface painted with titanium
white oil paint. (b) Shows OCT measurement taken with 930nm white light source

and (c) shows the same sample taken with 1950nm ASE source [41].

4.6.2 Power scaling and suppression of modal interference in

multimode fibre amplifiers

As discussed previously, there can be an advantage in moving to multimode fibre
amplification schemes. These advantages include increased energy storage and higher
thresholds for detrimental nonlinear processes. However, this movement into a
multimode propagation regime can also introduce problems associated with modal
interference and pointing instability effects. In this section we experimentally explore
these effects through the use of a multimode fibre amplifier seeded by the single-mode

variable bandwidth seed source (Section 4.5).
4.6.2.1 Experimental arrangement

As detailed in Figure 4.19, a multimode power amplifier was constructed using a 18 pum
core-diameter thulium doped double-clad fibre with a Tm concentration of 3.5 wt.% and
core NA of 0.22. This resulted in a fibre V-number of ~6 corresponding to 6 guided LP
modes. The inner-cladding was D-shaped with an outer dimension of 200pum. A 200um
coreless fibre endcap (of 500um length) was fusion spliced to both ends of the amplifier
to suppress Fresnel back-reflections as well as mitigate any potential optical damage at
the fibre endface. Pump light for the amplifier was provided by a 795nm fibre coupled

diode source with a maximum power of 50W, launched into the active fibre in a counter-
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propagating pump arrangement. The seed for this amplifier was provided by the
previously discussed pulsed ASE source. After isolation the seed source was free-space
launched into the multimode power amplifier in an NA filling launch arrangement. The
choice of NA filling rather than mode matching of this fibre was taken in order to excite
the largest number of modes whilst still maintaining reasonable coupling efficiency.
Active alignment of the seed source coupling was performed to maximize output power.
Optimum output power generally occurred in a slightly off axis launch arrangement.
Output from the amplifier was taken from a dichroic mirror orientated at 45°, providing
high reflectivity in the 1800-2100nm wavelength range and high transmission in the
795nm wavelength range. A 4% pick-off wedge directed to both a pyroelectric array
camera and a scanning slit beam profiler with 200mm focal length lens provided beam

diagnostics. A thermal power meter was used to measure output power.

%—@‘D \
1.8m 18/200 3.5%wt

Figure 4.19 The experimental layout of the multimode MOPA system used for the

investigation into multimode interference.
4.6.2.2 Results

Figure 4.20(a) shows the amplifier output power as a function of pump power. At a
pulsed repetition rate of 100kHz and approximately 1W of launched seed power, 22.2W
of amplified signal was achieved for the broadband signal and 20.9W for narrowband
signal. Both obtained at a launched pump power of 42.3W (pump power limited) with
corresponding slope efficiencies of 54% and 51% respectively.
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Figure 4.20 (a) Laser slope efficiencies and (b) spectral bandwidth for narrow and

broadband seed operation.

By increasing the spectral bandwidth of the seed source it was possible to transfer the
laser output from a regime where modal interference effects were prominent (narrowband
seed) to a regime where the modal interference effects were suppressed (broadband seed).
With fixed launch conditions we adjusted the bandwidth of the seed source from 0.30 nm
to 13 nm FWHM (see Figure 4.20(b)). Output beam profiles for increasing spectral
bandwidth are shown in Figure 4.21.

13.0nm

Figure 4.21 Sequence of laser beam profiles at multimode amplifier output for
increasing seed bandwidth. (Top left) shows the uneven and unstable intensity
distribution when operating with a 0.28nm seed bandwidth. (Bottom right) shows

the smoothed output profile when operating with a broadband seed of 13nm.

For narrowband seeding (sub 1nm) the beam profile shows sharp features that were

sensitive to fibre movement and unstable in the time domain. Progressively increasing
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the seed from 1nm to 13nm resulted in a more symmetric beam that was less sensitive to
fibre movement. Above a value of ~3nm only minimal profile change was observed for
further increasing bandwidth. For bandwidths greater than ~3nm the fibre maintained a
stable profile even when the active fibre was perturbed. At full pump power the beam
propagation factor (M?) was measured for both broadband and narrowband seeding and
was found to be to be M,’=2.7 by M,*=2.9 in both cases.

At a pulse repetition rate of 100kHz a maximum pulse energy of 200J was obtained with
a pulse width of 50ns, corresponding to a peak power of 5kW. By reducing the pulse
repetition rate it was possible to increase the pulse energy to 1.1mJ corresponding peak
power above 20kW. However, this was at the expense of signal-to-noise ratio (as
measured using a time gated AOM technique), with only 50% of output power contained
within the pulse (Figure 4.22).
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Figure 4.22 (Left axis) laser output pulse energy vs. pulse repetition rate. (Right

axis) corresponding signal to noise measurement.

Whilst perturbing the active fibre the output beam profile was measured and recorded
using a high accuracy scanning slit beam profiler (Nanoscan). Beam diameter and centre
of mass position were recorded for >500 samples for both the narrowband and broadband
seeds. Figure 4.23 shows the deviation of the centre of mass of the beam from their mean
position, with beam deviation normalised against beam waist in both X and Y-axis. For
the case of narrowband seed input, the beam showed a maximum deviation from mean of
11.8% of beam waist with a maximum total deviation of >20%. However with all launch
conditions fixed when propagating with a broadband seed the stability of the beam

increased considerably, now with a maximum deviation of only 2%.
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Figure 4.23 Laser pointing stability for the case of narrowband and broadband seed

inputs expressed as a % deviation from mean beam potion.

This dramatic reduction in beam movement when operating with a broadband seed
demonstrates the effective suppression of the detrimental effects of modal interference
through bandwidth tailoring. This large improvement in beam stability greatly enhances
the usefulness of this source. This is particularly true for cutting or marking applications,

where any movement of beam profile will lead to degradation of process quality.

As an investigation into further core size scaling of both passive beam delivery and active
fibre amplification, a multimode passive fibre, with 50/125 pm core and cladding
diameters and step index profile (0.22NA), was used to propagate the pulsed ASE seed a
distance of 10m. The single mode output of the seed source was offset spliced directly to
the multimode passive fibre. This was then wrapped around a rectangular bar several
times to increase the number of excited modes. A weight tied to a rotating wheel driven
in a circular motion was attached to a section of the passive fibre. This allowed the
repeatable movement of the fibre, enabling comparisons between the different seed
bandwidths. Using the pyroelectric array camera, the output of this passive fibre was
recorded for both the broadband (Figure 4.24(a)) and narrowband (Figure 4.24(b)) cases.

Again, as expected, the case of narrowband signal propagation within multimode fibre

demonstrated sharp features with a large intensity variation across the fibre core. When
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the passive fibre was perturbed, rapid movement of the intensity profile occurred. While,
with fixed launch conditions, increasing the seed bandwidth led to a much more top hat
like intensity profile, although still showing intensity fluctuations with fibre movement,
the range of these fluctuations was reduced substantially in comparison to the narrowband

case.

(b)
Figure 4.24 Output profiles from 50/125um 0.22NA step index passive fibre, for

Broadband light propagation (a) and narrowband propagation (b).

4.7 Conclusion

In conclusion, by utilising the extremely fast pulse build-up times associated with pulsed
fibre lasers we have demonstrated the ability to generate high power, both average and
peak, ASE light. Through the use of external cavity spectral filtering, we have
demonstrated the ability to spectrally tailor a pulsed ASE source with a high degree of
control. This control is achieved not only in operating wavelength but also in spectral
bandwidth and spectral power density. Showing the ability to select operating wavelength
over a 150nm range from 1785nm to 1935nm and operating bandwidth over a > 20nm
range from 24nm down to 0.3nm. The resulting variation in coherence length was from
~5mm down to ~60 microns. We also demonstrate ASE pulses with greater than 2kW
peak power within 29ns pulsewidths at a repetition rate of 125kHz. By increasing the
pulse repetition rate to 500kHz over 10W of output power was obtained for 18.2W of
launched pump, corresponding to a slope efficiency of 63%. The pulse-to-pulse stability
of this source was found to be excellent, with a measured 2c value of 0.5% for pulse
energy. Although we have initially demonstrated simple spectral control, by

implementing a more sophisticated wavelength control of the external cavity (such as
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through the use of a diffraction grating and digital micromirror device (DMD) ) it should
be possible to produce a wide range of novel spectral shapes, such as flat toped or other
desired profiles. The high degree of flexibility of this source should prove useful for
spectral characterisation and sensing as well as a promising seed for further amplification

in both single-mode and multi-mode systems.

Through the use of low cost, widely available, highly nonlinear fibre we have produced a
simple addition to this pulsed ASE source that allows the expansion of wavelength
coverage to many times greater than that of the thulium gain band. Successfully
extending the spectral coverage of this source to greater than an octave, beginning at
1000nm and extending to beyond 2400nm. Over 1.5mW/nm spectral power was
achieved within the 1800-2400nm wavelength range. This source was characterised for
long-term stability through repeated spectral envelope measurements, and short-term
stability through spectrally dependent pulse-to-pulse measurements. Both measurements
found less than 5% variance of the spectral components. The high levels of pulse-to-pulse
stability are a result of both the relatively long pulse durations of the seed source as well
as the excellent temporal stability of the ASE seed. Although currently limited by the
power handling capability of the available fibre isolator, power scaling of this
supercontinuum source is expected to be simply a matter of increasing the pulse repetition
rate whilst maintaining pulse peak power. Extrapolating from the current results a
doubling of average output power should be easily achievable through use of a new

isolator.

The motivation of this work was to provide a long wavelength light engine for OCT
experiments in the 1800-2400nm wavelength region. This was successfully achieved with
a second packaged version of the source currently with project partners. Initial results
obtained with this SC source as well as with a previously built ASE source have been
very promising. Due to an increased transparency and reduced scattering; paint samples,
previously unmeasurable with short wavelength OCT, have shown high transparency and

contrast. Application of this source is an on-going area of research.

Within the final section of this chapter we verify the approach of bandwidth tailoring to
suppress the detrimental effects of modal interference. We successfully demonstrate the
suppression of these effects within a multimode fibre amplifier through the use of broad

bandwidth ASE seed. Utilising a simple MOPA arrangement, the variable bandwidth
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ASE seed was used to investigate the effects of source bandwidth on modal interference.
Showing that by moving to broader bandwidths we can effectively negate these
detrimental effects. In a multimode fibre amplifier we demonstrated a greater than 6 times
improvement in beam stability as well as significant reduction in peak intensity
fluctuations within the active fibre core. This approach of broadband signal propagation
for the suppression of detrimental modal interference effects was successfully
demonstrated in both active fibre amplification and passive fibre beam delivery and

should serve to inform the design of future iterations of multimode fibre amplifiers.
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Chapter 5.
Mode selection in multimode fibre

laser oscillators

5.1 Introduction

As we have discussed throughout the thesis there is a strong motivation within industry
and academia to increase output power and pulse energy from fibre laser sources. This is
generally achieved with core area scaling due to the higher thresholds for detrimental
nonlinear processes and also from an energy storage perspective. As we have discussed in
the previous chapters, techniques to maintain fundamental mode operation become less
effective as core area is increased and can be difficult and costly to implement, leading to
undesirable effects such as beam quality degradation and modal interference. Whilst in
Chapter 4 we demonstrated a technique for the suppression of the effects of modal
interference in a multimode output beam, some applications still require the better beam

quality of the fundamental Gaussian mode.

In addition to the fundamental mode operation of multimode waveguides, it has been
shown that particular applications can actually benefit from operation on individual
higher order modes, such as some laser processing applications, where the desired beam
profile and polarization behaviour is dictated by the type of material being
processed [1,2]. Indeed, the use of doughnut-shaped beams or beams with adaptable
transverse profiles can yield substantially higher processing speeds as well as improved
cut quality for laser cutting. Besides the applications potential, operation on higher order
modes within an optical fibre laser can also have benefits within the resonator itself. Such
as higher thresholds for detrimental nonlinear loss processes [3], reduced sensitivity to

mode skew [4] and the potential for improved energy extraction in pulsed systems.
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To date, techniques for the selection of the fundamental mode (or individual higher order
modes) in multimode fibre oscillators have often been quite difficult to implement and
lack the flexibility to select between modes after implementation.

In this chapter we present a simple technique for the selection of individual transverse
modes within a multimode fibre oscillator. We exploit the different spectral responses of
in-fibre Bragg gratings (FBG’s) and free space wavelength selective elements (i.e.
volume Bragg gratings (VBG’s) or acousto-optic tunable filters (AOTF’s)) to
simultaneously achieve wavelength selection and spatial mode selection within a simple,
multimode fibre laser oscillator with an external cavity feedback architecture. In the
experimental section of this chapter we apply this approach to several different fibre laser
oscillator designs. Firstly we demonstrate a core pumped thulium-doped fibre laser, with
a multimode core and an external cavity containing an electronically addressable AOTF.
With this arrangement we successfully demonstrate the feasibility of this mode selection
technique, through the selection of the fundamental mode or the next higher order mode
within the multimode waveguide with near perfect beam profiles. In addition, due to the
electronically controllable nature of the AOTF we demonstrate rapid switching between
these laser modes at 10’s of kHz rates. Secondly, we demonstrate the electronic control of
the time averaged fibre output beam profile. This is achieved through simultaneous
selection and incoherent superposition of multiple laser modes within the oscillator. With
output beam profiles ranging from flat-toped through to Gaussian and doughnut shapes
with a high degree of control. We then extend this approach to a cladding pumped
architecture, with the successful implementation of mode control and selection using only
passive components. Finally we discuss the prospects for further scaling core area via this

technique.

5.2 Background theory

5.2.1 Free space Bragg selective elements

As presented in Chapter 3, the resonance for a free space Bragg grating selective element
is given by the grating period, mean refractive index of the medium and the incident

angle. The resonance wavelength g5 of a free space Bragg selective element is given by:
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AFS = ZnoAFS cos 0 (33)

where 0 is the angle of incidence of the incoming signal with respect to the grating
normal, ng, is the mean refractive index of the medium and A is the spatial period of the
grating. Volume Bragg gratings (VBGs) and acousto-optic tunable-filters (AOTFs) are
common examples of free-space Bragg selective elements. VVolume Bragg gratings, where
a Bragg period is written into the volume of photo-thermo refractive (PTR) glass, have a
fixed resonance wavelength when operated at normal incidence. However, by changing
the angle of incidence 6 the resonance wavelength of the VBG can be down-tuned to
shorter wavelengths allowing narrowband wavelength tuning [5]. In the case of an
acousto-optic device such as an AOTF the Bragg period is no longer fixed by photo-
inscription, but rather defined by the period of an incident acoustic wave driven by an
input RF signal. By changing the RF drive frequency, and hence acoustic wavelength, the
resonance wavelength of the AOTF can also be shifted. A unique property of the AOTF
is the static position of deflected beam independent of the grating period (RF drive
frequency). This allows an AOTF to be used as a wavelength-tunable element without

any need for physical movement of the optical system.
5.2.2 Multimode fibre Bragg gratings

For the case of Bragg gratings written into waveguides the effect of mode propagation on
the Bragg resonance wavelength must be taken into account. Bragg resonance within a
waveguide is dependent on the effective index of the guided modes rather than a mean
index of the medium as is seen in free space Bragg selective elements. For in-waveguide

gratings the Bragg condition is given by:

ArBc = an}fAFBG (34)

where, Argc is the grating period within the waveguide, ngy( is the effective index of the
guided mode m and Jggg is the wavelength at which resonance occurs. The propagation
constant and associated effective index ne; of guided modes in a step index waveguide is
governed by the core and cladding refractive indices as well as the modal order, where
Neore = Neit > Ngag-  1The fundamental mode has an effective index closest to that of the

core, with higher order modes having progressively lower effective indices until the
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condition for guidance is no longer met. Thus, for a Bragg grating written into a multi-
mode waveguide the Bragg condition for each mode is satisfied at different wavelengths.
Hence, higher order modes propagating with a lower effective index to that of the
fundamental mode see resonance at shorter wavelengths. This phenomenon manifests
itself as a multi-peak behaviour in both the transmission and reflection spectrum of multi-

mode FBGs [6,7] as demonstrated in Figure 5.1.
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Figure 5.1: Conceptual example demonstrating the modal-dependent nature of the
reflection spectrum of a fibre Bragg grating written into a step index multimode
fibre.

Other effects such as cross coupling peaks [8] can sometimes be seen in multimode
FBG’s and are a result of non-uniform grating inscription, these effects are discussed

further in section 5.7.3.
5.2.3 Novel mode selection technique

If we construct a laser oscillator consisting of a free space wavelength-selective element
and a fibre Bragg grating written into a multimode active fibre (Figure 5.2) we can
exploit the modal dependence of the fibre Bragg grating and the wavelength dependence
of the free space element (i.e. volume Bragg grating or AOTF). This allows us to
selectively excite a single spatial mode within the multimode oscillator. To achieve this
we simply set the resonance wavelength of the free space wavelength selective element to

be equal to the FBG resonance wavelength of the desired mode m.
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nhs A
cos = LI FBG (35)

NoAps

In this situation the resonant mode will experience a lower threshold (due to increased
feedback provided by the external cavity) in comparison to other guided modes. In this
architecture the FBG can be thought of as a mode discriminating mirror, where at a given
wavelength it will only reflect light within a single resonant mode whilst transmitting all
other modal content. This technique has the ability to provide a low threshold for the
selected mode whilst still maintaining a high threshold for other guided modes.

Fibre Bragg Grating

N
Output ﬁl]]]I[l]]]]]]‘—> Output

Large Core Rare Earth Doped Fibre

Volume Bragg Grating

Figure 5.2 Conceptual layout of mode selection technique, demonstrating the free
space wavelength selection using volume Bragg grating and modal dependent fibre

Bragg grating.
5.2.4 Lasing thresholds with mode selection

For a simple three level laser the threshold of absorbed pump power for the onset of

lasing is given by [9]:

_ Ahv,
2Tf77q (O-e (Al) + Oq (Al))

Pips [204(A)NL + 2a;1 —1og.(Roc) — loge (Rur)] (36)
where A is the doped area of the waveguide, hv, is the photon energy at the pump
wavelength, 7, is the fluorescence lifetime of the upper laser level, n, is the pumping
guantum efficiency (i.e. the number of electrons excited into the upper laser level for
every pump photon), g, (4;) and o, (4;) are the absorption and emission cross-sections at
the lasing wavelength, N is the lasing dopant density, | is the device length, «; is the
cavity background loss at the lasing wavelength and R, & Ryp are the feedback

reflectivites of the laser output coupler and HR mirror respectively.

The above equation is based on a simple three level system (Ytterbium) without the

additional processes that can be present in thulium such as energy transfer upconversion
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(ETU) and other detrimental processes. It also assumes negligible ASE. However for the
purpose of this section it is considered sufficient to gain simple insights into the laser

behaviour.

We can estimate the difference in threshold between the fundamental mode and higher
order modes that can be achieved with this above mentioned mode selection technique by
looking at the ratio of threshold powers for the selected mode (m) and all other modes
(hom). Using the approximation for laser threshold as given above (eg.(36)) and solving
for the ratio of threshold powers for the selected mode (m) and all other modes (hom) we
find the following:

Po™ i 20, )NL+ 20, — log,(RG™) — log,(RAZ™)

= (37)
Pglgs—th Zo'a(AL)Nl + 2q,l - 10ge(R5"c - IOgE(RZ‘R

The first two terms of the above ratio correspond to reabsorption and cavity background
losses at the lasing wavelength. For a thulium fibre laser operating at the long wavelength
end of the emission spectrum we can neglect reabsorption losses (i.e. a four level
approximation) and assume negligible background loss across a short device length. The
remaining terms correspond to laser output coupling and high reflector feedback
efficiency. As the feedback element in this arrangement is a HR fibre Bragg grating with
uniform reflectivity for all modes (Ryr~90%) and that the only difference in feedback
between the modes is between the wavelength selective element (assume Roc~20%) and
angle cleaved output facet (assume Roc~10°%). The result of this is log,(Roc) »

log.(Rypr) and eq.(37) becomes:

Pagaten N log, (R(’)‘gm)

~ (38)
Pt;rlle—th loge(R(r)nc)

For this we neglect the effects of ASE and assume a complete overlap with inversion of
both the selected mode and higher order modes. This allows us to approximate the lowest
difference in threshold between the selected mode and non-selected modes. For the above
reflectivity parameters we find the threshold for higher order mode operation is ~6 times

that of the selected mode.

This then raises the question of whether the mode selection technique is limited to a given

number of times above threshold before parasitic higher order mode operation occurs.
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To gain an insight into this question we can look at the situation for fundamental mode
selection within a multimode fibre (assuming an initially top-hat inversion distribution
across the area of the core). In Figure 5.3 we show the spatial overlap between the
selected Gaussian mode and this distribution. Here we can see at the mode centre, where
intensity is greatest, spatially dependent gain saturation is expected to be high. However,
as we move away from the mode centre into the lower intensity wings, we can expect a
much lower level of saturation. In this situation there is the possibility for modes with
high spatial overlap with the undepleted region to reach lasing threshold as pump power
is increased, leading to a loss of modal purity and a reduction in beam quality. As the
difference in thresholds between the selected mode, PJ}._;, and non-selected modes,
phom .. increases, the achievable intensity of the selected mode before PMo™.. is
reached also increases. For sufficiently large differences in threshold between the selected
and non-selected modes, the intensity of the selected mode can be high enough to saturate
spatially dependent excess gain before Po™ . is reached and thus prevent the onset of
parasitic higher order mode lasing. The difference in thresholds required to prevent the
onset of parasitic lasing will be dependent on the profile of the selected mode, active fibre
core diameters, mode confinement and overlap between the guided modes of the fibre.

A Overlap with inversion
1=

Distance
Figure 5.3 Example of the spatial overlap between a top-hat inversion distribution

(blue region) and the fundamental Gaussian mode (orange) of uniformly doped step

index optical fibre.

Modelling conducted within the group suggests, that for the Gaussian mode and an
initially top-hat inversion distribution (Figure 5.3), this saturation behaviour starts to
become significant at around 4 times the lasing threshold with level of excess inversion

within the wings decreasing from this point. At around 8-10 times threshold, the
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extraction efficiency of the fundamental mode is essentially equal to that of a top-hat
profile of uniform spatial overlap with inversion [10] and thus expected to suppress the
onset of higher order modes. Experimentally, we can check for these conditions by

monitoring for beam quality degradation as pump power is increased.

5.3 Application and generation of higher order modes

In the previous chapters of this thesis we discussed the applications of the fundamental
Gaussian mode. The high beam quality and focusability of the Gaussian mode is desirable
in many applications. Within this section we will look at the motivation for operation on

non-Gaussian profiles such as individual higher order modes or a combination of modes.

The differing demands of different laser processing and marking applications means that
no one laser beam profile is ideal for all applications. For example, the fine feature
formation desired in stent manufacture requires the high beam quality and small spot
sizes associated with Gaussian modes. However, for larger volume ablation applications,
such as ITO removal used within the semiconductor industry, a more uniform energy
deposition is desired; allowing the threshold for ablation to be met but not significantly
exceed [11]. Here we will look at a range of applications for non-Gaussian beam profiles

within the materials processing sector.

By processing with laser beam profiles other than the Gaussian, a wider parameter space
can be accessed. Annular beams with central nulls and doughnut shaped intensity profiles
possess some interesting properties. The central null seen in ring shaped intensity profiles
has important implications for temperature deposition and material removal, by
appropriately selecting the width and radius of the incident beam, much more uniform
heat profiles can be achieved than would be possible with Gaussian or top-hat profiles.
Leading to uniform processing and reduced heat affected zones [12]. The use of novel
beam shapes can also allow higher throughput for complex marking applications. By pre-
shaping the indecent laser beam profile to match a desired mark or hole shape it is
possible to essentially project this shape on to the material to be processed. Sanner et al
utilised a spatial light modulator based beam reshaping system to transform the Gaussian
beam of a femtosecond source into a range of different profiles [13], in this work the
authors demonstrate the accurate transfer of laser beam profile to marked profile on the

work piece (Figure 5.4). Zhang et al utilise a so-called ‘pitchfork’ beam profile to
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produce well-defined through holes for a micro drilling application. Here the beam
showed a top-hat like shape with a raised ring around the periphery and resulted in an
improved hole fabrication with cleaner profile in comparison to a holes drilled with
Bessel and Gaussian beam profiles [14]. In [15] Zeng demonstrates the use of large
diameter annular beams for ‘optical trepanning’ where core holes are cut from a surface,
here the use of the a large ring shape more efficiently removes material, resulting in

reduced heating and faster processing.

Figure 5.4 Beam profiles from a femtosecond laser system after transformation

through a beam shaping system (top). The results of the above beam profiles when

used to machine the surface of a stainless steel sample, from [13]

The polarisation properties of some doughnut shaped beams follow a radial or azimuthal
profile about the beam radius [16]. This radial or azimuthal polarisation can have some
interesting effects on material interactions and has been shown to enhance removal of

metals such as mild steel [2].

Although we have highlighted some promising results above, this area of laser processing
has to date been largely unexplored, partly due to the difficulty in obtaining appropriate

sources, and is a promising area of future research.
5.3.1 Techniques for generation of higher order modes

The generation of higher order modes for laser processing applications can be achieved in

a number of different ways. It is possible to use components external to the laser



126 Chapter 5 Mode selection in multimode fibre laser oscillators

resonator as beam converters to generate the desired beam shapes. This approach has the
attraction of simplicity as well as the ability to use standard laser sources prior to beam
reshaping. This external cavity approach can utilise diffractive optical elements [17],
microlens arrays [18], axicons [19] and more recently, phase plates [20] and spatial light
modulators (SLM’s) [21-23] to generate a range of different beam profiles. Commonly
an initially Gaussian shaped beam profile is transformed to a top-hat, ring shape or other

novel profiles.

Work has also focused on the direct generation of the desired beam profiles within a laser
resonator, and can have the advantage of higher quality mode profiles in comparison to
external conversion schemes. In bulk laser cavities, aperturing elements can be used to
cause the resonator to oscillate on higher order modes [24]. More recently the use of a
spatial light modulator in an intracavity configuration has allowed the near arbitrary
generation of resonator modes and combinations through computer control [25]. The use
of a spatial light modulator in this cavity did come at a cost to laser power and slope
efficiency, leading to an increased threshold pump power of 22W and limited output
power of 14mW. This was due to increased losses and limited power handling of the
intracavity SLM. Generally the use of hard aperturing within a resonator must come at the
cost of laser efficiency due poorer overlap with pump profile, although this effect can be
mitigated. Through the use of spatially tailored pump profiles it is possible to select
higher order modes by virtue of higher overlap with the pump distribution. Here in order
to generate a desired mode, the pump beam is spatially reshaped to more closely match
the intensity profile of the desired mode. This has been demonstrated with the generation
of doughnut shaped modes, where a initially top-hat shaped pump profile was
transformed to that of a ring shape. This allowed the generation of modes with radial and
azimuthal polarisation [26,27] or an approximation of these polarisation properties [28] to

be generated without detrimentally effecting laser slope efficiency.

Similar approaches to mode selection can be applied to fibre laser oscillators. Through
the use of inversion overlap tailoring, Kim et al also demonstrated the generation of ring
shaped modes in an optical fibre [29]. In addition to these schemes, due to the
waveguiding nature of fibre lasers, alternative approaches may also be employed.
Ramachandran et al demonstrated the conversion from a Gaussian mode to a range of
higher order ring shaped modes through the use of a long period grating to induce mode

coupling, and was demonstrated with conversion efficiencies of ~99% [30,31].
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5.4 Mode selection in a multimode thulium fibre laser

5.4.1 Bragg resonances of the active fibre

In order to write high reflectivity fibre Bragg gratings we must ensure that a
photosensitive fibre is used. This is normally achieved with the addition of germanium as
a dopant in passive optical fibre. Fibre Bragg gratings can then be written into these
photosensitive fibres and spliced to active fibres to form a laser cavity. In our experiments
we were hesitant to introduce any potential sources of mode coupling and decided against
the use of fusion splicing. By doping our active fibre with germanium, we were able to
create photosensitive active fibre negating the need for matched passive fibres and fusion
splicing. This photosensitive thulium doped fibre was fabricated in-house via MCVD and
solution doping techniques and allowed direct writing of FBG’s into the core of the active
fibre.

The drawn fibre had a 18um diameter aluminosilicate core (0.22NA equivalent) with
approximately 1 wt.% Tm and a D-shaped pure silica inner-cladding with an outer
dimension of 300um. The later was coated with a low refractive index UV-cured
polymer yielding a numerical aperture of ~0.46 for the inner-cladding pump guide. Prior
to any grating inscription (with the UV phase mask technique) hydrogen loading of the

fibre was performed to further enhance photosensitivity of the active core [32].

The use of commercially available finite element method modelling software (Comsol)
allowed us to make predictions of the of the Bragg resonance wavelength for the guided
modes of this fibre. Input parameters were taken from the experimentally measured
optical fibre refractive index profile (Photon Kinetics S14). The results of this modelling
provided values for the effective indices of the guided modes as well as an estimation of
the modal propagation loss. These values were then normalised to the fundamental mode
resonance wavelength and were used to calculate the expected resonance wavelengths of

higher order modes propagating in the multimode fibre.

Figure 5.5 shows the calculated reflectivity peak locations for a Bragg grating
(%=1925.5nm) written into the core of this fibre, with inserts showing the expected
modal profiles. An important value for the successful selection of modes using this
technique is the nearest neighbour wavelength spacing between modes. Here we see a

wavelength spacing of ~4.3nm between the fundamental and LP;; mode peaks.
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Figure 5.5 Calculated reflectivity spectrum for fibre Bragg grating written into

multimode Tm-doped fibre.

The results of this modelling also show the slightly unexpected behaviour of multiple
peaks at the nominally single peaked LPy; resonance. The LP;; mode within a step index
fibre is actually an approximation of the four normally degenerate vector modes (TEg,
TMo1, HE»; and HE»*). This behaviour suggests that a walk-off in propagation constants
has occurred between these modes. Upon further investigation it was found that a fibre
drawing induced core ellipticity (due to the shaped cladding) leads to a non-degeneracy of
these vector modes [33]. This behaviour is demonstrated in Figure 5.6 where we plot the
effective index of these four vector modes against an increasing fibre core ellipticity.
Here we can see the same splitting of this mode group into two degenerate pairs.
Additionally the intensity profile of these modes can be seen to transfer from a circularly

symmetric profile into a two lobed shape.
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Figure 5.6 Mode profiles and effective index separations of the LPy; mode group in

the presence of an elliptical fibre core.

5.4.2 Electronic mode control

To demonstrate the feasibility of this mode selection technique we constructed a simple
laser resonator containing an in-fibre Bragg grating and an external cavity consisting of a
wavelength selective AOTF feedback arrangement. By using an electronically-
addressable wavelength-selective element within the external-cavity we are able to select
the oscillating mode within the resonator without the need for any mechanical movement.
This allows the switching of transverse modes within the oscillator without any
realignment or physical movement. This electronic control also has the advantage of
allowing mode switching to be performed at very fast rates, nearing that of the AOFT rise
time. In this section we describe the mode selection results for a core-pumped multimode
Tm-doped silica fibre, where we have successfully excited and switched between the
fundamental mode (LPy;) and the next higher order mode (LP1;) of this active fibre at
output power levels in excess of 5W. These were selected by simple adjustment of the RF
drive frequency to the AOTF. Fast switching rates between these modes has also been

realised with switching rates up to 20kHz demonstrated.
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5.4.3 Experimental layout and results

We constructed the experimental arrangement shown in Figure 5.7, comprising of a 30cm
length of thulium doped active fibre with a Bragg grating at one end of the active fibre
and a 14° angle cleave to suppress broadband feedback. An external cavity consisting of a
half wave plate, AOTF and broadband reflector (HR) was used to provide wavelength-
dependent feedback as well as laser output coupling. The use of a half-wave plate in the
external cavity allowed the polarization direction of the laser output to be aligned for
optimum diffraction efficiency in the AOTF.

Pump light was provided by a commercially available 20W single-mode 1565nm Er,Yb
fibre laser source (SPI lasers) and was coupled into the doped fibre with the aid of an all
fibre wavelength division multiplexer (WDM). The FBG had an estimated reflectivity of
>80% for the fundamental mode and bandwidth of 0.2nm (FWHM). Bragg resonance for
the fundamental mode was at 1925.5nm under unpumped conditions. The AOTF used in
our experiment was supplied by Gooch & Housego and could be operated across the
entire 1700-2100nm Tm emission band. The single-pass bandwidth of the AOTF was
2nm (FWHM) at 2000nm and the single-pass diffraction efficiency could be varied from
0-70% for a linearly-polarized input.

The choice of using the FBG as high reflector within the cavity was made after initial
experimentation using an FBG as a laser output coupler. When used as an output coupler,
the FBG required near perfect external cavity feedback alignment, both in angle and in
mode size to ensure mode scrambling does not occur at the free space to fibre boundary.
Experimentally this was found to be very changeling and not achievable in any repeatable
way. However by using the FBG as a HR reflector, any mode scrambling due to
misalignment is simply passed through the FBG rather than back reflected. In this way
the FBG works to clean up the back reflected mode. This is because the FBG will only
reflect mode content from a single mode at a given wavelength transmitting all other

modes.
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Figure 5.7 Experimental layout of core-pumped mode selective cavity containing an
in-fibre Bragg grating written into the core of thulium doped active fibre and a free

space external cavity containing wavelength-selective AOTF.

An expanded spectrum showing the predicted peaks for the first two sets of guided modes
is shown in Figure 5.8. Resonance for the fundamental mode is seen at 1925.5nm. With
dual peaks seen around 1921.1nm. The modal profile associated with each of these peaks
is shown above the calculated reflection spectrum of the grating. As can be seen, at the
1921nm wavelength peak two-lobed mode profiles are generated with the mode
orientation dependent on the excitation wavelength. Overlaid on this FBG spectrum is the
expected single pass transmission bandwidth of the AOTF. When operating at resonance
for the LPy; (R.F. drive frequency one (RF1)) clean single mode excitation is expected
due to the large wavelength spacing between the fundamental and LP;; modes. However,
when tuned to the LP; peaks (R.F. drive frequency two (RF2)) the excitation of multiple
modes is expected. In this case, with equal feedback for the LP,;, and LP;;, modes, an
incoherent superposition of the two LP;; modes is formed. This incoherence is due to the
separation in wavelength of these modes and is expected to result in a doughnut shaped

intensity profile when exciting these peaks.
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Figure 5.8 Close up of FBG reflection peaks of the fundamental and LP;; modes,
overlaid on this is the single pass selection bandwidth of the AOTF (green shaded

area) and calculated mode profiles for the corresponding peaks.

Using an arbitrary function generator the RF drive frequency of the AOTF was adjusted
to allow the operating wavelength to be tuned across the Bragg resonance peaks of this
multi-mode FBG. In CW mode of operation the fundamental or next higher order modes
could be selected. Figure 5.9 shows the successful selection of the fundamental mode
(Figure 5.9(a)) and doughnut-shaped (incoherent superposition) of LP;; modes (Figure
5.9(b)) within the multimode fibre. These results were achieved without any cavity
realignment when selecting between the two modes. Due to the limited wavelength
resolution of the AOTF and FBG, as well as a close effective index spacing (and hence
wavelength spacing) of still higher order modes, it was not possible to excite modes of a
higher order than the LP,; group individually. The resonance wavelength of the FBG was
found to be pump power dependent with ~4pm/W shift to longer wavelengths. The latter
was attributed to quantum defect heating in the fibre core. At a launched pump power of
17W the fundamental mode resonance was 1926.2nm, whilst the next guided modes

corresponding to the LP11 group of modes were found to lase at 1922nm.
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(b)

Figure 5.9 Laser output beam profiles successfully demonstrating the mode selection

of individual modes within a multimode fibre oscillator. (a) AOTF tuned to the LPy;

mode peak and (b) AOTF tuned to the LP1; mode superposition.

At the maximum pump power of 17W, the output powers for the LPy; mode and a
doughnut-shaped LP;; superposition were 5.8W and 5.1W respectively (see Figure 5.10).
Additionally, the emitted modes demonstrated a linear polarization perpendicular to the
optical bench, with the LPy; superposition demonstrating a polarization extinction ratio
(PER) of ~10dB, whilst the fundamental mode had a PER of >20dB. The beam
propagation factors (M? for the fundamental mode and LP;; superposition were

measured to be 1.07 and 2.23 respectively.

A LP11-donut

. eLpol y=043x-177 _*
u & A

'
2

A//’/x y =0.39x - 1.63
4

[=2]

wu

B

w

Output power (W)
%]

=
2

o
13

0 5 10 15 20
1565nm Launched (W)

Figure 5.10 Laser output power for LPy; (blue) and LP11.qgougnnut (red) modes versus

launched pump power.

When tuned to the LPy; doughnut, the laser emission spectrum was indeed found to
comprise of two spectral peaks of roughly equal power separated by ~0.2nm. Any

misalignment of the feedback mirror in the plane of incidence (or in the orthogonal
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direction) resulted in a reduction in power for one of the emission wavelengths and a
noticeable two-lobe intensity profile associated with preferential lasing on a particular
LPy; mode orientation. To further investigate the spectral and modal properties of the
LPy; peaks, a solid etalon of 0.5mm thickness (2.5nm free-spectral-range) and double-
pass bandwidth of 0.05nm was inserted into the external cavity between the AOTF and
HR mirror. This etalon was used to enhance wavelength discrimination within the
feedback cavity to allow the individual peaks of the LP;; mode group to be resolved.
With the AOTF tuned to the LPy; peak, the solid etalon was angle tuned to match either
wavelength peak of the dual peak output. The results (illustrated in Figure 5.11) confirm
that the two lobe output profile orientation was dependent on the resonance wavelength.
The two lobe orientation changed by 90 degrees when etalon transmission peak, and
hence lasing wavelength, was adjusted from the 1921.7nm peak to the 1921.9nm peak in

agreement with our theoretical model.
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Figure 5.11 Output spectrum and corresponding beam profiles when tuned to the

LP,; mode group with solid etalon used for fine wavelength selection.

By switching the resonance wavelength of the external cavity between resonance for the
fundamental mode and resonance for the doughnut-shaped superposition of modes we
could switch rapidly between the two mode shapes. This useful feature of laser behaviour
is made possible by the ability to rapidly switch between resonance wavelengths in an
AOTF. With the appropriate fibre, FBG and AOTF, this technique could also be extended
to a wider range of transverse modes. To investigate the limits on the switching behaviour

in our present laser, the feedback wavelength for the AOTF was switched between LPg;
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and LPy; lasing wavelengths at repetition rates ranging from ~Hz to > 10kHz. The laser
output profile was monitored using a combination of pyroelectric array camera and fast
photodiode. For repetition rates up to 24Hz, the Pyrocam allowed direct observation of
complete switching between the LPy and LP;; modes. However at increased switching
rates direct observation of laser switching behaviour was not possible due to the limited
frame rate (48Hz) of the pyroelectric array. To investigate switching behaviour at higher
frequencies, a volume Bragg grating with 0.5nm FWHM transmission bandwidth and
>95% reflectivity was enlisted. This allowed the reflection of one wavelength whilst
transmitting the other. Here the VBG was used to reflect either the 1922nm or 1926nm
peak. This was then incident on fast photodiodes and power meter, and allowed the direct
measurement of the relative mode power. The laser switching behaviour for repetition
rates up to 40kHz was investigated using this technique. At low frequencies, the output
profile of the laser was simply that of equal power of LPy; and LP;; doughnut. Whilst at
higher switching frequencies, the LP;; mode tended to dominate the laser output.
Adjustment of the relative RF drive powers on the AOTF, and hence the relative optical
feedback efficiencies for the two modes, allowed this effect to be mitigated. This resulted
in equal excitation of the fundamental and doughnut shaped modes at up to repetition
rates of 20kHz. For switching frequencies above this, the limited build-up time for the
AOTF wavelength selection resulted in too short a feedback duration for stable lasing to
occur. Figure 5.12 shows the time profiles for 1kHz, 10kHz and 20kHz switching rates.
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) 1kHz (400us/dev) ) 10kHz (40us/dev) (c) 20kHz (40us/dev)

Figure 5.12 Laser output time profiles for mode switching speeds of (a) 1kHz, (b)
10kHz and (c) 20kHz. A volume Bragg grating was used to spectrally separate the
output of the two modes with top row showing the LP1;.goughnut COMponent of the

laser output and bottom row showing LPy; component.

The wavelength selectivity of the AOTF used in these experiments was less than that
required to cleanly excite the individual two lobed modes of the LP,; peak. However by
inserting an appropriately spaced Fabry—Pérot filter into the external feedback cavity
along with the AOTF, it was possible to switch between either one of the two
orthogonally orientated LPy; mode groups and the fundamental LPy; mode whilst still
maintaining the electronic control of the AOTF arrangement. As the Fabry—Pérot filter
has a periodic transmission band, we match this period (free-spectral-range) to the
wavelength spacing between the LPy; and one of the LP,, peaks. This was experimentally
realised by the construction of a variable separation Fabry—Pérot wavelength filter,
consisting of two 90% reflective plane mirrors. One mirror was placed on a mechanical
translation stage allowing course adjustment of mirror separation, with fine adjustment
achieved by piezoelectric positioner. For a mirror separation of ~430um the resulting free
spectral range and double-pass spectral selectivity of 4.3nm and 0.07nm was achieved.
This allowed the long wavelength 1921.9nm LPy; peak and 1926.2nm LPy; peak to be

selected and switched. By decreasing the mirror separation of the Fabry—Pérot filter to
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410um it was also possible to select between the short wavelength 1921.7nm LPy; peak
and the fundamental mode.

5.5 Incoherent combination of multiple mode superpositions

In this section we use the combination of MM-FBG and AOTF to simultaneously excite
multiple modes within the thulium fibre cavity, demonstrating the arbitrary combination
of LPy; modes and a doughnut shaped LPy; superposition with output powers of the order
of BW. Resulting in in-situ laser profile control from doughnut shaped to flat-toped to

Gaussian.

In the background section of this chapter, we introduced several different techniques for
the generation of flat-topped mode profiles. Whilst some of these approaches are very
effective, they generally require the user to have a prior knowledge of the optimum beam
profile for the application. Furthermore if the system is to be used for multiple
applications, these mode selection and transforming elements must be changed or
removed for optimum performance to be achieved. We can address this lack of flexibility
by using the previously presented mode selection technique for the selection of
superpositions of modes in addition to the selection of individual modes. By driving the
AOTF with multiple simultaneous frequencies we can cause the external cavity to
provide resonance for multiple wavelengths simultaneously, and hence with the
previously described experimental arrangement, excite multiple fibre modes
simultaneously. As these modes are offset in wavelength, the resulting superposition is
incoherent removing any issues associated with pointing instabilities etc. as would be the
case for a coherent superposition (as discussed in Chapter 4). By doing so we present a
technique capable of the in-situ tailoring of a laser beam profile to best match a desired

application.
5.5.1 Principle of operation

In the previous section we demonstrated the selection and switching of laser modes
within the multimode thulium oscillator. Here by driving the AOTF with simultaneous
RF frequencies (rather than switching between them) we can cause the cavity to oscillate
on multiple fibre modes in a very controlled way. By adjusting the RF drive power of

each of the RF channels we can also adjust the relative intensities of each of the excited
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modes. This allows for the selection and controlled superposition of multiple modes
within a multimode fibre laser.

A range of power combinations of fundamental and first higher order mode are plotted in
Figure 5.13. In Figure 5.13(d) we show that an approximately flat-toped intensity profile
results when the modal superposition contains 70% fundamental Gaussian mode and 30%

two lobed LP;; mode.
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Figure 5.13 Theoretical beam profiles form the incoherent superposition of LPy; and
LP,, fibre modes with modal intensity ratios of LPy;to LPy; of 1:0 (a), 0.5:0.5 (b),
0.4:0.6 (c), 0.3:0.7 (d), 0.2:0.8 (e), 0:1 (f) and a cross sectional view of these ratios

in (9).
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5.5.2 Experimental layout and results

Using the same experimental layout demonstrated in Section 5.4.3 (Figure 5.7 ) we take
the core pumped cavity arrangement and drive this AOTF with a dual channel function
generator (Tektronix AWG3102). This allows the AOTF to provide resonance for the
fundamental LPy; (RF¢;=30.0847MHz) and resonance for the LPy; group
(RF1;=30.163MHz) simultaneously. By doing so, it is possible to excite an incoherent
superposition of these modes within the multimode fibre laser cavity. By changing the
relative drive power for each of the RF signals it is possible to control the relative
intensities of these guided modes, allowing control of the ‘flatness’ or other parameters of
the laser output beam. Figure 5.14 shows the effects of varying relative RF drive power
whilst simultaneously providing resonance to both the LPy; and LP;; modes.

For a pump power of 17W an output power of above 5W was maintained across all modal
power ratios. The relative power level of each mode group was directly measured using
the same VBG spectral slicing technique mentioned in the previous section. With the
relative modal power varied from complete LP1;.gougnnue t0 cCOMplete LPy;. The change in
beam superposition was recorded as shown in Figure 5.14(a-f). Figure 5.14(d) shows the
expected flat toped beam profile when 30% LPiigoughnut @nd 70% LPo; modes were
excited.
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(b)

(d) (e) ()
Figure 5.14 Laser output profile control using incoherent superpositions of LP¢; and
LP,; modes. Modal power ratios for LP1;.goughnut 10 LPoy 0f 1:0 (), 0.5:0.5 (b),
0.4:0.6 (c), 0.3:0.7 (d), 0.2:0.8 (e), 0:1 (f).

The broader spectral selectivity of the AOTF allowed the excitation of both LP;; mode
peaks simultaneously with a single RF drive frequency. However if the individual two
lobed mode profiles of the LP;; group are to be selected independently we must employ
the use of additional wavelength selective elements. As detailed previously, we use
appropriately spaced Fabry—Pérot filters to enhance the AOTF selectivity and allow the
selection between the fundamental mode and long wavelength LP;; peak.

Again the relative power between excited modes could be completely controlled from
100% LP,; to 100% LPy; (See Figure 5.15). At an approximately 70/30 ratio between the
LPo; and LP;; modes a flat toped elliptical superposition is formed (Figure 5.15(d)). For
a pump power of 17W, 2.66W of output power was obtained at the LP;; mode. This
reduction (of ~50%) in power in comparison to the LP1;.goughnut Case is due to an imperfect
alignment of the FP filter arrangement resulting in a high insertion loss from the external
feedback cavity. When a fused silica solid etalon of 0.5mm spacing and 90-90%
reflectivity was used in combination with the AOTF to individually select the long
wavelength LP; peak up to 4.66 W was obtained at the same pump power. This is only a
12% reduction in comparison to the unfiltered case, demonstrating the ability to select

this mode with high efficiency given a low loss spectral filter.
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(d) (e) ()
Figure 5.15 Laser output profile control using incoherent superpositions of LP¢; and

LP;; modes. Modal power ratios for LP4; to LPy; of 1:0 (a), 0.5:0.5 (b), 0.4:0.6 (c),
0.3:0.7 (d), 0.2:0.8 (e), 0:1 (f).

The normalised cross-sectional profiles of the modes obtained in Figure 5.15 are shown
in Figure 5.16. Here we can see the variation in modal area when transitioning from LPg,;

to LPy,, as well as the approximately flat-toped profile of the 70/30 ratio of LPy; and LPy;

modes.
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Figure 5.16 Measured cross-sectional profiles of the incoherent superpositions of the

LPy; and LP;; modes.
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5.5.3 Discussion

As is seen in Chapter 3, due to the close wavelength spacing of the LPy; and LP;; modes,
to select these modes the resulting RF drive frequencies to the AOTF must be separated
by sub MHz levels. This close frequency spacing brings the beat frequency of the two
drive signals within the response time of the AOTF. Here the same modulation behaviour
as shown in Chapter 3 is expected. This can been seen in time traces of the laser output,
the beat frequency between RF; and RF, is shown in Figure 5.17.a with ~75kHz
modulation. This same 75kHz modulation is seen on the laser output (Figure 5.17(b)). As
discussed Chapter 3, suppression of this beating behaviour is possible through the use of
a dual AOTF arrangement.

30 Apr 13 10:37:44

Tek  Run Sample 30 Apr 13 09:40:41

(b)
Figure 5.17: (a) Oscilloscope trace of the combined 30.163MHz (LP;) and
30.085MHz (LPy,) drive frequencies input into the AOTF, due to beating between

these two frequencies an optical modulation of ~75kHz is seen.(b) The

corresponding laser output profile for LPy; and LP4; selection of equal power.

Whilst the in-house built FP spectral filter allowed a significant increase in the spectral
selectivity of the external cavity, its imperfect construction lead to an increased loss and
reduced output power when selecting the LPy; & LP;; superpositions. Further
improvements to output power can be achieved through the use of an appropriately

spaced low-loss solid etalon.
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5.6 Cladding pumped architecture for power scaling

For further power scaling of this technique it is desirable to move towards a directly diode
pumped system where much higher pump powers can be achieved at a much lower cost
per watt. Here we demonstrate a cladding pumped thulium fibre laser with a high power
793nm fibre-coupled diode pump. Initially we look at the modal behaviour in a cladding
pumped system by analysing the emission spectra of a free running laser with a FBG for
feedback. By monitoring the relative intensity of the individual FBG spectral peaks,
information on the modal content of the free running laser can be obtained. We then
extend this arrangement to a mode selective one through the use of an angle tuned VBG
for wavelength selection. Whilst the use of a VBG in place of AOTF as the external
cavity removes the dynamic control seen in the previous section it does still allow
selection of modes through angle tuning of the VBG. For applications where only simple
mode control rather than switching is desired this move to a passive cavity allows a
reduction in parts count and has the potential for a very simple arrangement, consisting of

only a lens and VBG for wavelength selection and output coupling.
5.6.1 Experimental layout

The multimode active fibre was cladding pumped with a 793nm fibre coupled diode
source, and was launched into the TDF facet adjacent to the FBG with a launch efficiency
of 90%, yielding a maximum available launched pump power of 33W. The cladding
absorption coefficient for pump light at 793 nm was measured to be ~ 3dB/m resulting in
an active fibre length of ~ 4m for efficient pump absorption. Feedback for lasing at the
opposite end of the TDF was provided by a simple tunable external feedback cavity
containing a VBG, high reflectivity plane mirror and an uncoated fused silica wedge.
The 4% back reflection from the fused silica wedge provided laser feedback with the
remaining light taken as the laser output. The VBG had a high reflectivity (>95%) at
1932nm at normal incidence to the grating and a reflection bandwidth of ~ 0.5nm
(FWHM). This angle tuning arrangement (Figure 5.18) allowed the resonance wavelength
of the external cavity to be adjusted via rotation (of the VBG and plane mirror) to match
the FBG resonance wavelength. The length of excess TDF between the FBG and pump
launch was minimised to reduce wasted pump light with approximately ~ 5cm of active
fibre between the FBG and angle cleave. The layout of this cavity is shown in Figure
5.18.
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Figure 5.18 Experimental layout of cladding-pumped Tm-doped fibre laser.
5.6.2 Modal behaviour of free running cladding pumped TDF

Prior to operation as a mode selective cavity the VBG tuning arrangement was replaced
by a flat cleave at the laser output and provided 4% broadband feedback via Fresnel
reflection. Figure 5.19 shows the output spectra for this cladding pumped thulium laser at
a range of signal output powers. The FBG was written at a fundamental mode resonance
wavelength of 1923.3nm with an estimated reflectivity of 25%°. Due to the modal
dependent behaviour of the FBG resonance wavelength we can use the relative intensities
of the multi-peak laser spectrum to estimate the modal content of this free running fibre
laser [34]. At low powers close to threshold (0.7W output) the fundamental mode appears
to dominate, however as pump power is increased a larger number of modes are excited;
with the LPy; peak (1919nm) and a mode conversion peak [8] (1921.2) demonstrating
significantly higher powers than that of the fundamental. Note: for these spectral
measurements a low resolution monochromator was used with a limited resolution of
~0.2-0.4nm and so the individual modal peaks for closely spaced modes were not

resolved.

* This FBG was initially intended for use as laser output coupler (as discussed in Section 5.4.3),
but due limited supply of high reflector fibre Bragg gratings this 25% reflector was repurposed as

high reflector for these experiments.
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Figure 5.19 Spectral (modal) evolution of cladding pumped thulium fibre laser with

MM Bragg grating and flat cleave for broadband feedback (offset for clarity).

In the previously presented core pumped experiments, the fundamental mode tended to
dominate laser output power. This is due to an increased overlap between the single mode
pump beam and the fundamental mode of the TDF. This lead to a lower threshold as well
as better extraction efficiency near threshold for the fundamental mode. In this cladding
pumped architecture, where a more uniform inversion distribution exists in the active
fibre core, this preferential lasing on the fundamental mode is no longer the case. Here a
more top-hat like inversion distribution is seen in the core that better favours the larger
mode area of the LP,; close to threshold [35].

5.6.3 Mode selection in a cladding pumped Tm fibre laser

Under a free running configuration (with the VBG replaced by a high reflectivity plane
mirror). The laser yielded a multimode output beam with a beam propagation factor (M?)
of ~ 3.3 (see Figure 5.20(a)). With the VBG present in the external cavity and aligned to
provide feedback at 1923nm (i.e. to match Bragg wavelength for the LPy, for the FBG)
lasing on only the fundamental (LP,;) mode was achieved. The beam propagation factor
(M%) was measured to be 1.05 confirming the diffraction-limited nature of the output
beam (Figure 5.20(b)).

Angle tuning the VBG and realigning the HR plane mirror to match resonance for the

next higher order mode allowed excitation of the LPy; mode as shown in Figure 5.20(c).
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In this case the lasing wavelength was measured to be 1919nm, matching the peaks seen
Figure 5.19 as expected.

(a) (b) (c)
Figure 5.20 Output beam profile for: (a) Free running operation. (b) VBG tuned to
1923 nm to excite the LPO1 mode. (c) VBG tuned to 1919 nm to excite the LP11

mode.

Figure 5.21 shows the output power for selection of either the LPy or LPy; modes as a
function of launched pump power. At the maximum launched pump power of ~ 34W the
laser yielded output powers of 2.6W for LPg; mode operation and 3.6W for LP;; mode
operation with corresponding slope efficiencies with the respect to launched pump power
of 11% and 16% respectively. The higher output power and slope efficiency for LP,;
mode selection was attributed to the better spatial overlap of the LP1; mode with the fibre
inversion distribution [35]. Modelling conducted within the group [10] suggests that the
difference seen in output power powers between the LPy; and LP;; modes reduces as
pump power is increased to more times above threshold, eventually matching in output
power for a sufficient number of times above threshold. Here as the intensity of the LPy,
mode increases it is better able to extract inversion within the lower intensity wings of the
Gaussian profile. However, due to a limited number of times above threshold this effect

was not observable in these experiments.

The relatively low slope efficiencies for both LPy; and LP; operation were attributed to
the hydrogen loading process, which leads to a large increase in core propagation loss
within the fibre at the lasing wavelength. The Tm fibre (with and without hydrogen
loading) was tested in a simple free-running laser configurations and the slope efficiency

for the TDF laser without hydrogen loading was found to be approximately 40%, roughly
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a factor-of-two higher than for the TDF laser with hydrogen loading. The core
propagation loss in the hydrogen-loaded TDF was estimated to be ~ 1dB/m.

It should also be noted that the TDF used in our experiments had a rather low Tm
concentration and thus was not designed to enhance efficiency via promoting the ‘two-
for-one’ cross-relaxation process (Chapter 2). Hence, further optimization of the core
design with high Tm concentration should yield improvement in laser slope efficiency for
a cladding pumped system.

4 -
W LPOI selected

®LP11 selected

Signal Output(W)
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Pump Launched (W)
Figure 5.21 Laser output power versus launched pump power for LPy; and LP4;

mode operation.

5.7 Future prospects

As the V-number of the multimode fibre is increased, the effective index spacing between
neighbouring modes decreases. Reducing the effective index spacing between
neighbouring modes has a number of important consequences that must be discussed if

we are to get a good understanding of the core size scaling limits of this technique.

In the following sections we will investigate the scalability of this mode selection
technique. Looking at the effects of increasing core size on wavelength separation
between Bragg peaks as well as the increasing effects of mode coupling and bend

distortion.
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5.7.1 Mode separation with increasing core size

From eq.(34) we can see, for a fixed Bragg period, the wavelength separation between

neighbouring modes is given by:

A = ZAneffAFBG (39)
where Angr = min(njy, — Anjgs') ie. the minimum index spacing between

neighbouring modes. From this we can see a decreased effective index spacing will lead
to a reduction in the wavelength spacing between reflection peaks of the FBG. To give an
idea of the magnitude of this effect, the effective index separation between the LP,; and
LPo; modes was calculated (Optifibre) for a fibre with fixed NA (0.20) and increasing
core diameter. We then used these calculated values to plot the wavelength separation

between the two guided modes for increasing core area (shown in Figure 5.22).
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Figure 5.22 Wavelength separation of Bragg resonance between the LPy; & LPq;
modes for a FBG written in to a 0.20NA step index fibre and central wavelength of

2um.

On top of this plot we mark the various resolution limits of the individual wavelength
selective elements used in our experiments, 1nm represents the resolution limits of the
AOTF used (when in a double pass configuration), 0.25nm represents the resolution limit

of the VBG (again in a double pass configuration). As both of these resolution limits can
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be circumvented by the use of an etalon filter (as demonstrated in Section 5.4.3) we place
a third limit, 0.1nm, based on a realistically achievable FBG reflection bandwidth. From
this we find upper core diameters of 40um (V-number ~ 12), 80um (V-number ~ 25) and
130um (V-number ~40) for the wavelength selectivity of AOTF, VBG and FBG

respectively.

As we will see in the coming sections, effects such as mode coupling and bend induced
mode distortion can place upper scaling limits before FBG limitations are reached. This
analysis also assumes ideal, uniform FBG inscription across the width of the fibre core, in
practice this might be a challenging prospect and effects such as grating non-uniformity

will also have to be taken into account [8].
5.7.2 The effects of mode coupling

As has been demonstrated within this work, it is possible for a single transverse mode to
propagate within a multimode fibre. However, there are certain constraints that must be
met if modal purity is to be maintained. The effects of mode coupling, and ultimately our
ability to maintain power within the selected mode, are dependent on wavelength, core
and cladding size and fibre uniformity. For single mode excitation of a multimode fibre,
the power contained within a single mode of a straight length of fibre after a distance of
z(m) and due to mode coupling effects can be approximated by [36]:

-1
16d§0reDz> (40)

n(z) = (1 t—

where deore(m) is the fibre core diameter and D(rad/m?) is the mode coupling coefficient.
Generally D should be experimentally measured for reliable values. However, for the
purposes of this analysis we will use some very rough approximations to gain insight to
the scaling behaviour of D. Although the scaling behaviour for D as given by Fermann
shows strong dependence on core diameter and wavelength [36], more recent studies
suggest a slightly weaker dependence with D proportional to [37]:

Do feore (41)

clad

From this dependence we can see increasing cladding diameter should have a strong

effect on the limiting of mode coupling. Longer operating wavelengths as well as reduced
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core diameter also have beneficial effects on reducing the effects of mode coupling. For
the following section it is convenient to rearrange eq.(40) in terms of an upper
propagation length limit for a given mode degradation:

1 22
- ——1)— 42
#max (x 16d2,,,D (42)

Where x is the maximum permissible power loss to other modes, i.e. for x=1-1/e® ~95%
of the power will still be contained with the launched mode after propagating a length
Zmax along the fibre.

Taking an estimate of D from published literature [37] and scaling for wavelength, core
and clad diameters from eq.(41) we can get a very rough estimate of the mode coupling
behaviour across core size and wavelength. In Figure 5.23 we plot the estimated
propagation length before 5% of the propagating mode is coupled to higher order modes,

this is shown over a range of wavelengths.
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Figure 5.23 The achievable propagation length before power contained within the
fundamental mode drops to ~95% of its initial value (for a step index fibre with a
0.20NA, and fixed core-to-clad ratio of 10, coupling coefficient D was scaled from
eq.(41)

From this we can see it is possible to maintain mode quality in a multimode fibre

providing the level of microbending is sufficiently low and fibre length is kept short.
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However, even for an extremely uniform fibre, as the core size is scaled mode coupling

will eventually become an issue, limiting the scalability of this technique.

The above treatment highlights the trends of increasing mode coupling for increasing V-
number or decreasing wavelength, but can only be used as a very rough guide. For
accurate predictions of propagation length, fibre parameters such as D have to be
experimentally obtained. In practice the mode selection technique presented in this work
may actually provide a simple way to quantify the real world effects of mode coupling.

5.7.3 Fibre Bragg gratings in large mode area fibre

There are some unanswered questions related to the axial uniformity achievable with
Bragg gratings fabricated through side exposure with UV light. To maximise grating
strength, in fibre Bragg gratings are generally written by a UV light source at an
operating wavelength of 244nm. Due to the finite absorption depth of this wavelength
within the fibre core, some degree of grating strength asymmetry is seen during grating
manufacture. This asymmetry manifests itself as an increased loss within the grating
through scattering and mode coupling and can also be seen in an increased polarisation
dependence. Lu et al [8] modelled the behaviour of this effect within a two mode optical
fibre and found increased grating asymmetry led to the generation of a third reflection
peak. The location of this peak is equal to half the effective index spacing of the two
guided modes. This peak is referred to as the cross coupling peak and can be thought of
as a mode coupling effect due to a tilted Bragg grating. The gratings used within the
experimental section of this chapter also showed this cross coupling peak (Figure 5.19).
Within a passive fibre it is possible to use the relative strength of this peak to infer the
asymmetry of the FBG. However within the active fibre used in our experiments this was
not possible due to the possibility of spatially dependent absorption and gain within the
active fibre. As core diameter is scaled, the sensitivity and severity of this effect is also
increased. A upper limit on core size may be imposed by the achievable FBG uniformity

across the core.

A possible solution to this can be found in the use femtosecond pulse FBG writing [38].
Here rather than relying on fibre photosensitivity, nonlinear interaction between high
peak power incident pulses and the optical fibre lead to a refractive index modification

and can be used for FBG inscription. Due to the non-linear absorption behaviour of this
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process, FBG inscription can be achieved with high uniformity and is an interesting route
to investigate should UV inscription become problematic.

5.7.4 Bend-induced mode distortion

As an optical fibre is bent, a distortion of the fibre mode profile can occur. This is due to
an induced phase delay across a bent fibre’s core when compared to the case of a straight
fibre. For small core fibres this effect can be negligible, but as core size is increased this
effect starts to have a significant impact on effective mode area of the guided modes with
the potential to result in a poor overlap with gain within the active fibre as well as
reducing the thresholds for detrimental nonlinear processes [39-41]. Examples of bend
induced mode distortion can be seen in Figure 5.24 for a step index fibre with NA=0.2
and core diameter of 20um, Profiles were calculated using commercially available
software (Comsol).

(a) (b) (©) (d)
Figure 5.24 The effects of fibre bend on fundamental mode profile, for unbent fibre
(2) Rpeng=50cm, (b) Rpeng=10cm, (€) Rpeng=5¢m, (d) Rpeng=1cm.

The bending of an optical waveguide can be analogous to introducing a refractive index
slant across the core of the optical fibre [42]. With the resulting equivalent fibre refractive
index profile given by:

Teq(6,3) = o,y (14 7——) @3)

Rpena
where nq is the initial unbend index profile and Ryenq is the effective fibre bend radius.
Stress induced refractive index change within the glass can be accounted for by scaling
Rpend @S Rpeng=1.27R [43] where R is the physical bend radius of the fibre. The resulting
equivalent refractive index profile in comparison to an unbent fibre is shown conceptually
in Figure 5.25. Following the treatment given in [42], we can gain a more intuitive
understanding of bend induced mode distortion by first defining several parameters. The

refractive index height of the core above the effective index of the guided mode as
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Aneit=Ncore-Nefi. The maximum increase in core refractive index due to bending as
Anpend=Ncorelcore/Rbend. These two parameters are marked in Figure 5.25, where the
unbent fibre refractive index (black) is shown against the bent refractive index (red
dashes). In this picture when Anpeng = Anesr a depressed region of refractive index that is
less than the guided modes effective index is seen (grey shaded area). Within this area the
mode cannot propagate and must reduce in area, moving towards the outside of the fibre
bend. Whilst this is an oversimplification it does convey the behaviour of bend induced
mode distortion.

sindex 1
1///%
Ane
AnNbend "
-~

J

/ position X

Figure 5.25 Equivalent bent refractive index profile (red dash) superimposed over
the unbend index profile (black). The region shaded in grey represents a forbidden

region for mode propagation [42].

From this we can define the value of Ryeng When Anpeng = Anes as the onset of mode
distortion i.e.:

R _ NeoreTcore
bend—min — An
eff

(44)
When plotted against the normalised mode area (ratio of bent and unbend mode area) for
several strongly guiding fibres it is found that this value Rpeng-min Closely predicts the point
at which the mode area drops to about 90% of its initial value. Further following the work

in [42] we can approximate the value for Anes Within a strongly guided fibre as:

/12

- 4
8.8N 0re A2 (4)

Aneff =
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where Agff is the effective area of the unbend fibre mode. From eq.(45) we can then gain
an estimate of the minimum bend radius Ryeng.min aS:

2 0
. 8-8ncoreAeffrcore
Rbend—min ~ 12

(46)

From eq.(46) we can easily estimate the minimum bend radius of a strongly guided fibre
(i.e. a fibre where bend loss can be neglected) for which mode distortion is expected to

become a problem for a given core diameter and wavelength.

Figure 5.26 shows the result of these calculations for a 0.20NA fibre at a range of
wavelengths and coil sizes. As reported previously for reasonable coil sizes (R=20-40cm)
the fibre core diameter is limited to around 40-50um when working at a wavelength of
A=1um. We note that for the same coil size, moving to longer wavelengths, i.e. A=2um
there is a ~60% increase in core diameter to 60-80um before the same level of mode
distortion will occur. It is important to mention that the above treatment is for step index
fibre operating on the fundamental mode. There exist several techniques to further
increase core size whilst maintaining a tolerance to mode distortion. Strategies include the

use of tailored index profiles such as parabolic [42] or W-type fibre.
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Figure 5.26 Expected core size limits for undistorted mode propagation
(Aei>0.9%*A°) at a given bend radius. Core sizes above this limit will experience

noticeable mode distortion and reduced effective area.
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5.7.5 Higher order mode selection

The multimode fibre used in these experiments demonstrated close effective index
spacing between higher order modes and resulted in close wavelength spacing on the
reflection spectrum of the FBG. Due to a reflection bandwidth of approximately 0.2nm
this resulted in a mode spacing (in wavelength) that was less than the FBG bandwidth for
modes higher than the LPy; and excluded the clean excitation of these higher order
modes. Through the use of smaller bandwidth FBG’s it should be possible to excite
higher order modes with this cavity arrangement. This will allow the selection and
combination of other novel superpositions as well as higher order modes that possess
larger effective areas and can show grater resistance to mode skew [4].

Although in the above experimental demonstrations operation on radially or azimuthally
polarised modes was not possible, through the use of circularly symmetric fibre it is
possible to guide and excite fibre mores with radial or azimuthal polarisation [44,45].

5.8 Conclusion

In this chapter we have introduced and successfully demonstrated a novel mode selection
technique based on the differing spectral responses of in-fibre Bragg gratings and free
space wavelength selective elements. Demonstrating for the first time, to the best of our
knowledge, the rapid selection and switching between transverse modes in a multimode

fibre laser oscillator.

We first introduced the concept of the mode selection technique, highlighting the
difference in threshold between the selected mode and other propagating modes. We then
successfully demonstrated the validity of this technique in a core pumped multimode
thulium fibre laser. Using a FBG as a high reflector and an electronically controllable
AOTF we demonstrated the selection of the fundamental mode and next higher order
mode in a multimode oscillator with output powers of greater than 5W and laser slope
efficiencies of approximately 40%. The measured beam quality for the fundamental and
doughnut shaped LP;; superposition were M?=1.07 and M?=2.2 respectively. By
switching the RF drive frequency to the AOTF it was possible to switch between the
guided modes at switching frequencies of up to 20kHz. We enhanced the wavelength

selectivity of the external cavity by introducing an additional wavelength selective
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element in the form of an etalon of variable air gap spacing. By matching the air gap to
that of the wavelength separation of the fundamental and either of the two LP;; modes, it
was possible to individually select and switch between these modes. Thus circumventing
the resolution limitations of the AOTF whilst still allowing active selection and switching

between modes.

Detailing the flexibility of mode of operation with this technique, we use the incoherent
superposition of the fundamental and doughnut shaped LP;; mode to generate beam
profiles with variable shape and electronically selectable parameters such as beam
flatness. This was achieved by driving the AOTF with two simultaneous RF drive signals,
matched in frequency to that of the fundamental and LP;; modes. By changing the RF
drive power of each of the signals, we can effectively control the relative power of each
of these modes. The ability to control mode profile and shape as well as switch between
modes at very rapid rates represents a new degree of flexibility of operation within a
multimode fibre laser. Such switching of profile can be likened to the changing of a tool-
head within a mechanical processing system and may allow higher performance and more

efficient laser marking and processing applications.

To demonstrate the power scalability of this technique we move away from a core
pumped system, where pump and fundamental mode overlap are favourable, to a cladding
pumped architecture. This allows the use of high power laser diodes for power scaling
within a double clad arrangement. We constructed a laser cavity containing multimode
FBG and VBG in an angle tuning configuration. By angle tuning the VBG we were able
to select the resonance wavelength of the external cavity and thus select the oscillating
mode. In a resonator without wavelength selection (i.e. broadband feedback) the laser
oscillated on multiple simultaneous modes with an output beam quality of M?=3.3.
However by introducing the wavelength selective VBG, fundamental-mode operation

was achieved with output beam quality of M?=1.05.

In the final section of this chapter we looked further ahead, analysing the various
parameters associated with core area scaling. We show that for an increasing core area the
wavelength separation between FBG resonances decreases. This effect was quantified in
Figure 5.22 where we plot the wavelength spacing of the LP,, and LPy; modes. For our
current fibre, we find a wavelength resolution of 0.25nm allows mode selection for a core

size of up to ~70um. By putting an upper limit associated with practical FBG bandwidth



Chapter 5 Mode selection in multimode fibre laser oscillators 157

we find a maximum core diameter of 130pum before overlap between the resonance

wavelength for the fundamental and next higher order mode occurs.

We roughly estimate the effects of mode coupling within this arrangement and highlight
the importance of large cladding diameters and short device lengths. Looking at the
effects of mode distortion within such large core fibres we find an upper limit of ~ 70pum
core diameter (at a wavelength of 2 um) before mode skew effects become significant
due to fibre bend.

Using a simple ratio of feedbacks between the selected mode and feedback from the angle
cleaved end-facet, we were able estimate the difference in threshold between the selected
mode and non-selected modes within a multimode oscillator. From our simple
calculations, we found this difference in thresholds of approximately 6 times that of the
selected mode. Discussing the selection of Gaussian modes, we highlighted previous
work suggesting that this level of threshold suppression (of higher order modes) should
allow strong saturation of inversion before the onset multimode operation.
Experimentally, we saw no evidence of the onset of higher order modes or parasitic lasing

within the fibre diameter used.

Many of the investigated parameters are not hard limits, but rather variables that can be
traded off. For core diameters of up to ~70um it is expected fundamental mode operation
is possible with a manageable fibre bend radius. For increasing fibre core diameter rod
type fibre designs seem attractive. The short device lengths and large cladding diameters
are beneficial from a mode coupling perspective and when kept straight the effects of
mode skew can be neglected. Such oscillator designs would pave the way for a simple Q-
switched Tm fibre laser oscillator with pulse energies in the multi-millijoule regime and
beyond. Moreover, the ability to selectively excite higher order modes with larger
transverse dimensions than the fundamental mode should help to improve extraction
efficiency and raise energy damage thresholds opening up the prospect of even higher

pulse energies.
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Chapter 6.

Conclusion

Thulium fibre lasers offer a platform for high output power and broad wavelength
flexibility within the two-micron wavelength band. Throughout this thesis we
demonstrate a wide range of operating parameters using a thulium host, investigating
wavelength and mode control in several different architectures. In this chapter we

summarise the key results of this thesis providing a conclusion to the works undertaken.

In Chapter 3, investigating the broad emission band of the *F, — *Hs transition within
silica, we demonstrate wavelength tunability over a 450nm range. Over this wavelength
span thulium emission transfers from quasi-three-level behaviour at short operating
wavelengths through to more four-level behaviour at long wavelength emission. This
behaviour is highlighted through the comparison of a low dopant concentration, core
pumped sources and higher dopant concentration cladding pumped sources. Where,
moving from the high excitation densities seen in core pumping to the lower excitation
density from cladding pumping architectures resulted in a shift of the wavelength tuning
range from ~1700-1900nm up to ~1900-2100nm.

Through use of an acousto-optic tunable filter (AOTF) in core and cladding pumped
architectures, we have demonstrated a highly reconfigurable and tunable fibre source that
shows the ability to operate on multiple simultaneous wavelengths. Through the spectral
combination of the two gain stages into a single output we present a novel way forward
for a broadly tunable two-micron laser source, with the potential to cover >400nm
wavelength range at Watt level output powers and spectral linewidths of <0.1nm. Such a
source would be a very attractive tool for work in this difficult to reach wavelength range

as well a useful device for further power scaling and frequency conversion.

Exploring the short wavelength limits of the thulium emission band, we constructed a

compression tuned fibre Bragg grating feedback arrangement and demonstrate the

163



164 Chapter 6 Conclusion

remarkably short operation down to 1660nm. This tunable source highlights the
feasibility of several short wavelength applications, such as the high brightness pumping
of Dy:fluoride fibre for access into the mid infrared [1]. Finally, completing our
investigation into wavelength coverage within a Tm:silica host, we demonstrated two
fixed wavelength sources. These were based on high feedback efficiency fibre Bragg
gratings with operating wavelengths of 1726nm and 1950nm. These sources were able to
generate output powers of 12.6 and 14W respectively for 20.9W of launched pump light
and showing laser slope efficiencies of 67% and 72% with respect to absorbed pump
power. This first demonstration of high power and high efficiency 172xnm operation is of
particular interest. With applications in laser materials processing of polymers [2] as well
as in the potentially lucrative medical sector [3] and should attract interest from the

commercial sector.

Continuing the theme of spectral control, in Chapter 4 we demonstrate the efficient
generation of high peak power ASE light, through the fast feedback switching of a high
gain fibre cavity. By introducing external cavity wavelength selective elements we
demonstrate spectral bandwidth control, with output bandwidths from 24nm FWHM
down to 0.7nm FWHM, without significant change in output power or pulse energy.
Wavelength tunability of this source was from 1785nm to 1935nm. Output pulses showed
a high degree of stability with pulse-to-pulse energy variance of only ~0.25%. Peak
powers of 2.2kW were obtained within a 29ns pulse at pulse repetition rates of 125kHz.
For increased pulse frequency, up to 10.3W of pulsed ASE output power was obtained at
a slope efficiency of 63%. As this pulsed ASE source essentially behaves as a self-seeded
multi-pass amplifier, by applying spectral filtering to the initial back-reflected
wavelengths a broad degree of spectral control is possible and has initially been
demonstrated. A promising route for future work on this source is through the addition of
highly configurable wavelength control to the external cavity. By replacing the HR mirror
and slit arrangement with a digital micromirror device (DMD), the operating wavelengths
of the ASE source could each be addressed individually. This allows the emitted spectral
envelope shape to be defined at up to the diffraction grating resolving power (~0.7nm in
the current configuration) and should allow the generation of novel spectral envelope

shapes, such as flat-toped or saw-toothed profiles.

In the second half of Chapter 4, we apply this pulsed ASE source to both the suppression

of modal interference within a multimode amplifier and to the generation of broadband
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supercontinuum light within a small core highly nonlinear fibre. By moving to larger
active core areas pulse energy storage within the fibre can be increased and the effects of
detrimental nonlinear processes can be reduced. Achieving core area scaling within a
single mode fibre can be challenging particularly as core area is significantly increased.
Relaxing the need for single mode guidance and moving to slightly multimode output can
allow large gains in pulse energy, and greatly simplifies fibre design. However, when
propagating on multiple modes within a multimode optical fibre, interference between
these modes can lead to unstable beam profiles and intensity hotspots. By increasing the
spectral bandwidth of the seed source we successfully suppressed these detrimental
effects, generating a stable multimode beam profile that showed little sensitivity to fibre
movement or heating. Although primarily intended as a demonstration of modal
interference suppression, this source also operated with reasonable pulse energies, at up
to 1.1mJ obtained with peak power of 20kW. As was discussed in the background
section of Chapter 4, as well as demonstrated within passive fibre, this technique can be
applied to much larger fibre core areas and should allow significant scaling of laser pulse

energies.

By moving to smaller core areas with tight mode confinement we lower the threshold for
nonlinear processes and successfully generate supercontinuum light spanning greater than
an octave, from 1000nm to >2400nm. This ultra-broadband source was seeded by long
pulse duration (ns) pulsed ASE light and showed very high spectral stability.
Measurements of the spectrally resolved pulse-to-pulse stability were conducted using a
fast photodiode and monochromator, and found to maintain a two sigma (95%) variance
of less than 3% from 1900-2400nm. Within this wavelength range approximately 900mwW
of output power (>1.5mW/nm) was achieved, only limited by the power handling of the
fibre isolator. The intended application of this source was for optical coherence
tomography (OCT) measurements of subsurface features within historical works of art,
initial demonstrations of long wavelength OCT showed high levels of contrast. When
fully implemented this source has the potential to offer spatial resolutions of up to ~4um

within this difficult to reach wavelength range.

Within the final experimental chapter of this thesis, we look at individual mode selection
and control within a multimode fibre oscillator. By exploiting an effective index

dependence on the resonance wavelength of multimode fibre Bragg gratings we separate,
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in wavelength, the different guided modes of the multimode optical fibre. By constructing
a laser cavity containing a multimode FBG written into active fibre and a free space
wavelength selective element, we successfully demonstrate the selection of the
fundamental mode or next higher order mode within a multimode thulium fibre laser. By
utilising an electrically controllable AOTF as the wavelength selective element, we can
not only select the oscillating mode but also switch between these oscillating modes at
very rapid rates. In this work we demonstrate switching between the fundamental mode
and donut shaped LP;; mode at switching speeds of up to 20kHz and output powers of
greater than 5W. By introducing a second passive wavelength selective element into the
external cavity, we enhance the spectral selectivity of the wavelength control and
demonstrate the selection of closely spaced higher order modes. By driving the AOTF at
resonance for the fundamental and LP;; modes we were able to excite both modes
simultaneously, and by changing the relative RF drive power to the AOTF, we are able to
change the relative intensity of these modes. This was demonstrated with the incoherent
superposition of the fundamental Gaussian shaped mode and donut shaped LP;; mode,
allowing the generation of flat-topped beam profiles with flatness becoming an
electronically controlled parameter. Finally with an aim to power scale, we demonstrate
the successful application of this technique within a cladding pumped architecture and
using static volume Bragg grating as free space wavelength selective element. In this
configuration we were able to improve the beam quality of a multimode fibre oscillator,
moving from an initial M? of 3.3 when mode selection was not applied to a near perfect

beam quality of M?=1.05 when fundamental mode was selected.

This technique of mode selection and switching in a multimode fibre laser can have
several very interesting applications, by switching laser mode during laser cutting and
marking applications, it should be possible to alter the laser processing behaviour and can
be likened to a tool head change within a mechanical processing system. The generation
of flat-topped laser beams allow more efficient material removal in some ablation
applications and the novel feature of adjustable flatness opens up a parameter space that
has not been previously explored. An attractive approach for power scaling of this
technique was demonstrated with the use of cladding pumped fibre with static VBG.
Although, due to high background propagation losses, demonstrated output powers were
modest, the high power handling of the VBG makes this a simple approach for static

mode selection and should allow significant CW power scaling. In the final section of this
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chapter we discuss the core area scaling prospects of this technique. Showing the good
potential to further scale core diameter to 70um without significantly changing the
experimental arrangement. With such large core areas it is expected that significant pulse
energies should be obtainable through the use of this mode selection technique, and can

be achieved with individual fundamental or higher order mode operation.
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