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Abstract

Three thulium-doped fibre lasers (TDFLs) were developed: a large mode area (LMA) 25/400 “test”
TDFL, a high power cw TDFL, and a Q-switched TDFL. For the test TDFL, the relationship between
self-pulsing in TDFLs and laser reabsorption effects were explored by way of spectral and temporal
measurements. Laser design aspects and technical procedures were also investigated.

The highly efficient, high power cw TDFL produced a pump limited output power of 63 W with a
slope efficiency of ~56 %. Thermal management schemes including splicing and fibre cooling were
discussed and implemented.

A polarisation maintaining thulium-doped fibre (TDF) was implemented for the Q-switched TDFL
which produced pulse lengths of ~207 ns and peak powers of 1.17 kW at ~23 W of average laser
output power. Gain switching of the Q-switched TDFL pump diodes further reduced the output pulse
length to ~163 ns with peak powers of 1.35 kW.
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Chapter 1: Introduction to silica-based
thulium-doped fibre lasers (TDFLs)

Overview of the dissertation

Lasers with operating wavelengths in the 2 um wavelength region have found useful applications in
fields such as medical surgery [1,2], light detection and ranging (LIDAR) [3],manufacturing [4], free
space propagation [5], and directed infra-red counter measures (DIRCM) [6]. The growing success of
TDFLs as sources of 2 um wavelength radiation can be attributed to their broad tuneability (1850-
2100 nm) [5], high slope efficiencies [7], potential for high output power (~1 kW) [8], good beam
quality, ease of cooling, and their ability to pump holmium-doped crystals in a variety of crystalline
hosts [9,10]. Another advantage of TDFLs over other “eye-safe” (>1400 nm) 2 um wavelength laser
sources such as, erbium-ytterbium-doped fibre lasers and holmium-doped fibre lasers is their ability
to be optically pumped with readily available ~790 nm laser diodes. Comparatively, Holmium-doped
fibre lasers are often pumped with TDFLs and erbium-ytterbium-doped fibre lasers; when pumped
by commercially available diodes have poor slope efficiencies (<45 %)[7].

TDFLs have also been utilised for wavelength generation beyond the 2 um wavelength range
(3-5 um) by either directly or indirectly pumping ZnGeP, (ZGP) optical parametric oscillators (OPOs).
Laser emission in this wavelength range is applied in fields such as LIDAR and directed missile
counter measures (DIRCM). Traditionally, continuous wave (cw) TDFLs pumped Q-switched
holmium-doped crystals or fibres [11] which in turn pumped ZGP crystals. However, recently it has
been shown that a Q-switched TDFL can directly pump the ZGP crystal for efficient nonlinear
wavelength doubling [12].

Direct pumping of a ZGP crystal with a Q-switched TDFL source will lower the overall laser
development costs, improve the wall plug efficiency, and simplify the laser architecture; however,
there is a drawback. A solid state Ho:YLF amplifier has been demonstrated to deliver high energy
pulses in excess of 300 mJ [13]. The pump source for the amplifier and seed source was a Tm:YLF
crystal and TDFL respectively. The high pulse energies are in part owing to holmium’s large emission
cross section, high gain profile, and long upper state lifetime. Q-switched TDFLs on the other hand,
like the one that pumped the aforementioned OPO produced pulse energies in the order of p’s.

To this end three TDFLs were developed in this study: the short “test” TDFL (Chapter 3), the high
power cw TDFL (Chapter 4), capable of pumping Holmium crystals and, the Q-switched TDFL
(Chapter 5) for pumping ZGP OPOs. The test TDFL served as an experimental platform for gaining
insight into TDFL development techniques and laser design considerations. Experimental outcomes
and literature studies covered in chapter 3 were then implemented into the development of the
high power (63 W), high slope efficiency (¥56 %) cw TDFL (Chapter 4). Similarly, experimental
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outcomes from chapter 3 and 4 were implemented in the development of the high power (23 W
average power), high slope efficiency (~¥47 %) Q-switched TDFL (Chapter 5).

The chapters to follow (Chapter 1 and Chapter 2) will introduce the necessary background
knowledge and fibre theory for the rest of the dissertation.

1.1 Introduction to silica-based optical fibres

The propagation of light in a transparent cylindrical glass rod surrounded by air is illustrated in Figure
1. The refractive index of air, n,, is approximately 1 and that of glass, n; is approximately 1.46. Since
N, < ny, light rays incident on the glass to air interface at angles greater than the critical angle (8;)
undergo total internal reflection, that is, virtually all of the light is reflected at the interface and thus
propagates along the length of the glass rod. This is shown by the red ray trace. The blue trace
illustrates a ray incident on the glass-to-air interface at angles less than .. In this instance the ray
undergoes Fresnel reflection at the surface transmitting some of the beam. As a result, the beam is
attenuated as it propagates down the glass rod. Early fibre optics had a simple, uncladded, glass to
air interface as depicted in Figure 1(a). These fibres were susceptible to surface damage reducing the
strength increasing the optical losses of the fibres. This problem was overcome in 1954 by Hopkins,
Kapany, and van Heel who reported the first step index fibres. The concept was to surround a class
core with a glass cladding of lower refractive index, as illustrated in Figure 1(b).

nyair  7;8lass

o

n2<n,

n,cladding n, core

Figure 1: (a) Light propagation through a cylindrical glass rod with no cladding and (b) with a

cladding.

The major technological advancement in silica fibres as a means for data transfer came about as a
solution to the overwhelmed copper telecommunications networks. Since signal bandwidth is
roughly proportional to signal frequency, data transfer using light waves instead of electrical waves
is advantageous. Early problems concerning the use of fibre optics for data transfer included, joining
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of fibres, glass impurities and multimodal dispersion of the light wave. It was later pointed out in a
paper by Charles Kao and George Hockham that choosing a small fibre core with a cladding to core
ratio of 100:1 allowed for the propagation of single mode laser light through an optical fibre. This
finding, addressed the issue of modal dispersion in optical fibres. Other dispersion effects such as
polarisation and chromatic dispersion were not affected by this finding. The paper also reported
bending, scattering, and absorption loss measurements for a host of glasses. The paper
systematically outlined the feasibility of optical fibres as a means of long distance data propagation
and predicted that attenuation in fibre optical cables could be reduced to under 20 dB/km. The year
was 1966 and dawn had officially broken on the optical fibre era; in 2009 Kao was awarded a Nobel
Prize in physics [14,15].

Modern telecoms uses amorphous silica-based fibre due to silica’s high tensile strength, low loss
transmission windows (particularly at ~1500 nm wavelengths), low nonlinearity and hygroscopic
behaviour, to mention a few [16]. Joining techniques such as cleaving (cutting) and splicing (fusing
together) have been extensively developed, as well as reducing impurities in the silica glass. These
developments stemming from the telecommunications industry has resulted in fibre optics being the
dominant means of propagating data over long distances with extensive networks the world over
[14].

1.2 Absorption, stimulated and spontaneous emission

Laser is an acronym for Light Amplification through Stimulated Emission of Radiation and was first
predicted by Albert Einstein in 1917 [17]. Einstein’s theoretical model was a simple two level laser
system which worked as follows:

Consider three ways in which light can interact with matter, namely absorption, stimulated emission
and spontaneous emission (Figure 2). Suppose a photon with energy E, = hv, where h is Planck’s
constant and Vv is frequency, is incident on an atom with its electron initially in some low energy
manifold E,. There is a probability that the photon can excite the electron directly into a higher
energy manifold E, provided E, = (E,-E)), the energy difference between the two manifolds. This
process is illustrated in Figure 2(a) and is known as absorption. After absorption has occurred, there
are two direct routes for de-excitation of the excited electron from the E, manifold back to the
lower energy manifold E; namely stimulated emission and spontaneous emission. Stimulated
emission occurs if a photon with energy E, = (E,-E)), from any direction, is incident on the already
excited atom. When this happens there exists a probability that the incoming photon will cause
(stimulate) a de-excitation of the atom resulting in the emission of two photons as illustrated in
Figure 2(b). A special property of stimulated emission is that the stimulated photon will inherit the
same phase, direction and energy as the incident photon. If no stimulated emission occurs, the
excited electron will spontaneous decay back to the lower energy manifold emitting a photon in a
random direction. This process is known as spontaneous emission and is shown in Figure 2(c). The
average time it takes for an electron to spontaneously decay is given by 7, the upper state lifetime.
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Figure 2: Simple diagrams illustrating light interaction with matter. (a) illustrates photon
absorption, (b), spontaneous emission and (c), stimulated emission.

1.3 Basic laser concepts

If we now consider an ensemble of atoms such as in a crystal (gain material), then the goal of
building a laser would be to promote stimulated emission processes as follows:

1) Excite as many electrons to the upper energy manifold to promote stimulated emission,
2) amplify the stimulated emission and reduce spontaneous emission,
3) reduce re-absorption and losses to the amplified stimulated emission beam.

The rate of stimulated emission is proportional to the number of atoms with electrons in the upper
energy manifold, and the rate of absorption is proportional to the number of atoms with electrons in
the lower energy manifold. Let these populations be N, and N, respectively. Promotion of Ny,
essentially promotes stimulated emission. Therefore the first condition for laser action is a
population inversion, that is, N, > N;. One method of increasing the upper state population is to
expose the gain material to intense light of the appropriate wavelength supplied by some light
source. The name of such a source is a pump source and the light it supplies, pump light. Optical
pump light sources include laser diodes and flash lamps to name a few.

Stimulated emission can be amplified (promoted) and spontaneous emission reduced with the
introduction of an optical cavity, also known as an optical resonator. An optical cavity essentially
provides optical feedback for amplification by reflecting light back and forth along repeatable fixed
paths. Figure 3 illustrates a simple optical cavity consisting of two parallel mirrors, one highly
reflecting and the other partially reflecting.
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Figure 3: Simple optical cavity consisting of two parallel mirrors.

The blue arrows in Figure 3 represent pump light. The amplification process works as follows:
Initially there is spontaneous emission of photons in random directions, some of these within the
confines of the optical cavity. Such photons on average will make multiple passes through the gain
material before exiting the optical cavity. Photons not contained on repeatable paths within the
cavity will experience less gain or no gain at all. The intracavity photons will constantly stimulate
emissions from newly excited electrons, afforded by the continual pumping of the gain material,
thus amplifying the stimulated emission process along the optical paths governed by the optical
cavity. The amount of amplification the stimulated emission signal experiences after one round trip
is known as the round trip gain. In reality there will be cavity losses which includes scattering,
reflectivity losses and fluorescence losses to name a few [18]. This brings about a second condition
for laser action to occur, that is, the round trip gain must exceed the round trip optical losses. An
example of a round trip within a two dimensional optical cavity is illustrated in Figure 4.

Amplification of stimulated emission within the optical cavity will increasingly depopulate the upper
energy manifold until equilibrium is established. Once equilibrium has been achieved the laser is said
be in a steady state since the output is stable. Under these conditions the laser will supply a
continuous stream of laser photons. Such laser operation is known as continuous wave (cw).
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Figure 4 : lllustration of a single round trip within a simple two dimensional optical cavity.

Figure 5 illustrates how an optical cavity promotes stimulated emission. Figure 5(a) is an illustration
of a weakly pumped crystal with no optical cavity. The thin red lines in the figure represent
emissions from the crystal. In such a scenario, spontaneous emission dominates as there is little
population inversion (thin red lines) and the crystal is said to fluoresce. Increasing the pump
intensity increases population inversion and therefore stimulated emission in the crystal. This
scenario is illustrated in Figure 5(b). With no feedback mechanism, the randomly directed
spontaneous emissions are amplified stimulated emission by the gain material. This weak,
incoherent laser signal is known as amplified spontaneous emission (ASE). Since fibre lasers are long,
single pass ASE signal can be particularly intense. Under these circumstances, fluorescence will also
increase. Introduction of an optical feedback mechanism (optical cavity) is illustrated in Figure 5(c).
In this scenario, provided the round trip gain exceeds the round trip losses, laser action will be
induced. The output laser beam will be directional, have a high degree of coherence and be
monochromatic.
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Figure 5: (a) Pumping of a gain material with no optical cavity. (b) The effect of introducing an
optical cavity with insufficient pumping to induce laser action. (c) With sufficient pumping, laser
action is induced.
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For an ensemble of atoms within a gain material, the absorption and emission probabilities can be
expressed by the absorption and emission cross sections respectively. The unit of measurement for
these cross sections is area. The round trip gain, also known as the small signal gain, can be
expressed in terms of the emission and absorption cross sections by

9o(z,V) = 0, (VN (2) 0. (VIN, (2) ..(1)

where o, and o, are the effective absorption and emission cross sections, respectively, and N, and N,
are the total electron populations of the lower and upper energy manifolds relevant to the laser
emission. The upper and lower energy manifolds will henceforth be referred to as the upper and
lower laser levels. The method for solving Equation 1 is reported in a paper by Hanna [19].

So far only a theoretical two level system has been discussed, however such systems do not exist in
reality. This is because in a true 2-level system, absorption and stimulated emission processes
promote one another and thus a population inversion cannot be achieved [18]. Real laser systems
are either 3-level, 4-level, quasi 3-level or quasi 4-level. For a three level system, as illustrated in
Figure 6(left), pump light excites electrons to the pump manifold p. The electron then quickly
undergoes non-radiative (phonon decay as heat) to the upper laser level. The upper level laser
lifetime is significantly longer than the pump manifold lifetime and the energy gap between the two
levels is large enough such that incoming pump light cannot stimulate emissions from the upper
laser level. Electrons in the upper laser level return to the lower laser level via emission of a photon.
Provided the pump light is intense enough, in a three level system a population inversion can occur.
However, in a true 3-level system since the lower laser level and the ground state electron level g
are the same, at least 50 % of the ground state electrons must be pumped into the upper laser level
for population inversion to occur. 4-level systems, as illustrated in Figure 6(right) don’t have this
requirement. The lower laser level is high enough above the ground state level such that after fast
non-radiative decay the level is essentially always empty. Thus population inversion occurs at much
lower pump levels. 3-level systems are also prone to reabsorption of the laser signal.

For some gain materials there is significant Stark splitting of the ground level manifold. When an ion
is perturbed by a local electric field, the energy levels of the ion can be shifted or split. This
phenomenon is known as the Stark effect. Since glass hosts are inhomogeneous, the local electric
field experienced by each ion as a result of surrounding atoms is random, causing inhomogeneous
broadening of the energy level [18]. The ground level is thus made up of many sublevels. For Quasi
3-level systems the uppermost sublevel is the lower laser level. Supposing there is strong coupling
between the sublevels due to non-radiative decay and the energy difference between the lower
laser level and the ground level is approximately kgT, where kg is Boltzmann’s constant and T is the
temperature. Under these conditions the sublevels will always be in thermal equilibrium with each
other and hence electrons will always be present in the lower laser level. Since the lower laser level
is populated at any given time, there is always potential for reabsorption. Also, the pump intensity
required for population inversion will be higher than 4-level systems-but lower than 3-level systems.
Quasi 3-level systems are therefore something in-between. Quasi-4 level systems are similar to quasi
3-level systems in that they also have a ground level with many sublevels, however, the energy gap
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between the lower laser level and the ground level is high enough such that the lower laser level is
almost always empty. To minimise reabsorption losses, a suitable gain and host material must be

chosen.
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Figure 6: Simplified energy level diagrams depicting (left) a 3-level system and (right) a 4-level
system.

1.4 Energy transfer mechanisms between rare-earth ions

Rare-earth ions are predisposed to ion-ion interactions. These interionic interactions are crucial to
TDFL performance. The study of rare-earth interionic interactions has been studied in Erbium-doped
fibre laser (EDFL) research [20]. Similar models with slight modifications have been explored in TDFL
research [21]. There are four inter-ionic energy transfer mechanisms relevant to this dissertation,
namely, co-operative upconversion, energy migration, cross-relaxation (CR) and excited state
absorption (ESA)[20]. Figure 7 shows simple energy transfer diagrams between two thulium ions.
The relevant energy manifolds are shown in Figure 7(a). These energy transfer mechanisms are also
relevant to other paired, rare-earth ions like holmium and erbium. They can also be generalised to
co-doping regimes where the sensitiser ion (ion transferring energy) is different from the activator
ion (ion receiving energy) as in thulium-holmium co-doped systems [22]. In this dissertation we will
be looking exclusively at paired thulium ion (Th*- Th®*) interactions.
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Figure 7: (a) A simple 3-level energy diagram for thulium and (b-e) simplified diagrams of inter-
ionic energy transfer mechanism between two Tm** ions.

The complete absorption spectra for Tm** doped glass with the relevant energy manifolds are
illustrated in Figure 8 [23].
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Figure 8 : Absorption spectra for thulium with simplified energy diagram [23].
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Analysis of Figure 8 indicates that pumping of electrons to the *F, energy manifold is possible at
pump wavelengths of 1200 and 1699 nm. However, there are no commercial pump diodes available
at the 1200 nm and 1600 nm absorption peaks; instead, complex laser systems would need to be
developed for emission at these wavelengths.

Reported optical pumping wavelengths for TDFLs include, ~1904 nm, 1550 nm and 793 nm. For
1904 and 1550 nm pumping schemes, electrons are pumped directly into the metastable *F, upper
laser level with reported slope efficiencies of >90 % [24] and 60 % [25] respectively. The large
difference in slope efficiencies between the two pumping wavelengths is due to their different
guantum defects. Quantum defect is the difference in energy between the pump photon and the
emitted laser photon (quantum defect = hV,ump-hVemited). FOr the 1904 nm pumped laser, the
emission wavelength is 1994 nm which is relatively close to the pump wavelength of 1908 nm.
Relaxation, in the form of multi-phonon decay from the pump level, through the Stark-broadened
upper lasing level (*H,), is therefore small compared to the multi-phonon decay from the 1550 nm
pump level to the 1940 nm laser level of the in-band pumped laser. Multi-phonon decay is emitted
as heat making low quantum defect lasers attractive for scaling to high powers. However, due to lack
of commercially available high power pump diodes at these absorption wavelengths, in-band and
resonantly pumped TDFLs are impractical. Instead, the highest reported powers (1 kW) from TDFLs
are optically pumped by laser diodes in the 790 nm absorption band.

793 nm pumped TDFLs have a poor quantum defect. This is however offset by their high quantum
efficiencies. Quantum efficiency is the ratio of absorbed pump photons to emitted photons. By
pumping thulium with ~793 nm light, electrons are pumped to the upper energy manifold Figure
7(d). A dipole-dipole, dipole-quadrupole or quadrupole-quadrupole interaction between two ions
can potentially facilitate cross-relaxation (CR). The result of cross-relaxation is two photons are
emitted for a single pump photon resulting in a theoretical quantum efficiency limit of 2. This high
guantum efficiency offsets the poor quantum defect of 793 nm pumped TDFLs. Cross relaxation as a
means to reduce heat and increase quantum efficiencies in TDFLs was proposed by Antipenko in
1987 [16,26] and by the year 2000 a TDFL with slope efficiency (52 %) exceeding the Stokes
efficiency limit of thulium (~40 %) was reported [16]. It was later shown by Moulton that CR
processes in TDFLs resulted in maximum quantum efficiencies of 1.8 [7].

Since CR is an ion-ion interaction, the probability of two ions interacting is dependent on their
separation distance [20]. The efficiency of the CR mechanism is therefore dependent upon the
doping concentration. Rare-earth ions tend to cluster making them prone to co-operative
upconversion and ESA (Figure 7(b-e)), which are competing mechanisms to CR. To alleviate
clustering, silica-based TDFLs are co-doped with aluminium to increase thulium solubility. One
explanation for the increased solubility of thulium ions as a result of co-doping with aluminium is as
follows: The commonly accepted structure of silica (SiO,) is a network of tetrahedral units with
oxygen as the bridging atom. The strong covalent bonds present in the silica network are responsible
for silica’s good mechanical strength and thermal properties, however, when introducing rare-earth
ions into the silica network, there is a limited amount of non-bridging oxygen atoms to sufficiently
coordinate with the rare-earth ions. The rare-earth ions are therefore forced to share non-bridging
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oxygen atoms causing them to cluster. By introducing atoms such as aluminium which are larger
than the basic silica network, bridging bonds are broken effectively increasing the number of non-
bridging oxygen atoms the rare earth ion can coordinate with. This in turn increases the solubility of
the rare-earth ion in silica which therefore reduces clustering [27].

Optimisation of the aluminium co-dopant as well as the thulium doping concentration resulted in
the highest reported slope efficiency (74 %) for a diode pumped TDFL by Jackson in 2004 [21]. Figure
9 from the paper by Jackson illustrates the increase of slope efficiency ns with increased doping
concentration. The 74 % slope efficiency was reported for a Tm** doping concentration of 1.8 wt. %.

60 T T v T v I v L

S04 stokes limit .

\ 7
—~ 40

10 T T T T v 1 v
0.0 0.4 0.8 1.2 1.6

Tm™ concentration (wt.%)

Figure 9: Slope efficiencies measured for cladding-pumped TDFL with a 805 nm laser diode [21].

Commercially available TDF’s typically have doping concentrations of 4.wt % [28]. The high doping
concentration increases the fibres absorption per metre whilst facilitating CR. Another benefit of
diode pumping at ~793 nm is reduced photodarkening. Photodarkening is the degradation of silica
host material due to prolonged exposure to UV light. TDFLs emit a blue fluorescence (470 nm) under
pumping with 793 nm diode lasers due to ESA or co-operative upconversion of electrons to the 'G,
energy level Figure 7(e). Prolonged exposure to this blue fluorescence would normally lead to
photodarkening. However, since the non-radiative interactions involved in CR are faster than
radiative processes from the *H, energy manifold, its upper state lifetime is significantly reduced.
This depopulation of the *H, reduces the probability of upconversion processes which lead to
photodarkening. It was shown for a 20 W, 1900 nm TDFL that optimisation of thulium doping
concentrations (~4.6 wt.%) assisting CR processes, led to silica host degradation of less than 10 %
over 10000 hours [29].

High Tm*>* doping concentrations, increases the probability of co-operative upconversion and ESA.
Electrons excited to higher energy level by ESA or co-operative upconversion normally relax to the
metastable *H, laser level via phonon radiation (heat) or fluorescence at a non-laser wavelength.
Both ESA and co-operative upconversion are therefore loss mechanisms due to two pump photons
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resulting in one emitted laser photon. Silica-based TDFLs, due to silica’s high phonon energy, are
susceptible to non-radiative phonon decay from ESA and co-operative upconversion, the details of
which are discussed further in chapter 3.

1.5 Transmission spectra of silica

Much of the technology and understanding of TDFLs stems from erbium-doped fibre laser (EDFL)
research. A significant amount of research has been done on EDFL's due to Erbium’s 1550 nm
emission spectrum overlapping with silica fibres very low loss transmission window. Figure 10
illustrates a spectral loss diagram for silica. The steep rise in the spectral loss diagram towards
2000 nm is partly due to the first overtone vibration of OH at 1900 nm [27].
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Figure 10: Graph of transmission losses in silica fibre [20].

OH ions are introduced into the fibre during production. Since TDFLs typically operate between
1850 nm and 2050 nm, OH™ absorption is a loss mechanism. As a result of OH™ absorption in silicate
fibres, alternate “soft glass” hosts such as fluoride, tellurite, and germanate glasses have been
tested. Unfortunately, mechanical constraints limit high power scalability in these hosts.

Another motivation for using the “soft glasses” mentioned above is their lower phonon energies.
Silicate has phonon energy of approximately 1100 cm™ which is higher than germinate (900 cm™),
tellurite (700 cm™) and fluoride (500 cm™) based glasses [30]. Higher phonon energies facilitate
unwanted phonon decay processes, potentially reducing laser efficiency and performance and
limiting the possible laser transitions to phonon-terminated transitions [16].

1.6 Self-pulsing in TDFLs

The self-pulsing nature of highly doped TDFLs at low pump powers has been reported by several
sources in literature [31,32]. The self-pulsing in heavily doped TDFLs and EDFL’s for that matter has
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similar behaviour to lasers with intra-cavity saturable absorbers [33] where the laser outputs are
damped due to relaxation oscillations. As a result, intra-fibre loss mechanisms leading to possible
saturable absorber effects have been investigated. It has been shown that clustering or pairing of
dopant rare-earth ions such as Er**, Nd** and Tm*" within the silica host reduces laser efficiency. To
overcome ion clustering (as much as possible) TDF’s are co-doped with AI**. Co-doping with AI**
modifies the silica network increasing absorption of Tm*". It was reported by Jackson [21], that a
~fivefold increase in A*:Tm>®" concentration resulted in a fivefold increase in slope efficiency. In a
separate paper by Jackson [34] it was shown that bi-directional pumping (both ends) of a TDFL
reduced the pump power required for cw output and increased laser slope efficiency, indicating
directly that the loss mechanism responsible for saturable absorption is a reabsorption process
linked to the unpumped regions of the doped fibre.

One such process is pair-induced quenching [32]. Pair-induced quenching, stated simply, is the inter-
ionic energy transfer process between two neighbouring ions both with electrons in the metastable
°F, upper state laser level. The donor ion transfers its energy to the acceptor ion (upconversion)
which rapidly undergoes phonon decay back to the *F, upper laser level. The result of this quenching
process is the loss of one laser photon. Figure 11 is a simple illustration of this process taken from a
theoretical model by El-Sherif and King [32]. In this model, the time evolution of the excited state
population dynamics of Tm* and Tm?®" paired ions, as well as ESA processes are considered.
Modifications were also made to the emission and absorption cross section ratios, as well as the
upper state lifetime of the paired ions. The relaxation oscillation frequency (damped) calculated
using this model was close to the measured results. Affects such as heat which also modifies the
emission and absorption cross sections[35], was not considered in the model.

lon1l lon 2 lon1l lon 2

E:H4
Fast
3F, 4‘_()_‘ > @

Figure 11: A simplified energy diagram depicting the pair-induced quenching effect [32].

The relationship between quenching processes and phonon cut-off energies is discussed by Kenyon
[20] wherein it is states, as a guideline, that if the phonon cut-off energy exceeds 25 % of the band
gap energy, the upper state will be completely quenched and therefore depopulated. For 10 % to
25 % ratios, the luminescence lifetime will become temperature dependent and for < 10 %,
quenching is negligible. The smallest band gap energy from the *H, level to the *Hs level corresponds
to a wavenumber of 4350 cm™ [16]. The phonon energy of silica is approximately 1100 cm™ [30]
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which is approximately 25 % of the band gap energy. Accordingly, phonon relaxation and quenching
processes from the *H, are temperature dependent in TDFLs.

1.7 Wavelength selection

For certain applications a specific laser output wavelength is desirable. For applications such as
LIDAR or long distance free space communication, it is essential that the wavelength of the laser
radiation be within an atmospheric window. An atmospheric window is wavelengths of the
electromagnetic spectrum that be transmitted through the atmosphere with reduced attenuation to
the signal strength. Conversely, for some applications such as medical surgery, it may be beneficial
that the wavelength coincides with a water absorption line. Figure 1 illustrates a low resolution
atmospheric transmission spectrum for radiation in the 1.5 to 2.5 um wavelength range. From the
illustration, there are large atmospheric windows are from ~1.5-1.7 uym and ~2.1~2.3 um
wavelength regions.
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Figure 12: Atmospheric transmission spectra (left) in the 1.5 to 2 um wavelength range and (right)
the 2 to 2.5 um wavelength range [36].

Wavelength selection in the context of fibre lasers can be achieved with fibre Bragg grating (FBGs)
[37] or volume Bragg grating (VBGs)[38]. For this dissertation the focus is on free space coupled Tm-
doped fibre lasers and therefore VBGs were implemented.
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Chapter 2: Introduction to large mode
area (LMA) thulium-doped fibre lasers
(TDFLs)

2.1 Introduction

This chapter aims to highlight, by way of theory and discussion, how the physical properties of the
TDF influence the expected spatial and temporal behaviour of the TDFL output. Attention is given to
both cw and pulsed (Q-switched) regimes which is emphasised in the literature review at the end of
the chapter. Technical details and standards regarding beam quality measurements performed in
this dissertation are also addressed.

2.2 Numerical aperture (NA)

Figure 13 illustrates a light ray being guided within the core of a step index fibre. For total internal
reflection to occur at the core cladding interface, the (angle f) must exceed the critical angle
(section 1.1). In this instance, the numerical aperture (NA) for the fibre core is defined as the sine of
the maximum acceptance angle (angle a) of a ray incident on the fibre facet such that the ray is
guided in the core of the fibre. Mathematically, the NA is given by,

NA =sin(a) = ni,/ n; —n; ..(2)

0

where a is the maximum angle at which total internal reflection occurs for a given interface and n; is
the refractive index of the fibre core, n, is the refractive index of the fibre cladding, and n,is the
refractive index of the medium outside of the fibre where n; > n, > n,. For the case in Figure 13, rays
incident on the fibre tip exceeding the NA of the fibre core will decouple into the first cladding.
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First cladding
Refractive index = n,

Fibre core
Refractive index = n,
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Figure 13: Ray of light passing through a simple step index fibre.
2.3 Transverse modes in optical fibres and the V parameter

The transverse spatial distribution of light waves propagating in a step index fibre, as illustrated in
Figure 13 can be solved using electromagnetic theory. This is done by solving the electric and
magnetic field distributions using Maxwell’s equations with the appropriate boundary conditions. It
follows from Maxwell’s equations that the magnetic and electric field components must satisfy the
Helmholtz equation. Equation 3 is the Helmholtz equation expressed in cylindrical coordinates [39]

+—+n%k*J =0..(3
r’ og®> oz’ G

or? ror

o°U 10U i@U2 o°U
2

with n =n; for the fibre core (r <a), and n =n, for the fibre cladding (r > a). The wavenumber
k =2n/A where A is the wavelength of the monochromatic light. U(r,¢,z) represents axial
components of the electric field (E;,) and magnetic field (H,). Assuming U(r,¢,z) has a periodic
azimuthal (¢ ) dependence, and propagates down the fibre as a travelling wave, it takes on the form
U(r,9,z) = u(r)e”’e’” where u(r) is the complex amplitude, | is an integer and £ is a propagation
constant. By substitution U into Equation 3 and subsequently solving for u(r), the piecewise, spatial
distribution of U can be determined for the fibre core and cladding. For more details on solving fibre
modes the reader is referred to Appendix A. For this dissertation, it will suffice to focus on the
results of the analysis with no loss of continuity.

The spatial distribution (mode structure) of light intensity within a step index fibre is described
mathematically by Bessel functions. The mode structure can be approximated by two linearly
polarised modes known as LP;, modes. The subscripts | and m are integers that describe the spatial
distribution of the mode. The number of modes that will propagate in the core of a particular fibre is
proportional to the square of the V parameter (derivation in Appendix A) given by,
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V=272NA(4)
2

where NA is the numerical aperture as defined in Equation 2. Equation 4 reveals important
information relevant to optical fibre design. It reveals that a reduction in NA or core diameter («)
reduces the number of modes that can propagate in the core. AV parameter can also be associated
with a specific LP mode as in Table 1.

Table 1: V parameters for LP,,, modes for| =0, 1landm =1, 2, 3.

m=1 m=2 m=3
I=0 0 3.832 7.016
=1 2.405 5.520 8.654

For a particular LP mode to be guided within a fibre core, the V parameter associated with that LP
mode must be less than the V parameter of the fibre (Equation 3). It is evident from Table 1 that
fibres with V parameters less than 2.405 will only guide the LPy; mode.

Figure 14 illustrates the calculated modes for a step index fibre with a 25 um core diameter and 0.09
NA [40] (online calculator), like the fibres used in this dissertation. Due to the weak guidance in fibre
optics (because (N; = ny), light guided by the fibre is approximately parallel to the fibre axis resulting
in longitudinal components of the magnetic field being much weaker than the transverse
components. We can therefore approximate the LPg; mode in Figure 14 to a Gaussian mode. Modes
with a non-zero | numbers, like the LP4; in Figure 14 have two linearly independent solutions.

00 o
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1

LP,

01

LP,
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Figure 14: Calculated modes for a step index fibre with a NA of 0.09 and core radius of 12.5 um.
2.4 Large mode area (LMA) fibres

The lasers presented in this dissertation were developed for high power applications at ~2000 nm
output wavelengths. Good beam quality (single mode output) was also essential. In this section the
choice of fibre is analysed with respect to power scalability and beam quality.
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We firstly consider LMA and single mode fibres. Table 2 lists some important fibre parameters for a
few commercial single mode (SM) and LMA fibres. The first parameter of particular importance in
this section is the mode field diameter (MFD). The MFD is essentially a measure of beam diameter
within a fibre. The single mode, mode field diameter can be estimated using the Marcuse equation,

W 06541009, 2879
a > \Y
V 2

where W is the mode field radius. Figure 15 illustrates the MFD’s for a LMA fibre (left) and a SM fibre
(right) [40] where it can be seen that the MFD for the SM fibre is larger than the fibre core.

MFD = 23 pm MFD = 10.5 pum

..“.__________

25 um 9 um

Figure 15: Comparison of single mode beam diameters (grey circles) with respect to normalised
core diameters for a (left) LMA fibre and (right) single mode fibre.

Some factors which limit scaling to high powers are [41]:

e Scattering and absorption losses due to fibre imperfections

e Parasitic laser modes and spontaneous amplified emission (ASE)
e Thermal effects such as heating and quenching

e Nonlinear effects such as self-focusing, Raman and Brillouin gain
e Optical breakdown of the silicate host

By increasing the effective mode area of a fibre, as in the case with LMA fibres, light intensity
dependent effects such as nonlinear effects, optical breakdown and some thermal effects can be
reduced with little compromise to the beam quality.

Another advantage of LMA fibres over most SM fibres for high power scalability is cladding pumping.
Comparing the first cladding diameters and the fibre pumping schemes in Table 2, it should be clear
that the LMA fibres can be pumped with much higher intensities than SM fibres before “negative”
effects are introduced. From an optical breakdown point of view, the 400 um LMA cladding can
support around 494 times higher pump intensity at the fibre tip than the 9 um SM fibre core. Also,
pumping the 0.46 NA cladding allows for pumping with multimode diode lasers. The NA s of typical
793 nm laser diodes are around 0.22 whereas core pumping requires NA’s of less than 0.15 (Table
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2). Being able to use multimode laser diodes as pump sources reduces pump laser complexity and
cost.

Cladding pumping in LMA fibres relies on pump light guided by the fibre cladding intercepting with
the active fibre core. As a result the cladding geometry in the LMA fibres listed in Table 2 have
octagonal geometries. The octagonal geometry of the LMA fibres assists with directing skew rays
propagating through the fibres to intercept the core. The octagonal geometry of the 25/400 LMA
fibre can be clearly seen in Figure 17. Figure 16 illustrates a skew ray propagating through a fibre.
Other schemes for breaking the symmetry of the cladding include D shaped claddings and off centre

cores, to mention a few [42].

Side view

—_—

— Skew ray

Intercepting ray

Front view

Figure 16: Example of a skew ray and intercepting ray propagating through a cladding pumped

fibre with circular cladding geometry.

Table 2: Table of parameters for some commercial SM and LMA thulium-doped fibres [43].

Fibre type 9/125 SM 5.5/125 SM 25/250 LMA 25/400 LMA
Operating wavelength (nm) 1900-2100 1900-2100 1900-2100 1900-2100
Core diameter (um) 9 5.5 25 25
Outer cladding diameter (um) 125 125 250 400
Core NA 0.15 0.24 0.09 0.09
Outer cladding NA NA NA 20.46 20.46
Fibre pumping scheme Core Core Cladding Cladding
Absorption (dB/m) @ 793 nm 27 340@1560 nm 9.5 1.8
Cladding geometry Circular Circular Octagonal Octagonal
Number of claddings 1 1 2 2
Cutoff wavelength ~1750 *Unknown *Unknown *Unknown
V parameter *~2.1 *~2.1 *~3.4 *~3.4
Mode field diameter (um) 10.5 *Unknown 23 23

*= Calculated

The LMA double clad fibres also have a thin cladding (pedestal) around the core with a refractive
index only slightly higher than that of the core resulting in the low NA (Equation 1). The NA between
the pedestal and the silica cladding needs to be around 0.23 for efficient pump to laser conversion
[44]. The double clad design is a good compromise between laser efficiency and near single mode
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beam quality and a large single mode, mode field diameter (Equation 5). This is because the
increased core size is offset by the lower NA (Equation 4). The NA of some commercial fibre coupled
~793 nm laser diodes is 0.22 which allows for pump light propagation within the fibre pedestal.
Figure 17 illustrates a cross section of a Nufern 25/400 LMA thulium-doped fibre, as listed in Table 2.
Not shown in Figure 17 is the (~150 um thick) low index polymer coating which initially surrounds
the cladding. The low index polymer coating has three major functions, which are, to protect the
inner cladding surface (section 1.1), increase flexibility and ease of handing the otherwise brittle
silicate fibre, and to avoid contact and therefore decoupling of light propagating in the fibre.

Figure 17: Cross section, excluding the polymer coating, of a Nufern 25/400 thulium-doped fibre
showing the core and pedestal dimensions [44].

Thus far, only the benefits of LMA fibres have been discussed. There are however certain drawbacks
and challenges relating to fibre laser development with LMA fibres that should be considered. By
reducing the NA of the fibre core to offset the potential for multi-modal beam propagation in LMA
fibres, fibre bend losses are increased. Single mode fibres are much less prone to bend losses since
their NA’s are higher (Table 2).Bend loss in fibre lasers is unwanted since it limits how tightly coiled,
and therefore how compact the laser can be developed. However, it has been shown that higher
order modes are more susceptible to bend losses than lower order modes [45]. The higher order
modes illustrated in figure 14 were calculated for a straight (uncoiled) 25/400 LMA fibre
(25/400 Table 2). By coiling this fibre to an appropriate diameter, the higher order modes can
potentially be suppressed improving beam quality whilst allowing for compact laser design [46].

Another drawback of LMA is their incompatibility with certain laser components. One example of
this incompatibility is when an LMA fibre is spliced (joined) to a single mode fibre. Due to the
mismatch in mode field diameters of the two fibres, splicing of LMA fibres to SM fibres results in
significant optical losses. To minimise the loss, the mode field diameter of the LMA fibre must be
modified with an intermediary component such as a mode field adaptor [47]. Another possibility is
to use free space optics to couple fibres with mismatched mode field diameters.

20



Chapter 2: Introductory Theory to large mode area (LMA) thulium-doped fibre lasers (TDFLs)

LMA fibres generally have higher laser thresholds. This is partly due to the small core diameters in
single mode fibres (~¥10 pum versus ~25 um) because laser gain increases with pump intensity which
is inversely proportional to fibre diameter [48]. There are also limitations to the minimum linewidth
achievable with LMA fibres. One explanation for reabsorption in LMA fibre is as follows: Consider
Figure 1, the mode field diameter of the single mode fibre extends beyond the core diameter, the
opposite is true for LMA fibres. Part of the laser mode in a single mode fibre therefore does not
interact with the doped core therefore reducing reabsorption losses [46].

2.5 Beam quality

In this dissertation, beam quality is measured by calculating the beam quality factor (M?value) of a
given beam. The M?is the measure of the far field divergence (spreading) of a real laser beam
(measured) relative to that of an ideal Gaussian laser beam with the same waist diameter [49].
Figure 18(b) shows two Gaussian beam traces, a red trace which represents an ideal beam
(Gaussian) and a green trace representing a random real beam containing higher order modes. To
measure the M?of the green trace we need to measure how much more the green beam diverges
than our ideal beam if both beams are focused down to a minimum radius (waist) Wy. The
divergence angle for our ideal beam is given by 8, and for the green trace 6,. The term Zz shown for
the ideal beam in Figure 18(b) is known as the Rayleigh length. The Rayleigh length is the distance
from zowhere the beam diameter has increased by.v/2 wy. From Figure 18(b) it should be clear that
the Rayleigh length for the green trace is shorter than zz due to its higher divergence angle. The
Rayleigh length for the ideal beam is given by,

_
2

Zg ...(6)

and the M?of our green trace is simply the ratio of the two Rayleigh lengths [46],

Zp W,
Zen  ZpnA

m

M? =

(7)

where Zgy, is the measured Rayleigh length of the green trace. Pure Gaussian laser beams are called
“diffraction limited” because they diverge less, and can be focused to smaller beam diameters than
higher order mode beams. For this reason, real laser beams will always have M? values greater than
or equal to unity. Gaussian laser beams are therefore desirable for many applications such as fine
cutting, and materials processing.
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Figure 18: (a) Shows a typical setup for a M? measurement done in this dissertation. (b) lllustrates
some important parameters concerning Gaussian beams.

M?measurements performed for this dissertation were done according to the ISO (International
Organisation for Standardisation) standard (11146-1, first edition, 2005) [50]. Figure 18(a) shows a
typical setup for a M? measurement as done in this dissertation. According to the 1SO standard the
final lens in the focusing assembly must have an f-number of greater than 20. Also at least 5
measurements must be performed for a minimum of 10 points with a minimum of 5 points between
2o and —Zg or Zy and +Zg. The remaining 5 points must be measured outside of -zg and zg, with an even
spread between measurements if possible. The standard also requires that when measurements are
performed with a camera, the measured beam diameters should exceed the minimum resolution of
the camera. For this dissertation, the Spricon Pyrocam Ill thermal camera could measure minimum
beam diameters of 1 mm. Therefore lenses were selected such that the beam diameters at the beam
waist were in excess of 1 mm. Lastly the I1SO standard recommends using the second moment (or
D4c method) to measure the beam diameters. This was the method used in this dissertation.

In order to measure the Rayleigh length, a series of measurements must be taken according to the
ISO standards mentioned above. These points were then plotted on a graph with the z position on
the abscissa and beam radius (W(z))’on the ordinate. A least squares, second order polynomial fit
was then applied to trace out the resulting parabolic curve. Equation 8 can then be applied to
calculate the unknowns z,, wy and M? or solved directly from the least squares fit with some simple
algebra.

2 2
wj @
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2.6 Longitudinal modes in fibres

Thus far only transverse modes have been discussed. We will now briefly look at some basic
concepts concerning longitudinal or “axial” modes in a fibre cavity. The round-trip phase or
frequency condition only allows for standing wave solutions within the fibre cavity. That is, the laser
will only oscillate at axial mode frequencies separated by a discrete frequency given by,

-
°

where Cis the speed of light, nis the refractive index of the fibre and | is the fibre length.
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Figure 19: Potential longitudinal modes for an arbitrary fibre laser in the frequency domain.

Figure 19 demonstrates the favourable longitudinal modes within a laser cavity. The red trace in
Figure 19 represents the gain curve and the yellow trace the loss. As discussed in section 1.3, laser
action will only take place when the round trip laser gain exceeds the cavity losses, and since the
gain for a specific gain material is wavelength dependent, only certain wavelengths where the gain
to loss ratio exceeds unity will potentially oscillate within the cavity [49].

The fibre lasers developed in this dissertation have lengths in the order of metres. The frequency
spacing v, which is indirectly proportional to the length of the gain material (Equation 9), is therefore
approximately 2 orders of magnitude smaller in fibre lasers than in typical solid state lasers. Due to
the small frequency spacing combined with broad spectral bandwidth (~1850-2100 nm) [51] and
high round trip gains (20-30 dB) [46], it should be expected that the spectrally free running TDFLs
developed in this dissertation will be highly multimodal (longitudinal modes).

The superposition of two or more longitudinal modes can form beat notes known as “mode
beating”. When many longitudinal modes with a fixed phase relationship are superimposed, a single
pulse can be generated. This phenomenon is known as “mode locking”. The resulting mode locked
pulse will have a pulse length much shorter than the cavity round trip time and move through the
cavity at the group velocity of the central mode. The pulse repetition rate of the mode locked pulse
is v (Equation 9). Mode locking can be achieved actively [52], passively [53], and also as a
consequence of the gain material and cavity configuration, known as self-mode-locking [54].
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2.7 Q-switching
The Q in Q-switching refers to quality factor of an optical resonator given by,

Q=v,T, ZTﬂ ..(10)

where Vg is the optical frequency, T, the round trip time of the cavity and | is the cavity loss.
Equation 10 reveals that when | is high, Q is low, and referred to as a low-Q cavity. The opposite is
true for a high-Q cavity. A Q-switch is essentially any loss mechanism that can be introduced into a
laser cavity, either passively or actively, resulting in a low-Q cavity for some instance and high-Q
cavity otherwise. Figure 20 illustrates a laser pulse being generated in a pulse pumped, Q-switched
laser. The parameter N(t) represents the population of the upper state laser level. N;, Ny and Ny,
represent the initial, final and threshold upper state laser populations for the low-Q regime. Let’s
first consider the high-Q regime (Q-switch off). If the pump rate is high enough such that there is a
population inversion, the small signal gain will exceed the cavity losses and laser action will take
occur. For the low-Q regime (Q-switch on), significantly more gain and hence a much higher Ny,
needs to build up in the cavity before laser action can occur. Laser action is essentially “held off”
with the Q-switch on and before the laser “breaks through”, the Q-switch is switched off. Within 10’s
of nanoseconds (AOM) the cavity changes from a low to high-Q cavity resulting in the highly
populated upper state laser level quickly depopulating by emitting a giant laser pulse.

Q-switch
i Laser output pulse
Cavity loss Y n(t)
Gain a N(t)
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Figure 20: Simplified, schematic illustration of Q-switching population dynamics and laser signal
pulse generation when pulse pumped.

Several Q-switching mechanisms exist such as rotating mirror, electro-optic, acousto-optic, saturable
absorber, distributed Brillouin scattering, self Q-switching and thin-film absorber [49]. Acousto-optic
and electro-optic are both active Q-switching methods. For high power pulse generation in TDFLs
either can be used. Electro-optic modulators (EOM’s) have several distinct advantages over AOM’s,
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namely, they have faster switching times (< 10 ns) and higher induced losses resulting in improved
hold off [55]. Acousto-optic modulators (AOM'’s) on the other hand have relatively simple electronic
circuitry, robust construction, reduced electromagnetic interference, and are generally less
expensive. Also, when considering active Q-switching devices, switching time does not play a
significant role in restricting pulse lengths but rather the fibre parameters. Pulse length is given by,

7, = (m—(r)j(&j (1)

r—1-Inr ) cl
where, 7(r) is the energy extraction efficiency, | is the cavity loss for a single pass, r is the ratio of
pump power to threshold power and L is the optical cavity length. Analysis of Equation 11 reveals
that increasing r and decreasing L will decrease ;. In lieu of these facts, short TDFLs have been
developed with laser output pulse lengths shorter than 50 ns [56]. The choice of fibre in these
instances is usually a core pumped, single mode fibre similar to the SM fibres listed in Table 2. Since
the fibres are core pumped, pump absorption is high which increases I and decreasing L. There are
some drawbacks however. Core-pumping requires near single mode pump light and the laser output
power of such short lasers is typically quite low. To overcome these limitations these lasers are
typically pumped in-line with EDFL’s and used as seed lasers for single or multiple stage amplification
[57].

Gain switched TDFLs have also been shown to develop high peak powers (~¥100 kW) with pulse
lengths in the order of picoseconds. Gain switching is typically achieved by modulating the pump
diodes of a TDF seed laser for a single or multiple stage amplifier(s) [58].

The aim of the Q-switched TDFL developed in this dissertation was to develop high average power,
short pulse length (~100 ns), 2 um source. LMA thulium-doped fibre lasers, Q-switched with an AOM
have been shown to offer high levels of extractable energy and pulse lengths shorter than 100 ns
[12].

2.8 Literature review on continuous wave and pulsed TDFLs

2.8.1 High power cw TDFLs

In this literature review the author analysed some notable TDFLs that have been developed over the
years. The various fibre laser architectures will also be analysed with special emphasis placed on
design simplicity, pulsed or cw output characteristics, high output power and laser efficiency. The
pulsed lasers analysed were all designed for pumping OPO crystals and therefore all have pulse
lengths in the tens of nanoseconds range (Table 3).

A short list of commercially available, high power cw and pulsed TDFLs available in the market place
has been included (table ref). The pulsed lasers in table have pulse lengths in the tens of nanosecond
range.
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The first reported TDFL was a free space coupled laser with cw output. It was developed in 1988 by
Hanna [19]. This early TDFL was made up of a 27 cm long, single mode, 0.15 NA fibre with a core
diameter of 9 um. The fibre was pumped by a 797 nm dye laser and dichroic mirrors were used as
input and output couplers. The TDFL developed by Hanna was at the time the longest wavelength
ever reported in a silica fibre. The paper also highlighted several important outcomes;

e Due to the broad fluorescence spectrum at 2000 nm, a wide tuneable range could be
available.

e A reduction in fibre cooling resulted in a wavelength shift towards longer wavelengths due
to self-absorption in the fibre.

e  Pumping with ~800 nm AlGaAs laser diodes should be possible.

e Increasing the doping concentration could reduce the long wavelength limit within the
silica host.

The predicted outcomes listed above were all correct. A TDFL has been tuned with a volume Bragg
grating (VBG) from 1947 nm to 2052 nm [59] and heat effects do reduce laser performance, as
experiments show in chapter 3. TDFLs are now often pumped with readily available AlGaAs laser
diodes (Table 3). Highly doped TDF’s are also readily used. The high doping concentration does
indeed reduce fibre length required and therefore absorption by the host as well as promote cross-
relaxation processes.

To date the highest reported output power for a cw TDFLs is 1000 W (laser 2 in Table 3) [8]. The laser
system was an all fibre, master oscillator power amplifier (MOPA). The master oscillator (seed laser)
was a 50 W single mode laser with an output wavelength of 2045 nm. The two stage amplifier was
pumped with six laser diodes per amplifier stage and coupled to each of the 8 m, low doping
concentration TDF’'s with (6+1)x1 pump-coupling optics. The doped fibres had core and cladding
diameters of 20 and 400 um’s respectively. The resulting slope efficiency of the MOPA was 53 %.

To date, the next most powerful cw, TDFL developed, was a bidirectionally pumped free space
coupled laser with a maximum power output of 885 W [7]. Each pump was capable of delivering
1 kW of ~790 nm laser output. The TDF used in the experiment had a doping concentration of
approximately 4 wt. % and core and cladding diameters of 40 and 635 um respectively. The V
parameter for this fibre was 12.3 and as a result, the measured M? values were poor, ranging
between 6 and 10.

Free space coupled MOPA’s with high output powers and near diffraction limited beam quality has
been developed. One such a laser was developed by Goodno which had an output power exceeding
600 W and a measured M? of 1.05 [60]. The TDF used for the amplifier stage was 3.1 m in length and
had core and cladding diameters of 25 and 400 um respectively.
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# TDFL description Pump description Output laser Average Peak pulse Pulse PRF Pulse Slope Main Author
wavelength [ output power | power [kW] energy [kHz] length efficiency (Year)
nm] (w] [uw] [ns] [%]
1 | Free space coupled, CW output, 2 x1000W, 793 nm laser 2040 885 - - - - 49.2 Moulton
Fabrey Perot cavity diodes [7] (2009)
2 All fibre, CW, MOPA 2 x (6 x 150 W), 793 nm laser 2045 ~1000 - - - - 53.2 Ehrenreich
diodes [8] (2010)
3 Free space coupled, MOPA 2 x 793 nm laser diodes and 16 2040 608 - - - - 54 Goodno
W, 2040 nm 3 stage pre- [59] (2009)
amplifier seed laser
4 | Free space coupled, CW output, 70 mW, 797 nm dye laser 1880-1960 0.0027 - - - - ~13 Hanna
Fabrey Perot cavity [19] (1988)
5 All fibre, gain switched 2 stage EDF amplifier with 1550 2000 211 7.03 211 40 40 43 Creeden
nm seed pulse from laser diode [60] (2008)
6 All fibre, gain switched 2 stage EYDF amplifier seeded 2044 8 1.00 35 300 25 ~55 Simakov
by 1550 nm seed diode [62] (2012)
7 Free space, gain switched 4W 1919 nm Tm:YLF seed pulse, 2020 100 (@max) 138 (@max) >10000 0.5- >75 52 Tang
2 x 230 W 793 nm laser diode (@max) 500 [62] (2010)
pumped amplifier
8 AOM Q-switched, Free space Bidirectional pumped with 2 x 1983 30 *6.9 270 100 41 37 Eichhorn
coupled, Fabrey Perot cavity 793 nm laser diodes [63] (2007)
9 EOM Q-switched, free space 3.5W, 1.319 nm, Nd:YAG laser ~2000 - 3.3 2300 0.07 320 30 El-Sherif
coupled, Fabry Perot cavity [55] (2003)
10 AOM Q-switched, free space 1 X793 nm 300 W laser diode 1992 28 *2.28 360 100 115 40 Willis
coupled, Fabry Perot cavity [65] (2010)
11 AOM Q-switched, free space Bidirectionally pumped with 2 X 2024 23 *8.31 *575 40 65 325 Kieleck
coupled, Fabry Perot cavity 793 nm, 100 W laser diodes [12] (2015)
12 AOM Q-switched, free space 100 W, 793 nm laser diode ~2000 - 8.9 435 10 49 26 Kadwani [65]
coupled, Fabry Perot cavity, (2012)

photonic crystal fibre

*Calculated
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Table 4: List of commercially available TDFLs in the marketplace

Manufacturer TDFL description Average Pulse energy PRF Pulse length Selectable
Model# output [uw] [kHz] [ns] Wavelength
power [W] range [nm]
IPG cw, single transverse 200 - - - 1800-2100
TLR-200, mode output
IPG cw, multi transverse 500 - - - 1900
TLR-500 mode output
NP Photonics cw, < 0.1 nm spectral 25 - - - 1900-2000
2 micron high bandwidth, single
power fibre laser | transverse mode output
source
IPG Nanosecond pulsed, 20 1000 20-50 1-100 1900-2050
TLPN-1-1-20-M single transverse mode
output
Advalue Q-switched TDFL 10 500 10-30 20-200 1920-2000
Photonics (assumed), single
AP-QS1-MOD transverse mode output

2.8.2 Discussion on high power CW TDFLs

At high lasing powers, nonlinear scattering effects such as Stimulated Raman Scattering (SRS) and
Stimulated Brillouin Scattering (SBS) can set in. The maximum powers before the onset of these
nonlinearities can be approximated by,
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where Ag is the mode field area, grand gg are the Raman and Brillouin gain coefficients, L is the
fibre length and G is the fibre gain [46]. Advantages of TDFLs when considering SBS and SRS
thresholds include their reduced fibre lengths (L) owing to their high doping concentrations and
increased mode field areas (A¢) with no compromise to the beam quality. The increased mode field
area is a result of the longer operating wavelengths of TDFLs (Equation 4). In the paper by Goodno et
al.[60], the calculated SBS limited maximum obtainable output power was calculated to be ~275 W.
The laser produced in excess of 600 W of output laser power indicating that SBS is suppressed in
TDFLs. The likely mechanism for the SBS suppression was shown to be pump-induced thermal
gradients in the active fibre [67]. It was therefore suggested that for scaling to even higher powers
the pump absorption coefficient should be decreased by reducing the core to cladding ratio, thus
reducing pump absorption. The reduction in pump absorption could then be offset by using longer
lengths of active fibre. An added benefit to this suggestion was an increased cladding area for
coupling pump light. Comparison between the fibre parameters of laser 2 and laser 3 (Table 3)
suggests that these where valid recommendations. Another solution to reducing nonlinear scattering
would be to increase A, as with laser 1. This approach however reduces beam quality.

From a design perspective, the free space coupled lasers (lasers 1 and 4 in Table 3) are the simplest.
They rely on Amplified Spontaneous Emission (ASE) to initiate laser action and the free space
configuration is relatively simple to set up. Scaling to high powers in excess of 200 W with a narrow
output spectrum (< 1.5 nm) has been demonstrated [51]. The major advantage of all fibre systems is
they are more robust, that is, they cannot be misaligned or be perturbed by atmospheric
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interference. Pumping with multiple diode lasers also allows for continued operation if a diode fails
which advantageous for turnkey systems where reliability is important.

2.8.3 Pulsed nanosecond TDFLs

The first fibre-pumped optical parametric oscillator (OPO) was developed by Creeden et al.
(laser 5 in Table 3)[61]. The laser was a resonantly pumped, gain switched TDF. The seed pulse for
the TDF was rather elaborate. It was made up of another gain switched TDF, seed pulsed by a
1550 nm laser diode. The seed pulse was amplified by a two stage erbium-doped amplifier pumped
by 790 nm laser diodes. The end result was 211 pJ pulses with 40 ns pulse lengths. The beam quality
was measured to have a M?value of 1.08. A Zinc Germanium Phosphide (ZGP) (OPO) crystal was
pumped with the laser and 2 W of mid-IR radiation with a conversion efficiency of 20 % was
produced. Since the OPO pump source was unpolarised, only 60 % of the beam contributed to mid-
IR conversion resulting in the poor conversion efficiency.

A polarised, pulsed source was later developed by Simakov et al. [62]. The laser design was similar to
that of Creeden’s. The two stage amplifier was made up Erbium-Ytterbium Doped Fibres (EYDF's).
The gain switched TDFL consisted of a 20 cm TDF with a high reflecting input coupler and 5 %
reflectivity output coupler. The gain fibre and FBGs were all panda type polarisation maintaining
(PM) fibres Single linear polarisation output was enforced by splicing the output coupler FBG at
ninety degrees to the TDF. This laser was later amplified to pump a ZGP OPO. The resulting
conversion efficiency was 25 % [61].

A pulsed 2020 nm source was developed by Tang et al. [63] which when tuned, produced maximum
peak powers of 138 kW and 10 mJ of energy at a minimum pulse length of 75 ns. The laser was made
up of a two stage gain switched TDF amplifier. The pulse source was an AOM Q-switched Tm:YLF slab
laser. The entire laser was made up of free space-coupled elements. 1 mm Silica endcaps were
fusion spliced to 0.4 mm fibre tips to avoid optically-induced catastrophic damage to the fibre tips.

The lasers discussed thus far are relatively complex. Simpler designs consisting of a Q-switched,
Fabry-Perot cavity have also been developed (lasers 8-12 in Table 3). A non-polarised source was
developed by Eichhorn et al.[64] using a LMA TDF with a 20 um core and 300 um diameter. Power
scaling was limited to ASE build-up in the laser despite 8 % angle cleaves and the < 80 % deflection
efficiency of the AOM. The laser produced 240 W, 41 ns pulses. A polarised, single frequency source
incorporating a 20/300 um TDF was developed by Kieleck et al. [12]. Although this laser was similar
the one developed by Eichhorn et al. it operated at a lower PRF’s. The lower PRF translates to higher
peak pulses and energies despite the lower average power.

An EOM Q-switched TDFL was developed by El-Sherif and King (laser 9 in Table 3). For this
experiment a 2 m, 17/125 TDFL was used. The laser was pumped with a 1319 nm Nd:YAG laser with
a maximum available power of 3.5 W. The EOM restricted the switching time to < 100 Hz. At 70 Hz
operation the 320 nm pulses had peak powers of 3.3 kW corresponding to 3.2 mJ of energy. The
stable, low frequency operation of the Q-switched TDFL is a testament to the EOM’s superior hold
off limit. Pulse length reduction has been shown to decrease with increased pump power and given
the low pump power available for this experiment, it is unclear how well this laser performed.
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An AOM Q-switched TDFL was developed by Willis et al. [65]. A 25/400 polarised TDF was used for
the experiment. At 100 kHz pulse repetition rate the laser produced 360 pJ pulses with pulse lengths
of 115 ns. The optical feedback element for this source was a 2 um high reflection mirror.

The last nanosecond pulse TDFL to be discussed in this dissertation is an AOM Q-switched photonic
crystal fibre (PCF). The PCF had a 0.04 NA, 50 um radius core. The pump source was a 793 nm diode

laser. The low NA allowed for near single mode behaviour (M 2<1.15) despite the large mode field
area. The large core to cladding ratio of the PCF offers high gain in relatively short lengths of fibre.
This PCF TDFL produced output pulses with peak powers of 8.9 kW and pulse lengths of 49 ns,
making it to date, the most powerful Q-switched TDFL ever developed. The pump absorption for the
PCF was ~ 5.8 dB/m and the thulium doping concentration was a relatively low 2.5 wt. % indicating
that The PCF could produce higher powers and shorter pulse lenghts.

2.8.4 Discussion on pulsed nanosecond TDFLs

Table 5 lists in order of length some fibre parameters for the Fabry Perot AOM Q-switched TDFLs
discussed in this literature review.

Table 5: Correlation between cladding radius and pulse length for three AOM, Q-switched TDFLs.

Laser Core radius Cladding radius Fibre length Minimum pulse with
[um] [um] [m] [ns]
Eichhorn [64] 20 300 2.3 41
Kieleck [12] 20 300 3.1 65
Willis [65] 25 400 4 115
Kadwani [66] 50 250 2.7 49

Comparison of fibre length with output pulse length indicates very clearly that decreased cavity
length results in shorter pulse lengths (Equation 11). It should also be noted that for the shorter
fibres the core to cladding ratios are higher. Increasing the core to cladding ratio increases pump
light absorption per unit length thus compensating for the shorter TDF geometry.
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Chapter 3: Design, cavity and
temperature considerations for TDFLs

3.1 Introduction

In order to develop a high power, (> 50 W) TDFL which is efficient, has good spectral, spatial and
temporal stability (cw output), and a near diffraction limited beam divergence, some level of
technical expertise and fundamental understanding of TDFL behaviour is required. The experiments
in this chapter were aimed at addressing these requirements. The technical aspects such as fibre
preparation and laser design are covered in section 3.2 wherein a basic TDFL is developed using a
short “test” TDF. Fundamental understanding of TDFLs is addressed in the experiments that follow,
namely, the “optimisation of the TDFL cavity” (section 3.3.3) and “effect of air cooling on power,
temporal stability and spectral output” (section 3.3.1). In the first experiment, the effect of changing
the output coupler mirror reflectance on spectral stability, and output power is analysed. This
experiment along with the discussions was included to gain understanding into power scaling
limitations with respect to the choice of fibre length, pump absorption, and cavity configuration. In
the second experiment, temporal stability, spectral stability, and laser efficiency is analysed with and
without a simple air cooling scheme. The discussion based on this experiment aims to expand on
current knowledge regarding the relationship between reabsorption, temperature, and self-pulsing
in TDFLs with the aim of assessing various factors that contribute to temporal instability in TDFLs.

Conclusions based on the findings and recommendations found in this chapter were implemented
further, and will be discussed in chapter 4 to develop the high power cw TDFL.

3.2 Experimental design and setup

This section will introduce the relevant components, fibre preparation techniques and design
considerations involved in the development of a simple TDFL. Stripping, cleaving and cleaving
techniques are discussed as well as the pump design and performance. TDFL design considerations
and, laser development techniques relevant to this dissertation are also discussed.

3.2.1 Fibre parameters and preparation techniques

A 0.9 m long 25/400, LMA, Tm-doped double clad fibre was used for this experiment. The fibre
parameters are listed in Table 2 (Chapter 2) and the cross sectional profile of the fibre is shown in
Figure 17 (Chapter 2).

Fibre preparation is an essential first step when building a fibre laser. For the efficient launching of
pump light into the fibre, the facets at the fibre tips must have a mirror-like finish and be free of any
dirt or grit. Contaminants on the fibre facet impedes light transmission and if exposed to high
intensity laser or pump light, cause permanent burns on the surface reducing laser performance.
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Several fibre preparation techniques are required namely stripping, cleaving and cleaning of the
fibre tip.

Stripping the fibre of its low index polymer coating is the first step in the preparation process and is
done for several reasons. If not removed, the high intensity pump beam will burn the coating
resulting in a dark residue on the fibre surface. This dark residue can in turn decouple and absorb
incident pump light, decreasing laser efficiency.

Several techniques for stripping the protective coatings of optical fibres are available such as, hand
held mechanical fibre strippers, auto-strippers, and blades to name a few. For this dissertation, fibre
was stripped by first soaking the coated fibre tip in acetone for ~10 minutes after which the softened
polymer coating was easily removed with a plastic tweezers. This method was decided on since
there is only slight mechanical stress and scraping of the fibres outer cladding surface. Another
benefit of this method is that it reduces the chances of accidentally breaking the fibre tip, reducing
waste. Figure 21 illustrates the modified dropper bottle used for soaking the fibre tips in acetone.

Figure 21: Fibre tip soaking in acetone.

After the removal of the protective coating, the tip was cleaned several times with lint free tissues
soaked in isopropanol to remove any remaining coating on the silica surface.

The next step in the fibre preparation process is to prepare the fibre tip facets. It is essential that the
tip facets have a clean, mirror-like finish to ensure efficient coupling of light in and out of the fibre.
The tip faces can either be mechanically polished or, as was the case for this dissertation, cleaved.
The basic process of cleaving is to place a tension along the optical axis of the fibre and then scribe
the surface, (perpendicular to the optical axis) with a diamond tipped scribe or blade. The induced
“scratch” then breaks the surface tension of the fibre and a crack propagates to the opposite end of
the fibre resulting in a perpendicularly cleaved fibre facet. For smooth glass-like cleaves, the cleaver
must be optimised for different fibre types. For instance, if the tension applied on the fibre is too
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high, a shock wave will propagate through the fibre resulting in “mist”, and in severe cases “hackle”
[68]. Also if the tension is too low, the blade can chip the fibre. Figure 22 illustrates the formation of
mist and hackle as tension is increased in 25/400 LMA passive fibre (Table 2).

Mist formation

Figure 22: Optical microscope images of the fibre facets at various tension settings performed on a
Nufern, LMA 25/400 passive fibre (Table 2).

All cleaving in this dissertation, including those illustrated in Figure 22, was performed with a 3SAE
LCC2-A cleaver. The basic operation of the cleaver is as follows. An internal heating element melts
the ingot into which the fibre tip is placed. The ingot then solidifies and clamps the fibre tip in place.
A second clamp then closes onto the fibre about 15 cm above the ingot and applies an adjustable
tension to the fibre. Figure 23 (right) shows a fibre under tension clamped between the ingot and
the mechanical clamp (above the ingot). Once the tension reaches its set point, a diamond tipped
blade moves into position to scribe the fibre surface. The scribing action is enhanced by the
vibrating action of an internal piezo electric crystal [69]. Figure 23 (left) shows a fibre under tension
with the blade and backstop in the cleaving position. The backstop prevents the fibre from flexing

~ 5

"

Ingot cover

®@ .0 _

Figure 23: (left) Blade in position to cleave a fibre and (right), the blade / backstop assembly with
ingot cover / fibre guide.
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Figure 24: A clean mirror-like cleave of a LMA 25/400 thulium-doped fibre as used in this
dissertation.

Cleave optimisation was performed by varying the tension applied to the fibre. The remaining
settings were left at the factory default settings for cleaving LMA, 400 um diameter fibres. The
settings are listed in Appendix B. After cleaving, the facets were inspected under a microscope. The
result was clean mirror-like facets as in Figure 24.

Flat cleaves are readily used as output couplers for fibre lasers. This is due to the =4 % Fresnel
reflection at the glass to air interface. For some fibre designs, the 4 % feedback of the flat cleave is
not desired. In these cases the fibre tip is instead angle cleaved to ~8° to reduce Fresnel reflection at
the fibre facet [70]. If the fibre tip is not angle cleaved the laser will consist of two cavities, one
provided by the optical feedback element and another from weakly reflecting flat cleave. This weak
reflection causes parasitic lasing modes, that is, lasing modes with different properties, such as
polarisation and wavelength, to the laser modes within the cavity enforced by optical feedback
elements. Angle cleaving can be achieved, as is the case with the 3SAE LCC2-A cleaver, by twisting
the fibre about its optical axis during the cleaving process. The resulting cleave angle was measured
with a Zeiss, Axiocam fitted microscope as in Figure 25.
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82.4 degrees

Figure 25: Microscope image of a 7.8° (90°-82.4°) angle cleaved Nufern 25/400 passive fibre.

3.2.2 Pump design and coupling efficiency

Coupling efficiency, in the context of this dissertation, refers to the efficiency with which light from a
pump source is guided through free space into an optical fibre. In this and the following
experiments, the coupling efficiency was measured by launching pump light into a passive fibre and
comparing the transmitted (light exiting fibre) to the incident (light entering fibre) pump power. It is
assumed that pump attenuation due to the silica fibre was negligible [43]. Also, the amorphous silica
host was assumed to be polarisation independent and multimodal. Average transmitted power was
measured on a power meter.

In order to maximise the coupling efficiency, suitable optics are important. The optics were chosen
according to focal length, surface coatings, lens diameter and whether or not the lenses are
corrected for spherical or chromatic aberrations. However, before such a choice can be made, the
pump source, and the fibre being coupled into (target fibre), need to be considered.

The pump source was a DILAS, 150 W (limited to 130 W), cw, fibre-coupled multi-bar laser module,
emitting at a central wavelength of ~790 nm (Figure 26). The wavelength of the pump source is
shown to drift towards longer wavelengths with increasing pump power. Highly efficient TDFLs
pumped at 790 and 800 nm have been demonstrated [71,72] in this range. The peak value in this
absorption band is 790 nm [73].
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Figure 26: Output wavelengths for the FCLD at various pump powers.

The fibre-coupled laser diodes (FCLD'’s) delivery fibre had a diameter of 200 um and a 0.22 NA. The
fibre being coupled into was a Nufern LMA 25/400 passive fibre, specifically mode matched for the
doped fibre specified in (Table 2).

To simplify the choice of optics a simple rule was followed, that is, the NA of the final pump optics
lens must be less than or equal to the NA of the fibre being coupled into. If the NA of the lens is
greater than the NA of fibre, any light travelling on a path with an NA greater than the fibre will
simply decouple. Also, the focal length of the pump optic must be short enough such that the
diameter of the diverging FCLD’s pump beam is well within the lens diameter.

With this in mind, a two lens system was decided upon. The two lenses were both aspherically
corrected 50 mm focal length lenses with lens diameters of 25.4 mm. The first lens would collimate
light exiting the FCLD onto the second lens, which would focus the pump light into the target fibre. A
quick approximation (beam diameter = 2 x focal length x NA) indicated that the beam diameter onto
the pump optics would be 22 mm (< 25.4 mm), also the 1:1 magnification would result in a ~200 um
beam diameter being coupled into the ~400 um diameter fibre. The lens substrate was BK7 optical
glass coated for maximum transmittance in the ~793 nm wavelength range. The lenses were cage
mounted and attached to a XYZ translation stage for ease of alignment with the fibre tip. Figure 27
shows the complete pump assembly which was used for this dissertation. The diagram illustrates the
path of the pump light which is first collimated and then focused into the target fibre.
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Figure 27: The complete pump assembly with a simple diagram illustrating the coupling of pump
light into a target fibre through a dichroic mirror (input coupler).

The pump scheme performed sufficiently well. Losses due the optics were less than 4 % and the
coupling efficiency was measured to be 93 % (Figure 28), of which at least 4 % loss can be attributed
to Fresnel reflection at the fibre tip facets.
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Figure 28: Graph of the measured coupling efficiency.
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3.2.3 Laser design and setup

For this experiment, two basic fibre laser configurations were considered, namely configuration 1
and configuration 2 (Figure 29(i-ii)). The two designs differ in that for configuration 1, the laser
output (thin red lines) and the pump input (blue lines) are in juxtaposition, whereas for
configuration 2 they are on opposite ends of the thulium-doped fibre. For both configurations the
TDF was flat cleaved at both ends and, DM1 and DM2 are both dichroic mirrors which are highly
transparent for the 793 nm pump light but highly reflective for the 2 um laser wavelength at zero
degree incidence. Laser operation for configuration 1 worked as follows: Lenses L1 and L2 coupled
FCLD pump light through the slightly offset (< 7°) dichroic mirror (DM1) into the thulium-doped fibre.
Optical feedback of the laser signal was provided by DM2 (R = 100 % @ ~2000 nm) which was butted
(pressed against) against the fibre tip and the flat cleave (R = 4 %) at the pump input fibre end.
Similarly, for configuration 2, optical feedback was provided by DM1 and a flat cleave at opposite
ends to that of configuration 1.

One benefit of using configuration 1 as opposed to configuration 2, is that the laser output and
residual pump light (RPL) are completely separated. However, due to the confined space between
the pump input end of the fibre tip and the lens L3 (f = 25.4 mm), configuration 2 was chosen for the
cavity optimisation for ease of introducing the various reflectivity dichroic mirrors (output couplers)
at the laser output end of the fibre.

Configuration 3 (Figure 29(iii)) is a modification of Configuration 2 and was used in the second
experiment. Configuration 3 allowed the introduction of a volume Bragg grating (VBG) into the
cavity, free of RPL, for wavelength selection. The VBG was introduced into the cavity by replacing the
HR mirror with a VBG. DM1 in configuration 3 was a dichroic mirror highly transmittive for the pump
light and highly reflective for ~2 um wavelength laser light at 45° of incidence. The fibre tip labelled
AC in Figure 29(iii) was angle cleaved to reduce parasitic laser action. The fibre was wrapped around
a 13 cm diameter square grooved aluminium mandrel (details of the mandrel are covered in section
of chapter 4.2.1). The fibre tip was then lightly fastened to an aluminium holder with approximately
1 cm of stripped fibre protruding over the holder’s edge. The aluminium holder was then mounted
onto a XYZ-translation stage. The TDFL set up in configuration 3 with an intracavity VBG is illustrated
in Figure 30.
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Figure 29: Various laser design configurations for the cw TDFLs developed in this dissertation.

VBGs are tip and tilt sensitive, so light falling onto the VBG must first be collimated. Collimation was
achieved by adjusting the position and orientation of the lens L3 which was a 2 um wavelength
transmissive, 25.4 mm focal length, 12.7 mm diameter lens. A rough collimation was first performed
visually with a pump light viewer. This was achieved by first coupling the pump light into the output
end of the fibre (right side of the fibre in Figure 29(iii)). The residual pump light reflecting off DM1
was bright enough to be clearly observed with the viewer. L3 was then placed in the path of the
reflected pump beam at approximately 25 mm from the fibre tip. The fibre tip to lens distance was
adjusted with the XYZ-translation stage. Pump light passing through the lens was projected onto a
white wall 1.5 m away. The fibre tip to lens distance was adjusted until the light converged to the
smallest possible spot on the wall which was an image of the fibre tip approximately 2.5 cm in
diameter. The lens orientation was adjusted until the image was symmetric and sharp. With the lens
roughly in the correct position, the pump was returned to its original position and recoupled into the
TDF. The pump power was then adjusted until amplified spontaneous emission (ASE) being reflected
off DM1 could be observed on thermal paper. An HR mirror (HR in Figure 29(iii)), optimised for high
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reflection in the 2 um wavelength region was mounted on a tip and tilt stage and positioned in the
path of the ASE signal. A power meter was positioned at laser output end of the fibre to monitor
power. The tip and tilt of the HR mirror was then adjusted in a raster-like fashion (aided by a LED
back reflecting off the HR onto a white page) until a surge in the output power was observed
indicating laser action. By simultaneously adjusting the fibre to lens distance whilst ensuring that
pump to fibre coupling was optimal, the TDFL could be optimised for maximum laser output power.
After the TDFL was optimised for maximum output power, it was assumed that the lens L3 was
correctly collimated and therefore suitable for VBG placement.

U rilinium mandrelv ;
P with TDF i

Figure 30: The TDFL set up in configuration 3 with the cooling fans and intracavity VBG in place.

3.3 Experimental results and discussions
3.3.1 Optimisation of the TDFL cavity

A fibre laser cavity consists of a high reflector mirror or FBG at one end (input coupler), and a
partially reflective output coupler or FBG at the other (output coupler). Both the input and output
couplers are wavelength specific in accordance with the specific gain material and usually both
elements are highly transmissive to the pump light wavelength.

In this experiment the laser was setup in configuration 2. The fibre was not cooled or wrapped
around the aluminium mandrel, but instead cooled by the ambient environment (25 °C). A dichroic
mirror (DM1 in Figure 29(ii)) was used as the high reflector input coupling mirror, and mirrors with
varying 2 um wavelength reflectivities were used as output couplers. The aim of the optimisation
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was to determine which choice of output coupler resulted in the best overall laser performance for
the free running, ambient cooled (25 °C) TDFL. Laser performance was assessed according output
power and spectral stability.

Similar experiments have been performed in literature where slope efficiencies of TDFLs were
compared for varying reflectivity (laser wavelength) output couplers [73,74]. However, the author
found no reports of spectroscopic measurements performed for various cavity configurations in
literature. Also, although not much variance was expected, there were no reports for this
experiment using this particular fibre. It was therefore decided to conduct the experiment to more
fully characterise the fibre at hand and gain additional insight into the spectral behaviour of TDFLs
with various cavity configurations.

Output power measurements were performed as a function of incident pump power. The output
slope efficiency measurements for the respective output couplers can be seen in Figure 31.

7
Output Coupler  Slope efficiency Threshold power
[% reflectance] [%] [W] [ ]
6 14.2 10,25
+« 10% 14.0 11.15
< 30% 13.6 9.94 -
5 s 709 10.6 9.38
85% 4.54 9.78
3 . 90% 3.34 12.5 n e
= 4
)
g /
[=]
a
s 3
& 4927
—
2 = =
/ﬁ_.
1 p——
0 | | L
0 10 20 30 40 50

Incident Pump Power [W]

60

Figure 31: Laser output powers as a function of incident pump power for various output couplers
butted against the flat cleave output.

Spectroscopic measurements were performed with a flat cleave (4 %), 30 %, 70 % and 90 %
reflectance output couplers. The tests were performed with 43.5 W of incident pump power.
Spectroscopic measurements were collected with an Avantes NIR256-2.5TEC spectrometer. The
spectrometer had a spectral resolution of 4 nm and the integration time was set to 2 ms for near
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real time analysis of the output spectra. Figure 32 shows the output spectra for the various output
couplers.
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Figure 32: Spectral output for of the short fibre laser with various output couplers at 43.5 W of
incident pump power.

A measurement of the residual pump power (unabsorbed) is illustrated in Figure 33.
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Figure 33: Plot of the residual pump power measured against the launched pump power.
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Real time analysis of the output laser spectra revealed the following; The laser output spectra with
the flat cleave as output coupler was mostly single peaked (at the resolution) and temporally stable.
The peak would occasionally split into two peaks increasing the full width at half maximum (FWHM)
measurement. The output spectra with 30 %, 70 %, and 90 % output couplers had multiple peaks
(Figure 32) which were temporally unstable. The temporal instability was observed as multiple peaks
interchangeably rising and diminishing. Laser output power was highest with the flat cleave as
output coupler (Figure 31). The temporal instability is illustrated in figure 34 which is a time series of
sequential spectral measurements (T1 through T4) measured at arbitrary time intervals. A 70 %
output coupler was used for the measurements.
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Figure 34: A time series of sequential spectral measurements (T1 through T4) measured at
arbitrary time intervals

The laser output power was also most stable with the flat cleave as output coupler (¥4 %) where
negligible power fluctuation was observed. The power instabilities can be seen as error bars in
Figure 31.

Thulium lasers are prone to reabsorption due to their quasi three-level nature [75]. Reabsorption of
laser photons as they traverse the laser cavity shifts the output laser spectra to longer wavelengths
with lower effective absorption cross sections. The wavelength shift due to reabsorption has been
shown to increase rapidly after 1940 nm [76]. Addition of an output coupler to the laser system
increases reabsorption due to the increase in the average photon cavity lifetime. This can be seen in
Figure 32 where increasing the output coupler reflectance with the exception of the 90 % output
coupler, shifts the output spectra to longer wavelengths. The 90 % output coupler produced the
lowest output power (Figure 31) indicating that stimulated emission was limited and therefore the
laser output had high ASE content. Peak broadening with increased output coupler reflectance was
also observed, further evidence of reabsorption effects in the TDFL.
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The decreased power with increased output coupling reflectivity (Figure 31) is consistent with
reported literature. Comparison of a 4 % (flat cleave), 5 % and 10 % as output couplers in a 2 wt. %
doped TDFL has been reported by Tang and Xu [77]. The reported data from this paper indicates that
the slope efficiency was highest with a flat cleaved as output coupler despite an increase in the
threshold power. Comparison of the slope efficiencies and threshold power (Figure 11), shows the
same trend. In a paper by Zhang et al. output coupler reflectance is varied by polishing the fibre tip
facet at angles of 0, 5.4, 25.5 and 40.4 degrees [74]. Again the 0 degree (flat cleave) polished fibre
face resulted in the highest measured slope efficiency.

3.3.2 Effect of air cooling on power, temporal stability and spectral output

In this experiment the effect of cooling on temporal stability and laser efficiency was investigated.
The aim of the experiment was to assess the relationship temperature related reabsorption affects
the temporal stability of the TDFL laser output. This was achieved by measuring the laser spectra,
laser output power, and temporal stability of the laser with and without air cooling. Measurements
were performed for the free running laser and wavelength selected (1939.8 nm VBG) laser outputs.

The laser was set up in configuration 3 (Figure 29(iii)) with the TDF wrapped around an aluminium
mandrel. Active cooling was provided by two 5 W fans (Figure 30) which were directed at the pump
input end of the fibre where fibre temperatures would be at their highest. The free running laser had
a HR mirror as optical feedback element which was later swapped out with a VBG for wavelength
selection. The VBG was set up for first order reflection at 1939.8 nm. Output stability was measured
with a 20 MHz Thorlabs InGaAs photodetector connected to a 1 GHz Tektronix oscilloscope.

Figure 35 shows the slope efficiency measurements for the air cooled and uncooled TDFL. Both sets
of measurements were performed for the free running TDFL and with the VBG as optical feedback
element. Air cooling of the TDFL improved the slope efficiency of the laser for both the HR mirror
and VBG as intracavity optical feedback elements.
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Figure 35: Slope efficiencies for the air cooled and uncooled laser with an intracavity high reflector
mirror and VBG.

At low pump powers, irrespective of the presence or absence of cooling or intracavity feedback
element, the TDFL output was self-pulsing. Figure 36 shows a typical low pump power, pulse train
measurement. For this measurement, the laser was air cooled and optical feedback was provided by
an intracavity HR element. The measurement was taken with the pump power approximately 1.17
times the laser threshold incident pump power (~9 W). Pulse lengths and repetition rates were
approximately 2.5 ps and ~175 kHz respectively.

Voltage [a.u.]

Time [us]

Figure 36: Typical self-pulsing pulse train observable at 1.17 times the laser threshold incident
pump power.

Figure 37 and Figure 38 are laser output stability measurements for the air cooled and uncooled
laser with an intracavity HR mirror and VBG, respectively. Increasing the pump power reduced the
pulse lengths to ~1.7 us and increased the repetition rate to ~550 kHz as in Figure 37 and Figure 38
where the 43.5 W of pump light was 5.5 times greater than the threshold pump power. Quasi cw
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output was only achieved for the air cooled systems at pump powers 5.5 times the laser threshold
pump powers. Output power also improved with air cooling. The highest output power (7 W) and
slope efficiency (15.3 %) was recorded when the laser was air cooled with optical feedback from
intracavity HR mirror (Figure 35). Spectral broadening was reduced under air cooling and displayed
less peak splitting of the peak centred at ~1970 nm (Figure 39).

There was no visible improvement on the temporal stability of the laser output with the introduction
of a VBG. This can be seen by comparing the uncooled temporal outputs in Figure 37 and Figure 38
indicating that longitudinal mode instability had little impact on output laser’s temporal stability.
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Figure 37: Temporal stability for the air cooled (blue) and uncooled (red) laser with an intracavity
high reflector at 43.5 W of incident pump power.
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Figure 38: Temporal stability for the air cooled (blue) and uncooled (red) laser with an intracavity
VBG at 43.5 W of incident pump power.

The laser output spectra of the uncooled and air-cooled systems are shown in Figure 39. The
measurements were performed with an Avantes NIR256-2.5TEC spectroscope. Measurements were
first performed with the HR mirror providing optical feedback. The integration time on the
spectroscope was set to 2ms and pump power to the laser was 43.5 W. When the laser was
uncooled, peak splitting (at the resolution) was observed. Turning the fans on (air cooling) collapsed
the split peak into a single peak effectively narrowing the output spectra. Spectroscopic
measurements were also performed with 1939.8 nm VBG as the optical feedback element.
Irrespective of cooling, the output spectrum with the VBG was observed to be narrower and more

stable than in the previous measurements.
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Figure 39: Output laser spectra for the air cooled and uncooled system with an intracavity high
reflecting mirror and VBG at 43.5 W of pump power.

TDFL laser output transitioning from a self-pulsing chain to a quasi cw laser output with increasing
pump power has been reported in literature [78]. As discussed in section 1.6, the TDFL behaves as
though the unpumped regions of the fibre acting like a saturable absorber. Increasing the pump light
intensity reduces this “saturable absorber effect” and hence the laser output transitions to quasi cw.
It was further discussed in section 1.6 that possible dynamical loss mechanisms leading to saturable
absorption effects were related to reabsorption effects in the TDFL.

Experimental results taken with this short “test” fibre, seem to further indicate that self-pulsing is
indeed related to reabsorption effects. As discussed in section 1.3, for quasi 3-level systems there is
always a possibility of having electrons present in the Stark split lower laser manifold at any given
temperature. Insufficient cooling of the TDFL further increases the likelihood of electrons populating
the lower laser energy manifold increasing laser reabsorption. Comparison of the cooled and
uncooled spectra with intracavity HR mirror (Figure 39) indicates that there is a slight shift of the
central wavelength to longer wavelengths (¥1970-~1975 nm), and peak broadening in the uncooled
scheme. This change in output spectra shows that reabsorption effects are enhanced in the
uncooled TDFL scheme (Figure 37 and Figure 38). Since the threshold at which the laser output
transitions from self-pulsing to quasi cw is also increased for the uncooled TDFL scheme, it seems
plausible that reabsorption effects could be directly related to the self-pulsing behaviour in TDFLs.

The reduction in slope efficiency with the intracavity VBG, evident in Figure 35 is most likely not due
to the spectral shift from the natural lasing wavelength (~*1970 nm) to (1940 nm) as there is an
increase in the emission cross section and reduction in the absorption cross section at this
wavelength [16]. Instead, it is probably due to the diffraction efficiency of the VBG introducing
approximately 9 % extra loss to the fibre cavity [46] (Appendix B). Evidence of possible light
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scattering off the 1939.8 nm VBG is covered in section 3.3.5. It was also found that although addition
of a VBG improves the spectral stability of the laser, it had little impact on output laser stability. The
slope efficiency of the air cooled TFDL with an intracavity VBG was ~12 % less than the air cooled
free running laser. For applications requiring output laser wavelengths at 1939.8 nm, this is an
acceptable loss considering the diffraction efficiency of the VBG.

It can be concluded from this experiment that even moderate cooling schemes (air cooling) affected
the temporal behaviour and pump to laser conversion efficiency of the TDFL. Also, there is sufficient
evidence from this experiment and literature (section 1.6) to suggest that TDFL temporal stability
improves when there are less “unpumped” regions in the fibre. It can therefore be concluded that
mitigation, or at least, reducing reabsorption affects is imperative for temporally stable and efficient
pump light to laser conversion. This can be achieved with an adequate cooling and if possible, a
pump scheme that allows for better distribution of the pump light in the TDFL. The exact amount of
cooling and pump distribution required for optimal TDFL performance remains unclear.

3.3.3 TDF length and cavity considerations

Thus far, only output couplers reflective to the laser wavelength and transmissive to the pump
wavelength have been considered. For such cavities, higher reflectivity output couplers (> 4 %)
promote laser signal reabsorption which reduces laser efficiency. Output couplers that are highly
reflective to the pump light (retro reflectors) also need to be considered. Longer TDF's where
residual pump light is minimal will not benefit from such a pumping scheme, however, shorter fibre
lasers with higher levels of RPL could. By retro reflecting the pump light shorter fibres could be
implemented with similar output laser efficiencies and powers. Also the temporal stability would
improve due to reduced reabsorption losses in the lesser pumped regions of the TDF.

The “test” TDFL could not be used for this experiment because the RPL levels were too high
(43 %, Figure 33) and retro reflecting the RPL would be detrimental to the FCLD. From literature [73]
shorter TDFLs with retro reflecting pumping schemes performed similarly to longer fibres in terms of
laser efficiency. This is to be expected since the total amount of pump light absorbed by the fibre will
be similar. However, high efficiencies were only obtainable when the output couplers reflected
between 210 % and <50 % at the laser signal wavelength. By comparison, longer fibres are more
efficient in combination with low output coupler reflectivities, such as a 4 % flat cleave. Power
scaling limitations also need to be considered when choosing the correct TDF length and cavity
configuration/pumping scheme. For retro reflected pumping schemes (high RPL), the maximum
amount of pump light is limited. This is because too much pump light will damage the FCLD.

When considering longer TDF’s, lower reflectivity output couplers have been shown to supress
temporal instabilities such as self-pulsing [73]. The length of the fibre should also not be too long as
this leads to reabsorption of the laser signal and hence, a reduction is laser efficiency [77,79].
Another consideration when choosing the optimal fibre length is the desired output laser
wavelength. Longer fibres, due to reabsorption effects generally favour longer output laser
wavelengths. The tuneable range (spectral range) lies between ~1850 nm to ~2050 nm [57]. Short
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40-150 cm, single mode, TDFLs have been demonstrated to have output laser wavelengths in the
range of (1840-1940 nm) [80] and longer 5 m fibres lase at around 2042 nm with similar slope
efficiencies but vastly different output powers.

For this dissertation a longer fibre (¥4 m for the LMA 25/400 TDF) with a low reflectance output
coupler (4 % flat cleave) was decided upon for the following reasons: Implementing a flat cleave as
an output coupler simplifies the laser design since there is no need for an output coupler mirror or
FBG. This cavity configuration would not compromise the laser’s efficiency and allows for scaling to
higher laser output powers. Temporal stability with this cavity configuration was expected to be
sufficient since cw laser output was expected at high levels of pump power.

3.3.4 Beam quality

The beam quality factor of the TDFL set up in configuration 3 with an intracavity VBG was measured.
Details of the measurement technique are covered in section 2.5. The measurements required for
the determination of the beam quality factor are illustrated in Figure 40.
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Figure 40: Second order polynomial fit for beam quality factor measurement performed for the air
cooled TDFL in configuration 3 with an intracavity VBG.
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Figure 41: Profile of the beam waist of the air cooled TDFL in configuration 3 with an intracavity
VBG at 60 W of pump power and 6.6 W of laser output power.

The M ®value was measured to be < 1.6. A contributing factor to the less than ideal beam quality
was thermal blooming. Thermal blooming was observed and identified by its characteristic, time
dependent distortion of the output beam. The thermal blooming effect occurred due to the overlap
of the lasers 1939.8 nm VBG output overlapping with atmospheric water absorption lines (Figure 12)
[36]. The presence of cladding light is also visible in Figure 41. Cladding light is weak multimodal
cladding modes most likely caused by spherical aberrations of the collimating lens (L3 in Figure 41)
or backscatter from the VBG optical feedback element being amplified by the TDFL.

3.4 Conclusions

From the experiments covered in this chapter, several outcomes concerning the development of a
high power TDFLs are considered. From the cavity optimisation experiment it was concluded that
implementation of a long TDFL with a low reflectivity output coupler was favourable for scaling to
high laser output powers. From the second experiment which focused on the effect of cooling on
laser efficiency, temporal and spectral stability, it was found that the temporal stability and slope
efficiency of the TDFL improved when cooled. Spectral stability was shown to be most stable with
the implementation of a VBG. However, introducing the VBG reduced laser efficiency by
approximately 8 %. The beam quality measurement revealed that cladding light was present in the
laser output. The cladding light could be introduced via scattering or spherical aberration from the
collimating lens L3 (Figure 29) or light backscattered off the VBG. Laser efficiencies in these
experiments was low, this was due to the relatively short length of LMA TDF used in the
experiments. Measurements of the residual pump light with the laser setup in configuration 3 and
intracavity VBG revealed that 43 % of the coupled pump light was not being absorbed (Figure 33).
Increasing the fibre length will increase pump absorption and hence laser efficiency.
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Chapter 4: Development of a high
power cw TDFL

4.1 Introduction

In chapter 3, the performance of a TDFL was evaluated with respect to the temporal stability of its
output power, laser efficiency, spectral stability, and beam quality. Based on these results, the
recommendations were to increase the Tm-doped fibre length to increase pump absorption and
therefore improve laser efficiency, implement an effective cooling scheme to reduce reabsorption
thereby improving laser efficiency and laser output temporal stability, introduce a VBG to improve
the lasers spectral stability, and improve the beam quality by introducing appropriate lenses for
intracavity optical feedback. In this chapter, these recommendations were implemented into the
design and demonstration of a high power, high efficiency cw TDFL.

In this experiment, the aim was to develop a high power (60 W) cw TDFL. This laser could then later
be used for experiments requiring 2 um wavelength laser output. One possible experiment would be
an atmospheric transmission experiment utilising the 2 um wavelength laser output. Atmospheric
propagation experiments have been performed with a 25/400 LMA TDF [81]. Such a laser would
need to have high output power (>200 W), be tuneable (grating or VBG) and preferably be portable
(robust and compact). To this end a bespoke VBG, wavelength selective for first order reflection at
2036.1 was procured. This particular experiment is outside the scope of this dissertation, and instead
the effect of this VBG on temporal stability, spectral stability, beam quality and output laser
efficiency was analysed.

4.2 Experimental setup and procedures

In this section, the various components and design considerations relating to the TDFL thermal
management scheme are discussed. Experimental results and discussions related to thermal
management are also covered.

4.2.1 Thermal management of the Tm-doped fibre

As demonstrated in chapter 3, cooling of the TDF is essential for efficient pump to laser output
conversion [76]. An in-house cooling system was developed consisting of 13 cm diameter, solid
aluminium mandrel and copper fibre holders. The base of the mandrel was 0.8 cm thick and 16 cm in
diameter. Four holes were machined into the base for attaching the mandrel to a water cooled
optical breadboard. A 600 by 600 um, square cut groove, was spirally machined into the mandrels
outer surface. The groove allowed for the ~550 um diameter (with coating) TDF to be wrapped
around the mandrel. To effectively cool the fibre holder at the pump input fibre end where cooling is
most critical, the author designed a 12 cm long copper fibre holder with a water cooling channel and
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a rounded end and copper lid to fully enclose the fibre. A square groove (700 by 700 um) large
enough to house a recoated fibre (diameter 650 um) was machined into the copper holder. A
second, 12 cm long, copper holder with the same groove diameter was designed for the pump
output end of the fibre. This holder was not rounded and had no lid because cooling at the pump
exit end of the fibre is not as critical. A water cooling channel was included for the initial design of
this holder (Figure 43) but later deemed unnecessary. A CAD rendering of the rounded end, copper
fibre holder in its assembled and disassembled form is illustrated in Figure 42.

Fastening screws
for cover

Water outlet

V.

Rounded end

Fastening screws
onto baseplate

Water channel

Figure 42: (left) CAD rendering of the assembled copper fibre holder with rounded end and water
cooling channel. (right) Disassembled view.

The diameter of the rounded fibre holder matched that of the aluminium mandrel for a flush fit with
the fibre positioned tangentially to the mandrel. This ensured that the entire input end of the TDF
was in thermal contact with cooled surfaces. A CAD rendering of the assembled cooling system and
wrapped TDF is illustrated in Figure 43.
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Figure 43: CAD rendering of the cooling scheme implemented in the development of the high
power TDFL.

Chilled water was supplied to the various cooling components by a Neslab chiller, at a flow rate
approximately 2 L/min. To determine which temperature the chiller should operate at, a simple fibre
laser was built with the unspliced TDF and the output lasing power monitored at several
temperature and power supply current set points. The results are shown in Figure 44.
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Figure 44: Laser output power at various current and chiller temperature settings.
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There was no discernible difference in the average output lasing power at the various temperature
settings. By comparison, the common choice of temperature settings as seen in literature is in the 10
to 20 °C temperature range [37,60], [78-89].

It was decided to set the chiller temperature to 16 °C. At this temperature, the TDFL would be cooled
sufficiently to reduce reabsorption affects, but not so cool that at any given time, the temperature
would be below the dew point of the laboratory causing water condensation on the TDFL setup.

4.2.2 Thermal management of the TDF tip

The pump power available for the experiment was ~130 W and it was uncertain what effect this
level of pump power would have on the Tm-doped fibre. If the Tm-doped fibre, set up in the new
cooling scheme was able to withstand ~130 W of pump power, development of the TDFL at the
corresponding power level, would be simplified. It was therefore necessary to know, at which pump
power levels thermal management of the Tm-doped tip would become a necessary consideration in
the fibre laser design.

To test this, the fibre was set up in configuration 1 (Chapter 3), as illustrated in Figure 45. The laser
cavity consisted of a butted dichroic mirror, DM2, and a flatly cleaved fibre end as output coupler.
Approximately 2 cm of the low index polymer coating was stripped off the fibre tip at the pump
input fibre end to avoid burning the coating. The fibre ends were clamped into their respective
holders with only the stripped tips protruding. Pump light from the FCLD was then coupled into the
Tm-doped fibre and laser action induced.

! ’ L1L2DM1 ( TDF ) DM2
FCLD [ i ‘ s"z#\?lif“«» H RPL

Output
FCLD =Fibre coupled laser diode, L1 = Lens 1, L2 = Lens 2,
DM1 = Dichroic mirror 1, DM2 = Dichroic mirror 2,

TDF = Thulium doped fibre, RPL = Residual pump light

Figure 45: Laser configuration for testing the thermal load limits of the TDFL fibre tip.

The pump light was increased incrementally until catastrophic, thermally induced damage 3 mm
from the fibre facet was observed with ~56 W of incident pump power (Figure 46). It is possible that
the damage occurred at the focal point of the pump light.

A second test was performed with 3 mm of the fibre tip protruding the holder. This increased the
damage threshold to ~70 W of pump light before the fibre tip shattered.
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3 mm from fibre tip

Figure 46: Thermally induced damage of the TDFL tip without splices at approximately 56 W of
pump power.

Possible explanations for the thermally induced damage are as follows. Thulium-doped fibre lasers
pumped at 793 nm, have relatively poor quantum defects [94] despite their CR assisted high
qguantum efficiencies. The excess energy is converted into heat by non-radiative decay processes.
They also exhibit a thermally dependent emission cross section which deceases with increased heat.
The reduced emission cross section will reduce stimulated emission processes and therefore useful
energy extraction by way of laser action. As a result of the poor quantum defect and reduced
stimulated emission cross section, heat rapidly increases at the fibre tip where pump light is most
intense [94].

It was concluded from this experiment that thermal management of the fibre tip is imperative for
scaling to high laser powers.

4.2.3 Splicing

To overcome thermal damage at the fibre tip, a length of mode matched, 0.5 m long passive fibre
was spliced (joined) to the TDF (Table 2). The spliced fibres could then be recoated at the splice joint.
Splicing of the TDF to a passive fibre followed by recoating of the splice joint had two distinct
advantages pertaining to thermal management of the fibre tip. Firstly, the pump light intensity
entering the doped fibre via the spliced passive fibre is less intense. Before splicing, the one to one
magnification pump coupling lenses focused pump light into the doped fibre tip with a beam
diameter of ~200 um. After splicing, pump light entering the TDF will have a beam diameter
approximately equal to that of the cladding diameter (~395 um) reducing the initial pump intensity
by a factor of ~4. This reduction in pump light intensity increases the level of pump light intensity
required before the onset of thermally induced damage. Secondly, and most significantly, the
recoated, spliced region could be placed in a copper holder allowing for active cooling of the entire
Tm-doped tip.
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Recoating of the spliced region has two additional benefits. The tough, flexible, low index polymer
assists with flexibility at the splice reducing the chances of accidental flexing and breaking at the
splice joint. It also reduces the chances of decoupling or scattering pump light when other materials
come into contact with the surface of the fibre cladding.

The outer cladding diameter of the mode-matched passive fibre was ~395 pum, slightly less than the
400 um cladding diameter of the TDF. The slight reduction in cladding diameter is to assist with
pump light transmission at the splice joint. Recoating of the splice was performed with a Nufern low
index polymer using a Vytran PTR-200-MRC re-coater. The parameter settings for the recoating
process are listed in Appendix B.

To achieve high quality splices with low pump light and laser signal transmission losses requires
splice optimisation specific to the fibre types and method of splicing. The fibre types in this
experiment were the LMA 25/400 Tm-doped fibre and a mode-matched, LMA 25/395 passive fibre.
The splicing method employed was fusion splicing. To avoid excessive loss of Tm-doped fibre, a
“rough” optimisation was first performed between two arbitrary lengths of LMA 25/395 passive
fibres. It was assumed that although the optimal splice parameter settings (fusion splicer settings)
required to splice two passive fibres would not be exactly the same as between a passive fibre and
the doped fibre, these splice parameter settings would be close enough to be a starting point for a
“fine” optimisation process between the doped and passive fibre. The “rough” optimisation was
done by comparing the images of successive splices until a visually acceptable splice was achieved.
The fine optimisation was done as follows, starting with the “rough” splice parameter settings a
length of passive fibre was spliced to the Tm-doped fibre. To test the integrity of the splice, a simple
laser, set up in configuration 1 was built. The slope efficiency of the laser was measured with and
without the splice and compared to account for any power losses incurred due to the splice. This
process was repeated for various splice parameter settings until comparable slope efficiencies was
achieved.

Splicing was performed with a 3SAE LDS fusion splicer [95]. The basic fusion splicing process
between the two lengths of passive fibre is as follows: For each length of fibre, a fibre end was flatly
cleaved and inspected under a microscope for chipping and grit on the facet. If the fibre facet was
mirror like, clean, and free of chips, this end of each fibre was placed in a fibre clamp of the splicer
and fastened. The pitch and yaw of one fibre is then adjusted until the surfaces of the two fibre
facets are parallel. The optical axis of each fibre was then centred relative to one another (still
parallel), within 2 um of error. After alignment, the gap between the two fibres (set gap) was
adjusted to 50 um (Figure 47(f)). Heating of the fibres was done by three plasma generating
electrodes, uniformly spaced about the fibre axis.

The splicing process happened in three steps: First the fibre was pre-heated. The splice parameter
for adjusting the arc intensity set point and duration of the pre-heating was prefuse power and
prefuse time respectively. After pre-heating one fibre would be pushed into the other. In this step
the arc intensity set point, push distance and push time could be adjusted. The respective splice
parameters were arc power 1, push time 1 and push distance. After pushing the fibres together,
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there is a pause (no travel) at an arc power set point (arc power 2) for a time (arc time2). In this time
the two fibres effectively fused together. After fusion, the fibres can be pulled at an arc power set
point (pull power) for a time (pull time) over a distance (pull distance). Pulling is not required for the
splicing process but rather for tapering of fibres so the splice parameters related to pulling were all
set to zero. Time sequence images depicting the relevant steps in the splice process for the
successful “rough optimisation” splice and associated arc power parameters are illustrated in Figure
47. Figure 49 illustrates the “rough optimisation “splice program with the relevant splice
parameters. The graph is scaled according to distance in the vertical, and time in the horizontal
directions.

Starting position
(set gap)
EESF =
|« . S . ;|
| (a)
[ Completed splice ‘
(f)

Figure 47: (from left to right, top to bottom) Time sequence images of the splicing of two mode-
matched passive fibres for a rough splice optimisation. (f) A successful splice is achieved.

Splices deemed as unsuccessful had a visible seam at the splice joint and or non-parallel fibre edges.
An unsuccessful splice is illustrated in Figure 48 where the edges are acceptably parallel; however,
there is a visible seam at the splice joint (within yellow ellipse). It should be noted that the thick
white line visible in the centre of splice images is not the fibre core but actually a lensing effect of
the fibre.
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Figure 48: An unsuccessful splice for the “rough” optimisation. The fibre edges are parallel,
however fusion at splice joint visible as a seam within the yellow ellipse, was unacceptable.
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Figure 49: Splice program and relevant spice parameters used for the successful splice in the “rough” splice optimisation process.
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Fine optimisation of fibre parameters was performed between the mode matched passive fibre and
the TDF. The three arc power set points (prefuse power, arc power 1, and arc power 2) were kept
the same for each adjustment as recommended by the supplier. Using the “rough” optimisation as
the starting point (set point 85), several splices between the TDF and passive fibre were performed.
Splices were performed with the smallest possible arc power increment.

After each splice, the resulting spliced fibre was then set up in configuration 1 and the laser output
power measured. Power measurements were taken with the TDF in forward (splice at position A in
Figure 50) and reverse orientations (splice at position B in Figure 50). That is, with a single splice
located at the pump input end and at the opposite end.

O A0
FCLD AN ==

Figure 50: Fibre orientation for the fine splice optimisation measurements.

~ Ou tput

This was done in lieu of laser output measurements performed on a spliced fibre (passive to Tm-
doped using factory default parameters) in the preliminary stages of the laser development. It was
noticed that for poor splices performed at high arc power set points, laser output power
measurements for the forward and reverse directions differed significantly, which can be explained a
follows. At high arc powers the fibres fuse together at the centre of the fibre (area around the core)
and less so at the extremities (outer cladding area). Light propagating down the fibre will experience
little loss in the core regions of the splice and high losses in the cladding region. With a high power,
poor splice oriented away from the pump source, pump light propagates down the doped fibre with
negligible loss. Laser action continues in the core of the spliced fibre since the core regions of the
doped and passive fibre are fused together. For the reverse orientation, significant amounts of pump
light are attenuated at the splice joint before entering the doped fibre, reducing the lasers
performance. An extreme example of an attempted splice performed at high arc powers is
illustrated in Figure 51.

Figure 51: Unsuccessful splice attempt at a high arc power set point.

The splices performed for the fine optimisation were all of a reasonable quality and did not exhibit
this problem. Double measurements were therefore taken as a precautionary measure and to
increase measurement accuracy. The results of the fine splice optimisation can be seen in Figure 52.
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Figure 52: Laser slope efficiency measurements for the fine splice optimisation.

For each splice in the fine optimisation process, the fibre needed to be cut at the splice joint and re-
cleaved before the next splice in the experiment, with each cleave removing 26 mm of fibre. If the
doped fibre was re-cleaved six times in the optimisation process, the laser output power would be
~4 % lower due to the loss of doped fibre alone. To minimise these power losses and thus enable
reasonable comparison between the various measurement setups, care was taken to keep the
doped fibre loss to a minimum. This was achieved by cleaving the doped fibre end with the splice
still attached. The loss of doped fibre was reduced from 24 mm to ~4 mm per cleave and 20 mm of
passive fibre (Figure 53).
technique, resulting in an overall estimated (calculated) reduction in the laser power loss of ~ 0.6 %

(-0.026 dB).

Figure 53: lllustration of the modified cleaving technique specifically devised for this work to

[

Cleaver blade
N .
4 mm

Old splice —» ‘

Passive fibore —»

Molten ingot

<— Doped fibre

v
-

20 mm

A total of six cleaves were performed on the doped fibre using this

minimise the loss of doped fibre in a splice between a doped and a passive fibre.
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The arc power which resulted in the highest overall laser output power was at set point 85, the same
as for the “rough” optimisation (Figure 52). This set point was used for the remainder of the splices
in this dissertation.

After the fine splice optimisation, the second length of 0.5 m passive fibre was spliced to the doped
fibre. The addition of the second length of passive fibre was not to address thermal damage of the
fibre tip since pump light at this end of the doped fibre has been significantly attenuated. Instead it
was added to conserve doped fibre length and allow for cooling of the entire length of doped fibre.
Setting up the TDFL in configuration 3 requires that the fibre tip be cleaved at ~8 degrees to
minimise Fresnel reflection at the tip. Several attempts at angle cleaving are usually required before
an acceptable cleave is achieved. Due to the wastefulness of the process a passive fibre was first
spliced to the doped fibre since shortening of the passive fibre does not reduce laser performance.
Using the same rationale, any damage incurred to the passive fibre tip can simply be re-cleaved.

To effectively cool the spliced fibre within the copper holders when scaling to high pump powers
(130W), a silver based thermal compound (Arctic silver 5 thermal compound) with a claimed cooling
rate of 8 W/m.K and measured cooling rate of 0.9 W/m.K, was applied into the square grooves of
the fibre holders. This improves the thermal contact and therefore cooling of the spliced regions
within the square grooved copper holders. Application of the thermal compound within the copper
fibre holder is illustrated in Figure 54.

Figure 54: (left) Silver based, thermal paste applied into the holders, and (right) the complete
cooling system.

4.3 Laser design
4.3.1 Fibre parameters and laser design considerations

The length of TDF used for this experiment was 3.7 m. The fibre parameters for the 25/400 TDF fibre
can be seen in (Table 2). Two lengths (~0.5 m) of un-doped (passive) fibre were used in the
experiment. Apart from doping, the only difference between the passive and doped fibre was the
shape and slightly smaller (395 pum) inner cladding diameter of the passive fibre.

The same basic configurations listed for the short fibre laser developed in chapter 3 (Figure 29) were
considered for the TDFL design. For ease of referencing they are again illustrated in Figure 55.
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(i) Configuration 1
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FCLD = Fibre coupled laser diode, L1 =Lens 1,L2 = Lens 2,
DM1 = Dichroic mirror 1, DM2 = Dichroic mirror 2,

TDF = Thulium doped fibre, RPL = Residual pump light
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Figure 55: The various TDFL configurations used in the development of the high power cw TDFL.

Configuration 1 and configuration 2 due to the butted dichroic mirrors DM2 and DM1 respectively

are relatively easy to set up. However, Configuration 1 has the distinct advantage that there is very
little residual pump light in the laser output signal. The butted configuration of the high reflecting
optical feedbacks elements will also reduce beam quality losses in both configurations.
Configuration 3 is essentially configuration 2 with additional optical feedback elements. These
optical feedback elements could also be added at the pump exit end of the fibre allowing for optical
feedback of the laser signal and residual pump. Feedback of the residual pump light, which was
measured to be approximately 8 % of the launched pump light, would increase the overall laser
efficiency and hence increase laser output power. A bi-directional pumping scheme was also
considered, however, the 8 % residual pump light was above the 5 % back reflection threshold of the
Dilas FCLD's.

The different build configurations were considered and despite the possibility of increased laser
output power, configuration 3 in Figure 10 was again selected; this decision was made with beam
quality in mind. It was previously shown in chapter 3 that intracavity optical feedback elements may
have introduced cladding modes into the laser output, reducing the TDFLs beam quality. In addition
to this loss, it was expected that beam quality would be further reduced due to the addition of
splices. With the addition of splices, even in lasers with excellent beam qualities (M? < 1.2),
transverse cladding modes can develop [46], possibly due to core misalignment and or thermal
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expansion of the doped fibre core [96,97].These are illustrated in Figure 56. A common method for
removing cladding modes and residual pump light is using a cladding mode stripper[98].

Cladding Cladding | Cladding ___ o Cladding

Figure 56: (left) lllustration of core misalignment and (right) thermal mismatching of the MFD,
both of which initiate cladding modes in a fibre laser.

There are a variety of cladding mode stripping techniques including, chemical etching (roughing) of
the fibre surface [99], re-coating or coating with a high index of refraction polymer [98] and high
power monolithic cladding mode strippers [100] to name a few. The objective of all cladding mode
strippers is to remove light propagating in the cladding, thus limiting the output signal to low NA
signals propagating in the fibre core improving beam quality. This can be achieved by scattering light
at the fibre surface (chemical etching), refracting light away from the fibre (high index polymer
coatings) or attenuating the beam with a metal in contact with the cladding surface (monolithic
cladding mode strippers). Figure 57 is a simplistic 2D representation of a chemically etched cladding
mode stripper where it can be seen that light incident on the surface of the fibre cladding is
scattered and no longer propagates through the fibre. Hence, reducing cladding modes and
removing residual pump light from the laser output beam.

Residual pump light Scattered 2 um Cladding mode

Low NA output
From fibre core

m \\ Chemically etched surface
Scattered Residual pump light

2 um Cladding mode

Figure 57: Simplistic representation of a chemically etched, cladding mode stripper scattering
cladding light at the surface of the fibre cladding.

Due to the ease of adding a cladding mode stripper at the pump output end of the fibre,
configuration 3 (Figure 55(iii)) was chosen to be the design of the TDFL. If the mode stripper was at
the pump input end, pump light would be stripped off before propagating down the fibre.

4.3.2 Laser development process

All three configurations listed in Figure 55 were utilised in the development of the TDFL.
Configuration 1 was used in the splice optimisation process. We now turn our attention to
configurations 2 and 3. Characterisation of the TDFL set up in configuration 2 before moving over to
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configuration 3 was an essential step in the TDFL development. As previously mentioned, the laser
set up in configuration 2 will have excellent beam quality due to the butted configuration of the high
reflecting optical feedback mirror. It can also be expected that the unspliced Tm-doped fibre set up
in configuration 2 will be highly efficient since there will be no splice or optical feedback losses. This
makes configuration 2 an ideal setup for comparing original beam qualities and laser efficiencies to
later versions of the TDFL. This is particularly important when comparing laser efficiencies of the
spliced and un-spliced versions of the laser. If the addition of splices were to significantly reduce the
laser output efficiency, it could be assumed that there is significant loss of pump light or laser
transmittance at the splice joint. The transmission loss will heat up the splice and potentially cause
catastrophic damage to the laser at the splice joint. The Tm-doped fibre spliced to two lengths of
passive fibre, set up in configuration 3 is illustrated in Figure 58. A doublet lens consisting of two
57 mm focal length lenses was implemented into the optical cavity in order to reduce aspherical
aberrations as discussed in section 3.3.10.

Passive fibre
O L1L2 DM1 / @ _DM2
FCLD 1y . . JFC__ | RPL

Splice ~ Output

L3 = Doublet lens pair, HR = High reflector, AC = Angle cleave, FC = Flat cleave

Figure 58: Tm-doped fibre spliced to two lengths of passive fibre, in configuration 3.
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4.4 Experimental results and discussion
4.4.1 Laser development

The slope efficiency and beam quality factor measurements at various stages in the development of
the high power cw TDFL, are illustrated in Figure 59 and Figure 60 respectively. The pump limited
(117 W), highest laser output power (63 W) was achieved with the HR mirror as the optical feedback
element. Average laser output power was measured to be stable. The laser was run at full power for
one hour with the average output power never fluctuating more than 0.3 % above or below 63 W.
The free running laser, which had a central wavelength at ~2017 nm showed no signs of beam
wandering when propagating through ~2 m of free space.
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Figure 59: Comparative slope efficiencies for several reference measurements in the development
of the high power cw TDFL with an intracavity HR mirror.
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Figure 60: With reference to table 5, (top left) measurement 1, (top right) measurement 2, bottom left (measurement 3) and (bottom right)
measurement 4 show comparative beam quality factors (M?) for several measurements during the development of the high power cw TDFL.
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The consolidated measurements for characterisation of the TDFL at several stages in the TDFL
development process is listed in Table 6.

Table 6: Summary of measurements in the development of a CW TDFL

# | Configuration Passive Threshold Slope Beam Pump power @ M?
fibres power [W] Efficiency quality measurement [W]
attached [%] (M3
1 2 N 4.4 57.5 <1.05 38
2 2 Y 4.4 57.7 <164 60
3 3 Y 4.8 56.4 <1.75 60
4 3 Y 4.8 56.4 <1.88 ~118

Figure 61 shows several beam profiles captured on a Pyrocam Ill at various stages in the
development of the high power TDFL.

Far field image, un-spliced jm Far field image, spliced fibre,

fibre, configuration 2, “| configuration 2 i

@

)
21
5
"

Near field image, | Far field image, spliced fibre,.
spliced fibre, configuration 2:%| configuration 3

Figure 61: Beam profiles for various measurements (Ref) in the development of a high power cw
TDFL.

An analysis of Table 6 reveals the potential loss mechanisms during the TDFL development process.
Comparison between the slope efficiencies of measurements (2-3 in Table 6) indicates that laser
efficiency improved with the addition of the passive fibres despite the decrease in beam quality. This
can be attributed to effective cooling of the doped fibre tip. The variance for all the calculated slopes
in Table 6 was < 0.01. The beam quality drop (M?) from 1.05 to 1.64 is most likely due to light
scattering at the splice joints possible caused by core diffusion during splicing or, thermal mismatch
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of the mode field diameters or mismatch of the fibre cores. The degradation in beam quality can be
observed by the appearance of interference in the transverse beam profile (Figure 61(c)) [46], and
an increase in cladding light at the outskirts of the beam profile (Figure 61(a-b)).The efficiency drop
was most significant transitioning from configuration 2 to configuration 3 (2-3 in Table 6 ). The slight
drop in beam quality after the addition of the optical feedback elements implies that the efficiency

loss was in part due to optical feedback of the laser signal into the fibre cladding. However, due to
the small decrease in beam quality factor, a more significant portion of the loss is most likely due to
scattering, reflection and absorption losses introduced by the optical feedback elements. The slight
decrease in beam quality from medium to full laser output power (3-4 in Table 6) is potentially due
to thermal mismatch of the mode field diameter.

4.4.2 Output stability of the high power TDFL with an intracavity HR mirror

The output stability of the TDFL was monitored at various laser output powers using a 20 MHz
Thorlabs InGaAs photodetector and a 1 GHz Tektronix oscilloscope. At low laser output powers a
periodic chain of pulses (self-pulsing) was observed. Figure 62 shows two pulses measured at 2.9 and
4.8 W of laser output power respectively. Time divisions on the oscilloscope were set to 1 ps/div.

29W 4.8 W

Figure 62: Screen shots recorded by the oscilloscope (@1 ps/div) for (left) 2.9 W and (right) 4.8 W
of laser output power respectively.

The pulses themselves were also observed to be modulated. Figure 63(lower traces) illustrates two
such pulses measured at laser output powers of 6.82 and 10.9 W. Figure 63 (upper traces) is an
expanded view of the same pulses over a reduced time interval (4.5 down to 1 us) clearly showing
the modulation of the pulses. The frequency of the modulation was measured to be ~21 MHz.
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Figure 63: (lower traces) Single, periodic, pulse envelope as seen on the output of the 3.7 m TDFL
at low output powers (6.8 W and 10.9 W). (upper traces) An expanded view of the low output

power pulse envelope. The dotted lines represent the laser off (zero signal) baselines.

Figure 64 illustrates the temporal behaviour of the TDFL at high laser output powers (50 W). The
laser output was observed to be cw with a periodic modulation. The intensity of the modulation for
this measurement was measured to be ~12 % of the total laser intensity. The frequency of the
modulation was measured again to be ~21 MHz.
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Figure 64: Screen shot recorded by the oscilloscope (@100 ns/div) for 50 W of laser output power.
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Figure 65 illustrates the modulated TDFL output at various laser output powers.
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Figure 65 : (upper traces) Comparison of the periodic modulation of the TDFLs continuous wave
output at high laser output powers and, (lower traces) the modulated pulse envelope at low laser
output powers.

Figure 62 illustrates the self-pulsing of the TDFL at low laser output powers. The self-pulsing
phenomenon in TDFLs was discussed in section 1.6. In this experiment, unlike the previous TDFL
experiment (section 3.3.2), the periodicity of the self-pulsing was much better defined. This was
most likely the case due to decreased reabsorption because of the 3.7 m TDFLs better thermal
management scheme. The periodicity of the self-pulsing envelopes was measured to be in the 100’s
of kilohertz range (~200 kHz), again this correlates with similar results reported in literature
(section 3.3.2).

More interestingly however was the frequency of the modulated self-pulsing envelopes at low laser
output powers (Figure 63), and the modulated cw output (Figure 64) at high laser output powers.
The frequency of this modulation was consistently measured to be approximately 21 MHz
irrespective of the laser output power (Figure 65).

The measured modulation frequency corresponded very closely to the calculated round trip cavity
frequency (Equation 9) of 21.37 MHz. The correspondence between the round trip cavity time and
the amplitude modulation observed throughout this experiment has been identified several times in
literature, e.g. Qamar and King who identified the phenomenon as self-mode-locking, [54,101]. Sub-
200 fs pulses have been achieved by passively mode-locking (saturable absorber) Tm-doped fibre
lasers [102] and a Neodymium-doped fibre laser [103].

Unfortunately, the Thorlabs photo detector available had a somewhat limiting bandwidth of 20 MHz.
To determine whether the amplitude modulation is indeed self-mode-locking, an autocorrelator or
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detector with a bandwidth twice the fundamental mode (Nyquist theorem) of the self-mode-locking
(round trip frequency) would be required.

It is quite possible in the case of TDFLs, when considering intra fibre saturable absorption effects,
that self-mode-locking can occur. This is certainly implied in literature [54]; however no explicit
evidence of the phenomenon seems to have been reported.

4.4.3 Laser characterisation with intracavity 1939.8 nm and 2036.1 nm VBGs

In this section of the experiment, the intracavity HR mirror (Figure 58) was replaced in turn with two
VBGs. The VBGs were designed for first order reflection at 1939.8 and 2036.1 nm respectively. The
wavelength of the 2036.1 nm VBG was chosen to be within an atmospheric transmission window
(Appendix B). The aim of this experiment was to assess the impact of wavelength selection on laser
output power (efficiency), the spectral, and output laser stability.

Figure 66 illustrates the 2036.1 nm VBG placement between the 8° angle cleave and the HR mirror.

2036.1nm'VBG,

~

W =
Lol e e

Figure 66: (left) Position of the HR mirror with respect to the passive fibre’s angle cleaved input
coupler. (right) After placement of the 2036.1 nm VBG between the HR mirror and input coupler.

The VBGs were set up for first order reflection and the output laser efficiencies (slope efficiencies)
was measured for the two intracavity VBGs. A beam quality factor (M%) measurement was
performed with the intracavity 2036.1 nm VBG. The efficiency and measurement for the
determination of the beam quality factor are shown in Figure 67 and Figure 68, respectively. The
highest slope efficiency was recorded with the intracavity HR mirror as feedback element
(~56 % slope efficiency). Introduction of the 2036.1 and 1939.8 nm VBGs reduced the slope
efficiency by ~14 % (~48 % slope efficiency) and ~29 % (~40 % slope efficiency) respectively. The
beam quality factor was also shown to reduce with the introduction of the 2036.1 nm VBG from an
initial the M? value of ~1.75 (3 in Table 6) to ~2 (Figure 68).
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Figure 67: Slope efficiencies of the TDFL with various intracavity elements including a HR mirror,
1939.8 nm VBG and a 2036.1 nm VBG.
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Figure 68: Measurements for the beam quality factor determination of the high power TDFL with
an intracavity 2036.1 nm VBG.
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Figure 69 is a beam profile of the intracavity ASE signal. Figure 69(b-c) are far field beam profiles of
the laser output with the intracavity VBGs. Thermal blooming was observed with the intracavity
1939.8 nm VBG (Figure 69(b)). Cladding light was visible in the intracavity beam profile (Figure
69(a)), however, there seems to be more cladding light in the far field output shown in Figure 69(c)
indicating light scattering off the VBG (2036.1 nm). The laser output beam with the intracavity
2036.1 nm VBG was observed to be very stable with no noticeable beam wander after 3m of free
space propagation.

Intracavity ASE signal Farfield output with an sl Far field outputwith an
intracavity 1939.8 nm VBG _ i| intracavity 2036.1 nm VBG

A4

®

Figure 69: Beam profiles for the 3.7 m TDFL showing (a) the intracavity ASE signal and far field
output signals for (b) a 1939.8 nm VBG and (c) a 2036.1 nm VBG.

The output spectra was measured for the free running laser, and the intracavity 2039.8, and
2036.1 nm VBGs. An Avantes NIR256-2.5TEC spectrometer was used for the measurements with the
integration time set to 2 ms. The measured spectra are shown in Figure 70 where spectral narrowing
(at the 6 nm spectral resolution) with the introduction of VBGs was observed. The central
wavelengths of the spectral peaks corresponded with the first order reflection wavelengths of the
respective VBGs. Real time analysis (at 2 ms integration time) of all three spectra showed no
fluctuations in spectral intensity.
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Figure 70: Spectroscopy of the 3.7 m TDFL with an intracavity HR mirror, 1939.8 nm VBG and
2036.1 nm VBG.

The output stability was monitored with both the intracavity 1939.8 nm and the 2036.1 nm VBGs.
The setup was the same as before (section 4.3.2). Figure 27 shows screen captures recorded by the
oscilloscope for some of the measured laser outputs traces. There was no significant (noticeable)
change in the laser output stability where both self-pulsing and “self-mode-locking” was observed.
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Intracavity 1939.8 VBG Intracavity 1939.8 VBG Intracavity 2036.1 nm VBG
tFrequency = 21 MHz
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Figure 71: (left) Output stability the 3.7 m TDFL with an intracavity 1939.8 nm VBG at low power
(@ 500 ns/division), (middle) high power (@ 20 ns/division)and (right) with an intracavity 2036.1
nm VBG at high power (@ 50 ns/division).

The loss in beam quality with the introduction of the VBGs was likely due to the backscatter seen in
Figure 69. Scattering losses off the VBG will also have contributed to the slope efficiency losses. The
distance from the angle cleave to the VBG was fairly long (~10 cm). This long free space propagation
distance possibly exacerbated scattering losses. The loss is also not due to the VBGs clipping the
beams. It has been shown that for beams clipped by VBG, maximum laser output power is reduced
but not slope efficiency [46]. The 1939.8 nm VBG introduced the greatest loss; this was partly due to
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its 91 % diffraction efficiency (Appendix B). Intracavity atmospheric absorption losses at the 1939.8
nm (Figure 69(c)) wavelength could also have decreased laser efficiency.

4.5 Conclusions

The high power, 3.7 m TDFL performed very well in terms of output power stability and beam quality
(M? < 1.86). The highest recorded power for the laser was 63 W at ~118 W of launched pump power.
Due to the output lasing stability, it can be inferred that the thermal management scheme for the
laser performed well and could potentially be scaled to significantly higher powers with the
introduction of a more powerful FCLD source. For the length of fibre involved, the efficiency of the
laser was comparable to similar high efficiency TDFLs found in literature [87], even though the slope
efficiencies calculated in this experiment were with respect to the launched pump light and not
absorbed pump light as often found in literature. It should be noted that the residual pump light
measured for this experiment was approximately 8 % indicating that bidirectional pumping cannot
be implemented on the TDF without breaching the 5 % back reflection threshold of the Dilas FCLD's.
A slightly longer length of fibre would increase pump absorption and further improve the lasers
slope efficiency. Implementation of a longer fibre (~5 m) and a bi-directional pumping scheme
should increase the slope efficiency by ~8 %.

For future work it would be recommended that an aspheric doublet or triplet lens pair be used as an
intracavity collimating lens. This will improve the lasers overall beam quality. It is also recommended
that when introducing VBGs to first characterize the optical elements to ascertain their reflective
and scattering properties. Beam quality can be improved with the introduction of a cladding mode
stripper and better splice optimisation processes since the addition of splices was shown in the
development of this laser to be the main contributing factor to loss of beam quality.
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Chapter 5: Development of a
Q-switched TDFL

5.1 Introduction

In this experiment a polarised, Q-switched TDFL was developed. The aim of the TDFL was to produce
high intensity, ~2 um wavelength pulses with pulse lengths in the 10’s of nanosecond range. The
pulsed 2 um wavelength laser output could then directly pump a ZGP, OPO crystal for frequency
down conversion [12,104]. Nonlinear frequency down conversion by the ZGP crystal is dependent on
the pump lasers (TDFL) intensity. It is therefore imperative that the pulsed TDFL has a near
diffraction limited beam quality.

5.2 Fibre preparation and pump setup

This section introduces the fibre parameters and preparation techniques relating to the polarisation
maintaining TDFL. The pump design and pump light coupling efficiency is also discussed.

5.2.1 Fibre parameters

In this experiment, the Q-switched TDFL was developed using a Nufern, 25/400 LMA, polarisation
maintaining (PM) Tm-doped fibre. Some of the relevant fibre parameters of the PM 25/400 TDF are
listed in Table 7.

Table 7: Fibre parameters for the polarization maintaining thulium-doped fibre.

Fibre manufacturer Nufern
Fibre type Multimode, LMA, thulium doped, double clad
Operating wavelength 1.9-2.1um
Fibre length 40m
Pump absorption 2.4 dB/m
Core diameter 25.0 £ 2.5 um, NA = 0.090
Inner cladding diameter 400.0 £ 15.0 um, NA = 0.46
Cladding geometry Circular
Doping concentration 4 % wt
Birefringence Nominal 2.5 x 10
Configuration Panda

Birefringence along the length of the fibre was induced by stress rods in a panda configuration. A
cross section of the PM 25/400 TDF is illustrated in Figure 72. The figure is colour coded to match the
fibre parameters listed in Table 7. The birefringence of the fibre allowed for a single polarisation
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mode to be transmitted (maintained) either parallel (slow axis) or perpendicular (fast axis) to the
stress rods along the length of the fibre.

Stress rods

Figure 72: Colour coded cross section (Table 7) of the PM 25/400 TDF used in the development of
the Q-switched TDFL.

5.2.2 Fibre preparation

Cleaving of the PM fibre is very different from that of TDF used in previous experiments. Applying
the same tensions as used on the non-PM fibre induced severe hackle about the stress rods. The
tension was therefore significantly reduced from 12 N to 10 N. Below 10 N there was not sufficient
tension to cleave the fibre. Also at a tension of 10 N, there was intermittent chipping of the fibre by
the cleaver blade. To mitigate this problem, the piezo induced blade vibrational frequency was
increased from a set point of 10 to 100 (Appendix B). These adjustments allowed for acceptable
cleaves to be performed, as illustrated in Figure 73.
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Figure 73: Fibre facet after the successful cleaving of the PM 25/400 TDF.

5.2.3 Pump design and coupling efficiency

The pump absorption per unit length of the PM 25/400 TDF (2.4 dB/m) was higher than that of the
TDF’s used in previous experiments (1.8 dB/m). The PM 25/400 TDF was also slightly longer
(4 mvs. 3.7 m). The increased pump absorption and fibre length allowed for the implementation of a
bi-directional pumping with reduced risk of damage to the FCLD’s.

The first pump laser remained the same as in previous experiments. A second identical ~793 nm
diode source was used as a pump source. Pump coupling optics for the second pump source
consisted of two BK7 silicate substrate lenses coated for high transmittance at the 793 nm diode
laser wavelength. Both lenses had focal lengths of 50 mm, however only one of the lenses was
spherically corrected. This reduced the pump coupling efficiency of the second pump source. It was
also found that the 45° dichroic mirror through which the second diode would need to pump
through was not transmitting 793 nm pump light as efficiently as the specifications of the mirror
suggested (> 99 %). To accurately account for such losses the coupling efficiency for the second
laser diode was measured with this mirror in place. The respective coupling efficiencies can be seen
in Figure 74.
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Figure 74: Respective coupling efficiencies for the two pump diodes used in the development of
the Q-switched TDFL.

5.3 Laser design

This section covers the laser design considerations and laser setup and procedures.
5.3.1 Laser design considerations

In section 4.4.1 it was found that the addition of splices can potentially reduce the laser beam
quality. It was also shown in this experiment (section 4.4.2) that without passive splices attached, no
more than ~56 W of pump power could be safely coupled into the TDFL. It has been shown in
literature that the optical damage threshold for silicate fibres is approximately 40 GW/cm? [105].

If we assume the Q-switched TDFL will produce pulse lengths of roughly 60 ns, at a repetition rate of
40 kHz, as was the case in similar g-switched TDFLs [12], the average power for such a laser would
be approximately 35 W at the 10 kW peak power limit. Assuming a relatively poor slope efficiency of
30 %, this level of laser power could be achieved with around ~105 W of cw pump power from a
FCLD. This estimate is too high for pumping directly into an unspliced TDFL (upper limit ~56 W),
however, with bi-directional pumping both ends of the PM TDFL, this figure can be halved and still
be within the safe pumping limit. Furthermore, as discussed in section 3.3.2, a bi-directional
pumping scheme will improve temporal stability and increase pump to laser output efficiency. It was
also assumed that mitigation of splices would be less detrimental to output beam quality. Based on
these considerations, a bidirectional pumping scheme with no passive splices attached to the TDF
was decided upon.
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5.3.2 Setup and procedures

Like the high power cw TDFL, the g-switched laser was developed and characterised in stages in
order to identify any laser performance losses introduced. Figure 75 is a schematic of the Q-switched
TDFL. The Brewster plate AOM would ensure intracavity linear polarisation and the half wave plate
(HWP) would align the linearly polarised light to the polarisation axis of the TDF. The higher pump
absorption per unit length of the PM TDF (2.4 dB/m) also ensured that there was < 3 % residual
pump light exiting the fibre. This was well within the 5 % tolerance of the FCLD’s.

The PM TDFL was first set up for continuous mode operation. The “collimating” doublet lens pair
(L3 in Figure 75) made up of a 25.4 mm and a 57 mm focal length lenses. The 25.4 mm and 57 mm
focal length lenses had lens diameters of 12.5 mm and 25.4 mm respectively. The smaller diameter
lens was placed in front of the larger diameter lens, that is, light exiting the fibre passed through the
smaller lens first. Placing the smaller diameter lens first ensured that the smallest possible
intracavity beam diameter passed through this optical element reducing spherical aberration. The
larger lens was placed after the smaller lens where the beam diameter is slightly larger.

A Brewster angled, crystal quartz AOM manufactured by Gooch and Housego was used for the
Q-switching (Specs are listed in Appendix B). The AOM driver was a Gooch and Housego RF driver
with up to 100 W of RF output power with variable pulse rates up to 100 kHz (Appendix B). The
diagnostics at the lasers output consisted of a half wave plate, a thin film polarising beam splitter
and a power meter. The HWP was placed between the TDF and the thin film polariser. This allowed
for accurate determination of the average polarised laser output power.

The cavity was first polarised with an intracavity polarising beam splitter (PBS) and the output
powers and slope efficiencies determined. The PBS was then placed intracavity with the AOM. This
was done to accurately determine the Brewster angle for the AOM simply by adjusting the AOM
angle for maximum vertically polarised, cw laser output power. Once the Brewster angle was
determined the PBS was removed from the cavity and the slope efficiency re-measured to account
for any loss of power or beam polarisation.
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FCLD 2

L3 = Doublet lens pair, HR = High reflector, AC = Angle cleave, FC = Flat cleave,

AOM = Acoustic Optical Modulator, HWP = Half Wave Plate

FCLD 1

Figure 75: Schematic of the g-switched TDFL with a bi-directional pumping scheme.

Azimuthal alignment of the AOM about its centre axis was performed with a micro positioning plate
attached by a rigid rod to the AOM. It was also noticed that air flows destabilised the Q-switching. To
remedy the turbulence, a sealed dry air box was built around the entire laser maintaining the
humidity at a steady 3 %. Figure 76 illustrates the various AOM translation stages and the dry air
box. Figure 77 is a photograph of the laser setup. The HWP (yellow) is at the laser output end of the

TDFL.

After careful azimuthal alignment at relatively high powers (10 W average laser power), the slope

efficiencies at a variety of pulse repetition rates was measured, as illustrated in Figure 83. The

intracavity polarisation was periodically checked with an intracavity thin film polariser, in line with

the AOM to monitor for any polarisation changes.
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Figure 76: (top left, right) The AOM’s adjustable azimuthal and elevation stages and (right) the dry
air box with sealed bag for adjusting.

Figure 77: Photograph of the Q-switched TDFL highlighting some important laser components.
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5.4 Experimental results and discussions

5.4.1 Continuous wave operation

Figure 78 illustrates the measured cw slope efficiencies leading up to and including the insertion of
the Brewster angled AOM. Measurement of the unidirectional pumped, polarised cw laser slope
efficiency was observed to drop (~4 %) after the insertion of the PBS. Replacement of the PBS with
the Brewster angled AOM resulted in a further decrease of ~5 % (~9 % total). Implementation of a
bidirectional pumping scheme was measured to increase the slope efficiency by ~4 %.
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Figure 78: Slope efficiencies of the cw laser output (vertically polarised) for the PM TDF. Polarised

laser output was first induced with a PBS (unidirectional pumping). Polarisation was later induced

by a Brewster angled AOM which replaced the PBS. Efficiency measurements with the intracavity
AOM were performed with unidirectional and bidirectional pumping schemes.

Slope efficiency measurements were performed for the total output laser powers for the intracavity
PBS and AOM cases as illustrated in Figure 79.
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Figure 79: Comparison between the cw laser output slope efficiencies with an intracavity PBS and
the total unpolarised laser output.

The HWP angle at the cw laser output was varied through 360°. Figure 80 illustrates the measured
ration of polarised (vertically) to total laser output powers. The polarisation factor
(Pmax-Pmin)/( Pmax*+Pmin) Of this curve was > 87 % which corresponds to a polarisation extinction ratio
(PER) of 8.9 dB.
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Figure 80: Ratio of vertically polarised to total laser output power on rotation of a HWP between
the TDFL and a fixed thin film polariser. The AOM was the intracavity polarising element.

The polarised cw output stability was measured for both the unidirectional and bidirectional
pumping scheme as illustrated in Figure 81. Both the upper and lower trace was recorded by the
oscilloscope over a 20 us time interval at 14 W of average laser output power. Self-pulsing was
evident at lower pump powers and transitioned to a modulated quasi cw laser output at higher
pump powers. For the bi-directional pumping scheme, the transition from self-pulsing to quasi cw
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was observed at lower pump powers than for the unidirectional pumping scheme. This is clearly
illustrated in Figure 81, where at 14 W of average laser output power the bidirectional pumping
scheme has a stable quasi cw output, whereas self-pulsing is still evident in the unidirectional pump
scheme at the same average laser output power level.

¥
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@14 W of laser outpuft power with bidirectional pumping

f
L

Figure 81: (upper trace) Output stability of the cw laser output with bidirectional pumping and,
(lower trace) unidirectional pumping of the PM TDFL. The traces were recorded over a 20 ps
interval (@ 2 ps/division) with 14 W of average laser output power.

The bidirectional laser output stability was recorded at several laser output powers as illustrated in
Figure 82. Modulation of the cw output was measured to have a consistent frequency of ~3.8 MHz.

5.0§ps
@4.7 W laser output poWer with bidirectional pumping

20 ps

_@14 W laser output power with bidirectional pumping

us
@17.8 W laser output power with bidirectional pumping

Figure 82: Screen shots recorded by the oscilloscope at laser output powers (upper trace) 4.7W
(@ 500 ns/division), (middle trace) 14 W (@ 2 us/division) and (lower trace) 17.8 W
(@ 1 ps/division)of laser output power with a bidirectional pumping scheme. The frequency of the
modulated cw output was measured to have a frequency of ~3.8 MHz for all three traces.
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5.4.2 Discussion

Comparison of Figure 78 and Figure 79 reveals that the drop in slope efficiency after the
implementation of the PBS and Brewster angled AOM is predominantly due to the presence of
horizontally polarised light in the laser output. Figure 80 shows that the ratio of vertically polarised
to horizontally laser output power with the Brewster angled AOM as polarising element was > 87 %.
Figure 79 also shows that the PBS was more effective as an intracavity polarising element. However,
the PBS was not designed for high power laser operation and is therefore excluded from future
setups.

Bidirectional pumping of the PM TDFL improved the temporal stability (Figure 82) and slope
efficiency (Figure 78) of the laser output beam was also shown to improve. In section 4.4.3, the cw
output of the high power TDFL was shown to be modulated at a frequency corresponding to the
round trip time of the laser cavity. The cw output of the PM TDFL was again shown to be modulated,
however the measured modulation frequency (~3.8 MHz) did not correspond to the calculated
round trip time of the cavity (~¥27 MHz). For a mode-locked laser, the fundamental frequency
(lowest) should correspond to the cavity round trip time. Therefore, self-mode-locking in this
instance is unlikely and it is not known at this stage what could be the cause of the modulation.

5.4.3 Q-switched operation

A slope efficiency measurement was performed for the Q-switched laser at various pulse repetition
frequencies (PRF’s), as illustrated in Figure 83. At each respective PRF, as the pump power was
increased the pulse lengths were observed to shorten and the average laser output power
increased. Subsequently pulse peak powers increased with increasing pump power. This trend
continued until a minimum pulse length, and correspondingly, a maximum pulse peak power was
achieved. Up to this point the Q-switching was observed to be extremely stable with negligible
timing jitter as is illustrated by the top trace in Figure 84. The green trace in Figure 84 represents the
wave function generators switching voltage and the blue trace the actual RF signal supplied to the
AOM. Further increasing the pump power resulted in the laser output becoming temporally
unstable. The temporal destabilisation was first observed as a post pulse (top and middle trace
Figure 84) and upon further increase of the pump power as chaotic self-pulsing and complete
depolarising of the laser output beam. The onset of laser destabilisation occurred at lower pump
powers for lower PRF’s. At the various PRF’'s shown in Figure 83, the last measurement point
(highest power) at each respective PRF indicates the highest measured power before destabilisation.
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Figure 83: Slope efficiency of the g-switched PM TDFL at various pulse repetition rates.

Figure 84: (top) Stable Q-switching of the TDFL before (50 pus/division) and (middle) observed post
pulsing before temporal destabilisation of the laser output at 50 kHz PRF (100 ps/division).
(bottom) Post pulsing before the onset of temporal instability at 25 kHz PRF (100 ps/division).
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Figure 85 illustrates the maximum obtainable energies and average laser output powers at at various
PRF’s. The results for these measurements and the corresponding pulse lengths (minimum) at
various PRF’s are listed in Table 8.
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Figure 85: Plot of the pulse energy and average laser power as functions of pulse repetition
frequency.

At the higher PRF’s tested (75 and 85 kHz) at lower laser output powers, pulse skipping was
observed. Figure 85 illustrates the laser output pulse energies and pulse lengths with increasing
pump power and the PRF kept constant at 75 kHz. Below 30 W of launched pump power (Figure 86);
the effective PRF due to pulse skipping was 37.5 kHz. The pulse skipping at lower pump powers and
high PF’s is a result of gain build up in the TDFL not exceeding the round trip cavity losses (section
1.2, section 2.6).
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Figure 86: Pulse energy and pulse length curves at 37.5 KHz (pulse skipping at 75 kHz) and 75 kHz

(every pulse).

Table 8: Maximum average powers, pulse energies and peak pulse powers at the minimum

achievable pulse lengths for several pulse repetition frequencies.

PRR [kHz] 25 50 75 85

Minimum pulse length [ns] 207 211 208 208
Average power [W] @ minimum pulse length 5.47 12.0 18.3 22.1
Energy per pulse [jJ] @ minimum pulse length 218 240 244 260
Peak Power [kW] @ minimum pulse length 0.99 1.06 1.10 1.17

The outcomes of this Q-switched TDFL can be directly compared to a similar AOM Q-switched TDFL
developed by Willis et al.. Major differences between the components used to develop the TDFL

developed in this experiment and those used by Willis et al.[65] are listed in Table 9.

Table 9: Comparison between components used for the development of the Q-switched TDFL

(this work) and that of Willis et al.

Willis et al. This work
Polarising element PBS Brewster plate AOM
Passive fibre attached Y N
AOM deflection efficiency ~70 % ~60 %
Pumping scheme Unidirectional Bidirectional

The comparative laser performance is listed in Table 10.
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Table 10: Comparison between the performance of the Q-switched TDFL (author) and that of
Willis et al.

Willis et al [84] @ 100 kHz PRF This work @ 85 kHz PRF
cw slope efficiency [%] 44 52
Q-switched slope efficiency [%] 40 47
Peak power [kW] 2.28 (calculated) 1.17
Average power [W] 28 22.1
Peak energy [W] 360 260
Pulse length [ns] 115 208

Comparison of the cw and Q-switched slope efficiencies (variance < 0.06) show that this work is a
significant improvement over the work reported by Willis et al. This was possibly due to the
bidirectional pumping scheme (Figure 78). However, the Q-switched TDFL developed by Willis et al.
performed better in terms of minimum pulse length, maximum pulse energy, peak power and
average power. The performance of their laser, as was the case of this work, was limited by
temporal destabilisation of the laser output pulses [46].

Figure 84 illustrates the observed post pulsing before the onset of pulse destabilisation (chaotic self-
pulsing). The post pulse indicates that after the first pulse and within the off time of the AOM, there
is sufficient gain build up in the TDFL for a second pulse. The opposite is true for pulse skipping. At
high levels of pump light the gain build up and consequently ASE [64] in the TDFL is sufficient to
cause laser action with the AOM in its on state. The result was a temporally chaotic, self-pulsing
output. Since the AOM deflection efficiency for this Q-switched TDFL was ~10 % lower than that of
Willis et al, less pump power was required for laser action to be induced in the AOM on state, thus
reducing the maximum obtainable the pulse energies and peak powers.

The deflection efficiency of the AOM was also hindered by the presence of unpolarised light in the
cavity. This is clearly shown by comparing Figure 78 with Figure 79, where the slope efficiencies with
respect to total powers were the same despite different slope efficiencies with respect to the
vertically polarised laser output. Figure 80 shows the ratio of the vertically to total output laser
power. The measured polarisation factor of >87 % is lower than similar systems reported in
literature which measured ~95 % [12].

5.4.4 Gain switching the Q-switched TDFL

As a consequence of the observed gain build up in the fibre whilst the AOM is “on” (section 5.3), gain
switching of a single FCLD’s was implemented. The single channel wave function generator was
replaced by a dual channel function pulse generator (DCFPG) (Hewlett Packard 8116A) which
allowed for simultaneous or delayed pulse modulation to the AOM and FCLD power supply.

By modulating the FCLD, high power pump pulses at PRF’s corresponding to the AOM could be
delivered to the TDFL. Figure 87 illustrates one such pump pulse. The blue trace in Figure 87
represents the switching voltage of the DCFPG (external analogue modulation) to the FCLD power
supply. The yellow trace represents the temporal intensity profile (@ 100 us/div) of the output
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pump pulse. The curved edges of the pump pulse are due to the rise and fall times of the power
supply. The green trace in Figure 87 represents the modulated switching voltage of the DCFPG to the
AOM.

Applied pump source voltage
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Figure 87: The DCFDG voltage (blue trace) and corresponding pump intensity (yellow trace) as
recorded by the oscilloscope (@ 100 ps/div).

The rise and fall time of the FCLD limited the peak power and minimum pulse length of the pump
pulses i.e. increasing the pulse power increased the pulse length. The slow modulation speed of the
power supply is why the pump pulse trace in Figure 87 is not a square wave. To this end, the rise and
fall times of the modulated pump pulse was compared between external analogue modulation
(DCFPG) and internal digital modulation (FCLD power supply). A comparison of the two modulation
modes is illustrated in Figure 88.
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Figure 88: Comparison of the rise and fall times between external analogue and internal digital
modulation of the FCLD.

There was no noticeable difference between the two modulation modes so external analogue
modulation was decided upon for ease of synchronising the AOM and power supply modulation
times.

The gain switch FCLD was coupled into the TDFL. Figure 89 illustrates the gain switched laser output
pulses with no Q-switching. With no active Q-switching of the pulse lengths were ~870 ns. The blue
trace indicates the DCFPG to power supply modulation voltage and, the purple trace the DCFPG
modulation voltage to the AOM.
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Figure 89: Screen shot recorded by the oscilloscope (@ 100 ps/div) illustrating the pulsed TDFL
output with gain switching of the FCLD and no Q-switching.

Figure 90 illustrates an output laser pulse resulting from the Q-switched laser with a gain switched
pump diode. The yellow trace represents the Q-switched pulses, the blue and green traces represent
the DCFPG modulation voltages to the power supply and AOM respectively. The purple trace in this
instance is irrelevant.

I
R T

Figure 90: Photograph of the oscilloscope screen (@ 100 us/div) showing the laser output pulses
(yellow trace) for the Q-switched TDFL with a gain switched pump.

Previously the Q-switched pulse lengths were restricted to ~208 ns (Table 8). By limiting the gain
build up time the pulse length was successfully reduced to ~164 ns (~21 % decrease) at a PRF of
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19 kHz. Laser output pulse energy and peak pulse powers were ~238 W and ~1.35 kW respectively.
The average output laser power for this measurement was ~4.5 W.

Gain switching of the Q-switched TDFL, in this instance, proved to be successful as a means of
increasing peak powers and pulse energies whilst reducing pulse lengths at the respective PRF
(19 kHz). The rise and fall time of the power supply limited the peak power of the pump pulses for
scaling to higher average laser output powers at higher PRF’s.

5.4.5 Beam quality of the Q-switched PM TDFL

Figure 91 illustrates the far field beam profile of the Q-switched TDFL at ~21 W of average laser
output power at 85 kHz PRF. Although an M? measurement was not performed for the Q-switched
TDFL, the output beam is free of cladding light and symmetric. The beam quality factor, based on the
measurements performed on the unspliced cw laser (section 4.4) is assumed to be < 1.2.

Figure 91: Beam profile of the Q-switched TDFL.

5.5 Conclusions

In this experiment, stable Q-switching of the PM 25/400 TDF was demonstrated. With continuous
pumping at a PRF of 85 kHz, the Q-switched TDFL produced 260 W pulses. The corresponding pulse
length and peak power was 208 ns and 1.17 kW respectively Comparative slope efficiency
measurements of the TDFL were measured to be higher (52 % vs. 44 %) than similar lasers reported
in literature [64,65]. Scaling to shorter pulse lengths and higher peak powers was limited by
temporal destabilisation of the laser output beam. The destabilisation was caused by ASE build up in
the TDF inducing laser action with the AOM switched on. Comparison with literature seems to
indicate that the poor deflection efficiency and polarisation extinction ratio of the AOM was the
likely cause. It was also shown in the experiment that gain switching of the FCLD’s reduces the ASE
build up time and therefore the threshold at which the laser destabilises. It can therefore be
concluded that to reduce the pulse lengths of the Q-switched PM 25/400 TDF, an AOM with a higher
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deflection efficiency or EOM be implemented. Furthermore it is recommended that a PBS capable of
handling high power be used as the intracavity polarising element. To reduce pulse lengths by gain
switching the FCLD, a power supply with rise and fall times comparable to the desired pulse length is
recommended. Pulse lengths can also be reduced by decreasing the cavity length. This can be done
by using a TDF with a higher absorption per unit length. However power scaling limitations will need
to be considered.
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Chapter 6: Conclusions and future work

This chapter serves to highlight important results relating to experiments performed in this
dissertation. Each section of this chapter focuses on a specific experiment. In each section the
following is addressed; important experimental outcomes, a brief comparison with results found in
literature, limitations, and future work and recommendations.

6.1 Chapter 3 (Design, cavity and temperature considerations
for TDFLSs)

It was highlighted in this chapter that reabsorption effects in TDFLs affect the temporal stability and
efficiency of the output laser. It was also shown that insufficient cooling of the TDFL exacerbates
reabsorption effects. To minimise reabsorption the following conclusions were drawn;

e Forlonger TDFLs, a low mirror reflectivity product is desirable.
e Introduce where possible, a bi-directional or retro reflected pumping scheme.
e Cool the TDFL.

It was shown in this experiment and from literature sources that a low FCMRP (laser signal) reduces
reabsorption effects. This was shown by spectral broadening of the laser output with increased
FCMRP. It was also inferred by way of discussion that self-pulsing and temporal instability in TDFLs is
closely related to reabsorption affects, particularly in unpumped regions of the TDF. To alleviate this
issue it is suggested that a bidirectional or retro reflected pump scheme be implemented where
possible. Bidirectional and to a lesser extent, retro reflected pump schemes will improve the TDFLs
temporal stability and, pump to output laser conversion efficiency. Also, with retro reflected pump
schemes, shorter doped fibres with higher mirror reflectivity products can be implemented
potentially reducing the development cost. For future TDFL development it is therefore
recommended that comprehensive models capable of calculating the optimal fibre length for
specific fibre geometries and pumping schemes be developed. The outcomes of this model could
then be weighed up against the desired usable output power and cost implications.

6.2 Chapter 4 (Development of a high power TDFL)

The high power cw TDFL slope efficiency of ~56 % compares well with similar TDFLs from literature.
One such laser reports a slope efficiency of ~63 % with respect to the launched pump light
(reference MCComb). The TDF’s from both experiments were Nufern LMA 25/400 fibres; however
the fibre used in this experiment was 3.7 m as opposed to 5 m. The increased fibre length improves
pump absorption and allows for bidirectional pumping. For future high power TDFL development it is
recommended that a longer length of TDF be implemented (= 5 m). Implementation of a longer fibre
will improve the slope efficiency up to ~5 % (section 4.4.6).due to increased pump absorption and,
~4 % with a bidirectional pumping scheme (section 5.3.1). For the current laser scheme, retro
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reflection of the pump light can be implemented. The MOPA developed by Goodno (section 2.8) was
a bidirectionally pumped 3.1 m, LMA 25/400 TDF. The reported slope efficiency for this TDFL was
54 %.

The beam quality dropped after the implementation of splices. It is therefore recommended that
splice optimisation processes be improved. Cladding mode strippers should also be investigated as a
means of improving overall beam quality. The 3.7 m TDFL developed in this chapter will serve as a
good platform for such an experiment because of its ~ 8 % residual pumps light and beam quality
factor (M?< 1.86).

The stability of the average laser output power was excellent at all power levels. At low powers, the
self-pulsing was periodic and at high powers the “self-mode-locked” output was very stable. The
“self-mode-locking” observed in chapter 4 and 5 however, was unresolved. Apart from the
correlation of the modulated frequency with the cavity round trip time (section 4.4.4), little can be
said about the supposed pulse lengths and pulse shapes. A comprehensive study on a similar
phenomenon in Neodymium fibre lasers has been reported [103]. Perhaps reports of this nature
have been studied in the context of TDFLs unbeknown to the author. However, to the best of the
authors knowledge such a study has not yet been performed and little is understood regarding the
exact dynamical behaviour of the phenomenon in TDFLs. It is therefore recommended that the
laser’s temporal output be analysed with an autocorrelator.

Wavelength selection in this experiment proved to be lossier than expected. The decrease in slope
efficiency indicates that cavity losses beyond those specified (Appendix B) were introduced into the
laser cavity.by the VBGs. It is therefore recommended that VBGs be tested for scattering, reflectivity,
and diffraction losses before implementation into laser cavities.

6.3 Chapter 5 (Development of a Q-switched TDFL)

A Q-switched TDFL was developed in chapter 5. The shortest reported pulse length for a Q-switched
PM 25/400 TDFL is 115 ns. The minimum pulse lengths reported in this experiment were 207 ns. As
discussed in section 5.4.3, the pulse length can be reduced with the implementation of a PBS and an
AOM with higher diffraction efficiency. Gain switching of the Q-switched TDFL pump diodes was
shown to reduce pulse lengths (section 5.4.4) from ~207 ns to ~164 ns.

It is therefore recommended that a PBS and AOM be implemented into the current Q-switched laser.
Furthermore, it is recommended that if possible, a power supply with a faster rise and fall time
(order of nanoseconds) gain switch the pump diodes. By gain switching the Q-switched TDFL it
seems reasonable to expect that pulse lengths shorter than 115 ns are achievable. Also, because of
the high gain volume of the LMA 25/400 TDF compared to shorter fibres [12], higher pulse peak
powers and energies are obtainable.
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Appendix A: Supplementary
mathematics

Derivation of the V parameter from Helmholtz’'s equation

This derivation is continued from section 2.3. and is taken is taken from the book Fundamentals of
Photonics [39].....Helmholtz’s equation can be rewritten in cylindrical coordinates as,

+n%k?U =0..(14)

or: r or

+
r’ 0¢°  o1°

U 1oU  10U* U
2

Treating the wave function U (r,¢, z) as a travelling wave along in the z direction and as a periodic

function in the azimuthal direction ¢, we write U as,
U(r,¢,z)=u(r)e e ™ (15)

where u(r)is the complex amplitude, lis an integer (1= 0, #1, +2, ..,) and [ is the wave
propagation constant. Substituting Equation 15 into Equation 14 results in an ordinary differential
equation,

|2

d’u 1du 2,2 p2
—+——+|Nk°—pB°—— [u=0..(16
dr? rdr ( e el

Analysis of Equation 16 reveals that if #<n,K and >N,k B then the wave is bound (guided) in

the fibre core. For convenience we define,
kZ =n’k? - B%..(17)
7 =% —nk’®..(18)

where for guided waves, kT2 and }/Zare positive and K; and y are real. Equation 5 can be rewritten

for separate instances. That is when I <a(core guided) and I' > a(cladding guided).

2 2
d’u 1d_u+(kT2_I_2
.

- u=0, r<a ..(19),
dr® rdr J 1)

d?u 1du , I?
dr? rdr

4 +r—2Ju:0, r>a ..(20)

The solutions to Equations 8 and 9 belong to the family of Bessel functions. This can easily be shown

by substituting X = kT Iand X = yprinto Equations 8 and 9 respectively. Equations 8 and 9 are type 1
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and type 2 Bessel functions respectively. The solutions to these Bessel functions in the limit X >>1
with integer values of | are[102,103],

1
J,(X) = (%)2 cos{x—(l +%)%} , X>>1..(21)

i 2
K, (x) = (Zijz[]ﬁ 4 _1Jexp(—x) ,x>>1..(22)
X 8x

where x=kTr and X = . The combined solution for the core and cladding are a piecewise

function which can be represented as,

J, (k. 1), r < a(core) )3
u(r) e K,(r),r > a(cladding)"'( )

Figure 92 is a plot of Equation 12 for | =1 (left) and | = 3 (right). The proportionality constants kT

and y are chosen such that I is continuous and differentiable atI =a.

ufr) | ufr) &

fa) i)

Figure 92: Radial plot of u(r) with the proportionality constants y and K; chosen such that the
function is continuous at I = a. Left, plot of u(r) with | =1and right, | =3.

From Equation 6 and 7 it can be shown that the sum of the squares ( kT )?and (y )?is constant,
kZ +7% =(n2 —n2)k? = (NAYk? ...(24)

where NA, is the numerical aperture as defined in Equation 1. For convenience the sum of the

squares of K; and y are normalised such that
X =k;a, and Y =sa..(25)

We now define the V parameter given by
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X2+Y%2=V2. . (26)

From which it can be seen from Equation 24 that

V =272NA.(27)
2
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Table 11: Gooch & Housego AO Q-switch Specifications.

Manufacturer Gooch & Housego
Device AO Q-switch
Model number QS027-10M(BR)-NL6
Wavelength 2054 mm
Polarisation Linear (vertical to base)

Interaction material

Crystal quartz

Optical faces

Brewster angled (parallel)

Damage threshold

> 500 MW/cm?2

Frequency 27.12 MHz
Acoustic mode Compressional
Active aperture 6.5 mm
Clear aperture 8.0 mm
Interaction length 46.0 mm
Loss modulation ~ 60 % @ 100 W RF power
Max recommended RF power 100 W

Cooling

Water (de-ionised)

Housing

Standard QS27-xx-B (Aluminium)

Table 12: Gooch & Housego RF driver specifications.

Manufacturer Gooch & Housego
Device High power RF driver for acousto-optic Q-switch
Model number MQHOXX-YYDS3-2ZZ
RF frequency 24, 27.12, 40.68, 68 or 80 MHz
RF power Upto 100 W
Pulse rate Up to 100 kHz

Table 13: Optigrate 2036.1 nm VBG specifications.

Manufacturer OptiGrate
Component Volume Bragg Grating (VBG)
Diffraction efficiency [%)] >99.5
Resonant wavelength [nm] (in air @ 22 °C) 2036.1
Spectral selectivity [nm] FWHM <0.5
Grating tilt [deg] (azimuth x elevation) -0.4x-0.1
Thickness [mm)] 15.0
Aperture [mm] 5.0x5.0
Clear aperture [%] > 85
Surface (1) flatness [A] (2) scratch-dig ) (1)A/4  (2)0/10
AR coating [%] @ RWL <0.5
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Table 14: Optigrate 1939.8 nm VBG specifications.

Manufacturer OptiGrate
Component Volume Bragg Grating (VBG)
Diffraction efficiency [%] ~91
Resonant wavelength [nm] (in air @ 22 °C 1939.8
Spectral selectivity [nm] FWHM <1.0
Grating tilt [deg] (azimuth x elevation) 1.10x-0.36
Thickness [mm] 5.8
Aperture [mm] 12 x5
Clear aperture [%] > 85
Surface (1) flatness [A] (2) scratch-dig ) (1)A/4  (2)20/10
AR coating [%] @ RWL <01
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Appendix C: Parameter settings

Table 15: 3SAE LDS splice parameters for LMA Nufern 25/400 passive and TDF.

Splice parameter Setting
Splicing gain [set point] -3
Prefuse time [s] 1
Arc time 1 [s] 0.3
Arc time 2 [s] 35
Prefuse power [set point]] 85
Arc power 1 [set point] 85
Arc power 2 [set point] 85
Push distance [um] 65
Pull distance [um] 0
ROF splice offset [um] 0
Pull time [s] 0
Splice mode Piezo
Pull power [SP] o

Table 16: Parameter settings for Vytran PTR-200-MRC for recoating a Nufern 25/400 TDF to

passive splice

Parameter Setting
Lamp 1 [%] 0-50

Lamp 2 [%] 51-100
Cure time [s] 240
Cooldown time [s] 300

Table 17: Parameter setting for 3SAE LCCII cleaver for the various fibres used in this dissertation.

Cleave Parameter Nufern LMA 25/400 Nufern LMA 25/400 Nufern LMA PM
TDF/passive flat cleave TDF/passive angle cleave 25/400 flat cleave

Tension [N] 12 12 9.3
Twist [deg] 0 14.5 0

Clamp force [N] 100 100 100
Blade speed 5 5 20

Vibration [Hz] 5 5 150
Pause for anvil [s] 1 1 1
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