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HERE is an urgent need for efficient and compact sources of coherent mid-infrared
T wavelength radiation (3-5 um). Cost-effective and bright mid-infrared sources will
lead to exciting new sensing applications, ranging from the remote sensing of greenhouse
gases, such as CO9 and methane, to analysis of trace gases in exhaled breath for disease

marker identification.

The last decade has seen a continuing increase in the output power of various types
of mid-infrared sources, such as optical parametric oscillators and amplifiers, quantum
cascade lasers and fibre lasers. However, advances in brightness, efficiency, peak power

and tunability are still necessary for many applications.

In this thesis, we describe a new concept for a fibre laser based on Er** doped ZBLAN
glass that operates in the mid-infrared with lasing centred around 3.5 pum. We used a
novel dual-wavelength pumping (DWP) scheme to achieve world-leading efficiency for

this material and an output power of 260 mW.

The DWP technique uses long-lived excited states in our Er®>* ion doped ZBLAN glass
gain medium to improve the Stokes efficiency. A low power, 985 nm pump source excites
ions from the 415 /2 ground state to the long lived 14 /2 state. A large fraction of the
ion population can be stored in this level because of its long lifetime, creating a “virtual
ground state.” A concurrent 1973 nm pump source is then used as the main pump
source. This pump excites the ions further to the upper laser level 4F /2. Post lasing,
the 1973 nm pump cycles the ions between the “virtual ground state” at %I, /2 and the
4F, /2 level. The first pump at 985 nm maintains the population in the “virtual ground”
as this population is diminished by spontaneous emission and energy-transfer processes,

which eject ions from the lasing cycle.
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In this thesis, we review the literature and the current state-of-the-art in mid-infrared
fibre lasers. An overview of the spectroscopic properties of Er®t:ZBLAN relevant to
mid-infrared operation is presented. The difficulties and issues associated with the
creation of mid-infrared radiation are discussed and our spectroscopic investigations of

ZBLAN glass and glass fibres are summarised.

Multiple wavelengths were used as pump sources for our DWP laser. Our investigation
of the optimal wavelength for the DWP technique and the development of suitable
sources is described as well. The 3.5 um laser system is discussed, including the full
characterisation of the laser. The thesis is concluded with a summary of the results and

an outlook for the future.
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Chapter 1

Introduction and literature

review

1.1 Introduction

HERE is an urgent need for convenient, efficient sources of coherent light in the
mid-infrared (MIR) wavelength band of 3-5 pm. In the last decade, the output of

fibre lasers has reached further into the infrared, with recent results achieving significant
power at 3 um [1]. This has led to significant new applications in communications
[2, 3], defence, [4] environmental monitoring [5-7] and medicine [8, 9]. In this thesis,
we present an erbium doped ZBLAN glass fibre laser that operates at 3.5 um with a
continuous-wave (CW) output power in excess of 250 mW. This is more than 30 times
the power previously reported on this transition and is the first rare-earth (RE) doped
fibre laser to operate at room temperature with a wavelength significantly beyond 3 um

with power considerably exceeding 10 mW.

The MIR (3-5 um) range of the electromagnetic spectrum offers significant opportunities
for exciting scientific breakthroughs because it is a key enabler for advanced sensing
technologies. The exploitation of this part of the electromagnetic spectrum has been
limited by the lack of bright sources of MIR radiation. The unfavourable laser dynamics
of RE doped laser sources operating in this part of the spectrum often make them

inefficient, resulting in low output for practical use.

Since laser operation was first demonstrated by Maiman in 1960 [10], a host of new
opportunities has emerged. The first lasing observed was within the visible spectrum and
infrared (IR) lines were demonstrated soon thereafter [11]. Many practical applications
were quickly found for the laser even though it was thought to be “a solution looking

for a problem” [12]. Lasers are now used for diverse purposes including welding, missile

1
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defence applications, medical applications such as eye surgery and essential components

in many consumer electronics.

“Traditional” lasers which cover the range of wavelengths between 3-5 um were based on
two related physical mechanisms. When the wavelength is relatively short, i.e. closer to
the visible spectrum, infrared transitions are the result of electronic transitions within
the lasing medium. This holds for wavelengths as long as 4 pm with notable exceptions
extending to 5 um [13]. Beyond this range, laser transitions can only be the result of
transitions between combinations of vibrational and rotational energy levels of molecular
materials. Throughout this work we will be using the terms near-infrared (NIR) and
MIR often. The definition of both can vary significantly according to the source used. In
the context of this work, we refer to the NIR as the wavelength range between visible
wavelengths and 2.7 ym. The MIR range is defined here as the wavelength range spanning
between 2.7 and 5 pum.

Most of the initial work in lasers occurred in the visible and NIR parts of the spectrum,
but some MIR lasers were demonstrated early on. These lasers used either a gaseous gain
medium (for example HeNe 3.391 pm, HeXe 2.0-12.9 pm [14]) which are limited to tens
of milliwatts power levels or chemical (such as DF 3.6-4.2 ym and HCI 3.7-4.0 pm [15])
that can achieve power levels of hundreds of kilowatts [16]. Others used cryogenically
cooled lead salts [7]. Today, most high power and short pulse MIR coherent emission
is produced using non-linear processes such as optical parametric oscillation (OPO)
[17, 18] and amplification (OPA) which can produce a hundred watts of widely tunable
emission [18]. Semiconductor energy level engineering allowed for the development of
quantum cascade (QC) laser diodes [19-21], which perform best at longer wavelengths
and with pulsed operation. Those demonstrated operated at between 4-12 um with up
to 10% tunability and demonstrated power levels of many watts at the longer end of this
wavelength range. Inter-sub-band cascade (ICL) laser diodes [22, 23], extended to the
3-5 pm wavelength range while operating at lower power. Additional methods for MIR
generation include supercontinuum generation (SC) [24-26], Raman-based lasers [27-29]
and free-electron lasers (FEL) [30, 31]. Each of these approaches have strengths and
weaknesses. Among the weaknesses are low efficiencies (gas lasers), complicated design
(OPO and especially FEL) and relatively moderate power levels (QC between 3-4 um,
SC low spectral power density). These limitations prevent them from being a general

purpose solution for MIR applications.

In this chapter, we discuss possible applications for cost-effective MIR lasers which can
produce watt-level output efficiently. We then review MIR fibre lasers operating within
the 2.75 um to 5 um spectral range. These are emerging as a possible solution for an

efficient, watt-level source in the MIR with inherently excellent beam quality and the



Chapter 1 Introduction and literature review 3

possibility of wavelength tunability. We then introduce the DWP method we developed

to improve the energy efficiency of this family of lasers.

1.2 Applications of 3-5 um lasers

There are many diverse applications that utilise 3-5 um MIR lasers. In this section, we
present a short overview of the main applications that would benefit from improved MIR
sources with emphasis on the advantage of using fibre lasers. The list of applications
presented below is by no means exhaustive, and additional applications will be conceived

in the future when new rugged, cost effective light sources become available.

1.2.1 Gas sensing

Many organic and inorganic molecules have strong absorption lines in the MIR spectral
region (see example between 2.5-4 pm in Figure 1.1). These absorption lines constitute

“fingerprints” which enable their identification.

= H,0 I CO, D HC| I CH, (methane) g C,H, (ethane) g N,O mm NO, mm NH, (amonia)

H
S,

Line strength(cm 2/(cm*mol))
N
5

3100 3400 3700 4000
Wavelength (nm)

Figure 1.1: Absorption of various gasses in the 2.5-4 um spectral range. Note that
the three most important greenhouse gases, water, carbon-dioxide and methane, are all
present.

These absorption lines are due to the fundamental vibrational-rotational modes of
molecular bonds. The atmosphere has numerous open “spectral window” where light

can propagate with relatively low absorption by the atmospheric gasses. One of these
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windows is between 3.3 um and 5 ym and is the result of reduced attenuation by water
vapour which, together with carbon-dioxide, is the main overall MIR absorber within

this wavelength range [32].

It is therefore possible to monitor the concentration of aforementioned gases remotely
using laser-radars that utilise MIR, lasers tuned to relevant absorption lines. It is possible

to determine the isotopic concentration by using exact tuning of the wavelength [33].

MIR laser sources allow the monitoring of water vapour and carbon-dioxide which are
both important greenhouse-gases. The lesser known but very potent greenhouse gasses
methane and ethane can also be monitored using MIR lasers [5, 6, 22, 33, 34]. Beyond
the value of environmental monitoring for scientific reasons, consideration is being given
by regulatory bodies around the world to mandating monitoring of these gasses prior to
and during oil and gas drilling activities [35]. Advanced MIR lasers systems can detect
the concentration of methane with sensitivity down to the particles-per-billion range,

which is more sensitive than the natural background concentration [7].

Laser absorption spectroscopy monitoring of other gasses can be beneficial in other fields.
For example, ethylene monitoring is of high importance in agriculture as it is the plant
hormone that regulates fruit ripening. Ethanol, methanol and ammonia are industrial
pollutants that can also be monitored using the same laser absorption spectroscopy

methods while obtaining very high detection sensitivities [33].

The long lifetime of excited states typical in common fibre lasers allows for large energy
storage and enables high peak power. The guidance of fibres leads to excellent beam
quality and a high overlap between the pump light absorption and the lasing mode
resulting in high efficiency. Laser radars for atmospheric monitoring can benefit from all

these qualities.

1.2.2 Medical applications

Lasers operating in the near infrared have been used as surgical scalpels because their
non-contact nature makes laser scalpels sterile. The heat generated by these lasers tends
to burn the end of blood vessels, helping the coagulation process and preventing bleeding.
It has been shown recently [36] that biological tissues have the highest absorption cross-
section of light within the two spectral bands due to strong light absorption by lipids and
proteins. The first band is centred around 3 pm and the second at 6.5 pm. This effect is
especially pronounced in the skin, cornea and brain tissue but appears to be prominent

in most soft tissues in the body [36, 37]. A laser operating within these bands can cut
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faster, creating cleaner incisions. Fibre lasers, which seamlessly combine the generation
and the delivery of laser light, can significantly simplify the construction of laser scalpels.
In addition, the inherent excellent beam quality should allow for cleaner, more precise

incisions, causing less collateral damage.

Another emerging field is the early detection of disease using breath analysis [8, 38—40].
The human body produces a host of organic compounds which are associated with
metabolic processes and specific diseases. Many of these compounds are volatile and
can be directly linked to a specific condition. For example, the presence of acetone in
exhaled breath has been linked with diabetes [41] and ethane is associated with lipid
peroxidation [38]. Direct imaging of tissue using MIR lasers is also gathering traction,
with strong indications that cancerous skin cells can be detected using MIR sources [42].
Both fields are developing rapidly, but the lack of commercially affordable sources often
makes these medical tools available only in large laboratories and research institutes.
If such devices were affordable for outpatient clinics, they could provide an attractive,

rapid, non-invasive medical diagnostic tool [40].

1.2.3 Military applications

The available information on military applications is limited because much of it is
classified. Publicly available sources point to two main uses for MIR lasers: The first is
using an extremely high power MIR laser as a directed energy weapon. Few examples of
this sort have been described in the literature. The best known examples are the HF /DF
chemical lasers (operating on 2.8 pum and 3.4 um lines, respectively) that were originally
developed to intercept and destroy nuclear ballistic missiles [16, 43]. These lasers achieved
megawatts of CW output power, but were only used as technology demonstrators and

were never field deployed to the best of our knowledge.

MIR sources are also finding applications in jamming and neutralising heat-seeking
missiles [4, 44]. The plumes from the jet engines of aircrafts have high thermal emission
in the MIR spectral range. While weak sources are useful in confusing the electronics in
such missiles, powerful sources, often based on OPOs [18], can be used for blinding and
destroying the sensitive detectors in the seeker head of the missile. The combination of
light generation and ease of aiming when using fibre lasers is important to this application.
Another advantage is the ability to achieve tight focusing at a distance due to fibre lasers’

excellent beam quality, which allows high power density on a distant moving object.

Another emerging application is the stand-off detection of explosives using MIR illumina-
tion [45]. Broadband or swept wavelength illumination can be used to observe various
distinct absorption lines which make it possible to distinguish explosives from other

materials.
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1.2.4 Future applications

A cost-effective MIR source operating with high spectral power density, good beam
quality and with the option for wavelength tunability can open the door for applications
which are not foreseen at the moment. Such applications might be ones which are
currently not mature, impractical, or too expensive outside of a laboratory setting. Two

examples can be found in optical communication and metrology.

MIR laser communication might enable more robust point-to-point communications.
Operating in the MIR enables communication links which are eye-safe, covert, jam-proof
and require less power than visible ones are possible [46, 47]. This is due to the better
penetration of MIR light, specifically at 3.5-4.0 wm, through rain and fog and its greater

immunity to scattering from dust and Rayleigh scattering of the atmosphere.

In metrology, many labs are pursuing the development of MIR frequency combs [48—
50]. The direct generation of dense swaths of coherent MIR laser lines, which have
absolute wavelength accuracy, can enable rapid parallel molecular spectroscopy with
unprecedented accuracy. Various methods for generation of MIR combs have been
demonstrated, including difference-frequency-generation [48], direct generation in solid-
state crystals [51], OPOs [52] and crystalline micro-resonators [53]. MIR frequency combs
have already found applications in spectroscopy and are expected to be adapted for
other applications as well. Such applications include, for example, MIR calibration of
astronomical spectrographs, assisting in the generation of atto-second laser pulses and

dual-comb optical coherence tomography [50].

1.3 Mid-IR fibre lasers

1.3.1 Overview

Fibre lasers are a very attractive solution for robust and low maintenance laser systems. A
monolithic laser can be made by directly splicing all fibre components together, resulting
in a very simple laser system without free space optics and no need for alignment. In
addition, fibre lasers have an inherently high overlap between the laser and pump modes
which, combined with their long gain lengths, can achieve lasing with high power and a
low threshold [1]. This is particularly important for lasing on low gain transitions. The
very large surface area to volume ratio of fibres results in easier thermal control compared
with other types of solid state lasers. This, in conjunction with the development of double-
clad fibres, has enabled the development of kW class fibre lasers with diffraction-limited
beam quality [54].
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In recent years much work has been done on extending the operational range of fibre based
laser devices towards the MIR. The bulk of this work concentrated on using non-linear
phenomena. Broadband approaches such as supercontinuum generation [25, 26, 55, 56]
and frequency combs [48] demonstrated a total power of a few watts over the entire band.
Stimulated Raman scattering (SRS) based fibre lasers have progressed further into the
MIR with a recent demonstration of a laser operating at 3.77 um [29]. In the context
of this work, however, we concentrate on fibre lasers using electronic transitions in RE
doped glasses. Figure 1.2, which is reproduced from [1], shows the maximum power

demonstrated from RE doped fibre lasers at the end of 2012.

10° 5 :
1 Yb3* 207 i Mid-infrared
104 E O i
: Tm3 [22] |
103 @ !
] Er* [21]@ |
< 102 - o i
el 10 3 HO3+ [23J Er3+ [24] :
g ] i
S 10 4 °
= Ho®* [25]@® |
= l :
3 10° ® Ho>* [26]
10 —
] |
: iHo* [27]  Ho**{29]
107 5 10 MW {—@-—g
3 i 3+
] Near-infrared : Ers* [28]
1073 1 ' T ' T ' T ' : ' 1 ' T
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Figure 1.2: Output power from published demonstrations of infrared fibre lasers as a
function of the emitted wavelength. Cryogenic cooling of the fluoride fibre was needed
to demonstrate emission at 3.9 um. Orange line represents trend as a guide to the eye.
Adapted from [1] by permission from Macmillan Publishers Ltd: Nature Photonics,
copyright 2012.

The figure shows that output power decreases exponentially with a linear increase in the
laser wavelength as shown by the trend line in Figure 1.2. This trend is maintained until
the 3 pm threshold is crossed. At this point, the reported power levels drop significantly

below the trend line and plateau at about 10 mW of laser output power.
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1.3.2 Challanges in obtaining MIR transitions in RE doped fibre lasers

There are multiple reasons for the difficulty associated with achieving efficient high power
operation from RE doped fibre lasers operating on long wavelength transitions. Three
of these are specific to long wavelength transition and host combinations: the choice of
host, high quantum-defect and bottlenecking in excited states. Additional spectroscopic
issues such as excited-state absorption and various forms of radiation-less energy-transfer

processes also contribute to the complexity of obtaining lasing at long wavelengths.

1.3.2.1 The choice of host glass

The first thing to consider when designing a MIR fibre laser is the host glass. Silica is
the glass of choice for most fibre laser applications because of its strength, durability
and very low optical losses in the NIR region. However, silica is opaque in the MIR. The
transparency issue arises due to the high phonon-energy of silica, which causes strong
attenuation beyond 2.2 pm and makes it practically opaque for samples thicker than

1 mm at wavelengths longer than 4 pm [57].

Phonons are the quantisation of lattice vibrational energy. “Optical” or transverse
lattice vibrations are generated from the absorption of light of long wavelength by
the fundamental and overtones stretching modes of dipoles within the glass [58]. The
vibrations of the glass matrix constituents modulate the Stark field surrounding the
RE ions dopants. The field fluctuations induce non-radiative transitions from higher
energetic states [59]. The probability of a multi-phonon quenching process decreases very
rapidly when the gap between the energy levels involved increases because the number of
phonons required to quench such a transition increases. The phonon quenching rate is

dependent on the material’s temperature, as seen in Equation 1.1 [60].

h]jmax hvmazx

Wap(T) = C - exp(—aAE) |1 — exp(— "sT ) (1.1)

Here Wy p(T) is the multi-phonon rate, AE is the energy gap between the two levels,
hVpmaz 18 the maximum phonon energy and kg7 is the thermal energy. A smaller gap
requires less phonons to bridge and results in a faster rate of multi-phonon quenching.
The lifetime of excited states with a small energy gap to a lower energy level is strongly

quenched, unless the host glass has a low phonon energy.

Multi-phonon quenching has a strong impact on the viability of a material for MIR

lasing. Efficient MIR operation can only be obtained with a low-phonon-energy material.
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A number of low phonon energy crystals supporting mid-IR lasing up to 7.24 um have
been demonstrated. These include lead salts [7], YLF [61, 62], ZnSe [63] and various

others [13], with lead salt based diodes demonstrated at even longer wavelengths [64].

It is not currently possible to create long fibres from low-phonon-energy crystalline
materials because the addition of a low index crystalline cladding is a significant issue
[13]. Therefore, MIR fibre lasers use glasses with phonon energies that are significantly
lower than the phonon energy of silica, which is 1100 cm ™! [65, 65]. Glasses based on
heavy metals and fluoride (such as ZBLAN), oxides of germanium and tellurium and
chalcogenide glasses based on sulphur, selenium or antimony have been used for the
creation of MIR fibre lasers [29, 65-67]. Figure 1.3 lists the phonon energies and shows

the multi-phonon rates associated with different optical glasses.

12

10

Borate (1400 cm™)

Phosphate (1200 cm™)

Silicate (1100 cm™)
Germanate (900 cm ™)

Tellurite (700 cm™)

ZBLA (500 cm™)

Multiphonon Relaxation Rate (s)
=
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Figure 1.3: Multi-phonon relaxation rates of various glass types as a function of energy

gap. Reproduced from [65] with kind permission from Springer Science and Business
Media.

ZBLAN glass is currently the most mature of the low phonon energy glasses available for
fibre drawing. ZBLAN is a soft glass, i.e. it is a non-silica based glass which melts at low
temperature. It is a fluoride based glass and it receives its name from its constituents:
zirconium (Zr), barium (Ba), lanthanum (La), aluminium (Al) and sodium (Na), all of
which are chemically bound to fluorine (F). The maximum phonon energy of ZBLAN is

about 565 cm ™!, which is considerably lower than silica glass (1100 ¢m~1). Therefore,
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ZBLAN is transparent up to wavelengths of about 5 um [65] but is practically opaque

for samples thicker than 1 mm at wavelengths longer than 8 pum [57].

ZBLAN can be doped with RE ions up to relatively high concentrations of about 7 mol%
in the case of Er3" ions [68]. The relative maturity of ZBLAN glass fibres and their
commercial availability make ZBLAN a promising choice for the creation of fibre lasers.
Many fibre lasers operating from the UV to 3.95 um have been demonstrated using
ZBLAN glass fibres [69-73]

The intrinsic optical transparency of ZBLAN glass due to low phonon energy is not
sufficient to support lasing of RE-doped fibre lasers. The process of creating the glass
and then drawing it into a fibre can introduce contaminants into the fibre which can
significantly reduce transparency. Commercially available raw materials must be purified
to significantly higher purity levels. This is necessary to reduce both broadband and
strong narrow-band absorption in the glass due to contaminants [74]. In addition, glass
transparency in the MIR is strongly affected by the residual water in the glass. Residual
water and O-H bonds must be minimised in ZBLAN glass to increase MIR transparency

and improve the mechanical strength of the glass [75].

1.3.2.2 High quantum defect - low Stokes efficiency

Many long wavelength transitions in commonly used RE ions (i.e. Er3*, Ho®t Tm3*)
are located high above the ground state. Examples of such transitions in Er* and Ho?*

are shown in Figure 1.4.
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Figure 1.4: Examples of MIR transitions in RE ions which are located high above the
ground state.
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An ordinary laser which is pumped directly from the ground state to the upper laser
level of a laser transition high above the ground state results in a high quantum defect
and loss of energy to heat. Quantum defect is defined as the difference in energy between
the pump and laser photons hv, — hv,. We can define another useful figure of merit for
the theoretical efficiency of the pumping process. This is the ratio between the laser and
pump photon energies ¥s/v,, which is often referred to as “Stokes efficiency” [74, 76, 77].
The Stokes efficiency is the theoretical upper limit on a laser slope efficiency under
ordinary linear operation. The high quantum defect for MIR transitions combined with
less mature glasses and significantly less efficient pump sources [74] are the main reasons

behind the declining trend in laser power shown in Figure 1.2.

A high quantum defect means that the significant energy difference between a pump
photon and a lasing photon is wasted and a fraction of it is deposited as heat in the fibre.
This heat must be removed for effective laser operation. Fibre lasers are intrinsically
good at removing heat passively by conduction and convection because of the large
ratio between surface area and volume. However, the same fibre geometry also makes it
difficult to actively remove the heat from fibres, for example by thermo-electric cooling,
because the heat sink must be in contact with the entire fibre surface. In the case of
MIR transitions, the strong heating of the fibre can have some adverse effects. Silica
glass can withstand significant heating caused by high pump powers because of its high
transition temperature of 1160°C [57]. However, fluoride and chalcogenide glasses have
much lower softening and melting temperatures. ZBLAN glass in particular has a very
low transition temperature of 260°C [57], which can result in the destruction of the fibre
when significant heat is deposited during high power laser operation. Effective heat
management of the fibre laser is therefore critical to achieving high-power MIR, output

in soft glasses.

1.3.2.3 Bottlenecking

A unique problem to low phonon energy materials is the long lifetimes of excited states that
are below the upper lasing state. Quantum mechanics postulates that many transitions
in REs are radiatively forbidden, due to parity conservation. However, RE ions in crystal
and glass hosts interact with the crystal field or lattice vibrations. This causes mixing of
states with different parities, therefore aiding those transitions [78]. Such mixing enables
those transitions to occur radiatively due to interaction with the host glass matrix. In
low phonon energy glasses, the radiative lifetimes of those “forbidden” transitions are

long and often on the time scale of milliseconds.

Lasing can be terminated when the lower lasing level has a longer lifetime than the upper

lasing level. This is because after pumping to the upper laser level and lasing to the lower
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lasing level, a build-up of ions occurs at the lower laser level. The inversion is reduced and
the laser cycle is extinguished until the lower laser level has been sufficiently depopulated.
The self terminating nature of the %Iy, /2 = 4 /2 transition in Er3t:ZBLAN was the
main reason for low power obtained at the 2.75 um wavelength in the early days of
research into these fibre lasers [79, 80]. Lasing on self-terminating transitions was usually
associated with pulsed operation since CW operation was not possible. However, in
the case of the 2.75 um Er>*:ZBLAN lasers, operation in CW was possible because
of the existence of special spectroscopic mechanisms. These include sufficiently slow
spontaneous decay from the upper laser level to the lower one [81, 82|, energy-transfer

processes [83] and cascade lasing [76].

The long lifetimes of the intermediate excited states caused significant population build-
up in those states. The increased population of the higher levels reduced the number of
ions in the ground state. This resulted in the saturation of pump absorption, especially
at low ion concentrations and small core sizes, all of which manifested in reduced laser

efficiency [84].

1.3.3 General spectroscopic challanges in RE doped fibre lasers

Many of the difficulties associated with obtaining long wavelength transitions in RE fibre
lasers are associated with the complicated energy levels structure of the dopant. This is
especially true for Er3* ions that were used to achieve lasing at 2.75 pm using ZBLAN
glass. The 2.75 pm Er®t and 2.9 pm HoT transitions have been researched extensively,

making them good case studies for the following discussion.

Energy levels with relatively long lifetimes in ZBLAN can give rise to interaction between
neighbouring ions in the host [77, 85, 86]. These interactions, shown schematically in
Figure 1.5, are dependent on the concentration of the dopant and must be accounted
for when designing a fibre laser since some are detrimental to lasing whilst others are
beneficial. The ion interactions have been classified in the literature [65] into three main
categories: excited-state absorption including upconversion, cross-relaxation and energy-
transfer processes. Cross-relaxation and energy-transfer are related to the fabrication
issue of ion clustering [87, 88]. A short description of each of these phenomena is presented

below.

1.3.3.1 Excited-state absorption and upconversion

Excited-state absorption (ESA) is the result of multiple excitations processes (see Fig-

ure 1.5 top left). An ion that has been excited can absorb an additional photon. This
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Figure 1.5: Types of energy-transfer processes. (a) Excited-state absorption (ESA);
(b) sensitisation of a laser ion by an ion of a different species; (c) cross-relaxation (CR)
and (d ) energy-transfer upconversion (ETU). Numbers in circles represent the order in
which energy is migrating.

additional excitation promotes the ion to a higher energy level. ESA is a linear process
which can happen multiple times [89, 90]. With an appropriate pump wavelength, an
ion can absorb a few photons consecutively, eventually reaching high energy levels. In an
ordinary laser, ESA occurrence is dependent on the availability of appropriate transitions
corresponding to the pump wavelength. Long lifetimes of excited states can also promote
ESA by increasing the available population of ions in an excited state that are ready to

absorb an additional pump photon.

An example of an ESA process is the successive absorption of 974 nm pump photons in
Er3* doped laser hosts (Figure 1.6 left). After the initial absorption of a photon, the ion
is in the %Iy, /2 level. From that level, the ion can absorb an additional photon that will
promote it to the higher 4F; /2 level. This level is thermally coupled to the 48, 2/ ’Hy, /2
levels. These levels decay radiatively via green fluorescence, which is commonly associated

with the excitation of Er®t doped materials.

ESA is an important effect that must be taken into account. It can be a nuisance when

it depopulates the upper lasing level as in the 2.75 um laser in Er®t [91, 92]. In some
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Figure 1.6: Two photon examples of ESA transitions in Er3*:ZBLAN. Straight arrows
represent pump photon absorption, curled arrows denote non-radiative multi-phonon
decay (MP).

cases ESA even introduces competing laser transitions which saturate the power of the
wanted transitions [84]. ESA can be beneficial in some cases, for example upconversion
lasers operating in the visible range. Upconversion has been employed to create visible
lasers using a wide variety of hosts and the trivalent RE ions [93-95]. The efficiency
of the ESA upconversion process is dependent on the host, doping concentration and
exact wavelength used [87, 90, 96, 97]. In addition to obtaining ESA using a single
pump wavelength, lasers employing two concurrent pump sources operating at different
wavelengths have extended the reach of ESA-based up-conversion lasers. Such lasers

have been demonstrated in the ultra-violet, blue and green bands [93, 94, 97-103].

1.3.3.2 Energy-transfer, cross-relaxation and energy-transfer upconversion

processes

Energy-transfer processes (ET) is the general term used for describing energy exchange
interactions between two or more ions. By transferring energy between adjacent ions
of similar or different dopant species, ET processes can create a significant population
at a higher energy level than the one populated directly by pumping. The total energy

in the system must be conserved, although one or two phonons might also be involved.
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Phonon-assisted transition allows the total energy to be slightly higher or lower than the

combined energy difference of the energy levels alone.

There are two common types of ET between ions: cross-relaxation (CR) and energy-
transfer-upconversion (ETU) (see Figure 1.5 (c) and (d), respectively). In CR processes,
two ions at different levels exchange energy (the lower one usually at the ground level).
The ion at the lower level is excited to a higher level while the other ion, initially in the
higher level, is shifted to a lower one. Since the highest excited state in the system is
lower than initially, the system is said to have “relaxed.” An example of a CR process in

Er3t:ZBLAN is the Wso process 2H11/2 +4 Ii5/9 —4 Iy +4 I35 shown in Figure 1.7.

ETU between ions of the same species occurs when two ions at the same energy level
exchange energy, with one ion being promoted to a higher level while the other one is
shifted to the ground state. An example of a common ETU process in Er3T:ZBLAN
is the two ion process 4I13/2 +4 Lz — 4I15/2 +4 Iy/o. A diagram showing the energy

levels changes is displayed in Figure 1.7.
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Figure 1.7: Examples of typical cross-relaxation and energy-transfer-upconversion
processes in Er**:ZBLAN. The CR process Wi (left) creates two excited ions from one
ion in the 453/2/2H11/2 and one ion in the ground state 4115/2. The two ETU processes
W11 (middle) and Was (right) involve two nearby ions which are excited to the same
level. One ion relaxes to the ground state while its excitation energy is transferred to
the adjacent ion, which is elevated to a higher energy level.

ET processes can occur between different species of dopants as well. One excited dopant
can transfer its energy to a different dopant species which has an energy level comparable

to the excited level of the first dopant. ET processes are commonly used in lasing cycles
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to improve pump absorption and remove lower level bottlenecks [65]. In the case of MIR
lasers, the added dopant is often added in a lower concentrations than the main dopant.
Pr3t Co-doping in MIR lasers is commonly done to depopulate lower lasing levels in
Er¥tand Ho®* based lasers [104, 105].

1.3.3.3 Clustering

Clustering is when dopant ions in a host are not dispersed evenly throughout the host
material and form small clusters. The clustered ions tend to transfer energy to each
other. Two excited ions which are part of a cluster can interact, with one shifted to the
ground state, while the other receives the energy lost by the former ion. The energy is
eventually dissipated as heat with the excited ion returning to its original energy level.
This mechanism is a loss mechanism where pump energy is transformed to heat in the
fibre instead of light emission. Clustering is a main reason for reduced efficiency in fibre
lasers which use high dopant concentration [87, 88]. The energy transferred between
clustered ions effectively allows one ion to relax to the ground level, while the second ion
is initially excited to a higher level and then returns to its original excited level. Thus,

population inversion is lost without providing any light amplification.

1.4 Rare-earth doped MIR fibre lasers and methods for

improving their efficiency

1.4.1 Previous demonstrations of long wavelength transitions

Figure 1.8 depicts the transitions associated with RE doped fibre lasers producing lasing
at wavelength > 1.5 um that were demonstrated to date. All transitions shown in this

Figure were demonstrated using ZBLAN glass as a host.

Briarly and France demonstrated in 1988 the first MIR transition in a fibre laser using
ZBLAN glass [79]. During the 1990s there was a strong push to increase the power of this
long wavelength transition, as well as demonstrate fibre laser operation of even longer

electronic transitions based on RE dopants.

Significant work has been done on increasing the output power of the 2.75 um, *Iy; /2 =
4113/5 transition in Er¥*:ZBLAN [71, 84, 106-109]. The maximum power obtained to
date is 24 W achieved by Tokita et al. [110], using liquid cooling of an Er®*:ZBLAN
glass fibre.
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Figure 1.8: Laser transitions of rare-earth ions that produce emission wavelengths
longer than 1.5 pm. Figure shows near-infrared (blue arrows), MIR (red arrows) and
in-between (green arrows) electronic transitions, together with the primary lasing wave-
length from previously demonstrated fibre lasers for each transition. The fluorescence
spectra of the I —5 I transition of Ho** and the ®Hy3/0 —% Hys)5 transition of
Dy3* extends across the boundary between the near- and MIR regions. Reprinted by
permission from Macmillan Publishers Ltd: Nature Photonics, [1], copyright 2012.

In recent years there has been renewed attention on long-wavelength Ho+:ZBLAN fibre
lasers. Such lasers, operating on the 55 — 517 transition, can produce emission on the
range 2.8-3.0 um [111-113]. Higher output powers can be achieved by adding Pr3* ions
in small concentration as a sensitiser [108, 114]. The longer wavelength compared with
2.75 pm emission of Er>T:ZBLAN allows for increased absorption by water. Such an

increase is a benefit to laser surgery applications.

The published work on transitions longer than 3 um in RE doped fibre lasers is very
limited. To the best of the author’s knowledge, all results were demonstrated by one
group from the Technischen Universitdt Braunschweig in Germany during the 1990s.
Their initial results are shown in Figure 1.9. The group’s first long wavelength transition

was demonstrated by Wetenkamp in 1990 using the 2.8-2.9 ym transition in Ho®™ [115].

The demonstration of longer transitions followed with the first demonstration of a fibre
laser beyond 3 um operating at 3.5 wm by T6bben in 1991 [72]. Following his initial
work, Tébben was able to demonstrate 8 mW output power with a 2.8% slope efficiency
at room temperature and 12 mW under cryogenic cooling [117]. Limited wavelength

tuning was also demonstrated using temperature tuning of the fibre laser [118].

Additional work was conducted during the 1990s to expand the number of long wave-

length transitions demonstrated. This included the work of Schneider demonstrating
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Figure 1.9: Transition longer than 3 pm demonstrated at the Technischen Universitét
Braunschweig. Left - room temperature Er3*:ZBLAN 3.45 pm demonstrated by Tébben
[72] and 3.22 pm demonstrated by Carbonier in Ho*T:ZBLAN [116], right - cryogenic
3.95 um demonstrated by Schneider in Ho**:ZBLAN [73].

Ho?*t:ZBLAN operation using the 35 — 5Ig transition [73]. It was not possible to operate
this fibre laser at room temperature. When operating at liquid nitrogen temperatures,
Schneider was able to demonstrate 11 mW of output power with a maximum slope
efficiency of 3.7%, [119].

The final long wavelength fibre laser demonstrated by Carbonier of the same group was
a room temperature 3.22 pum fibre laser [116]. This laser operated on the °Sy — 5Fj

transition in Ho* and achieved 11 mW with 2.8% slope efficiency.

There has been continuous and significant improvement in the performance of NIR fibre
lasers since their inception. In contrast, progress in MIR fibre lasers operating beyond
3 um stalled after the 1990s with their performance kept well below the current trend
line observed in Figure 1.2. This trend, which was added as a guide to the eye, represents
a rough guide to the state-of-the-art in RE-doped fibre lasers power as of 2012. Taking
into account more recent results would have shifted the trend line higher in the graph.
Future improvement will affect it in the same way, until a genuine physical limit will be
reached, therefore stopping the march of the trendline upwards. On average, the trend
should apply for fibre lasers operating on all wavelengths shown in the graph, including

wavelengths longer than 3 pm.

The plateau in the longer than 3 pum wavelengths is the result of discontinued research into
RE-doped fibre laser at these wavelengths after the mid-1990s. We can only speculate as
to the reason for this halt. One possible reason is that although ZBLAN glass drew much
commercial attention by communication companies in the mid-1980s to the 1990s (see

for example British Telecom [75, 120]), once the commercial immaturity of the necessary
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fluoride glasses was realised in the 1990s, budgets were shifted towards other possible
avenues. This shift affected the availability and the commercial incentive to produce high-
quality ZBLAN fibres, therefore restricting research only to those few laboratories that
could make their own ZBLAN glass fibres (such as Technischen Universitdt Braunschweig).
In addition, the consistent low power and efficiency demonstrated on all longer wavelengths
shown in Figure 1.9 might have suggested that such fibre lasers were a scientific dead-end.
We therefore suggest that a new approach for the generation of wavelengths longer than

3 um in RE doped fibre lasers was needed.

1.4.2 Existing methods for enhancing the power and efficiency of rare-
earth doped MIR fibre lasers

We now examine the methods and approaches used to improve the power and efficiency

of laser transitions longer than 2.7 um.

We initially address the choice of host glass. Beyond glass selection, it is imperative
to address spectroscopic parameters that facilitate lasing. The most common methods

employed in the past are cascade lasing, co-doping and energy recycling.

1.4.2.1 The use of very low phonon energy glasses

In recent years there has been increased focus on generating MIR lasing using chalcogenide
glasses that have very low phonon energy [121-124]. Low phonon energy glasses are
the key enabler for MIR operation (see section 1.3.2.1). Lowering the phonon energy
below the level found in fluoride glasses, such as ZBLAN, improves intrinsic lifetime and
can enable lasing on transitions which would otherwise be quenched by multi-phonon

processes.

Chalcogenide glasses are based on the chalcogen elements of sulphur, selenium and
tellurium, together with other elements from the III-V group, the most common of
which are arsenic and germanium. Chalcogenide glasses have lower phonon energies of
between 300-450 cm ™! for sulfur and selenium based glasses [65], which is lower than
ZBLAN. Tellurium based glasses have even lower phonon energies of 150-200 ¢m~!. This
makes them transparent even further into the far infrared region [125]. Thus, they can

theoretically support lasing action of much longer wavelengths [126].

Despite their clear theoretical advantage, to the best of the author’s knowledge no RE
doped chalcogenide fibre laser has been demonstrated at a MIR wavelength to date
(2014). Limitations in fibre drawing, difficulties in incorporating RE dopants into the
glass matrix and high optical losses due to contaminants have been attributed to this

lack of success [121].
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1.4.2.2 ESA and cascaded lasing

The long lifetime of some excited states in RE ions doped ZBLAN glass can cause
problems. If the lifetime of the lower lasing level is longer than the lifetime of the upper
lasing level then bottlenecking in the lower state can prevent operation in CW. This is

due to population inversion depletion once lasing commences.

A number of long wavelength transitions suffer from a self-terminating nature, for example
the 3.95 pum, 515 — °I and the 2.9 um, °Is — 517 transition in Ho3t. However, the best
known transition that is impacted by this phenomenon is the 2.75 pum, 4I11/2 — 4I13/2
transition in Er3* doped lasers. For example, in low doped Er>*:ZBLAN the upper level
4111/2 has a lifetime of 6.7 ms while the lower level, 4113/2, has a lifetime of 9.5 ms [127].
This typical transition will be used in the coming sections as the case study for improving

laser performance.

One way around the bottlenecking problem is to use cascade lasing. This method uses an

additional laser transition to empty the lower lasing state and thus avoid bottlenecking.
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Figure 1.10: Example of bottlenecking avoidance using ESA and cascade lasing.
Reproduced from [65] with kind permission from Springer Science and Business Media.

An alternative cure to the bottlenecking problem is to use ESA to deplete the lower
lasing level (sometimes in conjunction with cascade lasing). For example, consider
Figure 1.10. The ions are first excited to the 419/2 level, then relax to the 4111/2 level,

lase and accumulate in the 415 /2 level. Strong, wavelength-dependent ESA at the pump
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wavelength from the 4115 /2 to the ’Hyy /2 level depopulates the lower lasing level. However,
it can create a population inversion on the transition 45’3 /2 = 47 13/2 resulting in lasing at
850 nm which terminates the 2.75 pm lasing once again. By inducing a cascade of lasing
at 1.7 um on the 483/2 — 419/2 transition, followed by the desired 2.75 um lasing on the
I /2 = 414 /2 transition, significant power improvement was demonstrated. Using this
method it was possible to increase the power from 20 mW with saturated power and
efficiency of less than 15% [104], to over 150 mW with 23% efficiency [76].

A similar approach of using a cascaded lasing configuration was used by Schneider in his
3.95 wm fibre laser [119]. In this case, co-lasing at 1.2 um on the °Is — °Ig was used to

remove bottlenecking from the I level, see Figure 1.11. Using cascade lasing at 1.2 um,
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Figure 1.11: Cascade lasing with 3.95 um using Ho3T:ZBLAN fibre laser as demon-
strated in [119]. 1.2 pm lasing removes bottlenecking by depopulating the lower lasing
level.

Schneider was able to achieve 11 mW of output power at 3.95 um together with 70 mW

of 1.2 ym power when pumping at 885 nm under cryogenic conditions.

Cascade lasing appears to be the leading method for improving power and efficiency
for single-clad, relatively low doping (less than 1 mol%) fibres. When higher doping

concentrations are involved, other methods can achieve better results.

1.4.2.3 Co-doping

Laser performance can be improved significantly by adding a second dopant. This applies

in cases where the first dopant concentration is higher than 1 mol% and double-cladding
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geometry is used [65]. In high doping concentration and double-clad configuration, the
effect of ESA is reduced significantly because of strong ET processes. The population
build-up at the lower lasing level is transferred to the second dopant through an ET

process and from there to the ground via fast multi-phonon relaxation.

An example of co-doping can be seen in Figure 1.12, which shows the effect of adding

Pr3* ions to Er3* ions in ZBLAN glass.
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Figure 1.12: Energy level scheme for 2.75 um lasing using co-doping with Er?* and
Pr3* ions [128]. The process ET; depopulates the lower lasing level. ETy and ESA are
both weak and do not reduce the laser efficiency. MP - multi-phonon relaxation.

The addition of the low concentration of Pr®* ions alleviates the self-termination by
quenching the lifetime of the lower lasing level via ET process to the Pr3* ions [104, 128

133]. From there, the Pr3* ions relax to the ground via rapid multi-phonon decay.

The co-doping method allowed a significant improvement in laser output power. 1.7 W
at 2.75 pm has been demonstrated using 800 nm pumping with 17% slope efficiency
[128]. Since ESA does not play a significant role in co-doped, double-clad fibre lasers, it
became possible to pump these lasers with a 980 nm pump. Lasers emitting a few watts
have been demonstrated with a maximum output of 5.4 W and 21% slope efficiency [134].
Simulated results show that it is possible to achieve about 10 W with slope efficiency
close to the Stokes efficiency limit of 29% using Er3* /Pr3* co-doped ZBLAN fibres [134].
The limiting factors are heating of the fibre and more difficult fibre geometries. Further
improvement in output power requires operation in the “energy recycling” regime which

suffers from these problems to a lesser extent.
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1.4.2.4 Energy recycling

In the energy recycling regime, an energy-transfer process is used to increase the popula-
tion of the upper lasing level while quenching the lifetime of the lower lasing level. A

schematic description of this mechanism is shown in Figure 1.13.
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Figure 1.13: Energy recycling mechanism in Er3*:ZBLAN. Recycling of energy occurs
between neighbouring ions, in which two ions located in the 415 /2 level cooperate. One
relaxes to the ground level while the other is elevated to the 41 /2 level allowing a new
lasing cycle to commence. If numerous cycles occur, the quantum efficiency approaches
twice the Stokes efficiency limit. Reproduced with permission from [92] () 2001 IEEE.

Since ET processes are dependent on the host and dopant concentration, a carefully
chosen host and doping level can alter the cross-section and probabilities of the ESA
and CR processes. In this way, it is possible to make the 4111 /5 44 Iiip — 419/2 44 I5/9
CR process, which depletes the lower lasing level, be the dominant depopulation process
from the 4113/2 level [135].

ET processes not only depopulate the lower lasing level, but can also transfer a significant
fraction of the ions back into the upper lasing level. After excitation, an ion following this
process would have produced a laser photon and would have excited another ion to the
upper lasing level. At the limit of many repetitions, the laser efficiency can reach twice
the Stokes efficiency [114]. Hence, the self-termination issue is resolved and a significant

enhancement in laser efficiency is achieved.

This method requires a high concentration of Er3* ions, on the order of 5 mol% or more.
Tokita used this method on a liquid-cooled, singly doped Er3T:ZBLAN laser to obtain
24 W of output power with 13% slope efficiency. Demonstrating higher-than-Stokes
efficiency proved to be difficult. Recently, however, an all-fibre design achieved a slope
efficiency of 39.5% exceeding the theoretical Stokes efficiency of 34.4% on this transition
[136].
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1.5 Dual-wavelength pumping approach for lasing in the

mid-infrared

In the previous sections, we examined possible approaches for coherent generation of
MIR laser light. In the following section a new approach is proposed which uses dual-
wavelength pumping (DWP) of fibre lasers to efficiently generate MIR radiation. The
approach forms the basis for this research project, the underlying goal of which is to
determine whether it is possible to generate MIR laser light inside an optical fibre

efficiently using electronic transitions.

The following sections describe the general DWP scheme followed by a more detailed ex-
planation of the DWP method applied to Er3*:ZBLAN fibre lasers. A set of rate equations
describing DWP of Er3*:ZBLAN is presented. These equations identify the spectroscopic
parameters that are needed to effectively implement the DWP of Ert3:ZBLAN. Some of
these parameters have been reported in the literature (see Chapter 2), others have not

and they were measured as part of this research in Chapters 3 and 5.

1.5.1 General dual-wavelength pumping scheme

The dual-wavelength pumping scheme for a MIR transition located far above the ground
state is illustrated in Figure 1.14. In the standard method of operation (see left of
Figure 1.14), ions are excited to the upper laser level using near infrared, or visible pump
sources. The laser photon is extracted and the ion is left in an excited state which is
often long lived. This ordinary pumping method is subject to two issues. First, the laser
has a high quantum defect because the lasing transition is located far above the ground
state. Second, the number of ions available for lasing from the ground state is depleted
because ions are trapped in long lived excited states post lasing. This means that most

of the energy used for pumping is wasted.

In contrast, the DWP method, shown on the right of Figure 1.14, uses bottlenecking to
its advantage and reduces the quantum defect by employing two pump sources. The
first source, P;, elevates ions from the ground state to an intermediate level which is
meta-stable. A second pump source, P, is then utilised to promote the ions from the
meta-stable level to the upper lasing level. The laser photon is extracted and the ion
returns to the meta-stable energy level. An additional P, photon can now repeat the
process and elevate the ion again to the upper lasing level. The ions are cycled many
times between the meta-stable level and the upper levels before they decay back to the

¢

ground state. This mechanism uses a “virtual” ground state at the meta-stable level
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Figure 1.14: Ordinary pumping versus DWP scheme. Energy level schematic for a
typical MIR lasing transition. P, P; and Ps - pump absorption, L - laser transition.

and can substantially improve the laser efficiency. The long lifetime of the meta-stable
level means that most of the pump power necessary comes from P». Some P; pump is
required to re-populate the atoms that return to the ground state via processes such as

spontaneous emission, cross-relaxation and other energy-transfer processes.

1.5.2 Previous demonstrations of dual-wavelength pumping

Dual-wavelength pumping methods have been used to extend the bandwidth of optical
communication amplifiers. The telecommunication band is located around 1550 nm,
which is where the loss in silica is lowest. In this wavelength region, the waveguide and
material dispersions also cancel each other [2]. The throughput of optical fibre systems
is getting larger every year, and a wider swath of spectrum is needed to allow more
data to be transferred with wavelength-division-multiplexing (WDM) systems. Since all
long haul fibre optic systems require amplifiers, a great deal of effort has been put into
extending the bandwidth of optical amplifiers [137-139]. One way of achieving this is to
use two wavelengths to pump the amplifier [140-143].

Dual-wavelength pumping schemes have been employed in many cases to create upcon-
version lasers using a wide variety of hosts and trivalent rare-earth ions. Ultra-violet,

blue and green lasers have been demonstrated this way [93, 94, 97-103].
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Shori [140] proposed using two laser sources to prevent self-terminating a specific MIR
transition (see Figure 1.15). In this patent, ESA is used to alleviate self terminating of
lasing on the 4111/2 — 4113/2 transition in Er3T:ZBLAN. The self-terminating nature of
this transition is due to the long lifetime of the 415 /2 level compared with T4 /2 level.

Shori’s solution involves using a first pump source to excite the ions to the top lasing
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Figure 1.15: Double wavelength pumping for ~ 2.75 pm in Er>* doped host. Repro-
duced from USPTO patent 7,633,990 [140].

level of 41, /2, from which lasing commences. An increasing number of ions settle in the
Ls /2 and the original inversion is reversed and lasing ceases. To ameliorate the loss of
inversion, a second pump source is used to shift the ions from the 41,3 /2 level to the 4T, /2

level where they rapidly relax to the upper lasing level via multiple phonon relaxation.

To the best of the author’s knowledge, Shori’s solution was never demonstrated in a
scientific or other form of publication beyond the patent and it was not demonstrated in
a commercial device. The patent addresses only the 2.75 um transition of Er3* and does
not refer to other lasing transitions or to the general case of improving the efficiency of

laser transitions located high above the ground state.
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1.5.3 Dual-wavelength pumping on the 3.5 um transition in Erbium

In our work we implement DWP to achieve efficient lasing on the 3.5 pm MIR transition
in Er3*:ZBLAN glass fibre. This method looks similar to the one described in [140], but

the mechanism by which it allows lasing and improves efficiency is different.

Figure 1.16 illustrates the energy levels of Er3T:ZBLAN with their corresponding lifetimes.
This thesis explores the 3.5 um lasing on the 4F9/2 — 419/2 transition. The 4F9/2 — 4I9/2
transition is not self-terminating and as such behaves very differently to the I, /2 =

4113/2, 2.75 pwm transition which was addressed by Shori’s method [140].
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Figure 1.16: Energy level diagram of Er**:ZBLAN showing the pumping scheme for
a typical MIR lasing transition pumped using conventional techniques and the DWP
concept. Energy level lifetimes on the right are from [17]. P, P1 and P2, pumps; L,
lasing transition; MP, multi-phonon decay. Reproduced with permission from [144].

The conventional scheme to generate 3.5 um radiation is shown on the left of Figure 1.16
and our method for producing MIR laser radiation on the right. In previous demonstra-
tions of 3.5 um operation by Tébben [117], ions were excited to the upper laser level

using visible pump sources. The laser photons were extracted and the ions were left
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trapped in the lower, long-lived excited states of Iy, 2 and 41 /2. This depleted the
number of ions in the ground state and reduced pump light absorption, resulting in
reduced efficiency. The significant difference between the energy of the pump and the

laser photons meant that considerable energy was wasted.

T6bben was able to demonstrate a maximum average output power of 8 mW with a slope
efficiency of less than 3% at room temperature. In contrast, our DWP method shown in
Figure 1.16 uses two pump lasers. As explained in Chapter 3, our first pump operating at
985 nm (Py) excites the Er3* ions to the metastable 41, /2 level. A significant population
build-up can occur using a relatively low power P, pump because this level is long-lived
(6.8 ms [133]). The second pump source P, excites the ions from the *Iy1 /5 to the upper
lasing level, *Fy/5. The ions emit laser radiation at 3.5 um (L) and relax from the lower
lasing level 41, /2 to the 1, /2 level via rapid multi-phonon decay (MP). The ions in
our DWP laser cycle between the 41, /2 and 4F, /2 levels many times, using the “virtual

ground” state created in the 4I;; /2 level.

The maximum theoretical slope efficiency of a 3.5 pum laser using DWP with a fixed P;
power and a varying P, power is 57%. This figure-of-merit is similar to the theoretical
Stokes efficiency, which is determined by fixing P; power and then taking the ratio of P
wavelength (1973 nm) to that of the laser (3.5 pwm). This is a significant improvement
over the 18% slope efficiency which is the theoretical best case for direct pumping from the
ground level to the upper lasing level 4 Fy /2. Although P is not considered when the slope
efficiency is calculated, it is still obviously necessary. The maximum optical-to-optical
efficiency, which does include the input power of P;, cannot be determined theoretically

without a full numerical analysis.

High power as well as high brightness pump sources at both wavelengths are commercially
available off-the-shelf and are significantly less costly than a single pump source for direct
pumping to the upper laser level 4F, /2 level. ZBLAN is used for this MIR laser because
it is a low phonon energy glass, which reduces the rate of non-radiative decay between
closely-spaced laser levels. ZBLAN glass is transparent up to 4 um, can be easily doped

with rare-earth ions and fibres drawn from it are available commercially [145].

1.5.4 Rate equations for the 3.5 ym DWP mechanism

To achieve lasing at 3.5 um, it was necessary to conduct a thorough spectroscopic
investigation of the relevant pump parameters, including optimal pump wavelengths,
energy level lifetimes and other energy-transfer processes that might affect the proposed

laser behaviour.
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In order to choose which parameters were required for further investigation, it was
beneficial to review the rate equations associated with the proposed 3.5 um laser system in
Er3t:ZBLAN. Once the parameters were determined experimentally, these rate-equations

will be used in the future to generate a numerical simulation of the system.

The rate equations shown in Equations 1.2a-1.2g refer to the transitions shown in
Figure 1.17 and use similar notations to the one in [114]. A similar figure is provided as

a fold-out at the end of this thesis for ease of reference. The system consists of seven
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Figure 1.17: Energy levels and spectroscopic processes in Er™:ZBLAN. P; 5 - pump
absorption; CR, ET and ETUj 5 - cross-relaxation, energy-transfer and energy-transfer-
upconversion processes, the indices of W;; indicate the initial levels involved in the
process; MP - multi-phonon relaxation. The numbers in brackets to the right represent
the number of the rate equation associated with this energy level. Note that 4S5 /2 and
2Hyy /2 are thermally coupled and share the same rate equation.

coupled equations which describe the temporal evolution of the ion population density
of the ground state and the first seven energy levels of Er3T:ZBLAN. We assume that

the levels 4 F;, /25 ’Hy, /2 and 48, /2 are thermally coupled and can be treated as one level.
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The full set of equations for the ionic population is:

dNg(2)/dt = Rp, po,(2) — 75 "Ng(2) + Waa N3 (2), (1.2a)
dN5(Z)/dt = 6657'6_1]\76(2:) — 7’5_1N5(Z) — W50N5(Z)N0(Z) + W42N2(Z)N4(Z), (1.2b)
dNy(2)/dt = Rp,(2) + Beatg *No(2) + Bsats ' N5(2) — 74 ' Ny(2)

— WyaNo(2)Ny(2) — Rspas(z), (1.2¢)
dN3(2)/dt = iy 6[Bist; ' Ni(2)] — 75 ' N3(2) + Rspaz(2)

+ WsoN5(2)No(2) + Wi N7 (2), (1.2d)
dN3(2)/dt = Rp, 654 (2) = RPy g (2) = Rpy(2) + Sizs. 6[Bi2r;  Ni(2)] (1.2¢)

— 7y 'Ny(2) — 2Waa N3 (2) — WaaNa(2)Ny(2) — Rspa1(2),
dNy (Z)/dt = EiZQ...ﬁ[ﬁilTi_lNi(Z)] — Tl_lNl (Z) =+ W50N5(Z)N0(Z) — 2W11N12(Z>

+ WiyaNo(2)Na(z) + Rspo1(2), (1.2f)
dNo(2)/dt = Bi—1..6[Bio7; ' Ni(2)] = Rpy g4 (2) — WaoN5(2)No(2) + Wi N7 (2)

+ Wi N3 (2), (1.2g)

Ngr = Yizo0..6Ni(2). (1.2h)

In Equations 1.2a-1.2h, N; is the ion density of the i*" energy levels (with Ny being the
ground level 4115/2). Rp, ¢sa(z) and Rp,(z) represent the pump rates of the 985 nm
pump and the 1973 nm pump. Rp, 4, (%) represent the excited-state absorption rate
of pump P; on the 4111/2 — 4F7/2 transitions, while Rgr43(z) and Rggoi(z) are the
3.5 um and 2.75 pum lasers stimulated emissions, respectively. All the pump rates are
dependent on the power of the pumps and on the absorption and emission cross-sections
of the relevant transitions. 7; is the intrinsic lifetime of the i*" energy levels, including
radiative, as well as multi-phonon relaxation. W;; is a cross-relaxation, energy-transfer
or energy-transfer-upconversion process of two ions of levels ¢ and j. f3;; is the branching
ratio, or the probability of ions to decay from levels i into levels j. Ng, is the Er3T ion
concentration in the fibre. Only one of the Equations 1.2g and 1.2h is needed to solve

the equation set and they are both given here for completeness.

Many of the parameters used in equations 1.2a-1.2g can be found in the literature sources
[114, 127, 133, 135, 146, 147]. These include the energy level lifetimes 7;, branching ratios
Bi; and numerous rates for energy-transfer-upconversion and cross-relaxation processes

Wij.

The pump rates are only partially known and they depend on knowing absorption and

emission cross-sections. Adopting the notation used by Pollnau and Jackson [114], the
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pump rates along each fibre segment Al at location z can be characterised by

041(2, )‘) =O0Pigsa ()‘)NO(Z) “OPiGgsAem ()‘)NQ(Z)
+ 0P, psa(A)N2(2) = 0P, psa 52 N6(2), (1.3a)
az(z,\) = op,(A\)Na(2) — op, ., Nua(2), (1.3b)

where op, 5, and op, 4, represent the ground and excited-state absorption cross-sections
for the 985 nm transitions, respectively. op, jg4.,, a0d 0p, .o, .., are the emission cross-
sections of the inverse process from the 41y, /2 level to the ground. op, and op,,,, are
the absorption and emission cross-sections of the 1973 nm pump from the 41y, /2 level
to the 4Fy /2 level and vice verse. Note that the pump rates in Equations 1.3a and 1.3b
include the effects of saturation of both pumps and that the cross-sections are wavelength
dependent. We can allow for cladding pumping by introducing an effective absorption

coefficient in the cladding

aeffl,Q (Z’ )\) = al,Qﬂ-Tzore/Aclad (14)

where 7., represents the radius of the fibre core and A.,q the area of the fibre inner
cladding. The pump power launched into every fibre segment P;,, ,(z, ) can be found
from L
Pins(5:0) = ing o P o) [ Hepl= AU aepna ) (15)
2/=1
In 1.5, Pipe, , are both pumps power incident on the fibre tip at each wavelength and
Niny , are the launch efficiencies. Using the above equations we can find the local pump

rate in each fibre segment to be

Rp, GSA/ESA1/ESA2 [UP1 GSA/ESAl/ESA2N07273(Z)/aeffl (2, )] (1.6a)
{1 = capl-Al(z)ac s (2, M)}
)\pl
heAlnrg,, ()
Rp, = [op,Na(2)/aerp, (2, A)] (1.6b)
{1 = eapl—Al()aess, (2, N}
)\p2
5 Ding (2, A).
heAlnr? 2(%:2)

core

In Equations 1.6a and 1.6b, A, , are the pump wavelengths, h is Planck’s constant, c is

the speed of light in vacuum, and 7., is the fibre core radius.

The ground state absorption value of op, 4, over the entire 970 nm-1000 nm is easily
measured using transmission through a sample and using the Beer-Lambert law. Mea-

suring the excited-state absorption cross-section op, ., is more involved. Nonetheless,
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data are available from measurements by Quimby and Miniscalco [148]. We have so far
stipulated in section 1.5.3 that P, pump wavelength is 985 nm although bright pump
sources are commonly available at 974-976 nm and not 985 nm. In section 3.2 we
describe the reasons behind and the implications of using 985 nm as the wavelength for
the first pump. In addition, to the best of our knowledge, no measured or calculated
value has been presented in the literature for the excited-state absorption cross-section
of the transition *I;; /2~ 4F, /2 and its wavelength dependency. A substantial part of
Chapter 3 will be devoted to determining the optimal P, wavelength and the relevant

absorption cross-sections.

The stimulated emission rate is given by

Rsp a3 = [baNy — (94/93)b3N3lospce. (1.7)

Here, b3 and b4 are the Boltzmann factors for the lower and upper laser levels, g3 and g4
are the laser levels degeneracy and ¢ is the photon flux density. Previous work by Tébben
has shown the shape of the 3.5 pm fluorescence [117], but an emission cross-section, ogg,
of this transition has not been provided. An estimated cross-section based on Tébben’s

data is given in section 2.5, while a value based on our work is provided in section 6.3.2.

The nature of this work is to demonstrate the feasibility of lasing on the 3.5 pm transition
and not as a spectroscopy investigation. Nonetheless, a large part of this work involves
determining the spectroscopic behaviour of Er®*t:ZBLAN. One such observation is the
discovery of a previously unknown energy-transfer parameter Wys N4 No which represents
the process 4Fg/2 +4 Iy — 453/2 +4 I 3/5 that is detrimental to lasing at 3.5 pum. This

process is discussed in section 5.4.

1.6 Outline of this thesis

In this thesis, we describe the creation of a MIR fibre laser operating at 3.5 um at
room temperature. Chapter 2 details relevant spectroscopic information relating to
Er3t:ZBLAN glass that is currently available in literature. Various spectroscopic in-
vestigations were conducted during this project and they are detailed in Chapter 3.
These include the extraction of cross-section parameters, energy levels and additional
parameters which are important to the operation of the 3.5 um laser and are relevant for
future computer simulations of this laser. Chapter 4 describes the pump sources that
were built and modified to be used with the 3.5 um laser, including their construction

and characterisation. In Chapter 5, we investigate in detail a population-dependent
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lifetime quenching effect of the upper laser level. This effect is shown to be the result of
a previously undocumented energy-transfer process; its magnitude is determined as well.
The 3.5 pum laser’s performance is summarised in Chapter 6. Additional information is
derived from the laser’s behaviour, including internal resonator losses, emission cross-
section and gain. The thesis concludes in Chapter 7 with a brief summary and suggested

future work.






Chapter 2

ZBLAN glass spectroscopy -

analysis of literature

2.1 Overview

ARE-EARTH doped fibre lasers in ZBLAN glass have been studied for many years,
R so a large body of spectroscopic data is available for singly pumped lasers. This
chapter explores the literature related to ZBLAN glass and fibres relevant to DWP
operation. We start by giving a general overview of the thermo-mechanical properties
of ZBLAN glass and its suitability for MIR laser generation. We then examine the
ground state absorption of various transitions in bulk ZBLAN glass. A review of the data
available in literature regarding non-radiative decay rates in ZBLAN glass is conducted,
because non-radiative properties are of the utmost importance when operating in the

MIR. Absorption, fluorescence and lifetimes recorded in the literature are then outlined.

2.2 Bulk ZBLAN glass

In this section, we begin with the spectroscopic properties of bulk ZBLAN glass. An
overview of its composition and optical properties is detailed and the thermo-mechanical

properties of ZBLAN glass are examined.

2.2.1 ZBLAN glass composition

ZBLAN glass is based on fluoride and heavy metals and is the most common fluoride
glass used to-date. This glass is named after its constituent ingredients of ZrF,-BakF's-

LaF3-AlF3-NaF. Fluoride glasses were accidentally discovered by Poulain in 1973 [149].
35
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The common, most stable form, first reported by Ohsawa in 1981 [150], has a molar
composition of 53% ZrF4, 20% BaF9, 4% LaF3, 3% AlF3, and 20% NaF.

ZBLAN has good mid-IR transmission, but is relatively difficult to make compared to
silica based glasses [57]. High quality glass requires high purity raw materials which
are not easily obtained. Common impurities in the raw materials cause significant IR
absorption. ZBLAN glass is prone to crystallisation in the glass cooling phase which can
be circumvented by rapid fibre drawing and cooling. ZBLAN glass is also hygroscopic.
Hence, it must be fabricated and drawn into fibre using a controlled atmosphere and

coated while on the drawing tower using UV-curable acrylate coating layers.

ZBLAN fibre is typically fabricated using the preform method where a fibre is drawn
from a glass rod at a temperature above the glass softening temperature Ty, but below
the glass melting temperature 7,,,. Various methods have been used to create the initial
preforms with rotational casting under reduced pressure providing the lowest losses
demonstrated to date of 0.65 dB/km at 2.59 pm [120].

2.2.2 ZBLAN glass optical and mechanical properties

The common composition of ZBLAN glass has good transparency from 300 nm up to
5 pm. The weaker bonds between the heavy metal and fluoride ions and their high
reduced mass are associated with this longer wavelength IR edge. This results in the low
maximum phonon energy of the glass matrix of ~ 565 em ™! compared with 1100 ¢m ™!
for silica glass [57, 151]. The lower bond strength causes some negative effects, including
higher glass reactivity and reduced mechanical stability. Therefore, it is necessary to

coat ZBLAN glass fibres to protect them and strengthen them for handling.

The minimum loss predicted for ZBLAN glass is less than 0.01 dB/km at 2.5 ym [75],
which is significantly lower than the 0.2 dB/km predicted for silica fibres. This low loss
and extended IR transmission motivated intense research on ZBLAN glass during the
1980s for use in optical fibre based telecommunication systems. A loss coefficient of
0.65 dB/km has been demonstrated [120], but the typical minimum loss of commercially
available fibres is still between 10-100 dB/km.

The refractive index of ZBLAN is lower than the n = 1.5 of wavelengths longer than
600 nm, as seen in Figure 2.1. This relatively low index can be modified by the addition
or substitution of ions into the glass matrix. PbFs and BiFg have been added to raise the
refractive index of the fibre core, while the addition of AlF3 or LiF to the fibre cladding

reduces its refractive index. Substituting ZrF, with HfF4 has also been shown to reduce
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the refractive index. The phonon edge of ZBLAN, which corresponds to the wavelength
at which the glass becomes totally opaque at long wavelengths, is also modified by these
substitutions. The usual phonon-edge of 5-6 um can be increased to longer wavelengths
using substitution of the ZrFy with HfFy or ThFy, which shift the edge to 7 pm and
8 um respectively [57].

1.52

151 A: 0.55 um

n: 1.5025

A: 0.655 pm
n: 1.499

1.5—
A: 0.98 pm
n: 1.4941

c
1.49— ]
A: 2.733 um
n: 1.4836
1.48—
147 | | | | |

0.4 1 1.6 2.2 2.8 34 4
Wavelength (um)

Figure 2.1: ZBLAN refractive index - Sellmeier curve. Curve is based on data from
Gan [152].

A comparison between the thermal, mechanical and optical properties of ZBLAN and

silica glasses is provided in Table 2.1.

The combination of ZBLAN’s low transition temperature combined with its low thermal
conductivity makes it difficult to achieve significant output power. Laser power of
~ 300 W has been demonstrated from a single mode Er3t doped silica fibre in the
1.5 pm band [155]. ZBLAN fibre lasers have only demonstrated up to 24 W at 2.75 pm.
The optical breakdown damage threshold of ZBLAN glass is about 25 MW /cm? [109],
which together with thermal restrictions limit the theoretically obtainable laser power
at 2.75 um to the 100 W range [57, 156]. The 2.75 pm wavelength band has similar
material losses in commercial fibres as the 3.5 ym band. Prior to our work, only 8 mW
of output power at 3.5 pm was demonstrated by Tébben in a ZBLAN fibre [117]. There
is clearly significant room for increasing the output power of rare-earth doped ZBLAN

fibres lasers operating beyond 3 pm.

ZBLAN glass is significantly more brittle and less stable than silica glass. This makes

ZBLAN fibres difficult to work with and requires fibres to be coated to increase mechanical
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Table 2.1: Properties of ZBLAN and silica glasses, data from [57, 153, 154].

Property Silica glass ZBLAN glass
Transmission range (7' > 10%) for 1 mm | 0.16-4.0 0.22-8.0
thick sample (um)

Transmission range (7" > 90%) for 1 m long | 0.38-2.25 0.52-3.94
fibre (um)

Source: Silica - [153], ZBLAN - [154]

Maximum phonon energy (cm 1) 1100 565
Transition temperature (°C) 1175 260
Specific heat (J/(g - K)) 0.179 0.151
Thermal conductivity (W/(m - K)) 1.38 0.628
Coefficient of thermal expansion (107¢/K) | 0.55 17.2
Density (g/cm?) 2.20 4.33
Knoop hardness (kg/mm?) 600 225
Fracture toughness (M Pa - m'/?) 0.72 0.32
Poisson’s ratio 0.17 0.17
Young’s modulus (GPa) 70 58.3
Shear’s modulus (GPa) 31.2 20.5
Bulk’s modulus (G Pa) 36.7 47.7
Refractive index (@ 0.589 pum) 1.458 1.499
Abbe number 68 76

Zero dispersion wavelength (um) 1.3 1.6
Nonlinear index (10713 esu) 1 0.85
Thermo-optic coefficient (107/K) 11.9 -14.75

robustness and reduce the risk of breaking while being handled. Nonetheless, ZBLAN
glass is currently the most mature fibre technology for mid-IR light delivery and fibre laser
operation. Indium fluoride (InF3) based glass has recently become available commercially
but is not quite as mature. Chalcogenide glasses have mostly failed to demonstrate
RE-doped laser action beyond the near-IR as a result of high material losses. Two recent
demonstrations of Raman based chalcogenide fibre lasers at 3.34 pm [157] and 3.77 pm

[29] are notable exceptions.

2.3 Absorption measurements

The spectroscopic investigation of ZBLAN glass begins with a bulk glass absorption
measurement. In this measurement, we used a spectrophotometer in the visible to near
IR to measure light transmission through the glass. The absorption coefficient of various

bands in ZBLAN glass are presented.
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2.3.1 Theoretical background of absorption measurement

The absorption of light as it propagates follows the Beer-Lambert law with an exponential

reduction inside the material

1 out
I n

= exp(—a() - 1) = exp(—oaps(N)No - 1), (2.1)

where I, is the transmitted intensity, ;;, is the incident intensity, () is the absorption
coefficient in em ™!, [ is the thickness of the sample in cm, ogs(A) is the absorption
cross-section and Ny is the total dopant ion density in the sample in ¢m™3. We should
note that the a(\) coefficient is dependent on the doping concentration of the sample,
whilst o4p5() is generally not. Equation 2.1 does not take into account Fresnel reflections

or scattering and other losses due to the host material.

The glass samples that were measured were not used for fibre drawing, hence results of

absorption coefficients were obtained for comparison with literature values only.
The data provided by the spectrophotometer was in absorbance units F, where

1
E = loglgf, (2.2)

where T is the transmitted power through the sample in %. The relation between the
absorbance E and the absorption coefficient « is
In (10(E—E0))

o= (2.3)

where Fj is the background loss due to Fresnel reflections, surface and bulk glass scattering

and [ is the sample thickness. Absorption cross-section g is then found according to

(07

o (2.4)

Oabs —

In our measurements, the Fresnel reflections and scattering losses were accounted for by
normalising all results to an undoped ZBLAN sample, therefore obtaining the value for

FEy as a function of wavelength.

2.3.2 Experimental setup

Absorption of glass samples in the range of 300 nm-3000 nm was measured using an
Agilent-Cary 5000 spectrophotometer. A schematic diagram of the device is shown in

Figure 2.2. The spectrophotometer consisted of a broadband light source and a grating
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Detector

Sample beam

AGILENT CARY

Figure 2.2: Schematic diagram of the Agilent-Cary 5000® spectrophotometer, from
[158].

monochromator which enabled the scanning of the incident wavelength. The beam was
chopped by a mechanical chopper at a fixed frequency. The light was divided into two
paths: a reference beam and the sample beam. Both beams were eventually steered onto
a PbS photo detector. The detected signal was demodulated using an internal lock-in

amplifier and the results were displayed using dedicated computer software.

2.3.3 Experimental results

We measured one undoped and three different doped Er:ZBLAN samples that were
manufactured at the University of Adelaide. The strong absorption of Er* ions in
ZBLAN glass meant that only thin samples of 1 mm thickness were used. Figure 2.3
shows the absorption cross-section of the measured samples. The background loss caused
by Fresnel reflection off both glass faces (about 8% in total) and scattering losses from

the glass bulk and surfaces were normalised using the scan of the undoped sample.

Absorption cross-sections for all samples were similar, as expected, although small
differences were found. These could be attributed to uncertainties in the thickness of the
samples (+0.02 mm due to imperfect parallelism in the hand polished samples) and the
ion concentration (estimated to be +£2%). The measured cross-sections were independent

of the ion density within the experimental error.

Table 2.2 lists the peak absorption cross-sections for wavelengths longer than 500 nm

measured during this work and values from the literature.
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Figure 2.3: Absorption cross-section of bulk glass Er:ZBLAN samples.

Table 2.2: Summary of absorption cross-sections of the first five ground transitions in
Er:ZBLAN compared to literature values.

Transition in | Peak wave- | Cross-section | Reference
Er3T:ZBLAN length (x10721 em?)
(nm)

1570 — 30 1530 5.23 +£0.14 This work

5.27 £ 0.09 [146]

5.25 [159]
iso = o 974 2.29 4 0.08 This work

2.3540.15 [146]

2.2 [148]
i50 = 4y 800 0.67 £ 0.04 This work

0.69 £ 0.01 [146]

0.67 91]
1570 — *Fy 651 4.68 £0.15 This work

5.040.3 [146]

4.8 [159]
50 — 520 12.9+£0.6 This work
4S3/2/*Hu1 2

13.3+£0.4 [146]

12.8 [159]
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2.4 Fluorescence lifetime

An additional spectroscopic property of ZBLAN glass needed for the characterization
of the host glass is the lifetime of excited states and the rate at which multi-phonon
decay depopulates them. It was initially planned to measure the lifetimes of excited
states in bulk glass. However, lack of a suitable source that could pump directly into
4152 (800 nm) and *Fy 5 (655 nm) required us to use data from the literature instead,
which is presented in the coming section. We initially describe the Judd-Ofelt method,
which enables obtaining the radiative lifetimes of energy levels by measuring their
absorption spectra. By comparing literature values of the calculated radiative lifetimes
to measured lifetimes from various literature sources, we obtain the non-radiative decay
rates applicable to ZBLAN glass. Later in this work, it became necessary to measure the
lifetimes of the excited states of a doped fibre while it was being pumped. This latter

approach is discussed in section 5.3.

2.4.1 Judd-Ofelt analysis and energy levels lifetime

It is possible to calculate the theoretical emission properties of different energy levels
of Er*t ions in ZBLAN glass using measured absorption cross-sections values. This
analysis is common for the characterisation of new laser materials by examining their
luminescence properties. This technique is named after Judd and Ofelt who described
it independently for the first time [160, 161]. A brief background for the Judd-Ofelt

analysis is presented below.

The Judd-Ofelt analysis compares measured absorption dipole oscillator strength P,

and the theoretical electric P.; and magnetic P,,q absorption dipole oscillators strength

Pezp = Ped + Pmd' (25)

The measured absorption oscillator strength P, is derived from the area under the
absorption cross-section curve for each absorption band, which in the common CGS

representation is

mec® 1
Py =55 55 / S (2.6)

where m, is the electron mass, ¢ is the speed of light, e is the electron charge (in esu)

and )\ is the absorption band barycentre defined using the absorbance E by

_ [EXdx

Ay = .
"7 [ Edx

(2.7)
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The theoretical electric and magnetics dipole oscillator strengths are

812mec 1 1 2
Pg=—" YUt 2.
ST (2J+1)Ab"Z t HU (2:8)
h 1 1
Pa=n-P ., =n—u—" " T 2.
md =T Fmg = <6mec 2J+1) N S) (29)

where h is Plank’s constant, J is the total angular momentum quantum number of
the ground state (15/2 for the case of Er®t) and 7 = (n? + 2)?/9n is a parameter
based on the host refractive index at the specific wavelength band barycentre. €); is
three host dependent Judd-Ofelt parameters determined by solving Equation 2.5 which
equates the experimentally found oscillator strength (Equation 2.6) and the theoretically
calculated one (Equations 2.8 and 2.9). HU H and LS are matrix parameters which are
independent of the host. The HU ® H matrix contains parameters which are associated
with all possible ground, as well as excited state transitions ¢ — j. Values for HU (t) H2 and
LS elements can be found in the literature, with data for Er®* ions found for example
n [146, 162]. To calculate the three ; parameters, the absorption spectra of three
different transitions must be obtained. Increasing the number of spectra used improves

the accuracy of the fitted €; parameters.

Once the ; parameters have been calculated, they can be used to find the theoretical
radiative decay rates. These rates are due to spontaneous emissions from each energy

level using the appropriate HU (t) H2 following

64rt TP
A = 2 Q0 HU H 2.10
«d= gyt e 2 (210
t=2,4.6
8 3
A= wpm (2.11)
MeCN

where 7 is the absorption spectra wavenumber barycentre with ¢m ™! units. The total
decay rate is the sum of the electric and magnetic dipole rates, A = A.g + A,q. The
radiative lifetime 7., of an energy level 7 is the inverse of the sum over all radiative decay
rates from the ith level, A; . .

g 4Yij i

with A;; being the radiative decay rate from energy level i to a lower level j. The

branching ratio 3;;, or percentage of the radiative decay from level i to a lower level j

compared with the total decay rate is defined by

ﬁij = TriAz‘j~ (2.13)
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The theoretical lifetimes (which are usually referred to as “radiative lifetime”) of the
energy levels of Er3T jons in ZBLAN glass can be derived using the equations above.
Judd-Ofelt analysis has been presented in literature many times before for bulk Er:ZBLAN
glass drawn into fibre, for example [147] and also when used for fibre lasers [127, 146].
Since our glass samples were not drawn into fibres, we chose to use literature values
of the Judd-Ofelt parameters calculated by Caspary [146] for the seven lowest energy
levels of Er3+:ZBLAN. These are shown in table 2.3. The table includes the calculated

2 -
, magnetic dipole

energy gap keqic and wavelength .4, reduced matrix elements HU (t)‘
contribution || M/Bm||?, electric (Aqq) and magnetic (A,,q) dipole transition rates and the
branching ratios associates with each of the first seven energy levels and its transitions
to lower laying levels. The dataset presented by Caspary was chosen for its rigour and
completeness and is used throughout this thesis as the basis for theoretical radiative

lifetime values.

In the next section, we combine the calculated and measured literature lifetime data to

find consistent non-radiative decay values for Er®+t:ZBLAN.

2.4.2 Analysis of radiative and non-radiative lifetime data from litera-

ture

Energy level lifetimes are one of the properties calculated using Judd-Ofelt analysis. The
results obtained are labeled “radiative” lifetimes since they do not take into account
non-radiative processes such as multi-phonon decay and other energy-transfer processes.
The lifetime observed in measurement, or “intrinsic” lifetime, can only be determined

experimentally.

The intrinsic lifetime is the result of a combination between the radiative lifetime. Any
other non-radiative decay effect and its measurement is described later in this section.
The low phonon-energy of ZBLAN glass causes the effect of multi-phonon decay to be very
noticeable in reducing the lifetime of many energy levels compared with the calculated
radiative lifetime. This is in contrast to other gain media with higher phonon-energy
where transitions that are affected by multi-phonon decay are depopulated very rapidly
and thus emit almost no fluorescence. The lifetime of energy levels not affected by
multi-phonon decay in the same gain media will be similar to the calculated radiative

lifetime.

To obtain separate values for the non-radiative decay rates, it is necessary to perform
direct measurement of the decay lifetime of excited states and compare it to calculated

radiative decay rates. We did not have a suitable source for such a measurement
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Table 2.3: Judd-Ofelt parameters (HU ®) Hz), electric (Aqq) and magnetic (A,,q) dipole
decay rates and branching ratios (3) of Er3T:ZBLAN; reproduced from Caspary [146].
keate and Agqqic represent the calculated wavenumber and wavelength respectively of the
line centre of the transition obtained from the Judd-Ofelt fit.

final k eale Aeate | U2 JUDE [UO2 |M/S,|2 A A 16
em™ nm 571 st
initial: *F. , 7=10.34ms
HE, 1330 7521 [ 0246 00158 03950 0.0000 0 0 0.000
453 /2 2083 4800 | 0.0001  0.0052  0.0000 0.0000 0 0 0.000
4F9/) 5232 1911 | 0.0120 0.0360  0.0130 6.4133 4 10 0.005
419/2 8055 1242 | 0.0159  0.0959  0.4300 1.8014 99 11 0.037
4111/2 10301 971 0.0034  0.2660  0.1541 0.0000 174 0 0.059
4113/2 13952 717 | 0.0000  0.3383  0.0001 0.0000 370 0 0.125
4115/2 20487 488 | 0.0000  0.1467  0.6283 0.0000 2301 0 0.775
initial: zHﬁ)/z 7= 0.26ms
483 /2 754 — | 0.0000  0.2000  0.0096 0.0000 0 0 0.000
4F9/2 3902 2562 0.3633  0.0228  0.0017 0.2819 12 0 0.003
419/2 6725 1487 | 0.2021  0.0661  0.2844 0.2632 56 1 0.015
4111/2 8971 1115 | 0.0356  0.1383  0.0370 1.3507 46 7 0.014
4113/2 12622 792 | 0.0230  0.0607  0.0523 3.7573 80 58 0.036
4115 5 | 19158 522 | 0.7091  0.4106  0.0934 0.0000 3625 0 0.933
initial: *S, 7=0.731ms
4F9/2 3149 3176 | 0.0000  0.0002  0.0254 0.0000 1 0 0.000
419/2 5971 1675 0.0000  0.0756  0.2539 0.0000 47 0 0.035
)| 8217 1217 | 00000 0.0049  0.0783  0.0000 30 0 0.022
4113/2 11868 843 | 0.0000  0.0000  0.3403 0.0000 369 0 0.271
411_5/2 18404 543 | 0.0000  0.0000  0.2233 0.0000 915 0  0.672
initial: 1F, , 7= 0.861ms
4[9/2 2823 3543 | 0.1256  0.0060  0.0249  11.5670 2 2 0.004
4111/2 5069 1973 | 0.0709  0.0106  1.2752 4.8271 49 6 0.047
U | 87200 1147 | 00105 01536 0.0775  0.0000 50 0 0.043
4115 o | 15255 656 | 0.0000  0.5431  0.4637 0.0000 1053 0 0.906
initial: 419 5 T =0.78ms
4111/2 2246 4452 | 0.0026  0.0681  0.1379  10.6725 1 1 0.011
4113/2 5897 1696 | 0.0004  0.0099  0.7159 0.0000 38 0 0.260
4115 5 | 12432 804 | 0.0000 0.1670  0.0090 0.0000 108 0 0.729
initial: ', 7= T7.87ms
4113/2 3651 2739 | 0.0332  0.1705  1.0886  20.7669 14 8 0.171
4115/2 10186 982 0.0279  0.0003  0.3937 0.0000 105 0 0.829
initial: 1, , 7 =8.52ms
4115 9 6535 1530 | 0.0195 0.1173  1.4328 18.8413 83 34 1.000
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therefore we conducted a literature study. Published data of lifetimes in Er:ZBLAN
mostly concentrated on the levels associated with the 2.75 pum lasing transition, namely
4113/2, 4111/2 and 453/2, see [127, 135, 146, 147, 163]. The latter energy level, although
not directly involved with the lasing action, is populated by excited-state absorption
of 974 nm pump from *I; /2. Our DWP scheme requires knowledge of the lifetime

properties of 41 /2 and 4F, /2 levels as well.

Several publications detail investigation of the lifetimes of the 41y, /2 4, /2 and 4F, /2
levels in Er:ZBLAN with direct pumping [135, 147, 159, 163]. Unfortunately, none of
those sources contained a full Judd-Ofelt analysis which was accompanied with measured
lifetimes of the levels relevant to our work. We therefore conducted a study of available
literature data and combined results from those multiple sources. The end goal of this
investigation was to reach a better understanding of the expected measured lifetime and

non-radiative decay rates associated with those energy levels.

A typical setup for lifetime measurements (see Figure 2.4) uses excitation by a short

pulse duration source, usually an optical parametric oscillator. These sources can

Oscilloscope Computer
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ra
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IS lens
] OPO
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Figure 2.4: Schematics of a typical bulk glass lifetime measurement setup.

provide short pulses on the order of hundreds of femto-seconds to a few nano-seconds,
which are much shorter than the intrinsic lifetime of the levels investigated. The tunable

source beam is focused onto the glass sample and fluorescence is collected through a
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spectrometer used for wavelength discrimination onto a fast detector. Radiation trapping
is a phenomenon that increases the observed lifetime of the excited level. It is caused
by repeated re-absorption and fluorescing cycles by neighbouring ions resulting in an
increase in the observed fluorescence lifetime from the sample. Minimisation of this
effect is achieved by collecting the fluorescence from the edge of the sample or by using a

pinhole on the surface of the sample [164].

Samples with low doping are usually used when intrinsic lifetimes are measured for
the purpose of obtaining multi-phonon rates. This is done to minimise energy-transfer
(ET) and cross-relaxation (CR) processes, which can dominate the temporal behaviour
when high doping concentrations are concerned. The collection of data concerning ET
and CR effects is also of interest and most literature presents lifetime information for
Er3*t:ZBLAN as a function of doping [77, 135, 159, 163].

Consider an energy level N; that has reached a steady state population when pumped
with a constant pump power. If the pumping is abruptly stopped and the level is only
depopulated by a radiative process with a rate A, and a non-radiative process wy,, it

will follow a rate equation of the form:

dN; (t)
dt

= —(Ar + wnr)N(2). (2.14)

Equation 2.14 has a solution in the form of a product of two exponential decays, one

radiative with a time constant 7, and another non-radiative with a different time constant

Tnr
1 1

N(t) = Nl(O)e_t<;+W>, (2.15)

where Np(0) is the population when pumping has stopped.

Once the measured lifetime 7,,, of an energy level has been found experimentally the
non-radiative decay rate due to multi-phonon decay (A4,,) can be determined using the
radiative rate A,. A, is the sum of the calculated electric and magnetic dipole radiative
rates taken from Table 2.3

Ar = Acqg + Ana, (2.16)

and while using the relation A = 1/7 according to
— ==, (2.17)

or in the form of decay rates
Apr = Ay, — Ay (2.18)
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Table 2.4 contains a comparison between different lifetime values obtained from the
literature. Where the source provided both intrinsic and radiative lifetimes, we calculated
the multi-phonon rates and added them to a separate column in Table 2.4. The commonly
cited work of Shinn et al. [151] is not included because of the slightly different glass used.
Table 2.4: Literature values of intrinsic (7,,) and radiative (7,.) lifetime results for
different energy levels in Er3T:ZBLAN. Non-radiative rates are calculated in the cases
where both radiative and measured lifetimes were given in the data source. Lifetimes

data are for room temperature and the following doping concentrations: [127, 146, 163]
- 0.1 mol%, [135] - 0.2 mol% [147] - 0.5 mol%

Energy level Energy Radiative Measured Calculated Data
gap to | lifetime (7,), | (intrinsic) non- source
next lower | based on | lifetime (7,,) | radiative
level Judd-Ofelt rate to next
(em™1) analysis level (sec™1)

50 6535 8.52 ms [146]

9.52 ms 8.69 ms Uncertainty | [127]
— 459 9.8 ms 9.5 ms too high, [135]
7.1 ms 16.2 ms thus not cal- | [147]

culated

o 3651 7.87 ms [146]

8.69 ms 6.71 ms 34 [127]

— 4139 8.7 ms 7.7 ms 8 [135]

7.5 ms 7.32 ms 3.6 [147]

gy 2246 6.78 ms [146]
6.5 ms 7.9 us 125,000 [135]

— 4119 10 us [163]

1Fy )0 2823 0.86 ms [146]
0.59 ms [127]

— 4y 0.92 ms 163 ps 4565 135

0.936 ms 52 us 18,200 [147]

230 ps [163]

148 us This

work

1552 3149 0.73 ms [146]

0.70 ms 0.57 ms 325 [127]

— 4Fy)s 0.74 ms 0.53 ms 533 [135]
0.745 ms 0.354 ms 1480 [147]

0.56 ms 163]

The calculated radiative lifetimes in table 2.4 are fairly consistent, with only slight
variations between literature sources. In contrast, the measured lifetimes exhibited

significant variations between sources. The observable different values obtained by Zou
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and Izumitani in [147], especially for the case of 41,5 /2, were somewhat difficult to explain.
Even their higher doping concentration of 0.5 mol% Er®* ions should not have made such
a large difference. Their indirect method of populating some of those levels may have
caused the increased lifetime of 4115 /2. Large variations in the measured lifetime of the
4F, /2 level between the different sources were also of interest. An especially long 4F, /2
lifetime observed by Wetenkamp in [127] was also difficult to explain. Other sources and
our own investigations of 4 Fy /2 lifetime inside a ZBLAN fibre, described in section 5.3,
point to a much shorter lifetime of less than 200 us. Using the average values of each
level lifetime and excluding the outliers, we can construct an averaged estimate for the
non-radiative rate in ZBLAN glass, summarised in Table 2.5.

Table 2.5: Average non-radiative decay rates in Er:ZBLAN, derived from literature
values shown in table 2.4 with outliers excluded.

Transition Energy  gap | Average radia- | Average mea- | Average NR
to underlying | tive lifetime to | sured lifetime | rate (Anr)
level (em™1) ground *Iy5,5 | to ground | (s71)

(7r) is)0 (Tm)

39 = 59 | 6535 9.28 ms 9.1 ms 2

9 — 459 | 3651 8.14 ms 7.32 ms 14

g = Mhyp | 2246 6.64 ms 9.0 ps 111,000

Fy /9 — g9 2823 0.91 ms 180 ps 4,457

48410 = 4Fyy | 3149 0.73 ms 0.55 ms 448

The values in table 2.5 enabled us to find an average trend for multi-phonon decay in
ZBLAN glass. An exponential model for the multi-phonon decay rate can be found based
on a crystal model applied to glasses by Layne et al. [59]

Wp = K (n(T) + 1)? exp(—a”"AE), (2.19)

where K and o are host dependent constants, n(T') is the occupation of the relevant
level, p is the number of phonons involved in the transition and AF is the energy gap

bridged. This equation is often simplified for room temperature values using

Winp = Cexp(—d/ AE), (2.20)

where C' and o' are material and temperature dependent coefficient which are determined
experimentally, while AFE is the energy gap between adjacent energy levels. For a good
fit of the parameters, it is necessary to use various dopant ions to be able to measure
different energy gaps. In addition, the samples used must have low doping concentrations
to avoid the influence of energy-transfer processes which are commonplace in higher

doping concentrations.
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Figure 2.5 places the average multi-phonon rates summarised in Table 2.5 against a

variety of different ZBLAN glass multi-phonon rate models used in literature. In this case,
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Figure 2.5: Comparison of different multi-phonon rate models at room temperature
from literature. Red - average trend from table 2.5, black - Soga et al. [165], magenta -
Reisfeld and Jorgensen [166] and green - Wetenkamp [127].

our average fit (red in Figure 2.5) with values of o/ = 0.0063cm ™! and C' = 1.8 x 101 571
was very close to the fit found by Soga et al. [165] which used o/ = 0.00665 cm~! and
C =5.11 x 10 s71. These values are very far from the commonly used values obtained
by Wetenkamp [127] with o/ = 0.0021 cm ™! and C' = 1.99 x 10 s7!, depicted in green in
Figure 2.5.

ZBLAN glass with its heavy elements and weak bonds has a comparatively low maximum

I compared with the silica glass value of ~ 1100 ¢m~!. This

phonon energy of ~ 565 cm™
enables ZBLAN fibres to be transparent up to about 4 pym in contrast with 2.5 ym for
silica (see Table 2.1). A comparison of literature values of multi-phonon decay rates of

various glass families is shown in Figure 2.6.

The curves in Figure 2.5 demonstrate the strong dependency of the multi-phonon
decay rate on the energy gap between adjacent levels. The number of phonons that
the glass matrix can support also depends on the material temperature. A higher
temperature increases the number of phonons available according to a Boltzmann-
like distribution. Such behaviour raises the multi-phonon decay rate at temperatures

considerably higher than absolute zero. Following theoretical work by Riseberg and Moos
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Figure 2.6: Comparison of multi-phonon rates for different glass families as a function
of energy gap between levels. Adapted from Layne [59] with the addition of ZBLAN
information from this section. Maximum phonon energy for each glass family is displayed
as well.

[167] and experiments by Layne et al. [59], Equation 2.19 can be expanded to include

the temperature dependency of the multi-phonon decay rate in glass

1

Wy =C Lrw/kBT 1

- 1} ’ e AE, (2.21)
Here, hw is a single frequency equivalent to the maximum phonon energy supported
by the glass matrix, kp is Boltzmann’s constant and 7' the temperature in Kelvin. We
assumed an integer number of phonons of the maximum energy are involved in the decay.
This approach has been verified experimentally both in crystals [167, 168] and in glasses
[59]. It is therefore instructive to see the predicted multi-phonon decay rate change as a
function of temperature for the required laser transition 4Fy /2 = 4T, /2 and the transition
below it 419/2 — 4I11/2. Both transitions are shown in Figure 2.7. We can see that for
the lasing transition with an energy gap of 2823 cm ™!, the calculated change in decay
rate for a 50°K increase in fibre temperature from room temperature is only about 20%.

This behaviour will be discussed further in section 5.3.

The importance of finding the correct multi-phonon values lies in applying those values

in future numerical rate-equation analysis that will be used to simulate the DWP laser.
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Figure 2.7: Calculated multi-phonon rate change with temperature for two ZBLAN
glass transitions: the lasing transition *Fy /2 = 41 /2 and the transition underneath it
419/2 — 4111/2'

2.4.3 Energy-transfer and cross-relaxation processes

Er3* ions can support numerous cross-relaxation (CR) and energy-transfer (ET) processes.
The abundance of these processes is the result of the large number of energy levels
accessible to the Er®* ion. This can effectively redistribute energy between neighbouring
ions using phonon-assisted ET processes. Determining the CR and ET processes macro-
parameters was of significant importance for understanding the spectroscopic behaviour
of Er**:ZBLAN. An example can be found in Pollnau and Jackson’s work predicting a
significant increase in laser efficiency of the 41, 2= 41 /2, 2.75 pm transition. This is
because of the increased rate f the 4I13/2 +< Ii3/9 — 419/2 + 4115/2 ET process at high
doping concentration, which removes a bottleneck in the lower lasing level and improves
laser efficiency [114] (See also section 1.4.2.4). Their work showed that it is theoretically
possible to exceed the Stokes efficiency from this transition. Recent work by Faucher et

al. [136] demonstrated such behaviour for the first time.

We saw in Equation 2.15 that when there are no CR or ET processes, the fluorescence
from an energy level after its direct excitation follows an exponential decay. When CR
and ET processes are present the fluorescence decay behaviour becomes more complicated.
The most common approach for measuring the CR and ET rate parameters involves
observing changes in the shape and time constants of fluorescence decay after direct

excitation of an energy level [77, 169].
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CR processes, which involve energy sharing of ions from different levels, maintain an
exponential decay of the fluorescence. An example can be found in a process that involves
the ground state, Ny and an additional energy level N. In this case, the rate equation
for the population density of IV after the pumping has ceased is

dN(t)

o = ~(An)N(B) = WNo(H)N (1), (2.22)

where A;py = /7., is the intrinsic decay rate of the energy level including multi-phonon
decay, W is the rate coefficient for the CR process involved and Ny(t) is the ground
state ion density. Ny(t) = No(0) ~ C under the assumption of small perturbation to the
ground state. Therefore, Equation 2.22 can be simplified to

dN (t) N(t)

=— — WerNoN(t), (2.23)
dt Tint

which has a solution following an exponential decay of the form

+ WerNy). (2.24)

Tint

The CR process most researched in relation to the 2.75 um lasing in Er3t:ZBLAN was
the process 2H11/2 +4 I5/9 —4 Iy/o +4 I13/5, denoted by Wiso. This process is dependent
on the total ion population, or ground level population prior to pumping - Ny. Therefore,
by pumping directly into the 4S5 2/ 2Hy, /2 level and measuring the lifetime of samples

with different dopant concentrations, the CR rate was found using

1 1
= —— 4+ W50 Np, (2.25)
7_5eff T5int

where 75, y denotes the effective fluorescence lifetime wherein 75, . was the intrinsic

int
lifetime of the 4S5 2/ ’Hy, /2 levels at very low doping concentration. The parameter
values found by Golding in [77] for different Er3* doping concentrations are shown in

Table 2.6.

ET processes involving two ions from the same levels cause the fluorescence decay rate to
change to a non-exponential one. This follows from the rate equation generally associated

with such a case
dN(t N(t
d( ) _ _N®) _ WeruN%(t). (2.26)
t Tint

This rate equation has a non-exponential decay solution of the form

No
N

exp(—t/T) — 1 =2WgryNot[1 — exp(—t/7)]. (2.27)
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This equation can be applied to the Wiy or Way processes in Er3t:ZBLAN, which
depopulate the *I;; /2 Or I /2 levels. Wgry represents the rate of Wiy or Way ETU
processes. Golding et al. showed that upon direct excitation of the *I; 2 and 41 /2
levels, the fluorescence did not decay exponentially either. The initial few ms exhibited
a fast, non-exponential decay, which was dependent on the initial excitation energy used.
After the rapidly-decaying component had subsided, the fluorescence decay reverted to an
ordinary exponential decay form independent from the initial population density. Golding
et al. attributed the fast decays to the two aforementioned energy-transfer upconversion
(ETU) processes of the forms 4113/2 +4 Ligp — 4I9/2 + 4115/2 and 4111/2 +4 Liyp —
4F7 2+ i 15/2 denoted by Wi, and Wasg, respectively. The Wi, and Was rate parameters
were found by finding the slope of the curve which corresponds to 2Wgry N7 at time

t = 0 since this is when the ETU process is most prominent.

The ETU parameters, which were measured in bulk ZBLAN glass by Golding et al.
[77], are on the order of 10717 ¢m?3/s and are referred to in this work as the “strongly
interacting” (SI) parameters. These values were used extensively in the literature until
recently when a new, “weakly interacting” (WI) approach was introduced by Gorjan
et al. [86] and later extended by Li and Jackson [170]. The WI approach asserts that
CR and ETU processes are considerably weaker in ZBLAN fibres than in bulk glass,
with values on the order of 5 x 107 ¢m?3/s. The WI-based CR and ETU parameter
values were found numerically by Gorjan et al. when fitting experimental data to a set
of rate-equations. Both approaches are currently in use and values of CR and ETU
parameters for both are presented in Table 2.6.

Table 2.6: Macroscopic CR and ETU parameters in Er3T:ZBLAN for different doping

concentrations. Ordinary parameters from Golding et al. [77] are denoted “SI” for

“strongly interacting” while “weakly interacting” parameters are in the “WI” row and

are based on data from Li and Jackson [170]. Macroscopic CR and ETU parameters

for Er3* concentrations relevant to this work, which fall in between values found in
literature, were interpolated (*) or extrapolated (}) according to the curves provided in

77, 170].
Parameter Value
Er3* mol % 0.25 1 1.25 | 1.7 4 | 5.00 | 875
Er*t x10% jons/cm? 04 | 1.6 2 2.7 | 6.4 8 14
CR Wi 0.6 | 0.48% | 0.6 | 0.8% | 1.9% | 24 | 3.3
SI | ETU Wy x10717 em3/s 1.3t | 1.3 | 1.4% | 2.2%| 28 | 6.7
ETU Wy 0.161 | 0.2 | 0.3* | 0.8%| 1.0 | 1.9
CR Wi 0.1 | 0.12f | 0.17f | 0.38 | 0.46* | 0.6
WI | ETU Wy;  x10718 em?/s 04f | 04% | 0.4 | 0.6 | 0.8% | 1.8
ETU Wy 0.08% | 0.09Ff | 0.1 | 0.2 | 0.26* | 0.43
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Recent numerical analysis based on the WI approach has been more successful in
reproducing experimental results that could not be explained using SI-based numerical
analysis in ZBLAN fibre lasers [86, 170-172]. However, no physical mechanism has
been identified so far to explain the discrepancy between the SI results in bulk glass
and WI simulated values in fibres. During our spectroscopic investigations, both sets
of parameters were used where applicable with the results compared, see for example

section 5.4.3.

Beyond the processes recognised by Golding et al., there are numerous possible spectro-
scopic processes available in Er®t:ZBLAN, most of them are less known. Many of those
processes were investigated independently by Bogdanov [135]. In his work, Bogdanov
showed that beyond the common two ions processes, there was room to include three ions

processes that could influence behaviour to some extent (see examples in Figure 2.8).

Bogdanov demonstrated that by including three ion interactions, it was possible to
achieve better consistency between simulated and measured fluorescence rise and fall
waveforms. Three-ion interactions were shown to be particularly important at high Er3+
concentrations over 6 mol% and when observing fluorescence rise and decay waveforms

of levels under non-direct pumping conditions [85, 135, 173].
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Figure 2.8: Three ion energy-transfer process based on the work of Bogdanov [85].
The transition notation is based on [169]. It describes the energy levels of the donor ions
on the left and the accepting ions on the right. The T(220,005) requires the emission of
a phonon to conserve energy.

Three ion processes appeared to have relatively small cross-sections. This made them

more relevant for higher doping of Er®t ions, where the interaction between neighbouring
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ions was more likely. Additional two and three ion processes were also described in
[135, 173] but their influence was negligible in a low doping regime such as in our work.
Current literature tends to only use two ion interaction processes and good agreement
with experimental results is achieved (see [86, 174]). We therefore decided to exclude

three ion interactions from the scope of this work.

2.5 Emission cross-sections in Er3T:ZBLAN

The magnitude of the emission cross-sections of laser transitions determine the gain of a
specific transition. The spectroscopic investigation of many glass samples culminates in
obtaining the emission cross-section after measuring absorption cross-sections and energy
level lifetimes. These two are needed in order to obtain the emission cross-section which

is difficult to determine directly.

Direct measurement of emission cross-sections requires a careful unbiased collection of all
photons emitted isotropically over a certain wavelength. Since this is often very difficult
to achieve, two common alternatives have been employed to determining the emission
cross-section. The McCumber relation is a method based on the absorption cross-section
of the same transition which has a reciprocal relation to the emission cross-section.
The Fuchtbauer-Ladenburg method normalises the fluorescence curve obtained from the
relevant transition to obtain the emission cross-section by using the radiative lifetime as

a base for the normalisation.

The McCumber relation [175] links the emission o (\) and absorption o4ps(\) cross-section

0e(A) = oaps(N)exp <€k_B;V> , (2.28)

kp is Boltzman’s constant, T the absolute temperature and € is the net free energy
difference between the two manifolds involved and is related to their partition functions

at the calculated temperature.

We can find exp(e/kpT) based on the ratio between the partition functions of the lower

and upper manifolds N; and N,

N, 1+ Y exp(—Eyi/kpT
exp <k T) = = 2t p(c 13/kpT) (2.29)
B u  exp(—Es/kpT) [1 + > g exp(—Ea; /kpT) | .

Here C is the number of Stark levels in manifold s. This number is equivalent to 2Js + 1

and J + 1/2 for manifolds with even or odd number quantum number J, respectively. Ej
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is the separation between the lowest Stark levels of the two manifolds and F;; is the

energy difference between each Stark level to the lowest Stark level of the same manifold.

Equation 2.28 is generally applicable to crystal and glass hosts. The theory assumes that
the thermal redistribution of population between Stark levels is much faster than the
lifetime of the level. It also operates under the assumption of individual Stark levels’
width being small compared with kg7 [176]. The latter assumption is not always true,
yet the McCumber relation has been shown to work well under most room-temperature

conditions with only small deviations in special cases [177].

An important parameter for future numerical study of a DWP system is the emission
cross-section of the 3.5 um transition. One way of obtaining this value is by applying
the McCumber relation on the absorption cross-section of the *Iq /2 iF, /2. Despite
the large body of research relating to Er3t:ZBLAN, the author did not find a literature
value for the 3.5 pum transition absorption cross-section. We did not have suitable
equipment to allow us to determine the ESA cross-section directly. We therefore used
the Fuchtbauer-Ladenburg method to determine the emission cross-section. This method
is an extension of the Einstein A and B coefficient for a wideband emission [178]. The
Fuchtbauer-Ladenburg method enables the normalising of the integral of the fluorescence

collected to the radiative lifetime 7. of the transition.

Using the measured fluorescence lineshape o.(\) with respect to wavelength or in CGS
units o.(v) as a function of frequency v, the speed of light ¢ and the average refractive

index n, we can use [179]

1 o
= 87rn2c/ UA(4 )i (2.30)

8mn?

= /1/206(1/)(11/, (2.31)

Cc

which allows for directly equating the integrated lineshape to the radiative lifetime.

When non-radiative decay mechanisms are prevalent, it is necessary to introduce the
relevant radiative branching ratio. The radiative lifetime and branching ratio can be

found using Judd-Ofelt analysis. The term 7, ! will therefore change in our case to

1

— = Ay - Baz = Aug, (2.32)

Tr
with A, being the total radiative rate, 343 the radiative branching ratio of the £ /2 —
4, /2 transition and Ag3 the corresponding radiative rate for the 3.5 um fluorescence.
Figure 2.9 depicts the emission cross-section of the *F /2 = 4, /2 transition based on

the fluorescence data provided by T6bben [117] and literature values of radiative lifetime
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Figure 2.9: Emission cross-section of the 4F9/2 — 419/2, 3.5 um transition based on
fluorescence data from T6bben [117]. Cross-section is calculated using the Fuchtbauer-
Ladenburg method and radiative lifetime of 0.81 ms from Tébben [180]. The vertical
red line represents the uncertainty in the cross-section peak value. This uncertainty is
based on the literature variations in the calculated radiative branching ratios of the
4F9/2 — 419/2 transition.

of the transition [146]. The peak of the cross-section was normalised using Equation 2.30
which equates the inverse of the radiative lifetime of the level to the integral over the
fluorescence lineshape. These literature values were obtained using Judd-Oflet analysis.
One problem arising with literature values is that the branching ratio (f843) associated
with the 4F, /2 = 4T, /2 transition varies significantly between publications. The branching
ratio fraction is rather small; S43 values vary between 8 = 0.001 [151] and S = 0.0034
[146]. The significant variation in S43 values result in an estimated peak cross-section
value of 7.5 x 10722 ¢m?. The full range of possible cross-sections, however, is on the
order of 50% uncertainty with values ranging between 4 — 12 x 10722 ¢m?. The large
variations in the branching ratio between different literature sources are probably the
result of the branching-ratio value being so small. Uncertainties in determining the
Judd-Ofelt parameters in conjunction with slight variations in glass composition are
likely to have resulted in the aforementioned differences. These differences result in large
uncertainty in the calculated cross-section. In our future numerical work, a more precise
value could be found by fitting simulated data to experimental results by varying the

peak emission cross-section value.
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2.6 Summary

In this chapter we examined the available literature data concerning Er3*t:ZBLAN,
which is relevant to our DWP laser investigation. We started by reviewing mechanical
and thermal parameters of bulk ZBLAN glass including the damage threshold and the

Sellmeier curve of ZBLAN refractive index.

We continued with literature data available on the absorption cross-section of various
transitions associated with Er3* doping of ZBLAN glass. We compared those literature

data to our own measurements conducted on in-house made bulk ZBLAN samples.

The importance of absorption measurements was presented in lieu of the Judd-Ofelt
analysis that can determine oscillator strength of various transitions. Literature values
were presented including radiative probabilities and branching ratios associated with the

transitions relevant to the 3.5 pum laser and the DWP method.

By using values from various literature sources, we were able to conduct a literature
study of the non-radiative multi-phonon decay rates in ZBLAN glass. Calculated data
was also presented for the multi-phonon rate variation with temperature. We found
that by using o/ = 0.0063 cm~! and C = 1.8 x 10! s~! as the parameters for the
non-radiative fit in Equation 2.20, we were able to consistently fit the average lifetimes
values found in literature. Non-radiative parameters related to CR and ET processes were
also presented for both the “strongly interacting” and “weakly interacting” cases. CR
and ETU parameters were also discussed in light of their importance to the complicated

spectroscopic behaviour of Er3T:ZBLAN glass.

Employing the Fuchtbauer-Ladenburg method enabled us to calculate the emission
cross-section of the 4F9/2 — 4.79/2, 3.5 pm transition to be 7.5f§:g x 10722 e¢m?. This was
based on literature data of fluorescence line shape from the first laser to operate on this
transition as well as radiative lifetime data from literature. This value will be compared

later to the value found in Chapter 6.

This chapter aims to create a coherent picture of spectroscopic data, which is available
from the literature and is relevant for Er3*:ZBLAN in the context of DWP operation.
The parameters found in this chapter, together with parameters found experimentally in
Chapters 3, 5, 6 will be used in future numerical analysis based on rate equation. Such a
model will enable an efficient investigation of the DWP laser system, by exploring different
fibre parameters, such as doping, geometry and pump configurations, before committing
to costly experimental investigation of the more promising designs. In Chapter 3, we

investigate parameters relevant to DWP which are not available from the literature.






Chapter 3

Pump sources spectroscopy

3.1 Overview

N this chapter, we present the spectroscopic investigations that were conducted to

determine the optimum pump wavelengths for our 3.5 um DWP laser system.

First, analysis is presented of data from the literature regarding the optimal wavelength
for the first pump source. The role of this pump is to excite ions from the 4I;5 /2 level to
the Iy, /2 level by ground state absorption (GSA). Experimental data is presented to
support the choice of the first pump wavelength.

Secondly, an investigation of the optimal wavelength for the second pump, which excites
ions from the 4111/2 state to the 4F9/2 state by excited-state absorption (ESA), is
presented. Two pump-probe experiments were conducted. The first determined the
lineshape and hence the optimal wavelength for highest absorption. The second calibrated

this data to convert the lineshape to a wavelength dependent cross-section.

3.2 Evaluation of first pump wavelength

The absorption band of the 4I;5 /2 = I, /2 transition is strongest at 973 nm and has a
linewidth of 20 nm (see section 2.3.3). The success of the erbium doped fibre amplifier
(EDFA) used in the optical fibre telecommunication industry created a strong commercial
incentive for brighter sources in this band. The availability of such sources is continuously
improving and it is now possible to purchase off-the-shelf a 700 mW fibre-coupled, single

transverse mode source [181].

The existence of a strong absorption peak in Er3t:ZBLAN at 974 nm does not mean it is

the optimal wavelength for pumping into this level. Numerous investigations of ESA and

61



62 3.2 FEvaluation of first pump wavelength

the effects of slight wavelength tuning of the pump have been published [114, 170]. These
investigations have had two different motivations. The first is reducing the amount of ESA
upconversion on the 41, /2 = ‘F, /2 transition. Spontaneous decay after this transition is
associated with bright green coloured fluorescence. ESA results in ions lost from the top
lasing levels and subsequent decays, which generate heat in the fibre and therefore reduce
the amplification achieved by EDFAs [82, 148, 182]. The second motivation is enhancing
the green or other visible fluorescence colours using an upconversion mechanism. The
aim of this approach is to achieve a visible colour laser, mostly for coloured display

purposes using easily-available IR wavelength pump sources [183].

3.2.1 Choice of first pump wavelength - data from literature

Quimby et al. presented a comparison of measured GSA and ESA cross-sections of the

980 nm band [148] (see Figure 3.1). These ESA values were found by measuring the
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Figure 3.1: Cross-sections of GSA (red) and ESA (blue) in Er®T:ZBLAN at the 980 nm
band, from Quimby and Miniscalco [148]. Red line - GSA cross-section (4115/2 — 4Fg/2),
blue triangles - first ESA transition evaluated by comparing green fluorescence intensity.

relative fluorescence from the 495 2/ ’Hy, /2 levels (which fluoresce in green) as a function
of the pump source I,(\) power and wavelength. In their experiment, the number of
photons from the 4S3/2/2H11/2 levels was proportional to (Wp,e, -T2 eff) (Wpegsa - Tseff)-

Wrgsa psa are the GSA and ESA pump rates found by

I,(\)o A) A
WPGSAO‘) = p( ) G}LS;A( ) )

(3.1)
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with 0gg4/Es4 the ground and excited-state absorption cross-sections, respectively. Tocff
and 75y are the intrinsic lifetimes of the Iy /2 and 48, /2 levels. Their measured signal
S(A) from the green fluorescence was proportional to the pump power P, wavelength

and cross-sections according to
S(A) o< P2(MX20asa(N)orsa(N). (3.2)

In deriving Equation 3.2, Quimby and Miniscalco assumed negligible depletion of the
ground state and effectively no energy-transfer processes affecting the population of the
T /2 Or 48, /2 levels. These assumptions seem appropriate under the low doping, low

brightness conditions of their experiments.

By changing the wavelength of their pump source, the relative lineshape of the ESA curve
was obtained. The absolute cross-section was determined by equating the integral of the
experimentally obtained ESA curve to the calculated oscillator strength, found using
Judd-Ofelt analysis. A similar procedure was described in more detail in section 2.4.1 of

this work.

In a paper describing the dependence of 2.75 pum lasing on different factors [82], Frerichs
determined that the optimal pump wavelength of operation for this lasing transition is
982 nm. At this wavelength, the ESA cross-section is about 10% of its peak value and
only 20% of the GSA cross-section, while the GSA maintains 60% of its peak value.

The data in Figure 3.1 suggest that ESA upconversion effects can be minimised by using
a longer wavelength of operation for the first pump. The most common commercially
available pump diodes operate at 974 nm, corresponding to the peak of the GSA
absorption band. At this wavelength, the ESA cross-section is about 70% of its maximum
value and has almost equal magnitude to the GSA cross-section. The wavelength
that was eventually chosen was 985 nm. At this wavelength, the GSA cross-section is
oasa = 0.93 x 10721 em?, which is 43% of its peak value. At the same time, the ESA
cross-section is only 5% of its maximal value. Moreover, since the expected pump power
required for our DWP laser was significantly higher than in Frerichs’ case, it was decided

to err on the side of a longer wavelength.

High-brightness diodes are commercially available with wavelengths ranging between
972 nm to 978 nm and by special order up to 980 nm. Therefore we could not obtain a
diode that was designed to operate at 985 nm. We tried and were successful in converting
a commercially available 974 nm diode (a 300 mW, Thorlabs PLI80P330J) to operate at
985 nm. This was achieved by replacing the diode’s external 974 nm fibre Bragg grating
(FBG) with a 985 nm FBG. This was done by cleaving off the original FBG and splicing
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another FBG centred at 985 nm with low peak reflectivity of 9% (sourced from O/E
Land p/n 98-008-5-5503). The external FBGs in these diodes provide the feedback for
wavelength stabilisation (see section 4.2.1 for more details). Although the diode operated
at 985 nm, it was necessary to maintain good temperature control to ensure operation
only at 985 nm. In addition, the maximum power available by the diode was reduced by
about 20%.

Our initial decision to use 985 nm as the first pump wavelength was later supported by
numerical and experimental data. Theoretical thermal analysis discussed in Appendix E
determined that operating under 985 nm pump would result in about a 5°C increase
in temperature compared with about 30°C for a 974 nm pump. Results presented in
section 5.3 showed 15% less lifetime quenching of the upper laser level using 985 nm
over 974 nm. This trend was maintained in our laser results, which are presented in
Chapter 6. In the case of laser operation, maximum power was obtained using 985 nm as
the first pump while shifting to 974 nm resulted in the laser ceasing operation completely

in most cases.

3.3 Excited-state absorption analysis of second pump wave-

length

The role of the second pump source in our DWP system is to excite ions from the “virtual
ground state” (1, /2) to the upper laser level iF, /2 To achieve this efficiently, it was

necessary to identify the optimal wavelength for the second pump.

Calculated data from Caspary [146] suggested a zero-phonon transition wavelength of
1973 nm on the 4F9/2 — 419/2 transition. However, to the best of our knowledge, the
I, /2 = 4F, /2 ESA cross-section has not been measured before. We therefore used

excited state spectroscopy to determine the optimal pump wavelength.

A set of experimental measurements was conducted to find the wavelength with the
highest absorption cross-section for the %I, /2 = 4F, /2 transition. Six sets of pump-
probe experiments were conducted to measure this cross-section. Two additional sets of
experiments were then performed to verify the viability of the DWP method. While a
theoretical background and detailed rationale for conducting each experiment is provided

in sections 3.3.1-3.3.3, a brief description of the experiments is presented here:

1. The lineshape and peak absorption wavelength of the second pump operating on

the Iy, /2 = ‘F, /2 transition were determined and are discussed in section 3.3.1
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and presented briefly in items 2b and 2c below. This section also contains a detailed
description of the basic experimental setup used in experimental stage 1. In this
measurement, two light sources were launched into a ZBLAN fibre. The first was a
974 nm diode and the second source was a broadband supercontinuum laser source
(SCS). Note that all experiments in this chapter were conducted prior to realising
the importance of shifting the first pump wavelength to 985 nm. The 974 nm
diode excited ions from the ground state and created a population at the 41, /2
level. The SCS source excited ions further to levels higher than 41, /2 according
the ESA cross-sections from this level at various wavelengths. The broadband ESA
spectra obtained with the SCS beam was recorded and provided a relative ESA
transition lineshape. The peak of the ESA transition was determined to be at
1973 nm, although an absolute cross-section was only determined in the next set

of experiments.

2. The ESA lineshape found in section 3.3.1 was calibrated to an absolute cross-
section value using the set of experiments detailed in section 3.3.2. The theoretical
background on which the measurements were based is also provided in this section.

The calibration process was performed in three stages:

(a) Two preliminary pump-probe experiments were performed and are described

in section 3.3.2.2:

i. A broadband scan between 1500 nm and 2200 nm verified that there were
no additional ESA transitions in the vicinity of the 1973 nm ESA band.
If additional ESA transitions were to be found, they would have had an
impact on the additional measurements planned. This measurement was
conducted using the 974 nm pump and the SCS beam filtered to transmit
wavelengths longer than 1500 nm. The scan showed that there were no

additional ESA transitions that could affect the next stages.

ii. A second pump-probe experiment using the 974 nm pump with the
SCS beam filtered to only transmit around 800 nm was performed next.
The purpose of this measurement was to determine the wavelength least
affected by ESA, while still having strong GSA at the 800 nm band.
The wavelength with the least ESA and maximum GSA at the 800 nm
band was found to be 797 nm. This wavelength was used as the probe
wavelength in the next experiment (see stage 2b). The GSA and ESA cross-
sections at 797 nm were later used in obtaining the average population of

the 4111/2 level in the fibre.

(b) A third pump-probe experiment used the wavelength found in stage 2(a)ii as

the probe wavelength in conjunction with the 974 nm pump. This experiment
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is described in section 3.3.2.3. In this measurement, we recorded the change
in 797 nm probe transmission through the fibre as a function of the 974 nm
pump power. This provided an absolute average value for the change in the
ground population of the fibre. This change in transmission was the result of
“bleaching of the ground state” 41 /2. This term is used throughout this work
to mean a significant reduction in the population of the state (*I;5 /2 in this
case) because of high pump intensity. In addition, the reduced population
at this state results in less pump power being absorbed as well. The relative
change in 797 nm transmission allowed the population of the 41, /2 level to

be determined under varying 974 nm pump conditions.

(¢) The final pump-probe experiment is described in section 3.3.2.3. In this
experiment, we maintained the same setup as in stage 2b, but with the SCS
beam transmission changed to around the 1970 nm band instead of 800 nm
band. Since the population of the 41, /2 level was determined in the previous
experiment, it was possible to infer the absolute cross-section. The peak value
of the ESA cross-section of the 1970 nm band, was found from the relative

change in its transmission under varying 974 nm pump conditions.

3. The last set of measurements, described in section 3.3.3, provided an independent
evaluation of the DWP method viability by observing the 657 nm and 3.5 um
fluorescence. The upper laser level, 4F, /2, fluoresces mostly to the ground by
emitting at the 657 nm band (see Figure 3.2). Therefore, observing a an order
of magnitude increase in the fluorescence at 657 nm was a good indication of
efficient filling of the *Fy /2 level. Under 974 nm pumping, the 3.5 um fluorescence
was undetectable with our equipment. Once a significant population was built
at the 4F, /2 level, however, the likelihood of observing 3.5 um photons increased
significantly. In these observations, we used the 974 nm pump together with a
more powerful source than the SCS. Due to equipment limitations at this stage,
we could not use a 1973 nm source but a non-optimal laser operating at 1910 nm.
Nevertheless, we observed both a strong increase in the 657 nm band fluorescence

and experienced our first observation of 3.5 pum fluorescence under DWP conditions.

These experiments allowed us to find the optimal wavelength, infer its cross-section and
verify that the DWP method could indeed build a significant population at the 4F /2

level.

3.3.1 Measurement of peak absorption wavelength

Our first task was to establish the width of the 4I; /2 = 4F, /2 transition at around

1973 nm and its peak absorption wavelength. Figure 3.2 shows the first eight energy
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levels of Er3t doped ZBLAN glass. According to the energy level diagram and the
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Figure 3.2: Energy levels diagram of Er3T doped ZBLAN glass. Wavelengths and
energy of excited states from Caspary [146].

spectroscopic data available from Caspary [146], the S 2 = 1F, /2 transition is centred
around 1970 nm. No other GSA or ESA transitions correspond to the same wavelength
band, according to [146], which enabled us to do a simplified pump-probe measurement

with little interference from other transitions.

In the following experiment, we determined the lineshape and peak absorption wavelength
the 4111/2 — 4F9/2 ESA transition. This was done by launching into an Er**:ZBLAN
fibre the light from a 974 nm diode and a broadband SCS. The 974 nm diode excited
ions from the ground state and created a population at the 41, /2 level. The broadband
SCS source excited ions further to levels higher than the 41, /2 level according to the
ESA cross-sections from the 41, /2 level at various wavelengths. By undergoing an ESA
transition, the ions absorbed certain wavelength bands of the SCS light. Therefore, by
recording the difference in transmission of the SCS through the fibre with and without

the 974 nm pump, a relative ESA transition lineshape was obtained.
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3.3.1.1 Experimental setup using in-fibre pump-probe

Determining the optimal ESA wavelength in a fibre has two major advantages: first,
the increased interaction length facilitates the detection of even small absorption cross-
sections, secondly, the fibre ensures good overlap between both pump and probe beams.
For the fibre experiments, we used the commercially available FiberLabs ZSF, Er3+t
doped ZBLAN fibre. The fibre had a 3.6 um core with an NA = 0.28 and 125 um
diameter cladding surrounded by polymer coating with 250 um diameter. The doping
concentration was 8 x 1019 jons/em3 (approximately 5,000 ppm, or 0.5 mol%), which is
considered low doping for an Er:ZBLAN fibre.

The experimental setup for the fibre based pump-probe experiment is shown in Figure 3.3.

In this measurement, both the pump and probe beams were launched into the fibre
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Figure 3.3: Experimental setup for in-fibre pump-probe measurement for determining
1112 — *Fy 5 transition cross-section. BPF - bandpass filter, LPF - longpass filter.

/

from the same direction. The same setup was later used with some modifications for

measuring the 47, /2 4F, /2 transition cross-section and verifying the DWP method.

The pump beam was a 330 mW, 974 nm single mode, fibre-coupled laser diode (Thorlabs
PL980P330J). The 974 nm beam was collimated using an f = 6.15 mm aspheric lens
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(Thorlabs C170-TME-B). Some measurements also required neutral density filters to
reduce the power of the beam while maintaining a constant current for the 974 nm laser
diode. This was necessary to maintain a fixed temperature of the diode to improve both

power and wavelength stability.

The collimated probe beam was generated by an SCS (Koheras SuprK compact). This
was a spatially coherent, broadband light source, generating continuous broadband
emission from ~ 500 nm to ~ 2400 nm. The SCS spectral power density was about
0.01 mW/nm around the 1970 nm band. The single transverse mode of the SCS output
enabled easy alignment and focusing using a single lens. The SCS was internally pulsed
with a pulse width of ~ 1 ns and a repetition frequency of 22.6 kHz. The TTL output
from SCS source was used to synchronise the lock-in amplifier (LIA). Various filters were
used to allow only a certain band of the SCS to be incident on the ZBLAN fibre. An
800 =+ 20 nm bandpass filter and a longpass 1500 nm filter were two examples of filters

used depending on the measurement conducted.

The SCS beam traversed the optical table by a double periscope setup and turning
mirrors. The beam from the SCS was then combined with the 974 nm beam on a 45°
dichroic mirror (CVI SWP-45-Ru1960-Tu980-PW-1025-C). The dichroic mirror reflected
the wavelength range of 1500-2400 nm (as well as a low level residual reflection at
630-700 nm) while it transmitted the 974 nm beam. Co-alignment of both beams was

achieved using two pinholes.

The beams were then launched through an AR coated f = 1.49 mm aspheric lens
(Thorlabs C710-TME-C) into the ZBLAN fibre. Co-alignment was more difficult than
expected due to the need to align the waists of the two beams very precisely in three
dimensions into a 3.6 um core. Moreover, the chromatic dispersion of the launching
asphere resulted in large variations in launch efficiency at the different wavelengths used.
This was especially noticeable when launching the 974 nm pump and the broadband SCS
beam around 1900 nm band. The launching conditions were thus a trade-off between
launched pump and probe power. A better future approach for such an experiment would
be to use reflective focusing optics, such as off-axis parabolic mirrors. These, however,
were not available at the time. The relative nature of the pump-probe experiment made
this a signal-to-noise issue and not a fundamental problem. This is because in the
measurement we conducted a spectral scan of the SCS beam transmitted through the
fibre followed by a repeated scan with the 974 nm pump turned on. Therefore beam
launching conditions remained the same in both cases. This meant that the trade-off in
launching conditions resulted in changes to the minimum resolvable difference measured

with the transmitted broadband probe beam.
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The combined beams were launched into the fibre. The SCS beam, which was filtered to
transmit the 800 nm or 1970 nm bands, interacted with the Er®>* ions by GSA and ESA
transitions when the 974 nm pump was unblocked by the chopper and then emerged
from the other end. Light emerging from the fibre was collimated by an uncoated,
f = 20 mm, CaF4 lens. The beam was then filtered by either 1550 nm or 1150 nm
longpass filters (Thorlabs FEL1500 and FEL1150, respectively). The filters were used
to remove short wavelength fluorescence emerging through the grating spectrometer
higher orders. Following the filters, the light was focused into the spectrometer using an
additional CaFs lens with f=150 mm. The focal length of the lens was chosen based on

the beam diameter to closely match the f-number of the spectrometer.

We used a 1/2 m triple grating spectrometer (Princeton Instrument, Acton 2570i). The
light diffracted by the grating was detected using three different detectors, two of which
could be mounted simultaneously on the two output ports of the spectrometer. The
two detectors could only be used sequentially, though, since the spectrometer required
flipping an internal mirror to select the output port. Visible and near-IR wavelengths
were detected using a silicon photo-diode biased detector (Horiba DSS S-025-TE2-H).
The 1970 nm band light was detected by an extended InGaAs biased photodiode detector
(Thorlabs DET10D). To observe the 2.75 pm and 3.5 pum radiation coming out of the fibre,
a liquid nitrogen cooled amplified InSb photodiode was used (Judson J10D-M204-R01M-
60). The signal from the detector was fed into a LIA (Stanford Research System SRS830)
for amplification and demodulation at the SCS frequency. The signal from the LIA
was then transmitted through an additional amplifier and was logged by computerised

acquisition and control system (Princeton Instruments, SpectraHub).

3.3.1.2 ESA preliminary results

Initial wideband, low resolution (6 nm) results of the change in transmitted probe beam
spectrum are presented in Figure 3.4. The curves represent the change in the transmission
of the probe beam when there was no pump power present and with three different levels
of incident 974 nm pump power. The fibre length used in these experiments was 134 mm

and the detector used was the extended InGaAs photo-diode.

A higher resolution (1 nm) scan showed a wide absorption band stretching between
1900 nm and 2020 nm, with its peak centred at 1973 nm (see Figure 3.5). The depth of
the absorption band was strongly dependent on the level of the 974 nm power launched

into the fibre.

The results shown in Figures 3.4 and 3.5 were obtained with sub-optimal alignment of

both beams into the fibre, which allowed us to observe the continuous change in the
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Figure 3.4: Initial broadband transmission scan showing 4111/2 — 4F9/2 ESA. The
ellipse encompasses the ESA region of the 1973 nm absorption maximum. On the left

side of the curves, we see hints of weak stimulated emission around the 1550 nm band.
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Figure 3.5: Higher resolution scan of changes in 1970 nm band absorption at different

974 nm pump powers. Resolution of measurement is 1 nm.
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probe beam transmission with varying pump power. Once alignment was optimised, a
strong saturation of the absorption occurred at a level similar to the one shown with
the 270 mW curves in Figures 3.4 and 3.5. The saturation effects became apparent
immediately after the 974 nm pump diode reached threshold with an output of a few
mW . The absorption band became completely saturated at about 15 mW of incident
974 nm power, which was very close to the threshold of the diode and was ~ 5% of the

maximum available power.

The change in transmission was assumed to be the same as the absorption ESA profile,
therefore the curves found in Figure 3.5 were used to obtain the lineshape of the

4111/2 — 4F9/2 transition (see Figure 3.6).
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Figure 3.6: Absorption lineshape of the 4111/2 — 4F9/2 transition. The dashed line at
the wings of the curve represents extrapolation of the measured absorption data.

3.3.2 Calibration of absorption spectra

The absorption lineshape obtained was only a relative one and, since the measurement
in section 3.3.1.2 did not provide us with an absolute cross-section. In our next set of
experiments, we calibrated the ESA absorption spectrum using a pump-probe experiment.
To do this, we needed to determine the value at the peak absorption. This required us
to know the average population density along the fibre of the 4I;; /2 level when the ESA
measurement was performed based on an equation similar to the Beer-Lambert law. In
the following section, we theoretically derive the equations necessary to determine the

I, /2 population and the 1973 nm ESA cross-section.
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3.3.2.1 Theoretical background of pump-probe technique

To measure the ESA cross-section, two light sources are needed. The first is a narrow-
band pump source, which excites ions from the ground state to an elevated state. This
source operates in CW or is pulsed or mechanically chopped at low frequency. A second
broadband and usually weak probe source is used to observe the ESA spectrum. The
second source can operate in either CW or be pulsed at higher frequency. The absorption
spectrum of the second source depends on the GSA, ESA and SE properties of the

material under test.

If the probe beam is sufficiently weak as to not perturb the ground state population
significantly, the transmission of the probe beam I,, through the medium when the pump
is off is described by

I, = Iyexp(—NgroGsal), (3.3)

where [y is the launched beam intensity, Ng, is the total ion population density, ocgga
is the ground-state absorption cross-section and [ is the fibre length. This expression
does not include Fresnel reflection off the input and output facets nor background losses,

which are later cancelled out by the relative nature of the measurement.

When the pump beam is turned on, the transmitted probe beam intensity I, is changed
to [184]
I, = Iyexp(—{Nyoasa + Y _[Niogsa(i)] = Y _[Niose(i)]}), (3.4)

i
where N, is the population density of the ground state when the pump is on and Nj is the
population density of the excited level ¢ with its appropriate ESA cross-section ogga(i)
and stimulated emission cross-section ogp(i). If we divide 3.4 by 3.3 and rearrange using

Ngr = Ny + N, we arrive at

z\}ez In @) = ogsa+ Y x (os5(i) — omsal)]. (3.5)

In Equation 3.5, we defined N, = > N; as the total population density of all excited
i

states.

When operating under steady-state conditions, it was possible to estimate the total
excited ions population N, by observing the ratio % at wavelengths where there are no
ESA and SE processes. This is either because the relevant ion populations are very small
or because the cross-sections are negligible. In this case, the terms in the summation on

the right-hand side of Equation 3.5 can be neglected and this equation can be simplified

1 I
N, = In(-2]). (3.6)
ogsal I

to
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In the case where only one ESA process is dominant and there are no GSA or SE

processes, the ESA cross-section can be determined by simplifying Equation 3.5 to

OE%@y:;ﬂm(ﬁ). (3.7)

The population of the excited state follows Beer-Lambert law.

We were able to determine the 41, /2 level population density by employing a pump
source at 974 nm and a probe beam at the 800 nm band. This was done by observing
the changes in absorption of the 800 nm pump with and without the 974 nm pump due
to bleaching of the ground state. Once the 41, /2 population was found, it was possible
to calculate the cross-section of the 1970 nm transition, o1979 nm, using the following

method.
The change in the ground population ANy,ounqg due to the 974 nm pump is

ANy = Nground with pump — Nground = _Ne (3 8)
- _(N4113/2 + N4IH/2 + N4I9/2 + NHigher)v

where Npigner is the population of all other excited states.

The total power of the SCS over the entire 800 nm band (about 0.2 mW incident
excluding launch efficiency) was significantly lower than the 974 nm light incident on the
fibre. The intrinsic lifetime of the 41 /2 state is three orders of magnitude shorter than
the lifetimes of the I, /2 and s /2 levels (see Table 2.5). This means the population of
the 419/2 state was negligible compared with 4111/2 and 4113/2. Hence we could neglect

the term for ]\74[9/2 from Equation 3.8.

The population of higher excited states, Ngigher, Wwas small because of the combination
of low pump power, low doping concentration and the short lifetimes of levels above
I /2. Pollnau et al. showed numerically [91], in a case similar to ours with CW 974 nm
pumping that less than 1% of the population occupied levels above 41y, /2. Hence, we
disregard the Npgper term in Equation 3.8. We therefore only maintained the following
terms

ANy = =N, = —(Na,, ,, + Nap,, ). (3.9)

In [91], Pollnau et al. also derived the ratio of population of the *I;5 /2 and I /2 levels
to the total excited population. The ratio was calculated numerically using a system
of rate equations taking into account the 4115/2, 4113/2 and 4I11/2 levels, as well as the

ESA populated 49, /2 level. Pollnu et al. found that the population of the levels was
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dominated by the ratio of lifetimes of the energy levels. According to their calculations,
the lifetimes of the levels dominated the dynamics at up to almost 4 mol% doping of
Er3* ions [77, 135], which is considerably higher than the doping used in the fibre in
our experiment (0.5 mol%). We can therefore use the excited population ratio found by
Pollnau of 33% and 66% for the 41,5 /2 and 1, /2 levels” occupation, respectively. Using

these results together with Equation 3.9, we assume

2

5 (AN). (3.10)

N4111/2 ~
We can find an expression for the transmission of the 800 nm band light with and
without pumping at 974 nm by applying Equation 3.5 without SE terms. If we now
use the value of N4111/2 according to Equation 3.10 together with the population ratio
N41~13/2 = %N4IH/2 from [91] and substitute Equation 3.10 into Equation 3.5, we can show
that

In < IoutSOOnm pump ()\1 ) ) _
Tout 800nm (A1)

= [_UGSA(AI)ANgTound — UESA4113/2 ()\1)]\74[13/2 — UESA4111/2 ()\1)N4111/2:| -1 (3.11)

1 1
= Nap, ), -1 |:120800nm()\1) ~ 50BSAy, (A1) — UESA4IH/2(>\1)] :

where Ioui800nm pump(A1) and  Lougoonm (A1) are the terms for the transmitted 800 nm
band light at a specific wavelength A\; with and without the 974 nm pump, respectively.

Equation 3.11 can be rearranged to reach the final expression for Naj /27

N 1 (Iout 800nm pump()‘l) ) 1 !

I - ‘ v

11/2 Tout 800nm (A1) 1%0GSA()\1) o %UESA4113/2 (A1) = GESA4111/2 (o) !
(3.12)

To determine the population of the %I, /2, it was necessary to know the GSA and ESA
cross-sections for specific wavelengths. These values were found using the data provided
by Pollnau et al. [91]. To maximise the signal-to-noise, it was important to conduct the

calculations at a wavelength within the 800 nm band where GSA is dominant.

We could then determine the ESA cross-section of the 41, /2 = 1F, /2 transition. We
saw in Equation 3.7 that if there are no GSA and SE transitions and there is only one
ESA transition involved, then the absorption of the probe beam follows Beer-Lambert
law. Pumping with 974 nm generated only a very small population at the *F, /2 level.
This population is the result of non-radiative decay from the 4S; 12/ ’Hy, /2 levels, which
is assumed to be very small. Thus, SE caused by the passage of the 1970 nm band
weak probe beam was assumed to be negligible. In addition, there were no ground-state

absorption transitions associated with the 1970 nm band and the only ESA transition
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available at this band was the 4111/2 — 4F9/2. In that case, once the 4I11/2 level
population density was known, it was possible to evaluate the 1970 nm band ESA
cross-section at a specific wavelength, ogs4 1970nm(A2), by measuring the ratio between
the pumped (11973nm with pump(A2)) and unpumped (/1973nm(A2)) transmissions of the
1970 nm band light using

(3.13)

OESA 1970nm<)\2) — _ In ( 1973nm wzthpump( 2)) '

Nap,, 1 Lo73nm (A2)

By combining Equation 3.13 and 3.12, we reached the final form of the 1970 nm cross-
section as a function of transmitted 1970 nm power and 800 nm power when the 974 nm

pump is on

130800nm (M) + 50854, (M) +omsa,, (A1)
OESA1970nm(A2) = — L e
1 <Iout 800nm pump(/\1)>

Iout 800nm (>\1)

I .
« In < 1973nm with pump(A2) > ‘
T973nm (X2)

(3.14)

In the above derivation, all population densities are assumed to be the average values
over the entire fibre length. The exponential absorption profile of the pump means that
the local ion density at each position along the fibre is different. Under the assumptions
of negligible effect of CR and ETU processes and negligible loss in the fibre, the average
ion densities are independent of the local population and depend only on the total pump
power absorbed. These assumptions are thus expected to be valid in our case since
the fibre used had low doping concentration and the pump power used was low, both

minimising the effects of CR and ETU processes.

The derivation by Pollnau et al. in [91] assumed that bleaching of the ground state was
very limited. In their case, less than 15% of the population was in an excited state. In
our case, due to the small core of the fibre, a large fraction of the population could be
excited. Thus, in order to maintain the validity of the above derivation, it was necessary
to reduce the pump power to as low levels as possible. The calculated ogs4 1973nm (A2)
value was not accurate when using high 974 nm pump power which excited a significant

fraction of the ion population.

Since a pump-probe measurement is oriented towards detecting changes and not absolute
intensity of the probe beam, the change in readings can have positive or negative values.
ESA transitions reduce the amount of probe beam transmitted and are thus manifested
as a negative change in signal. SE, which increases the amount of transmitted light under

pumping conditions, would show as a positive change, or increased signal. In the case of
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GSA transitions, when the sample is pumped there is a smaller population that is able to
absorb the probe wavelengths associated with GSA, resulting in bleaching of the ground
state, which in turn reduces the pump absorption. The bleaching term is represented
by the first term on the right-hand side of Equation 3.5. Since more of the probe beam
intensity is transmitted, I, — I,, is positive, resulting in a total positive change in signal

as well.

Following the above derivation, the cross-section of the *F, /2 = 4T, /2 transition was
found following a three stage approach. First, it was necessary to determine the changes
in the 41,5 /2 ground state population under 974 nm pumping to later be able to calculate
the transmission of the 1973 nm band. The change in the ground state under 974 nm
pump was found using a pump-probe measurement, which involved pumping at 974 nm
and using a probe beam within the 800 nm band. This measurement required two
preliminary stages, which are described in sections 3.3.2.2.2 and 3.3.2.2.3, in which
we determined whether there were more than one ESA possible at the 1973 nm band
and which wavelength around 800 nm was the most suitable as a probe wavelength for
the main experiment. In the next stages, described in section 3.3.2.3, we found the
population of the 41, /2 level under different 974 nm pump conditions using changes in
the transmission of the 800 nm band. Finally, we determined the ESA cross-section of
the 1973 nm band by observing the changes in transmission of a broadband 1970 nm

beam using the same experimental setup and 974 nm pump conditions.

3.3.2.2 Preliminary experiments to determine the existence of additional
ESA transitions at the 1970 nm band and to find the optimal
800 nm band wavelength for measuring bleaching of the ground

state

In deriving Equation 3.13, we assumed that there was only a single ESA transition
at the 1970 nm band. This allowed us to use Equation 3.7, which is essentially Beer-
Lambert law applied to a single ESA transition. The work of Caspary [146] showed
theoretically that there were no ESA transitions centred around the 1970 nm band except
the Iy, /2 = 4Ky /2 transition. Piatkowski and Mackowski published in [185, 186] an
experimental and theoretical analysis of ESA transitions in Er3*:ZBLAN for the first
five energy levels. No results were published, however, for ESA transition longer than
1800 nm including the 4111/2 — 4F9/2 transition. To the best of our knowledge, until
our work there was no experimental verification that the 1970 nm band was not covered
by the wings of another ESA transition. Therefore, we conducted the first preliminary

experiment to verify that the 1970 nm ESA transition stands on its own.
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To find the ground state bleaching under 974 nm pump, we observed the transmission of
800 nm band light through the fibre. The 800 nm band was found using a pump-probe
measurement, which involved pumping at 974 nm and using a probe beam within the
800 nm band. The 800 nm band is covered by a GSA transition and two ESA transitions
[91]. To maximise the signal-to-noise in this experiment, it was necessary to determine
which wavelength was mostly dominated by GSA in contrast to ESA. The wavelength

found was later used for our bleaching of the ground experiment.

3.3.2.2.1 Preliminary experimental setup

In the preliminary experiments, we used a pump-probe experimental setup comprising of
two LIAs in a double-modulation configuration. The setup was similar to the ones in the
works of Pollnau et al. and De-Sousa et al. in [91] and [187], respectively. This setup
added to that shown in Figure 3.3 a second LIA and a mechanical chopper modulating the

pump beam. A schematic of the preliminary experimental setup is shown in Figure 3.7.
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Figure 3.7: Experimental setup for in-fibre pump-probe using double modulation.
BPF - bandpass filter, LPF - longpass filter.

The double-modulation configuration followed the same mathematical behaviour of the

simple pump-probe technique defined in Equation 3.5. The difference between the two
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techniques arises from the number of scans necessary to obtain the reading of In (»/1,)
on the left-hand side of Equation 3.5. In the simple configuration, it was necessary to run
two scans: one with the pump off and another with the pump on. The natural logarithm
was then calculated off-line. In the double modulation experiment, the logarithm could
be obtained directly because of the following approximation, which was valid under the

assumption of a weak pump and probe beams

LY\ L,-1\ AT\ Al AT
ln<Iu>—ln<1+Iu>—ln<l+Iu) .~ T (3.15)

AT here is the difference in the measured intensity with the pump on and off. The second

L

to last assignment in Equation 3.15 was valid when the weak probe beam only caused
minor perturbation to the ground state, while the last assignment holds for low pump
powers that did not alter the transmitted probe I significantly, therefore I, ~ I, ~ I.
In the measurement, the output signal of the first LIA was filtered with a relatively
wideband filter. This made the output contain both a signal modulated by the probe
beam and an additional signal, which was proportional to the probe beam intensity
modulated by the pump beam frequency (see Figure 3.8). The additional signal, which
was proportional to the difference between the pumped and unpumped cases I, — I,
was isolated as the output signal of the second LIA. The two LIA outputs were divided
using software and the resulting signal, which was proportional to 21/r, was found. The

proportion factor would be the amplification factor of the first LIA.

For the system to operate properly, a few requirements had to be met:

1. A two-slot mechanical chopper (Thorlabs MC1000A system) was added to modulate
the pump beam. The chopper had to operate at a slow enough frequency to allow
the excited states sufficient time to stabilise. This required using three to five
lifetimes of the excited state for full stabilisation. In the following experiments,
the 4111/2 level lifetime was on the order of 7 ms, so an exposure time of 21 ms
or longer was necessary for a steady state. The corresponding frequency of this
exposure time was 23 Hz when operating at 50% duty-cycle. We operated at
frequencies ranging from 41.6 Hz (in cases where 90% stabilisation, equivalent
to 1.5 lifetimes, was sufficient for qualitative measurements) to 10 Hz for the

quantitative measurements.

2. The bandwidth of the internal filter of the first LIA had to be relatively wide with
a corresponding integration time of just 1 ms. Such fast integration time was based
on the SCS reference frequency of 22.6 kHz. This short integration time ensured
that the first LIA’s filter did not remove the vp.ope — Vpump and Vprope + Vpump

signals when demodulating the incoming signal, as shown in Figure 3.8. In this
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Figure 3.8: Principles of operation of double modulation pump-probe measurement.
The initial signal was generated from the transmitted probe beam, which was modulated
by the pump frequency. Therefore, it contained a fundamental frequency at vp,ope
and two side-lobes at Vprope — Vpump aNd Vprope + Vpump- After applying the first LIA
filter, the signal was folded around zero frequency with the remaining signal at vpymp.
Applying the second LIA filtering isolated the signal, which was proportional to I, — I,
and brought it to DC (0 Hz).

fashion, the signals were able to be carried through to the LIA output and then be
demodulated further in the second LIA.

3. The second LIA required a narrow filter corresponding to a longer integration
time. In our setup, this filter was set to between 100 ms and 1 s of integration
time, depending on the slow chopper frequency used while using 24 dB/Octave roll
off. The output of the second LIA was a DC signal proportional to the difference
I, —I,.

The first LIA (Stanford Research SRS830) used the SCS TTL output frequency as
its reference. This LIA used the signal from the detector on the output slit of the
spectrometer to measure the transmitted probe power levels through the sample I. The
second LIA used the probe beam chopper as its reference and was fed by the demodulated
output of the first LIA. Our second LIA (Stanford Research SRS850) effectively measured

the difference, A, of the transmission of the sample with the pump beam in the on and
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off states, respectively. The two LIA outputs were then divided using the software and
the resulting A1/r signal was proportional to the sum of the GSA/ESA/SE transitions,

as described in section 3.3.2.1.

3.3.2.2.2 Results of wideband scan of the 1970 nm band for identifying
additional ESA transitions

The results of the wideband ESA verification measurement are shown in Figure 3.9. The
1970 nm ESA transition can be seen clearly, while no additional, neighbouring ESA
transitions were observed. This scan confirmed our assumption of a single ESA transition
at the 1970 nm band, thus validating the usage of Equation 3.7 in our derivation at

section 3.3.2.1.

ESA and SE bands, which were further removed from the 1970 nm band, were identified.
The negative shallow feature at 1620-1720 nm was the result of ESA on the 4113/2 — 419/2
transition. The strong positive lines close to 1550 nm and shorter were the result of
the 4115/2 — 4.713/2 GSA transition combined with SE on the 2H11/2 — 4I9/2 transition.
This SE transition starts at 1470 nm but the short edge was not measured in this scan,
shown in Figure 3.9, because of the 1500 nm longpass filter used to eliminate second

order shorter wavelengths from coming through the spectrometer.
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Figure 3.9: Wideband pump-probe scan. The scan starts at 1500 nm since it was
necessary to use a 1500 nm longpass filter to block higher diffractions orders from
showing on the spectrometer scan.
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3.3.2.2.3 Results of the narrow-band scan of the 800 nm band
The results of the second preliminary experiment are shown in Figure 3.10. This scan
helped to determine the peak GSA wavelength at the 800 nm band to be used in the

bleaching of the ground experiment.
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Figure 3.10: Pump-probe scan for determining 800 nm wavelength. The only region
with dominant GSA is at 797.25 nm.

From Equation 3.5, we see that when there is negligible SE with GSA and multiple ESA

present, the logarithm of the ratio between the pumped and unpumped follows

%ln <§Z> = NeOGSA — Z Neogsal(i). (3.16)
i
We can therefore see that the signal will only be positive if GSA is dominant. The
scan showed that ESA transitions were common at the 800 nm band. Figure 3.10 also
shows that GSA is the dominant effect around the wavelength of 797.25 nm. This
result reaffirmed the results of Pollnau et al. in [91] where GSA and ESA cross-section
curves are compared. The peak of the 15 /2 —4 1 /2 GSA transition was very close to
797.25 nm, while being coincidentally at the intersection point of both 415 /2 —2 Hy, /2
and 41, /2 -4y s2 ESA transition cross-section curves. By using this wavelength, we

were able to obtain the highest signal-to-noise and be least affected by ESA at the 800 nm
band.
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3.3.2.3 Measurement of the average 4111/2 population density and the 1970 nm-

band cross-section

The preliminary experiments verified the necessary assumptions of our derivation in
section 3.3.2.1. We therefore continued with two consecutive experiments to find the
average 1, /2 population density along the fibre which allowed us to measure the 1973 nm,

ESA cross-section.

In the first experiment, we determined the average population density of the 41, /2 level as
a function of pump power using Equation 3.12. This was done by observing the changes in
the transmitted 797 nm light under varying 974 nm pump power. The transmission ratio,
together with GSA and ESA cross-sections at 797 nm from [91] (cgsa = 6.7 x 10722 em?,
JESA4II3/2 =11.6 x 10722 ¢m? and UE5A4111/2 = 1.5 x 10722 cm2)7 were substituted into

Equation 3.12 and provided the average ion density.

We then immediately switched to the second experiment, which used the same setup.
This maintained the same 974 nm launching condition, therefore obtaining the same
T /2 level population density and bleaching of the ground state. We then observed the
changes in the transmitted 1973 nm intensity under varying 974 nm pump power. The
transmission ratio, and the previously calculated average ion density were substituted

into Equation 3.13, providing us with the ESA cross-section.

3.3.2.3.1 Experimental setup for measuring the average 4[11/2 population
density and the 1970 nm-band cross-section
The two experiments used an experimental setup very similar to the one described in

section 3.3.1.1 and shown in Figure 3.3. Some slight variations are described below.

We originally used a 1500 nm longpass filter in the setup which was replaced by an
800 nm bandpass filter for this experiment. An 800 nm filter was used for the first stage

of the experiment while the 1500 longpass filter was used for the second part.

A 65 ¢m long fibre was used. This was done to achieve stronger absorption observed
from the light traversing the fibre. The 800 nm filtered SCS beam was detected by
an amplified Si based photodiode (Horiba DSS S-025-TE2-H) with its signal delivered
to the LTA. The wavelengths around 1973 nm were detected by an extended InGaAs
biased photodiode detector (Thorlabs DET10D). The measurement procedure used the
following methodology:
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1. Transmission measurement of 797.25 nm at the peak GSA was performed. The
974 nm power level incident on the fibre was varied. This was done while keeping
the 974 nm diode power level fixed using neutral density (ND) filters on the 974 nm
pump arm. This prevented changes in diode wavelengths when changing pump
power and improved power stability by operating the diode high above its threshold.
It also enabled obtaining low incident power, which was needed for operation within

the validity of our derivation in section 3.3.2.1.

2. Nap, ), Was calculated by comparing the transmission of 800 nm light with and
without 974 nm pumping. Separate spectra were taken for each case, i.e. we did
not use double modulation. Two operational power levels of the 974 nm diode
were used, 13.5 mW and 270 mW . These levels were obtained by attenuating the
beam using a set of ND filters with optical densities ranging from 2.5 to 0.2. Stable
readings with incident 974 nm pump power as low as 0.5 mW were taken. To
further increase the precision and average the noise from the SCS source, averaging

of multiple scans was performed at each power level.

3. Measurement of ESA was performed at the 1970 nm band while using the same
setup and 974 nm power levels as in step 2. For this measurement, the 800 nm
filter was removed and replaced with the 1500 nm longpass filter. The silicon
photo-diode used for detecting the 800 nm band was swapped with the extended
InGaAs photo-diode capable of detecting the 1970 nm band.

4. Peak 01970nm Was deduced from the transmission ratio of the 1973 nm light with
and without the 974 nm pump and the Naj P population using Equations 3.12
and 3.13. The 1970 nm ESA lineshape from Figure 3.6 was then normalised to

absolute values.

3.3.2.3.2 Results and analysis of the average 4111/2 population density and
the 1970 nm-band cross-section measurements

The results of the average ion density and cross-section measurements are shown in
Figures 3.11 and 3.12, respectively. The 41, /2 level ion density averaged over the fibre
is seen in Figure 3.11. The results indicated that bleaching of the ground and 974 nm
pump saturation started occurring at 25 mW of incident power. The measured Naj P

0'9 jons/em3. Combining this result

population density at this power level was 1.2 x 1
with the expected population density of 415 /2 of half the aforementioned value, we
reached a total excited population of about 1.8 x 10'® jons/cm?. This population was
equivalent to about 23% of the total ion population. As the data in Figure 3.11 shows,
the excited *I; /2 population was about twice that value when using 270 mW of incident

power, reaching close to half the total excited ion population. This number is indicative
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Figure 3.11: Measured Nij,, , population averaged over the fibre as a function of
incident 974 nm pump. To achieve the various power levels, a single incident power at
974 nm was used while being attenuated with neutral density filters. A FiberLabs ZSF
fibre with 3.6 pum core and 5000 ppm Er3* concentration was used. For incident power
levels of up to 4 mW, an attenuated beam of 13.5 mW was used, while all other results
used an attenuated beam of 270 mW. The line in the graph is added as a guide to the
eye.
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Figure 3.12: Derived 01973nm ESA cross-section as a function of incident 974 nm
pump. Power levels change was obtained in a similar fashion to Figure 3.11.The line in
the graph is added as a guide to the eye.
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only, however, since at these population levels the underlying assumption of the rate
equation model used for deriving the population did not hold [91]. This is because the
derivation by Pollnau et al. assumed no significant bleaching of the ground nor any pump
absorption saturation, both of which were clearly present at high pump power in our
case. By pump absorption saturation we mean lower absorption of the pump because of
reduced population density at the lower level or due to SE from the level pumped to, in
case it does not decay sufficiently fast. Strong saturation of the *I; /2 level would have
increased the population of higher levels due to both ESA and energy-transfer processes,

thus invalidating the simplified assumptions in the numerical model by Pollnau et al.

Figure 3.12 transformed the Naj P population into 1973 nm ESA cross-section values ac-
cording to Equation 3.14. This was done using additional SCS transmission measurement
with the 974 nm pump in the on and off states. Although the 800 nm filter was replaced

with the 1500 nm longpass filter, all other experimental conditions were maintained.

A consistent cross-section was maintained at low incident 974 nm power. An average
of 01973nm = 2.3 £ 0.8 x 10721 ¢m? was obtained for the first five data points. The
relatively high uncertainty at the low power data arises from the lower signal-to-noise and
instabilities of the SCS source. At higher incident 974 nm power, we see a steady decline
in the calculated cross-section, which is likely the result of our calculation assumptions,
which were based on the model by Pollnau et al., not being valid any more as explained

2 we were able to normalise

above. Using the average value of o1973nm = 2.3 x 10721 em
the ESA absorption according to the lineshape in Figure 3.6 and obtain an absolute ESA

cross-section, which can be seen in Figure 3.13.

Once the ESA absorption cross-section was known, we could infer the emission cross-
section of the *Fy /2 = I /2 transition, which was superimposed on Figure 3.13. This
was done by applying the McCumber relation presented in Equation 2.28 in section 2.5.
By using Equation 2.28 together with the absorption cross-section found here and the
energy of the appropriate Stark levels found in [188], we arrived at a peak emission
cross-section of o, = 2.6 0.9 x 102! e¢m? with the wavelength dependency shown in
Figure 3.13. The McCumber method is common for obtaining emission cross-sections
based on experimental values of GSA transitions’ cross-section. Quimby and Zheng
showed that this method is applicable for obtaining ESA and SE spectra while finding

their absolute values as well [189)].

In conclusion, we obtained the population of both 41, /2 and L5 /2 under 974 nm pump
conditions with an 800 nm band probe beam. ESA of the 41, /2 -4 Fy /2 transition was
evaluated by combining this data with the relative transmission of the 1970 nm band
under 974 nm pumping. The value obtained of o1973nm = 2.3 + 0.8 x 1072 e¢m? is the

first experimental value obtained for this ESA transition.
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Figure 3.13: ESA cross-section of the *I;; /2 = 1Fy /2 transition based on measurement
of bleaching of the ground. The black dot-dashed line represents extrapolation of

the measured absorption data. Peak absorption cross-section value is 01973nm abs =

2.3+ 0.8 x 1072 ¢m? and emission peak value is 61973nm em = 2.6 0.9 x 10721 em?.

3.3.3 Independent confirmation of DWP mechanism

Before lasing was achieved (see Chapter 6), it was desirable to have an independent
confirmation that the observed 1973 nm band ESA was the result of the absorption of
the probe beam due to DWP and not an artefact of the measurement caused by heating

or misalignment. Three different methods were tried.

We first tried to observe the 1970 nm fluorescence on the *Fy /2 = S /2 transition.
Such fluorescence would have been the result of the increased population of the 4F, /2
level. We were unsuccessful, however, as this weak fluorescence was obscured by the
broadband SCS beam when we observed the light coming out of the fibre. Looking at
the fluorescence through the side of the fibre was not possible, due to the absorption of
1970 nm light by its coating and its mechanical fragility, which prevented stripping it far

from the tip and thus observing with low level of scattered pump light.

The second approach, described in section 3.3.3.1, was based on observing the 657 nm
fluorescence from 4Fy /2 to the ground state. At this stage, however, it was realised that
a second pump source more powerful than the SCS was needed. We constructed such
a source based on a Tm?* doped silica fibre (see Appendix C.1). Using this source,

operating in conjunction with the previously used 974 nm pump diode, it was possible
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to increase the population of the *Fy /2 level dramatically. We observed a significant

increase in the fluorescence of the 657 nm due to the DWP mechanism.

In the last method tried, we observed 3.5 wm fluorescence from the *F /2 level that
was populated using the DWP mechanism (see section C.2.1). This was the first time
we observed this fluorescence. Fluorescence at 3.5 um was a good indicator for 4 Fy /2
population build up and thus validated the DWP mechanism. This is because the 4F, /2
population under sole 974 nm pumping was very small (although weak fluorescence at
657 nm was observable with very low signal to noise). Moreover, the very small branching
ratio of the 4F, /2 = 4, /2 transition combined with its preferred non-radiate depopulation
mechanism quickly quenches this level. Therefore, without strong population build-up at
the 4 F, /2 level, 3.5 um fluorescence would have been undetectable by our instruments.
Obtaining significant 3.5 pm fluorescence emanating from the *Fy /2 = 4T, /2 transition
was a necessary precursor to obtain laser action on this transition. The results obtained
with the new second pump source provided an incentive to move towards building a full
DWP system.

3.3.3.1 Observation of increase in 657 nm band fluorescence from the 4F9/2
level using DWP

The objective of this experiment was observing increased 657 nm fluorescence from
the 4F, /2 level under DWP conditions. The intensity of fluorescence on both the
4F, /2 = s /2 transition to the ground and 4Fy 2 = 4, /2 laser transition were dependent
on the population of the *F, /2 level. Therefore, observing a significantly stronger 657 nm

fluorescence from the 4 Fy /2 level would be an indication of the levels’ increased population.

Using the SCS in DWP configuration created a relatively small population density at
the 4 F, /2 level because of the low spectral power density available from the SCS at the
1970 nm band (= 0.01 mW /nm [190]). Observation of a significant population build-up
necessitated using a more powerful second pump source. We constructed such a source
based on a Tm3*t doped silica fibre (TFL), replicating the design of Wu et al. [191].
This source, which had three orders of magnitude improvement in spectral power density,
operating in conjunction with the previously used 974 nm pump diode, increased the
population of the *Fy /2 level dramatically. We therefore observed a significant increase

in the fluorescence of the 657 nm due to the DWP mechanism.

The experimental setup for observing the increase in the 657 nm fluorescence experiment
is shown in Figure 3.14. This setup had the following modifications from the setup used

for the pump-probe measurements shown in Figure 3.3:
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Figure 3.14: Experimental setup for observing increased 657 nm fluorescence and
3.5 um fluorescence. To switch between detecting 657 nm and 3.5 um, we replaced the
650 nm bandpass with a 3-5 um bandpass filter and the detector was changed from a
Si photo-diode based detector to an InSb photo detector.

/

1. The Er:ZBLAN fibre length was changed to 173 mm to allow for increased absorp-

tion of the second pump.

2. The wideband, low power SCS probe beam was replaced with the output fibre from
the TFL. This fibre laser emitted up to 350 mW at 1909 nm when operated in
CW.

3. A mechanical chopper (Thorlabs MC1000) operating with a 10 slots blade at up to
1 kHz was used on the fluorescence emerging from the ZBLAN fibre to improve

the signal-to-noise while using a LIA.

4. The 1550 nm longpass filter originally used after the ZBLAN fibre was replaced
with a bandpass filter centred at 650 nm and 40 nm wide (Thorlabs FBH650-40
denoted as BPF in Figure 3.14).
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5. A Si photo-diode (Horiba DSS S-025-TE2-H) replaced the extended InGaAs detec-

tor.

Schematics and other operational details of this replicated TFL are described in detail
in Appendix C. The fibre laser operated in CW mode and produced between 200 and
350 mW at 1909 nm, depending on the cooling method used. As evident from Figure 3.13,
operation at 1909 nm was not ideal as it was far into the short wing of the 41, /2 = 4F, /2
ESA transition. The absorption cross-section was approximately six times lower than
the peak absorption possible around 1973 nm. Component constraints did not allow

changing the wavelength, thus we used this laser.

The 657 nm fluorescence level was recorded as a function of incident 1909 nm TFL

power, as seen in Figure 3.15. Baseline 657 nm fluorescence was taken with the fibre
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Figure 3.15: 657 nm fluorescence level when DWP. 974 nm incident power is 14 mW
with the 1909 nm incident power varying.

laser off while the 974 nm pump operating at 14 mW of incident power. Some 657 nm
fluorescence was observed due to the 41, /2= ir, /2 ESA relaxation to the 4F, /2 level.
From there, ions which relax radiatively did so, mostly by 657 nm fluorescence according
to the branching ratio. The 974 nm pump was kept at the 14 mW level, while additional
measurements were conducted with varying levels of incident 1909 nm TFL power.
A linear increase in the fluorescence power was observed at incident power of up to
120 mW of the TFL. Beyond that power, saturation effects were observed likely as a

result of saturation of the 1909 nm pump absorption. The eight fold increase in 657 nm
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fluorescence was a clear indication of a more significant population of the 4 Fy /2 level due
to the DWP mechanism.

3.3.3.2 Observation of 3.5 um fluorescence

The strong increase in 657 nm fluorescence while pumping with the 1909 nm TFL
encouraged us to search for 3.5 pum fluorescence as well. Because of the very low
branching of the 4F /2 = 4 /2 transition, 3.5 um fluorescence is very weak. To observe
this fluorescence, it was necessary to significantly increase the population of the 4F, /2
level. We therefore used the same setup used for observing the increase in 657 nm. In
the previous measurement, we used a rather low incident 974 nm pump power so we
could observe the linear behaviour at low pump. In this experiment, we used all the
power that was available to us to generate maximum 3.5 pm fluorescence, which was

otherwise too feeble to observe.

To observe the 3.5 um fluorescence, we used the same experimental setup as the one used
for observing the 657 nm fluorescence (see Figure 3.14), with two minor modifications.
The Si photo-diode detector at the spectrometer output was replaced by a liquid nitrogen
cooled InSb detector (Judson J10D-M204-R01M-60) and the 650 nm BPF was replaced
with a 3-5 pm BPF (Spectrogon BBP-3000-5000nm).

Operating at 290 mW and 325 mW of incident 974 nm and 1909 nm, respectively, we
observed a broad fluorescence lineshape centred at 3470 nm (see Figure 3.16). The
fluorescence intensity in the figure is normalised to the 3.5 um fluorescence reported
by T6bben [117] superimposed as a reference. This 3.5 um band fluorescence was the
first indication that it was possible to generate some observable fluorescence on the

4F9/2 — 4I9/2 transition.

The distinct feature at 3810 nm was verified to be the result of a second order of the
1909 nm pump that was able to pass through the spectrometer and the 3-5 ym BPF. The
fluorescence had a very broad nature starting at 3100 nm and ending at over 3850 nm
with its peak at 3470 nm. This peak value was slightly shorter than the 3545 nm
predicted by Caspary [146]. The shape of the fluorescence curve matched well the
fluorescence shape obtained by T6bben in [117], although it appeared slightly broader,
possibly due to noise in our measurement. Later in this work, after the proper pump
sources were constructed, slightly different fluorescence curve shapes were encountered
(as described in Chapters 5 and 6). Those 3.5 um fluorescence curves were taken from
different fibres made by different manufacturers and with various doping concentrations,

which may explain the slight shape differences.
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Figure 3.16: First observation of 3.5 um fluorescence obtained in ZBLAN fibre using
DWP method. The 974 nm diode operated at 290 mW incident power while the
1909 nm fibre laser incident power was 325 mW . Approximately 30 mW of 1909 nm
pump power was absorbed in the fibre. The distinctive feature at 3820 nm is the result
of stray light from the 1909 nm source passing through the 3-5 pm BPF. Additional
filtering of the 1909 nm light dropped the 3.5 pum signal level to the noise level and thus
it was not used.

This newly observed fluorescence was an additional confirmation that the 3.5 pym fluo-
rescence could be obtained using the DWP method. The poor matching between the
1909 nm pump source and the optimal wavelength of 1973 nm meant that improved

pump sources were necessary to achieve lasing.

3.4 Conclusions

At the beginning of this chapter, we presented a brief overview of available literature
data regarding the optimal wavelength for the first pump. It was found that operating
at the vicinity of 985 nm would have several advantages. Those included a more even

pump absorption for both pumps while maintaining low ESA levels for the first pump.

By using the broadband SCS and a 974 nm diode, in a pump-probe configuration we
found the optimal second pump wavelength to be 1972 + 2 nm. In addition, we were able
to derive the population of both 41, /2 and 1s /2 under 974 nm pump conditions. This
was achieved by observing the changes in the absorption of an 800 nm beam launched

into the ZBLAN fibre while co-pumping with the 974 nm pump. ESA cross-section of



Chapter 3 Pump sources spectroscopy 93

3.5

- )
- o ) o

ESA cross section (cm 2x10721)

o
o

0 L i i i i i i [N |
1860 1880 1900 1920 1940 1960 1980 2000 2020 2040
Wavelength {(nm)

Figure 3.17: 1973 nm ESA with uncertainty. The dark red line represent the values
obtained using bleaching of the ground measurement (section 3.3.2.3.2). The shaded
red area represents the uncertainty in the cross-section, which is assumed to scale in a
similar fashion to the peak value uncertainty for all wavelengths.

the 4I11/2 —4 Fy/o transition, seen in Figure 3.17, was evaluated with a value obtained
of 01973nm = 2.3 + 0.8 x 1072 ¢m?. This method is the first experimentally obtained

value for this ESA transition.

We constructed a preliminary DWP setup, which included a 974 nm diode and a 1909 nm
TFL. We conducted two measurements with this setup. The first observed an increase in
the 657 nm fluorescence when DWP. The second measurement obtained our first 3.5 pm
fluorescence observed with DWP. Both showed that the DWP method can be applied to

create a significant population at the *Fy /2 level, a necessary precursor for 3.5 um lasing.

The results obtained in this chapter were utilised to create the first 3.5 ym DWP laser
(as described in Chapter 6). These results will be used in future numerical analysis of

the DWP system.






Chapter 4

Pump sources

4.1 Overview

N this chapter we discuss the pump sources used throughout this work. First we
describe the construction and characterisation of the source used to promote Er3*
ions from the ground state (4115/2) to the “virtual ground” state (4111/2). We include
descriptions of commercial sources that were sometimes modified to achieve a different

wavelength than that for which they were designed.

A second pump source for elevating ions from the *I;; /2 state to the 4Fy /2 state was
also needed. The optimal wavelength for this transition is 1973 nm (see section 3.3.2).
At the beginning of this research, affordable sources with good beam quality were not
commercially available and therefore we needed to build them. Three different variants
were developed during this work. The first two are described in Appendix C while the

final version used in the 3.5 um laser experiments is described in this chapter.

Most of the experimental work described in this thesis was conducted using a single-clad
Er3*t:ZBLAN fibre (except in some parts of Chapter 5). When using such a fibre, it was
necessary to launch the pump beam into fibre cores with diameters ranging from 3.6 to
10 wm. The combination of the numerical aperture of these fibres (NA = 0.12 and 0.15,
respectively) with their core size resulted in supporting only a small number of guided
modes at the 980 nm band and a single mode or four modes at 1973 nm (depending
on manufacturing tolerances). Achieving good launch efficiency of both pump beams
into these fibres required both pump sources to have excellent beam quality, therefore
predominately coupling to the fundamental transverse mode of the fibre. Fibre-coupled
sources which supported only a single transverse mode were thus used when core pumping

fibres in this work.
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4.2 First pump source

Commercial solid-state sources relevant to pumping of Er®* ions are currently available
from 970 nm to 980 nm. They are available as fibre-coupled sources in either a single
transverse mode, or highly multi-mode, high power, low brightness source. The wavelength
bands commonly used for telecom applications is 974-976 nm. These wavelengths
correspond to the peak of the absorption of Er®t and Yb3*t ions. Both are available
with fibre-coupled outputs, allowing for easier integration into existing setups. High
brightness, single transverse mode sources are often used in telecom amplifiers. High
power, low brightness sources are mostly used for 1550 nm fibre lasers that employ a

double-clad fibre geometry.

The peak absorption of the 4I 5 12— T /2 ground state absorption (GSA) transition
in ZBLAN glass is 974 nm (see section 2.3). This wavelength is similar to the GSA in
Er?*t doped silica glass and hence a large selection of sources are commercially available.
This is because the 974 nm band is used as the pump wavelength of choice for optical

amplifiers in the telecom industry.

4.2.1 High-brightness, single transverse mode source

Experiments that used core pumping at the 980 nm band required a high brightness
diode with excellent beam quality. For these experiments, a fibre-coupled, 974 nm,
single transverse mode, 330 mW un-polarised source was used (Thorlabs PLI80P330J).
The pigtail fibre attached to the diode was a HI1060 single mode fibre with a 5.9 ym
mode-field diameter. To maintain excellent beam quality out of the fibre, the beam was
collimated for different experiments using various aspheric lenses. The most common

one was a Thorlabs C170-TME-C with a focal length of f = 6.213 mm at 980 nm.

The high-brightness diode was designed to operate with a bandwidth of less than
1 nm. To achieve this narrow band and maintain wavelength stability against changing
temperature, an external fibre Bragg grating (FBG) with 9% reflectivity was spliced by

the manufacturer onto the pigtail fibre of the diode.

In section 3.2 we found that it is preferential to use a pump operating at 985 nm over
974 nm. This is because pumping at 985 nm results in a higher population in the
I /2 level. In addition, the 4T /2 population is more evenly distributed along the fibre.
Both of these properties improve the absorption of the second, 1973 nm pump. Further,

a significantly smaller fraction of the pump power results in excited state absorption
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Figure 4.1: 974 nm fibre-coupled single transversal mode diode

(ESA), which can substantially reduce the thermal load in the fibre core (described in
Appendix E).

Fibre-coupled, solid-state pump sources at 985 nm are non-standard and to the best of
our knowledge are not available off-the-shelf. Therefore, to allow operation at 985 nm,
the external FBG was removed and a different FBG at a wavelength of 985.23 nm (O/E
land 98-008-5-5503) was spliced in its place.

Figure 4.2 shows the spectrum of the fibre-coupled diode as a function of the diode
junction temperature after removing the original 974 nm FBG, but prior to splicing the
new FBG. The temperature was determined by monitoring the voltage of the internal
thermistor of the diode. The wavelength was measured by collecting light reflected off a
lens using a large core, high numerical aperture fibre that was fed into an optical spectrum
analyser (Yokogawa ANDO AQG6315E). The figure shows that the peak wavelength red-
shifted as the temperature of the diode increased. To obtain power at a wavelength
close to 985 nm, it was necessary to operate the diode at high temperature that exceeds
40°C. Figure 4.2 demonstrates that without an FBG, the peak output was at 985 nm
only when the diode temperature was increased to 51°C. The high-brightness diode was
able to operate at 974 nm with its original FBG, at 985 nm and 974 nm with the new
FBG and in-between these wavelengths without the FBG. We shall therefore refer to
this diode as the 980 nm diode. When the wavelength of operation is of importance to

the discussion, it will shall refer to the wavelength explicitly.

The spectral behaviour of the diode with the 980 nm FBG spliced onto it is shown in
Figure 4.3. Multiple features appear if the diode temperature is too cold. When the
diode temperature was increased to above 30°C, a more pronounced and stable 985 nm

line appeared.
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Figure 4.2: 980 nm diode wavelength change with temperature without FBG. Diode
operating at its maximum supply current of 700 mA. Temperature reading is based
on the diode’s internal thermistor resistance. Note that measured power (in dBm -
10-based logarithmic scale relative to 1 mW) is small since the light was collected off a
reflection of a lens in the path of the beam.
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Figure 4.3: 980 nm diode spectral purity as a function of temperature with 985 nm
FBG. Diode operating at its maximum supply current of 700 mA. Temperature reading
is based on the diode internal thermistor resistance. Note that measured power (in
dBm - logarithmic scale relative to 1 mW) is small since the light was collected off a
reflection of a lens in the path of the beam.
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At lower temperatures, the diode would operate predominantly on two lines: 975 nm
and 978 nm. A suitable combination of current and temperature made it possible to
operate the diode with the bulk of its output power concentrated at the 974 nm line
only. This was used to study the difference between pumping with 974 nm or 985 nm as
described in Chapter 5.

The high temperature needed to ensure stable operation at 985 nm reduced the efficiency

of the diode. Figure 4.4 compares the output power exiting the fibre of the diode with its
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Figure 4.4: 980 nm high-brightness diode output power comparison between original,
974 nm FBG and spliced 985 nm FBG. The wavelengths in the legend are the ones
containing over 95% of the power of the diode while operating at the stated temperature.
Therefore, at 21°C, the diode with the modified 985 nm FBG maintained operation
at the peak of its gain, which was 974 nm. To ensure stable, narrow-line operation at

985 nm for all power levels, it was necessary to raise the temperature of the diode to
51°C.

original 974 nm FBG to the power with the spliced 985 nm FBG. When the diode with
the modified FBG was operated close to room temperature, it preferentially operated on
the 974 nm and 978 nm lines. The diode with the modified FBG delivered a maximum
of 363 mW at 974 nm while operating at the slightly lower temperature of 21°C. This
was only a 4.5% reduction in the output power compared with the diode in its original
configuration. To ensure stable, narrow-line 985 nm operation at all power levels, it
was necessary to operate the diode at 51°C. This relatively high operation temperature
decreased its maximum output power to 298 mW, a 21% reduction in the maximum

power compared with the original configuration.
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The lower power available at 985 nm would affect our 3.5 pm laser performance in
Chapter 6 by creating a slightly smaller population at the 41, /2 state. However, it was
very difficult to obtain lasing while operating with the first pump operating at 974 nm.
Therefore, until higher brightness sources become available, this degradation had to be

tolerated.

4.2.2 High-power, low brightness, 974 nm source

Some of the experiments in this work were conducted using a double-clad ZBLAN fibre.
These experiments, which used the double-clad, ZDF fibre from FiberLabs, are described
in Chapter 5. This fibre was pumped by a high-power, low-brightness, 974 nm diode
because light from the diode could be easily coupled to the 300 wm inner cladding of the
fibre. This diode was used in our initial lasing trials prior to our realisation that 985 nm
is better suited for DWP purposes (see section 3.2). The diode was used after we gained
this understanding during the upper laser level lifetime quenching investigations, which
are described in section 5.3. It was not possible to temperature-tune the wavelength
of this diode to 985 nm because of the high temperature it would have necessitated.
However, in the future we expect to be able to procure similar diodes that operate closer

to 980 nm and will enable wavelength tuning close to 985 nm.

The advantages of clad-pumping over core pumping include a longer interaction length,
allowing for higher overall gain. In addition, a more even, almost linear excitation of the
ions is achieved in the fibre core. A further advantage is the thermal load per unit length
is significantly reduced, which means less demanding thermal management requirements

in possible future applications.

The high-power, low-brightness source we used was a 30 W, fibre-coupled, 974 nm laser
diode (LIMO HLU30F200-980, see Figure 4.5). This multi-mode diode was coupled into
a 200 pm, multi-mode delivery fibre. The output from the delivery fibre was collimated
using a fast aspheric lens (Thorlabs AL2520 with focal length f = 20 mm and numerical
aperture NA = 0.54) and later focused into the ZBLAN fibre.

The output power of the LIMO diode as a function of the driving current is shown in
Figure 4.6. Wavelength tuning of the LIMO diode was not attempted as its specifications

would require temperature of operation exceeding 70°C.
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Figure 4.5: High-power, low-brightness, 974 nm laser diode source LIMO HLU30F200-
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Figure 4.6: LIMO 974 nm high-power low-brightness diode output power as a function
of driver current.

4.3 Second pump sources using Tm37T:silica fibre lasers

Three versions of the second, 1973 nm pump source were built. All versions used Tm?3*t
doped silica to make thulium-based fibre lasers (TFL). The first two versions were based
on a 1550 nm in-band pumped gain switched design that were operated in CW instead
of pulsed operation. The third version used a simple 790 nm pumped, double clad, Tm3+
doped silica fibre. This version was the one used for obtaining 3.5 um lasing using DWP.
We used the two gain switched versions initially due to their availability. Details of the
construction and performance of these preliminary in-band TFL sources are provided in
Appendix C. The final TFL version was constructed to simplify operation. Its design

and operational details are provided in this section.
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4.3.1 Simplified TFL based on 790 nm pumped double-clad fibre

Details of this TFL laser are shown schematically in Figure 4.7. It was designed and
built when a 790 nm high-power fibre-coupled laser diode became available to us. This
variant significantly simplified construction and allowed higher CW output power levels

to be achieved. This TFL comprised of pump diode segment and a laser resonator.

Limo diode 100 um 1973 nm Nufern fibre Dichroic
790 nm, 35 W MM fibre HR FBG PM-TDF-10/130 HR 790nm AR 1973
diode = I. LR BB
1:1 Imaging Collimating 1973 nm laser
asphere beam

Figure 4.7: Schematic of 790 nm pumped Tm3* fibre laser.

The pump source was a 790 nm fibre-coupled, high-power, low brightness diode (LIMO
35-F100-DL790). The fibre of this diode was well matched to the 125 pum diameter,
double-clad fibre because its delivery fibre was 100 pm in diameter. Since the reinforced

delivery fibre could not be spliced, the 790 nm beam was imaged into the next fibre.

The pump light was launched into the next fibre using a set of two aspheric lenses
(Thorlabs C230-TME-B) for a 1:1 imaging. This fibre contained a narrow-band, 1973 nm,
highly-reflective FBG (Teraxion PWS-HPR-1970-1.6-99.5-PM10/130-0-1) acting as the
back resonator mirror. The FBG was spliced to 2.5 m of active Tm3* doped silica fibre
(Nufern PM-TDF-10/130). This fibre had a 130 gm inner cladding and a core diameter
of 10 wm with a numerical aperture of NA = 0.15, which made this fibre single mode at
the wavelength of 1973 nm. The 2.5 m of fibre that was available achieved 75% pump
absorption. The other end of the resonator was completed by the Fresnel reflection from

the straight cleaved end of the fibre.

The output beam of this TFL was collimated using an aspheric lens (Thorlabs C560-
TME-C). The 790 nm pump power emerging from the Tm3* doped fibre was reflected
back into the resonator using a dichroic mirror. This mirror had a highly reflective
coating at 790 nm which was also anti-reflective at 1973 nm. The addition of the
dichroic mirror improved the laser output power by 10%. This TFL reached threshold
at 1.72 W of incident 790 nm pump and it was operated to a maximum power of 5 W,
with a slope efficiency of 25.7% (see Figure 4.8). These results are comparable to early
results from Tm3*-doped double clad silica fibres [192] that were limited by the 39%
Stokes efficiency of this transition. Slope efficiency could be improved significantly in

highly doped and specialised fibres due to the CR process 3Fy +2 Hg — 3Hy +3 Hy (see
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for example [193, 194]). This process should enable reaching close to twice the Stokes
efficiency. We did not have longer lengths of Tm>*-doped that could achieve higher pump
absorption and since this power level was deemed sufficient for our DWP application, we

did not pursue higher output power.
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Figure 4.8: Power output of the 790 nm pumped Tm37 fibre laser.

Over 75% of the power emitted by this laser was incident on the ZBLAN fibre when
dual-wavelength pumping (DWP). This pump source was used to demonstrate 3.5 um
lasing with the DWP scheme. With over 3.5 W of incident power, there was no need for
additional improvement in the power of our second pump source, since the 3.5 um laser

power was limited by the brightness of our first pump source (see section 6.4.3).

4.4 Conclusions

In this chapter, we describe the various pump sources used with our investigations of the
DWP scheme. We start by presenting the commercial sources used as the first pump for
elevating ions from the ground state (4115/2) to the meta-stable level (4111/2). We then
describe the final variant of TFL used as the second pump source. This pump source was
used to elevate the ions from the “virtual ground” state (1, /2) to the upper laser level
(4Fy /2)- This TFL variant was used for demonstrating the 3.5 um lasing in Chapter 6.
A design which would allow future gain switching of the 3.5 um laser and obtaining high
peak power is presented in Appendix C.
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In the next chapter, we examine a few parameters important for the eventual demonstra-

tion of 3.5 um lasing using the DWP method.



Chapter 5

The challenges of using
Er3T:ZBLAN based fibres

5.1 Overview

EVELOPING a 3.5 um fibre laser was more difficult than originally expected. The
four-level nature of this transition should allow lasing with a relatively modest
amount of absorbed 1973 nm light. Previous experiments described in Chapter 3 showed
that up to 30% of the 1973 nm light is absorbed using 0.5 mol% doped fibre under low
power conditions. This should have lead to a significant inversion when using highly doped
fibre with higher powered versions of our 1973 nm pump source. The first unsuccessful
attempts of lasing were undertaken using a heavily doped fibre with 4 mol% of Er3* ions.
We chose a fibre with a higher doping concentration for several reasons: Its commercial
availability, the higher gain expected from a highly doped fibre overcoming internal losses
in the fibre and the possibility of using shorter fibre resulting in lower overall internal
losses. These were all important factors because of the low emission cross-section (see
section 2.5) and hence the gain of the 4 F, /2 = 4T, /2 transition. In addition, this doping
was identified as the minimum needed to achieve efficient lasing on the %I, /2 = 41 /2
transition at 2.75 pum [114]. The absence of lasing obtained when using the 4 mol% Er3*
doped FiberLabs fibre raised questions as to the root cause of the problem and whether

a new approach was needed.

This chapter details the additional investigations undertaken to identify the reasons
why lasing did not occur. It provides a closer look at the spectroscopic properties of
Er3*:ZBLAN under dual-wavelength pumping (DWP). During the investigations detailed
in this chapter, we identified a lifetime quenching effect of the upper laser level 4F, /2
under DWP conditions. We then identified a previously unknown energy-transfer process

that is the likely cause of the lifetime quenching. Using a set of experiments, we measured
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the magnitude of this ET effect. Our improved understanding of the dynamics of the
system led us to use a lower doped fibre in our later experiments. This allowed us to

achieve the first lasing on the 3.5 um transition using DWP as described in Chapter 6.

This chapter begins with a description of the system used throughout the experiments
conducted from this point in this thesis and onwards (section 5.2). We continue by
reporting on investigation of the dynamics of the Er3t:ZBLAN system under DWP
conditions. This involved measuring the lifetime of the upper laser state *F, /2 under
DWP (section 5.3). This measurement found an unexpected lifetime quenching effect. We
hypothesise this effect to be the result of a previously undocumented energy-transfer (ET)
effect and not due to thermal effects (which are analysed in greater detail in Appendix E).
In section 5.4, we provide additional evidence to the existence of this ET effect and
we calculate the magnitude of the ET constant. This was done by first measuring the
fluorescence from different Er®* energy levels under DWP conditions. These fluorescence
intensities were proportional to the population densities of the observed levels. Their
absolute population densities were found by normalising the fluorescence reading at low
pump power according to modelled population densities determined using a rate-equation
simulation. The ET process was then included in the rate equations and its magnitude

was determined by fitting it to the experimental results of the lifetime measurement.

5.2 General purpose experimental setup for spectroscopy

All of the experiments described in Chapters 5 and 6 use a single setup with slight
variations. This section describes this common setup and provides an overview schematic
in Figure 5.1 while variations and changes are described separately in each section. Full

schematics of this this setup can be found in Appendix D.

5.2.1 DWP pump sources

The 3.5 pm DWP laser system required combining two pump sources. We changed the
sources used in Chapter 3 to two new, optimised sources. The pump sources described

in Chapter 4 were used exclusively from this point onwards.

The first pump was a commercially available, 330 mW fibre-coupled laser diode, operating
at 974 nm wavelength. This diode was described in detail in section 4.2.1. The diode was
capable of narrow-band operation at either 985 nm or 974 nm by tuning the temperature

of the diode. This source will be referred to as the “980 nm diode” from this point
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onward. If the wavelength is relevant to the context, the diode will be referred to as the

974 nm or 985 nm diode, explicitly.

The second pump laser was an in-house built 1973 nm fibre laser, which was described
in detail in section 4.3.1. This Tm3* fibre laser (TFL) was pumped by a 35 W, 790 nm
fibre-coupled diode. A high-reflectivity FBG was used to stabilise the wavelength. Its
output was a single transverse mode and unpolarised with a wavelength of 1973 nm (see

section 4.3.1 for details).

5.2.2 DWP general purpose experimental setup

The beams from the two pump sources were combined using a 45° dichroic mirror and
coupled into the ZBLAN fibre. Each source was individually mode-matched into the core
of the ZBLAN fibre prior to their combination. The diameters and divergence of each of
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Figure 5.1: General purpose experimental setup for additional spectroscopy measure-
ments. The beam emerging from the ZBLAN fibre could be directed towards either a
thermal power meter, a thermal camera or a grating spectrometer.
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the pump beams were adjusted using pairs of lenses to ensure waists of appropriate size
for the core of the type of fibre used were located on the input face of the ZBLAN fibre
(see Appendix D, Figure D.2 for detailed schematics).

Before combining with the 980 nm pump beam, the 1973 nm beam passed through a
BK-7 wedge, which was used to sample the Tm3T fibre laser power using a thermal
power meter (Thorlabs S302C). The 1973 nm beam then passed through a mechanical
chopper (Thorlabs MC1000) operating with a combination of two 10 slots blades in
a ~30% duty-cycle configuration. This enabled operation in either CW mode or in
chopped mode at frequencies up to 1 kHz and with a duty-cycle of ~ 30%. The combined
pump beams were reflected by a mirror into an aspheric lens (Thorlabs A220TM-C with
f =11.0 mm). This lens launched the beams through an HR-coated dichroic laser mirror
(Altechna 3 mm thick CaFs) into the ZBLAN fibre (see Appendix D, Figure D.3 for
detailed schematics). The HR mirror was either butt-coupled or displaced from the fibre

tip, depending on the measurement performed.

The co-alignment procedure for the two pump beams is described in detail in Appendix G
and a summary of the process is provided below. The beams were made to propagate
over a long distance by removing the diverting mirror shown in Figure 5.1. The two
combined beams were co-aligned to ensure they coincided closely and were parallel over
the length of the optical table. This was necessary to ensure that both focused beams

were co-axial after the aspheric lens.

The diverting mirror was then replaced, directing the pump beams through the centre
of the launching asphere (Thorlabs A220TM-C or AL1815 depending on the ZBLAN
fibre used). A knife-edge apparatus with two perpendicular blades was mounted on a
translation stage. This apparatus was employed to locate the waists and verify co-location.
A tedious process to correct small deviations of the waists of both beam was performed

(see details of the apparatus and process in Appendix G, sections G.3 and G.2).

Firstly, the exact waist locations along the optical axis of both pump beams were found.
Minor adjustments to the individual mode-matching were performed to ensure the waist
location differed by less than 10 um. This process ensured that the waists overlapped
well within the Rayleigh range of the focused beams (typically 40 um and 60 um for the
980 nm and 1973 nm, respectively). At the same time, the lateral position overlap of the
centres of the beams was verified by the micrometre resolution knife-edge apparatus to be
within 2 ym perpendicular to the optical axis in both horizontal and vertical directions.
This process ensured that both pump beams were well within the acceptance mode of
the core numerical aperture (NA). This was especially important when using the double
clad FiberLabs ZDF fibre, which had a relatively low NA = 0.12. In this fibre, light that
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was not coupled into the core propagated easily in the first cladding with little overall

absorption or attenuation.

After alignment, both beams were launched into the fibre, which rested in a groove
in the fibre holder block. The transmitted pump beams and the fluorescence that
emerged from the far end of the fibre were collimated using a CaF» lens (Thorlabs
LA5315 f = 20 mm nominal). This lens was later replaced with an off-axis parabolic
(OAP) mirror (Thorlabs MPD127127-90-M01 f = 25.4 mum), to mitigate issues with the
alignment to the spectrometer cause by chromatic focal-distance shift of the C'aF5 lens.
The transmitted pump and the fluorescence from the fibre were then incident on one of

three possible detectors:

e Thermal imaging camera - Ophir Pyrocam III. This camera was used to validate
that the 1973 nm beam was propagating in the core of the FiberLabs fibre. This
was necessary since the normalised frequency (V-number denoted as Vi core) of the
core of this fibre at 1973 nm was very close to the single-mode limit of Vi core = 2.4,
requiring good mode-matching of the beam to the fundamental mode of the fibre.
If the 1973 nm beam was coupled well into the core, then an image of the core
would form rather than a random speckle pattern associated with propagation in

the inner cladding and poor alignment.

e Power meter - Ophir 50 W L50A-SH connected to a Nova II console. This power
meter measured the residual transmitted pump through the ZBLAN fibre. It enabled
calculating the absorbed 1973 nm pump power by subtracting the transmitted
1973 nm pump power with and without the 980 nm pump. The transmitted
980 nm pump was rejected by using a 1500 nm longpass filter (Thorlabs FEL100).

e Triple grating spectrometer - Acton SP2557i with multiple possible detectors. This

was used to determine the fluorescence spectrum and the lasing wavelength.

The initial alignment of the fibre to the pump beams was obtained by maximising the
green and red fluorescence from the 455 /2 and 1F, /2 levels, respectively, when under DWP.
The output from the fibre was directed through a 2500 nm longpass filter (Spectrogon
713.709.290) and the beam was matched to the numerical aperture of the spectrometer
using an OAP mirror (Thorlabs MPD127254-90-M01 f = 50.8 mm). When operating in
CW a mechanical chopper wheel was used to chop the input fluorescence at 5986 Hz
to enable detection with a lock-in amplifier (LIA). This frequency was used as it was
the highest frequency available with our chopper, whilst maintaining good mechanical

stability.
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Spectral measurement used one of the three internal diffraction gratings of the spectrom-
eter according to the wavelength band observed. The grating densities available were
600, 300 and 150 grooves per mm, which were blazed for maximum efficiency at 1 um,
2 pm and 4 pm, respectively. The majority of the spectrum measurements conducted
later in this thesis, concerning the 2.75 um and 3.5 um fluorescence and lasing, used
the 4 um blazed grating. Inside the spectrometer, the light was imaged at a one to
one magnification by an OAP mirror from the input slit to the output slit while being
diffracted by the grating on the way, which acted as a flat, wavelength-selective mirror.
The light intensity was then measured using various detectors which are described in
each specific experiment. In the measurements where light at wavelengths longer than
2.5 um was observed, the signal was detected by a liquid nitrogen cooled InSb detector
(Teledyne Judson J10D-M204-R04M-60) connected to a matched transimpedance am-
plifier (Judson PA-9). The output of the amplifier was connected to a LIA (Stanford
SR830) synchronised to the 5986 Hz chopper. The output of the LIA was sent to a
digitiser unit connected to a computer (Acton SpectraHub) that used the software for

the spectrometer (Acton Spectra-sense).

5.3 *Fy, lifetime measurement

Our initial attempts at lasing were conducted using the FiberLabs ZDF fibre with a
doping of 4 mol% of Er3* ions. We could not achieve lasing with this fibre despite
repeated attempts. A study of absorbed power versus incident power at 1973 nm using
a 6 cm long Er*T:ZBLAN fibre (see Figure 5.2) suggested that we should be effectively
populating the 4Fy /2 level. An estimate of the inversion obtained in our case and based
on Tébben’s results in [117] suggested that the level of absorbed power should have been
sufficient in our resonator design to obtain inversion and reach lasing threshold with
absorbed 1973 nm power level between 75 mW and 100 mW. One possible explanation
was that other processes were removing ions from the *Fy /2 level, meaning the expected
inversion from absorbed 1973 nm light was not achieved. We therefore decided to

investigate the dynamics of the Fy /2 level.

5.3.1 Objective of measurement

We saw in section 2.4.3 that cross-relaxation (CR) processes, which involve energy sharing
between ions in different energy levels, exhibit an exponentially decaying fluorescence
from the excited level. Energy-transfer upconversion (ETU) processes involving two

ions from the same level exhibit fluorescence decay rates which are non-exponential.
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Figure 5.2: Absorbed 1973 nm pump as a function of both pump powers. Each curve
represents a fixed incident 985 nm pump power while the 1973 nm incident power was
changed. The fibre used was a 6 ¢m long, double-clad, FiberLabs ZDF fibre, which was
doped with 4 mol% Er3* ions. This fibre had a core of 14 ym diameter, an NA = 0.12
and a “D” shaped inner cladding with a diameter of ~ 300 pm.

Therefore, we can examine the changes in the decay rates, or inversely, the lifetime of
the fluorescence from the upper laser level 4Fy /2. The shape of the fluorescence decay
curve together with changes in the decay rate as a function of pump power were expected
to be a good indicator of the existence of CR and ETU processes. We therefore set to
measure the lifetime (the inverse of the decay rate) of the 4 Fy /2 level under varying DWP

conditions.

In the following experiment, we examined the population change in the *Fy /2 level by
observing the 657 nm fluorescence to the ground. Fluorescence from this level at this
wavelength was proportional to the population density of the 4Fy /2 level. By recording
how this changed with time, we were able to measure the lifetime of the upper lasing level
and show that a significant lifetime quenching process was taking place as a function of
980 nm pump power, as we discuss in detail below. The decay curve closely followed
an exponential decay, which could not be described by an ETU process. The decay
was consistent with either multi-phonon decay, a CR process, or an ET process which
involves different energy level. We saw in section 2.4.2 that multi-phonon decay rates
were dependent on the fibre temperature. We calculated the change in fibre temperature
with absorbed pump (see Appendix E), which showed that the lifetime quenching by
multi-phonon decay was expected to increase the decay rate by approximately 10%.
This could therefore only have a small contribution to the lifetime quenching effect.

The bulk of the lifetime quenching of the upper laser level was likely to be caused by a
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previously unknown ET process, or by an entirely different spectroscopic effect (clustering
for example). We would use the results from this experiment to show first that a new ET
effect can explain the lifetime quenching and later, in section 5.4, measure the magnitude

of the ET parameter.

5.3.2 Experimental setup

The experimental setup for measuring the 657 nm fluorescence lifetime is described
below. Since the fluorescence lifetime measurement was sensitive to re-absorption of
fluorescence along the fibre, fluorescence was therefore collected from the side of the fibre.
We used a large diameter, high numerical aperture fibre for collecting the fluorescence and
delivering it to the spectrometer used in our experiment. This allowed the fluorescence to
be effectively collected from only a small segment of the fibre. By collecting fluorescence
from the side, we could ensure minimum re-absorption. This was similar to collecting

fluorescence from the edge of a bulk samples while using a pinhole to restrict re-absorption
[164].

The basic experimental arrangement was similar to the one shown in Figure 5.1 and
described in section 5.2.2. Two pump beams of 985 nm and 1973 nm were combined
and launched into the ZBLAN fibre under test. In this measurement, we used two types
of fibre. The first was the double-clad ZDF fibre by FiberLabs with 4 mol% doping
of Er3t that was used previously. This fibre had a 14 um core, with an NA = 0.12
and a ~ 300 um, “D” shaped inner cladding with an ~ NA = 0.5. A second type of
fibre was a single-clad fibre with 10 um diameter core with an NA = 0.15 and 125 pum
diameter cladding. This fibre, which was manufactured by IR-Photonics, had an Er3* ion
doping concentration of 1.7 mol%. A more detailed discussion of the IR-Photonics fibre
is presented in section 6.2.1. The difference in core sizes between the fibres necessitated
using a different pair of lenses for the mode-matching on the 980 nm arm. This resulted

is a slight reduction in the maximum incident power in the case of the ZDF fibre.

The lifetime measurement was a temporal measurement, therefore additional equipment
and procedures were necessary to collect the fluorescence, store the data and analyse it.
Moreover, as the experimental setup required a significant amount of synchronisation
between different devices, a Matlab® instrumentation control code was written to au-
tomate the acquisition and control, synchronise the equipment and eventually perform
automated data analysis. The equipment and procedure described below were automated,
resulting in much faster and more consistent results compared with similar manually

conducted measurements that we performed before automating the measurements.
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To measure the fluorescence decay, it was necessary to chop the 1973 nm pump using a
mechanical chopper while the 980 nm pump was operated in CW during the experiments.
The 1973 nm beam passed through a mechanical chopper (Thorlabs MC1000A) which
either blocked the beam or allowed it to incident on the ZBLAN fibre. The beam was
chopped at up to 1000 Hz. For easier separation of the decay between successive pulses,
two chopper wheels were assembled together on the optical chopper head to provide a
duty-cycle of ~ 30%. A transmission duration of 300 us of the pump was obtained at
the highest frequency of chopper operation. We will refer to this time period where the
1973 nm is incident on the ZBLAN fibre as the pump being “on.” Such a pump duration
is about twice as long as the lifetime of the *Fj /2 level, thus allowing for sufficient
population build-up. The transition time of the edge of the chopper blade across the

beam was measured to be 35 us.

The residual beams and the fluorescence emerging from the other side of the fibre were
collimated using an f = 40 mm CaFs lens (Thorlabs LA5370) for the case of the ZDF
fibre. In the case of the IR-Photonics fibre, an f = 25 mm gold coated OAP mirror
(Thorlabs MPD127127-90-M01) was used. The transmitted residual pump power and
fluorescence were measured using a thermopile-based power meter (Ophir 50W L50A-SH
connected to a Nova II console) which provided a time-averaged reading of the 1973 nm
pump. These readings were used to ensure consistent power levels of the pumps and
were monitored by the Matlab® application. Monitoring the power meter also enabled
observation of the average power of both pumps transmitted through the fibre when
operating individually. An additional 1500 nm longpass filter was added after the
collimating lens in most measurements to block the residual 980 nm pump. This allowed
measuring the average absorbed 1973 nm pump power by taking the difference between

the observed 1973 nm pump with and without the 980 nm pump operating.

The fluorescence observed from the side of the ZBLAN fibre was collected by a large
core (1000 pm diameter), polymer clad, multi-mode fibre (Thorlabs BFH48-1000). This
fibre had a large numerical aperture of NA = 0.48, enabling effective collection of the
fluorescence. The input end of the collecting fibre was located within 0.5 mm of the
ZBLAN fibre. The fluorescence collecting fibre gathered fluorescence from approximately
a 1 mm length segment of ZBLAN fibre according to the numerical aperture of the
collecting fibre and the distance of the tip from the ZBLAN fibre. The collecting fibre
could be moved along the length of the ZBLAN fibre to collect fluorescence from various
locations along the ZBLAN fibre.

The fluorescence collected by the fibre was delivered to a second spectrometer (Acton
SP2557i) that had two output ports. Due to the large diameter of the delivery fibre, it

was necessary to have both of the spectrometer input and output slits open to a width



114 5.3 4F, /2 lifetime measurement

of 1.5 mm. This resulted in a resolution of ~ 3 nm and ~ 6 nm when operating with
the 600 and 300 grooves per mm gratings, respectively. The former was used with the
Si detector for measuring the 657 nm fluorescence decay curves, while the latter was
only used for conducting relative measurements of the intensity of the fluorescence from
the 414 /2 level at 1535 nm. An amplified Si photo-detector (Thorlabs PDA36A) and an
InGaAs integrating sphere (Thorlabs S144C) were mounted on the two alternative ports
of the spectrometer. The two detectors enabled measuring both temporal behaviour
and fluorescence levels covering the visible range to 1700 nm (although not at the same
time, as switching between the ports required a few seconds to flip a mirror mount
internally). The voltage outputs of the detectors were connected to an oscilloscope
(Tektronix TDS2024B) which was controlled by the computer that also logged the data.
The output of the Si detector was also connected to a LIA (Stanford 830) and then to a
digitiser unit connected directly to the computer (Acton SpectraHub). This additional
channel was used to adjust the 980 nm pump power in order to obtain comparable
fluorescence levels from the 41, /2 level when different pump wavelengths of 974 nm
or 985 nm were used. The similar fluorescence level obtained indicated comparable

population density and hence closely matching conditions.

The temporal response of the entire system when using the Si detector was tested by
observing a tightly focused HeNe laser beam mechanically chopped at the focal point. It
was shown that the rise and fall times were better than 10 us, which was sufficient for

this measurement.

5.3.3 Experimental procedure

Three datasets were collected with each step of the automated acquisition process: 128
fluorescence decay waveforms at 657 nm were collected and averaged for each 985 nm
or 974 nm pump power level. The average transmitted 1973 nm power was measured
with and without the 980 nm pump and the absorbed 1973 nm was deduced. Peak
fluorescence intensities at 551 nm, 657 nm, 800 nm, 995 nm and 1535 nm were also
collected for reference. The fluorescence intensities allowed us to deduce the relative
changes in population densities of the different levels as a function of pump power. In
addition, the changes in the intensity of the fluorescence at these wavelengths provided

real time monitoring of the progress of the automated acquisition system.

The *F, /2 level lifetime was measured by observing the fluorescence decay waveform on
the oscilloscope. This waveform was then read into the computer using our Matlab®
application, which analysed the waveform and fit an exponential decay with a decay

lifetime 7;,,;. The fit was weighed towards the latter part of the decay curve. The reason
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was that although the 1973 nm pump beam was chopped at its waist position along the
1973 nm arm, the mechanical chopper transition time over the beam was in the order
of ~ 30 us. The software would then compare the calculated decay constant of all the
measurements conducted with different levels of 974 nm or 985 nm and 1973 nm pump
levels and provide graphical output showing the behaviour of the lifetime, fluorescence

levels and other parameters of interest.

We conducted a large number of measurements using different combinations of fibre,
type of 980 nm pump used and pump wavelength while collecting the fluorescence at
successive locations along the fibre. A separate set of measurements was conducted with
each of the available fibres, the IR-Photonics fibre and the FiberLabs ZDF fibre. In
all experiments, the 1973 nm pump beam was launched into the core of the fibre. In
most cases, the 980 nm pump was also launched into the core, except in the case of the
FiberLabs ZDF fibre. With this fibre we were also able to launch a 974 nm beam into
the inner cladding of the fibre. This became possible by replacing the FBG stabilised
high-brightness diode with a high-power, low brightness diode that could only operate
at 974 nm (see section 4.2). In all cases where the 980 nm diode was core pumping, a
different dataset was taken for either 974 nm or 985 nm wavelength of operation. Our
fluorescence collecting fibre could also be moved along the ZBLAN fibre, thus enabling
observation of the change in the fluorescence lifetime as a function of distance from the

pump input side. The full experimental procedure is detailed in Appendix F.

5.3.4 Lifetime measurement results and analysis

Each of the fluorescence measurement datasets was analysed to extract the fluorescence
lifetime. An exponential decay was fitted to the observed waveform. Figure 5.3 shows
an example of this fit. In some measurements, especially when conducting the lifetime
measurements with the ZDF fibre, it was noted that using a double exponential decay
provided a slightly better fit. This double exponent, following Bogdanov [135], was of the
form Aexp(—t/m1)+ Bexp(—t/m2), which can indicate the presence of an energy-transfer
upconversion process of some sort. However, the differences between the single and
double exponential decays were insignificant for our purpose. Therefore, the results
provided in the following section are based on a fit with a single exponential decay time

constant.

The typical behaviour of the 4Fy /2 level lifetime, inferred from the 657 nm fluorescence as
a function of the power of both pumps, is shown in Figure 5.4. The 4F /2 level lifetime
decreased with increasing 985 nm pump power and remained approximately constant

with changing 1973 nm pump power.
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Figure 5.3: Example of 657 nm fluorescence decay waveform on the oscilloscope. Single
and double exponential decays are fitted. The stronger fluorescence observed on the
leading edge of the pulse is the result of a temporary increase in the 1973 nm pump
caused by different feedback conditions when blocking by the chopper was suddenly
removed. The inset shows the decay part of the waveform on a logarithmic scale together
with both fit options. This waveform example was taken from a measurement with a

FiberLabs ZDF fibre.
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Figure 5.4: Example of F /2 lifetime changes with pump power in IR-Photonics fibre.
Each coloured curve represents a fixed 985 nm pump power, while the 1973 nm pump
power was increased. Fluorescence collected at 2 mm from the fibre input side.
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Figure 5.5: Rise of the 657 nm fluorescence with increasing 1973 nm pump power in
the case of the IR-Photonics fibre. The fluorescence intensity is proportional to the
1F, /2 level population density.
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Figure 5.6: *F, /2 lifetime with varying pump power for a clad-pumped ZDF fibre
measured 7 mm from the fibre tip. Each coloured curve represents a fixed 974 nm pump
power while the 1973 nm pump power was increased.
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The insensitivity to the incident 1973 nm was surprising, because increasing the incident
1973 nm pump resulted in elevated *Fy /2 population density as evident by the higher
657 nm fluorescence observed (see Figure 5.5). The insensitivity to 1973 nm power was
maintained for all cases examined under 985 nm pumping, including both core and clad

pumped ZDF fibre (see for example Figure 5.6) and with the IR-Photonics fibre.

The 1973 nm pump had almost no effect on the fluorescence lifetime, therefore we can
average over all the lifetime readings with the same 980 nm pump. We thus compare the
average of all the lifetime measurements performed under core pumping using varying
980 nm power levels (see Figure 5.7). The figure shows the lifetime measured with core
pumped ZDF and IR-Photonics fibres when the wavelength of the first pump is 974 nm
or 985 nm and as a function of pump power. This comparison is based on 650 nm
fluorescence lifetime collected at a distance of 2 mm from the input side, along the length

of the fibre.
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Figure 5.7: Comparison of average 657 nm fluorescence lifetime between ZDF and IR-
Photonics fibres using varying 980 nm first pump and core pumping. All measurements
taken 2 mm from the fibre tip.

For each fibre, the lifetime was measured with different levels of 985 nm incident pump
power and fluorescence was collected perpendicular to the fibre at 995 nm. Each set of
lifetime measurements was repeated a second time for each fibre with the first pump
wavelength shifted to 974 nm. This time, however, instead of maintaining the same

incident power as in the case of the 985 nm pump, the power was adjusted until similar
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fluorescence levels were collected at 995 nm. This arrangement ensured similar population
densities of the 41, /2 level (as indicated by the 995 nm fluorescence) and an objective
comparison of lifetime dependency on the first pump wavelength. The wavelength of
995 nm was chosen to provide sufficient separation from the 974 nm and 985 nm pump
wavelengths while still being able to observe significant fluorescence. The results are also

shown in Figure 5.8 as a function of 995 nm fluorescence intensity
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Figure 5.8: Comparison of average *Fy /2 lifetime between 974 nm and 985 nm first
pump wavelength as a function of 995 nm fluorescence, which is proportional to 41, /2
population density. All measurements were taken 2 mm from the fibre input side. The
results of the two fibres cannot be compared directly because the experiments with
the IR-Photonics and ZDF fibres were conducted at different times and under different
mode-matching and collecting fibre conditions. This is likely to have resulted in different
collecting efficiency of the 995 nm fluorescence.

Figures 5.7 and 5.8 show a few significant trends:

1. The lifetime was significantly lower in the ZDF fibre, which had a doping concen-
tration two and a half times that of the IR-Photonics fibre.

2. For the lower doped IR-Photonics fibre, the 650 nm lifetime started at approximately

150 ps and consistently decreased as a function of 980 nm pump.

3. The lifetime quenching observed in Figure 5.7 trended towards saturation in all
cases with the pump power available to us. The saturation value depended on the
specific combination of the fibre and first pump wavelength. Full saturation was

not reached and would seem to require additional power from a 980 nm pump.
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4. Using the 974 nm pump resulted in a shorter lifetime compared with 985 nm
pumping under the same incident power. In the IR-Photonics fibre, the reduction
was more substantial, with a 10-15 ps reduction, while in the ZDF fibre it was on

the order of 5 us for a similar population of 4I;; /2

5. When comparing the lifetime under 974 nm or 985 nm pumping as a function of
T /2 population, the advantage of pumping at 985 nm over 974 nm is maintained,
although reduced. In the IR-Photonics fibre, a significant difference exists only at
population densities exceeding 80% or more, of its maximum value of population
density. With the ZDF fibre, a consistent difference of 3-5 ps is maintained at all

pump levels.

Further evidence supporting our hypothesis that the lifetime quenching results from
a ET mechanism is displayed in Figure 5.9. In this figure, we present the measured
decay rate (1/7,..) as a function of observed 995 nm fluorescence. This fluorescence is
proportional to the population density of the *I;; /2 level under DWP conditions. Each
set of similar coloured markers represent a fixed 1973 nm incident power level while the
985 nm pump power was increased, resulting in higher 995 nm fluorescence and hence

4111/2 population. When the population of the 4111/2 level is low, the decay rate of the
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Figure 5.9: Change in the decay rate of the 4F9/2 level as a function of 4111/2 population
in IR-Photonics fibre. The 995 nm fluorescence intensity is proportional to the 41, /2
population. Markers of the same colour represent readings taken with a fixed 1973 nm
pump while the 985 nm pump power was changed. Lines between markers are only used
as a guide to the eye.
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4F, /2 level is at its lowest, while it increases by about 30% at the highest 985 nm pump
power, corresponding to the highest I, 2 population. The increase in rate seems to
follow a linear trend with %I, /2 population, which is consistent with a CR-type, or ET

decay mechanism that preserves the exponential decay behaviour.

We also examined the changes in the 4 F /2 level lifetime when the ZDF fibre was cladding-
pumped with a high power, low brightness 974 nm diode. This diode delivered up to a
few watts of 974 nm from a 200 pm multi-mode fibre that was imaged into the inner
cladding of the ZDF fibre.

Pumping into the inner cladding significantly reduced the heat load per unit length
compared with core pumping. In addition, the absorption profile along the fibre was
much more uniform and over significantly longer absorption lengths. Hence, this data
could indicate whether a thermal gradient along the fibre was the dominant cause of the

lifetime-quenching effect, as will be explained shortly.

Figure 5.10 shows the average measured *Fj /2 level lifetime at different locations along a
143 mm long ZDF fibre as a function of incident 974 nm pump diode while clad-pumping.

For this measurement, we used the high-power, low brightness diode. As the lifetime
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Figure 5.10: Measured *F, /2 level lifetime at different locations along a 143 mm long
ZDF fibre when clad pumping. High power low brightness 974 nm diode was used.

was approximately independent of the 1973 nm pump, each point on each of the curves

represents the average value over different 1973 nm pump power at a specific location
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along the fibre. The different symbols correspond to the different fluorescence collection

position along the fibre.

The observed average lifetime started at 150 s and consistently dropped with increasing
974 nm pump power. This trend persisted at all locations tested along the fibre. These
results were similar in nature to the ones obtained using core-pumped IR-Photonics fibre
shown in Figure 5.7. We observed a small discrepancy at low 974 nm pump between
core and clad pumped ZDF fibre when comparing Figures 5.7 and 5.10. Lifetime results
observed along the fibre 2 mm from the fibre input side were ~ 134 us when core pumping
compared with ~ 148 us when clad pumped. The reason for this discrepancy is not fully
understood and warrants future investigation. It was not possible to tune the wavelength
of this diode to 985 nm and thus corresponding values with a 985 nm pump are not

available.

We now examine the possibility that the lifetime quenching is the result of heating of the
fibre. Table 5.1 displays the calculated absorbed 980 nm pump power at the first 2 mm
of the different fibres used in our lifetime measurements. The calculated upper limit on
the absorbed pump in the case of clad pumping was an order of magnitude lower than
in the core pumping cases assuming negligible bleaching of the pump. Such low pump

power absorption would result in negligible heating of the fibre per unit length, therefore

Table 5.1: Calculated upper limit on absorbed 980 nm pump in the first 2 mm of fibre
used for lifetime measurement. Values were obtained based on absorption cross-sections
of 0, = 2.1 x 10721 em? and o, = 0.93 x 1072 ¢m? for 974 and 985 nm respectively.
IR-Photonics fibre ion density was 2.72 x 102Y ions/cm? while the ZDF fibre ion density
was 6.4 x 10%° jons/em? and the core to clad ratio was 1/338. The following values do
not take into account bleaching of the ground or pump absorption saturation.

Fibre and pump wave- | Calculated ab- Percentage of | Upper limit on ab-
length (%) sorption coeffi- 980 nm pump | sorbed power in first
cient « absorbed in | 2 mm of fibre based

first 2 mm (%) | on maximum incident
pump power (mW)

(dB/m) | (m™")

IR-Photonics,  core 271 57.1 12% < 23.3
pumped 974 nm

IR-Photonics,  core 109 25.3 5% < 8.5
pumped 985 nm

ZDF, core pumped 639 134 25% < 48.5
974 nm

ZDF, core pumped 258 59.5 11% < 18.7
985 nm

ZDF, clad pumped 1.89 0.44 0.09% < 0.86
974 nm
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causing only negligible change to multi-phonon decay rates. Moreover, as Figure 5.10
demonstrates, the reduction in lifetime is observed consistently under relatively low pump
power conditions that could not have results in a significant increase of the multi-phonon
decay rate. We can therefore hypothesise that the increased heat load associated with
higher 980 nm pump power was not the primary cause of the change in lifetime. This
assumption was investigated further and validated using a theoretical and numerical

analysis in Appendix E.

Our hypothesis of an ET mechanism was also supported by observing the fluorescence
behaviour from levels other than 4 F /2 while DWP. Examples for the observed waveforms

are shown in Figure 5.11.
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Figure 5.11: Fluorescence waveform at 995 nm and 845 nm when using DWP. The
1973 nm pulse used to generate 657 nm fluorescence (not shown in this figure) also
altered the fluorescence from other levels. 995 nm fluorescence from 41, /2 to the ground
was reduced while 845 nm fluorescence corresponding to the 4Ss /2 = 414 /2 transition
increased. The 995 nm and 854 nm signals were recorded using DC coupling in the
oscilloscope while the 1973 nm signal used AC coupling. This waveform was recorded
at a measurement that used the FiberLabs ZDF fibre.

The reduction of 995 nm fluorescence when the 1973 nm pump was incident was not
surprising as it depopulated the Iy, /2 level. It was also observed that the 845 nm
fluorescence increased, which corresponded to the 455 /2 = s /2 transition, as did the
1550 nm fluorescence (not shown in Figure 5.11 since it required a different detector),
which corresponded to the 415 2 = s /2 transition. This result and the previous
results are explained further in the following section, which discusses the previously

undocumented 4F9/2 + 4111/2 — 453/2 +4 I 3/5 ET processes.
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5.4 A new energy-transfer process influencing the decay

dynamic under DWP

In the previous section, we studied the temporal behaviour of the 4F /2 level in the ZDF
and IR-Photonics fibres. A lifetime-quenching effect was observed and was suggested
to be the result of a previously unreported ET process. In this section, we lay out the
theoretical framework and derive the value of the newly found ET parameter. The
value is found based on the the lifetime quenching measured previously and additional
experiments measuring the changes in fluorescence from the first five excited energy
levels of Er3t:ZBLAN under varying DWP conditions. The analysis is applied to both
the 1.7 mol% and 4 mol%, Er3* ions doped IR-Photonics and FiberLabs ZDF fibre with
the ET parameters for both fibres presented.

Our approach was based on conducting a set of measurements that recorded the fluores-
cence collected from the side of a ZBLAN fibre under various DWP conditions in CW.
We then used a simplified rate equation numerical model, based on the equations from
section 1.5.4. This model allowed us to establish a one-to-one fit between the observed
fluorescence intensity at low 980 nm pump power when the 1973 nm pump was off and
the simulated population density of the first five excited states in Er3t:ZBLAN. The
rate equation for the *Fy /2 level was solved based on the absolute population densities of
the relevant levels and an estimated value for the ET parameter. The eventual value
of this ET factor was determined by fine-tuning its value until a good fit between the
calculates and observed fluorescence decay rates was reached. Introducing the new ET
factor into the rate equation for 4 Fy /2 allowed replicating the observed lifetime quenching
effect observed in section 5.3. The importance of this ET process lies in its detrimental
effect on lasing on the 3.5 um transition. Gaining a better understanding of this process

is therefore necessary for future numerical analysis aimed at optimising this laser system.

5.4.1 The relation between population dependency on pump, fluores-

cence decay rate and energy-transfer factors

The energy difference between the initial and final states in the *F, /2 +4 I 2 =
48, /2 +4 15 /2 ET process is 502 em™! of surplus energy assuming transition between
line-centres. This difference is exothermic and smaller in magnitude than the energy
of a single phonon in ZBLAN glass. This ET process is therefore likely to occur and
have a high ET constant. Under ordinary pumping schemes used with 2.75 pm lasers,
this process is not strong because the population of the *F /2 level is small, which is the

likely cause for it being unreported so far. However, the additional pumping at 1973 nm
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pump under DWP conditions creates a large population density in both the *F, /2 and
I, /2 levels, therefore, intensifying the influence of this process. Strictly speaking, this
process is an inverse CR process or an ETU, with the energetic states of the two ions
further apart at the end of the process. However, from a mathematical perspective, the
rate term of this process is similar to that of a CR. Therefore, to avoid confusion with

the other ETUs described in this work, we designate this process only as an ET.

The ET process has an additional effect beyond the re-distribution of population among
various levels. As is shown below, the ET process reduces the lifetime of the *Fy /2 level
with increasing 41, /2 population. Therefore, if the population densities in the fibre in

CW were known, we could calculate the magnitude of the ET parameter.

In order to derive an expression for the value of the ET parameter, we shall refer back
to the relevant rate equations from section 1.5.4 which incorporate this ET process. A
few simplification assumptions are used to arrive at a single rate equation which ties the

temporal behaviour of the 4F9/2 level with that of the 4111/2 and 45’3/2/2H11/2 level.

We begin by inspecting the rate equation associated with the *Fy /2 level (Equations 1.2c).
This rate equation includes the term for the 4F9/2 +4 Iy — 453/2 +4 I3/5 ET process,
which we denote by Wys. For ease of reference, Figure 5.12 provides a simplified energy
level diagram of Er3t:ZBLAN, which includes the numbering of the energy levels and the
fluorescence lines recorded in the following experiments. A complete energy level diagram
can be found in the fold-out at the end of this thesis. Population densities NV; and decay

lifetimes 7; in the following derivation relate to the appropriate levels in Figure 5.12.

Following the notation of section 1.5.4, the ET constant Wys can be found from

dNy(z)/dt = Rp,(2) + Bearg ' Ne(2) + Bsams ' Ns(2) — 74 Nu(2)
— W42N2(Z)N4(Z) — R5E43(Z). (1.2C revisited)

Some terms in Equation 1.2¢ could be eliminated. During the lifetime measurements,
the decay was observed after the 1973 nm pump beam was blocked by the mechanical
chopper. The pump rate Rp,(z) can thus be assumed to be zero. There were no resonator
mirrors in place, therefore, the stimulated emission term Rgp43(z) could be omitted. In
addition, the term Ses7g L Ng (2) was neglected since the 4% /2 level is thermally coupled
to the 455 /2 J?Hyy /2 levels, resulting in an almost instantaneous re-distribution of ions
between all three levels. The fluorescence from these levels can therefore be regarded
as coming from a single level, which we shall refer to as the 4S; 2/ ’Hy, /2 level. The

resulting equation involving the ET constant Wy is

dN4<Z)/dt = —N4(Z){T4_1 + W42N2<2)} + ﬁ547‘5_1N5(z). (5.1)
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Figure 5.12: Simplified energy level diagram of Er®*:ZBLAN. The diagram shows the
pump transitions, the fluorescence transitions used in the following analysis and the ET
process investigated. A complete diagram, which includes all the processes relevant to
DWP in Er3*:ZBLAN, is available in Figure FO.1 in the fold-out.

We can now find a solution to Equation 5.1 while considering the effect of the last
term in Equation 5.1 on the behaviour of the system under DWP. This term has a
relatively small effect under DWP for a few reasons. Firstly, the value of the transition
453/2/2H11/2 — 4F9/2 branching ratio, 854 = 0.25, reduces the effect of this term. The
value for this branching ratio is based on literature data that can be found for this
transition and others in Appendix E, Table E.2. In addition, the intrinsic lifetime of the
48, 12/ ’Hy, /2 levels, 75, is Er3* concentration dependent and varies between 560 js at
very low doping concentrations to ~ 15 us at very high ones (9 mol%) [163]. For the
case of the IR-Photonics fibre, interpolation of literature values for the case of 1.7 mol%
concentration results in a lifetime of ~ 320 s which is 2-3 times longer than the 4F, /2
lifetimes obtained in section 5.3.4. In this case, the change in N5 was small during the
decay time of Ny and hence could be treated effectively as constant, NQ . Under these
conditions with the additional assumption, which will be discussed shortly, of a constant
N, the solution to Equation 5.1 follows a simple exponential decay with a decay time

constant of the form le + WyaNa(2).

In the case of the FiberLabs fibre with its 4 mol% Er3t concentration, the literature
value for the lifetime of 4S5 2/ ’Hy, /2 is ~ 100 ps [163]. This lifetime is comparable
to our measured lifetime and could not be assumed to be constant. This results in a
varying Ns population. After pumping had stopped, we can assume the population
of N5 to follow approximately an exponential decay of the form Nge*t/ ™ because the

initial population Ng is depleted by multi-phonon decay and fluorescence. With these



Chapter 5 The challenges of using Er31T:ZBLAN based fibres 127

assumptions, we cannot use the simple exponential decay waveform suggested for low
doping of Er3*t:ZBLAN. Using these conditions and with the additional assumption of a
constant No population, Equation 5.1 which is a non-homogeneous, linear differential
equation, has the following closed-form solution (the longitudinal dependency was omitted

for brevity)
B54Ng — Boat

(i+W42N2)t
. e 5. 5.2
% -+ W42N27’5 + 1 ( )

N4(t) :N4€_ +

NY is the F, /2 initial population density at the beginning of the decay.

This solution to Equation 5.1 requires a constant population density of No, (411, /2) as
a function of time. Without this assumption, a closed form solution for Equation 5.1
could not be found. The lifetime of 41, /2 1s on the order of 7 ms, which is 40 times the
measured lifetime of 4F /2. Therefore, under low power 1973 nm pumping conditions,

the Ny population can be assumed constant.

Although useful as a starting point for measurements with low or moderate 1973 nm
pump power, the assumption of a fixed No population did not hold for higher 1973 nm
pump power, as can be seen for example in Figure 5.11. The changes in the *I; /2
population were due to the ESA from the %I, /2 level by the 1973 nm pump. As seen
in Figure 5.11, the changes in *I; /2 population were occurring at the same time as the
change in *Fy /2 population. To account for that, we assumed that once the 1973 nm

pump was blocked, Ny population followed an exponential increase of the form

_t
No = N2 161973 nm + (N2 with 1973 nm — N2no 1973 nm)e ™, (5.3)

where N 1973 nm is the 41, /2 population when only the first pump is operating and
N3 161973 nm is the 41, /2 population when DWP. Taking into account the change in
Ny population resulted in approximately a 30% reduction in the ET factor calculated

compared with calculations based on a fixed Na population.

At this stage, if the population densities of No, Ny and N5 were known in steady state,
we could use these values as the initial population densities prior to blocking the 1973 nm
beam in the lifetime measurements of section 5.3. We already measured the waveform of
the decay from Ny(t), therefore we could fit the right-hand side of Equation 5.2 to Ny(t)
by adjusting the value of the ET parameter Wys. If a good fit was to be obtained, the

value for Wy used was the ET constant we were after.

In the next sections, we describe the experimental setup used for determining the
population densities of the first excited state in our Er®t:ZBLAN fibres while using
DWP with varying power levels of both pumps. The population densities found in
this experiment are later used together with the lifetime values measured previously to

determine the magnitude of the ET parameter.
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5.4.2 Experimental setup for measuring fluorescence dependency on

pump power and finding the energy-transfer constant

To find the population densities of the different energy levels, we started by collecting
fluorescence from the side of our Er®*:ZBLAN fibre under DWP conditions. The same
setup used for lifetime measurements (Figure 5.1) was used with minor modifications
to measure the fluorescence dependency on pump power. First, both the 980 nm and
1973 nm pumps were used in CW. The second change was that the fluorescence collecting
fibre was connected to a Yokogawa ANDO AQ6315E optical spectrum analyser (OSA)

instead of the spectrometer.

Using the OSA over the individual spectrometer-mounted photo-diodes had two main

advantages:

1. The OSA provided a fast scan over the entire 350-1700 nm band with one detector

which took into account the instrument response due to wavelength changes.

2. The OSA had a high dynamic range of at least 90 dB, allowing the measurement

of very weak signals as well as strong ones with very good linearity.

Using a large core collecting fibre allowed collecting a few orders of magnitude more
fluorescence than when using a single mode fibre. One disadvantage of collecting
fluorescence with a large core fibre was that the OSA achieved optimal wavelength
accuracy with a single mode fibre connected at its input. Spectral broadening on the
order of a few nm of the signals collected occurred due to the large core size of the
collecting fibre. This broadening, however, was insignificant compared with the 30 nm-
100 nm width of the different transitions. Moreover, our measurements were comparative

by nature, thus the slight broadening did not pose a problem.

The following Matlab® semi-automated procedure was used for collecting the wideband

fluorescence intensity method under varying DWP conditions:

1. We positioned the collecting fibre above the tip of the ZBLAN fibre while it was

almost touching it.
2. A background scan of the OSA without any signal was obtained.

3. The 985 nm pump was changed to a pre-determined power level and an OSA scan

was performed.
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(a) The 1973 nm pump power was adjusted to the first power level and an OSA

scan was conducted.

(b) The 1973 nm pump power was increased and a scan was performed. This

process was repeated until maximum 1973 nm pump level was reached.

4. Stage 3 was repeated with an increased 985 nm power until maximum 985 nm

power was reached.

5. Stage 3 was repeated with the diode wavelength tuned to 974 nm (see section 4.2.1).
The diode power was adjusted until the 995 nm fluorescence level matched the one

obtained under 985 nm pumping conditions.

6. Stages 3 and 4 were repeated with the diode operating at 974 nm until the maximum

1973 nm power was reached.

7. The fluorescence intensity at the 551 nm, 657 nm, 800 nm, 995 nm and 1535 nm
bands that were extracted in each scan were analysed and plotted by a Matlab®

script.

5.4.3 Fluorescence dependency on pump power - results and analysis

Our measurements were conducted with increasing levels of incident 980 nm and 1973 nm
pumps to observe the changes in fluorescence and hence population densities of the 41;5 /2
to 45’3/2/2H11/2 levels. Examples of the change in 551 nm and 995 nm fluorescence when
pumping with the 985 nm pump and increasing 1973 nm pump power are shown in
Figures 5.13 and 5.14.

The curves in Figures 5.13 and 5.14 exhibit saturation behaviour with increasing 985 nm
pump power. This saturation effect is the result of collecting the fluorescence above
the pumped end of the fibre. This side is expected to experience strong reduction in
absorption of both pumps because of significant ground state bleaching caused by the
980 nm pump and bleaching of the 4 F, /2 = 4T, /2 transition, resulting in saturation of

the absorption of the 1973 nm pump as well.

Beyond the value of obtaining the fluorescence data for estimating the ET constant,
additional information can be obtained from the results regarding the spectroscopy of
the Er3t:ZBLAN system under DWP conditions. In the following pages, the reader is
advised to refer to Figure 5.12 or to the fold-out at the end of this thesis for ease of
reference. First, observing fluorescence behaviour under DWP at a steady state revealed

another advantage of using a 985 nm pump over 974 nm for the first pump source.
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Figure 5.13: Example of change in the 551 nm fluorescence with increasing 1973 nm
pump. The fibre used was 180 mm long IR-Photonics. Each coloured set of data
represent a fixed 1973 nm pump power.
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Figure 5.14: Example of change in the 995 nm fluorescence with increasing 1973 nm
pump. The fibre used was 180 mm long IR-Photonics. Each coloured set of data
represent a fixed 1973 nm pump power.
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Figure 5.15: Wideband fluorescence comparison between 974 nm (full lines) and
985 nm (dashed lines) pumping when DWP using IR-Photonics fibre. Fluorescence
at the 520-560 nm and 640-680 nm bands are from the 453/2/2H11/2 and 4F9/2 level,
respectively. The fluorescence from the 960-1020 nm and 1470-1620 nm bands are
from the 4111/2 and 4113/2 levels, respectively. The fibre used was 180 mm long with
1.7 mol% of erbium ions. In all cases, the 985 nm incident power was 191 mW, while
974 nm pump power was adjusted to achieve similar level of fluorescence at 995 nm
(marked with a star). The curves of the 960-1020 nm band are truncated to only show
the fluorescence part of the curve and not the scattered pump signal at 974 nm and
985 nm.
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Figure 5.15 shows a fluorescence comparison between the two wavelengths in a CW
measurement taken with the IR-Photonics fibre under 974 nm and 985 nm pumping

with similar population levels at the 41, /2 state.

With the 1973 nm pump turned off (blue lines in Figure 5.15), the 4I11/2 level had
similar populations for both 974 nm and 985 nm pumps (marked with stars at 995 nm).
The population of 4 F, /2 level (657 nm fluorescence) was smaller for 974 nm pumping
compared with 985 nm. At the same time, significantly stronger fluorescence was observed
from 4S5 /2 /?>Hy, /2 and s /2 levels (551 nm and 1550 nm fluorescence, respectively),

when pumping with 974 nm compared with 985 nm.

Once the 1973 nm pump was turned on, we could observe a strong increase in the 657 nm
fluorescence in both the 974 nm and 985 nm cases. This was expected because the DWP
mechanism was populating the 4F, /2 level at the 960-1020 nm band. In addition, a
reduction in fluorescence from the 41, /2 level was observed. This reduction was expected

as a result of depopulating of the level by the 1973 nm pump ESA.

Observing the 45 2/ 2Hy, /2 fluorescence at the 520-560 nm band shows that pumping with
985 nm (dashed line) results with significantly reduces population compared to pumping
at 974 nm. When the 1973 nm pump is off, there is effectively no ET contribution to
the population of this level. Therefore, this level is populated by either ESA or the ETU
from the 41, /2 level. This mean that pumping at 985 nm results in a lower number
of ions excited to the 455 2/ ’Hy, /2 levels. This is beneficial for a DWP system since it
should increase the available population at the upper laser level 4 Fy /2. Moreover, lower
ESA reduces the heat-load in the fibre generated by cascades of multi-phonon decays
from the 453/2/2[{11/2 levels back to the 4[11/2 level (see Appendix E).

Figure 5.15 also shows the marks of the 4F9/2 +4 Iiyp — 453/2 +4 I3/ ET mechanism
discussed previously. The increase in the population of the 455 /2 level with increased
pumping was also accompanied by an increase of the 1535 nm fluorescence from 414 /2
when pumping with 985 nm. This change could not be explained by simple relaxation

from the *I;; /2 level since its population was decreasing with higher 1973 nm pump.

A complete analysis of the entire dataset relating the fluorescence at 995 nm to 1535 nm
and 551 nm to 657 nm can be seen in Figures 5.16 and 5.17. Earlier we saw in Figures 5.11
and 5.15 that the 4Ss /2 /?Hyy /2 level population increased under DWP conditions. Here
we see that the 41,3 /2 population was increased as well. Each coloured curve represents
operation with a different 985 nm pump power, while within each curve the 1973 nm
power increased from right to the left. As the 1973 nm power increased, the 995 nm

fluorescence, which was proportional to the Iy, /2 population, decreased substantially
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Figure 5.16: 1535 nm fluorescence as a function of 995 nm fluorescence in IR-Photonics
fibre under DWP with 985 nm pumping. Fluorescence collected 2 mm from fibre tip
with both pumps in CW. Note that 1973 nm power increases on each coloured set of
data from right to left. The dashed lines are only added as a guide to the eye for data
with similar 1973 nm pump power.

due to absorption of the 1973 nm pump exciting ions on the 41y, /2 = 4F, /2 transition.
At the same time, the 1535 nm fluorescence, which was proportional to the 4I;5 /2 level
population increased. If we assumed that there were no ET, ETU and CR processes
present, the population of the 415 /2 should be proportional to the population of the
T /2 level. Their population ratio of 1:2 (see section 3.3.2.1) is determined according
to the branching ratio of the decay %Iy, /2 = s /2 and the respective lifetimes. After
its excitation with DWP, the 4F, /2 level was expected to relax mostly via a cascade of
multi-phonon decays *F, /2 = 1T, /2 = T /2. Therefore, it could not have contributed

to the increase in 4135 /2 population under these assumptions.

A similar picture is portrayed with the data from Figure 5.17. At very low 1973 nm
pump, there is a simple linear relation between the 551 nm fluorescence and 657 nm
fluorescence. This relation is the result of the 4 Fy /2 level population created exclusively by
multi-phonon decay from the 4S; 12/ ’Hy, /2 level. Once the 1973 nm pump is turned on,
a large population is built at the 4Fy /2 level. The 48, /2 J?Hyy /2 population is expected to
shrink because its main population mechanism is by ESA from the 41, /2 level, which has
its population reduced. The ETU and CR processes W11 and Wsg previously documented
in Er3*:ZBLAN, (shown in Figure 1.17) cannot provide an explanation for this increase

or to the increase in 1550 nm fluorescence as a function of increasing 995 nm fluorescence.
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Figure 5.17: 551 nm fluorescence as a function of 657 nm fluorescence in IR-Photonics
fibre under DWP with 985 nm pumping. Fluorescence collected 2 mm from fibre tip
with both pumps in CW. The order of magnitude increase in the collected fluorescence
compared with Figure 5.16 is the result of displaying fluorescence intensity at wavelengths
close to the peak emission of these bands, unlike the case of the 995 nm. In addition,
the fibre used had much higher attenuation, on the order of 1 dB/m at the 980 nm
band and about 10 dB/m at the 1550 nm band, resulting in significantly less intensity
reaching the OSA at these wavelengths. Note that 1973 nm power increases on each
coloured set of data from left to right. The dashed lines are only added as a guide to
the eye for data with similar 1973 nm pump power.

The Was ETU process is also unlikely to explain this behaviour because it cannot explain
the increase in 1550 nm fluorescence and is considered to have a low rate at lower doping
concentrations, as in our case. We thus reach the conclusion that only our suggested ET

mechanism can explain the combination of fluorescence changes.

To this point we have seen multiple evidence for the existence of the ET process 4 Fy /2 +4
Iy — 48, /2 +4 15 /2- In the next section, we describe how we determined its magnitude

based on the available data from our collected data so far.

5.4.4 Calculating the cross-relaxation constant - results and analysis

To quantify the ET parameter Wys using Equation 5.2, it was first necessary to find the
absolute population densities in the fibre under DWP conditions. This was achieved
by following a procedure that established a normalisation factor for each energy level

based on the relative fluorescence readings and a numerical simulation. The relationship
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between the observed fluorescence and ion population densities was found using the

following method:

1. Fluorescence was collected in CW from the side of both the FiberLabs and IR
Photonics fibres with 974 nm and 985 nm pumping and at different 1973 nm pump

levels.

2. From the wideband fluorescence curves collected by the OSA, the area under
the fluorescence curves was calculated at each of the following bands: 551 nm,
657 nm, 800 nm, 995 nm and 1535 nm. Since the OSA measures power and we
were interested in the relative population of the levels, the results were normalised
according to the different energies of photons at varying wavelength bands and

thus accounted for actual excited ions population.

3. The observed results without the 1973 nm pump of each wavelength band were
normalised to the population densities predicted by a simple rate-equation simu-
lation. This simulation was based on the rate equation from section 1.5.4, which
provided population densities of the appropriate energy levels, while assuming no
additional CR and ETU effects beyond those currently found in the literature (see
Table 2.6). The normalisation factor was determined based on the fluorescence
obtained with the second lowest 980 nm pump power measured. This power level
was advantageous because it exhibited low uncertainty and was not affected by CR
and ETU processes because of the relatively low population densities created at

this power level.

The normalisation created a one-to-one relation between observed fluorescence and ion
population density at a certain energy level. An example of the agreement between the
observed fluorescence and the shape of the curves can be seen in Figure 5.18. Significantly
better agreement was achieved for the population of the 4Fy /2 level once the appropriate
ET factor (found later in this section) was included in the simulation (see dashed lines
in Figure 5.18).

We chose to use this population normalisation method for multiple reasons. First, a
numerical analysis can predict the variations along the fibre, while simple calculations
which assume average values cannot account for them. Secondly, directly fitting a power
level measured with the OSA to a known population overcomes the compound effects
of the detector response, fibre attenuation and OSA grating and detector calibration
(assuming their linearity, which was verified) all with their respective (and sometimes

unknown and difficult to measure) wavelength dependencies. In addition, operating in
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Figure 5.18: Normalisation of simulated results (lines) to observed fluorescence (boxes)
trend is shown for the case of pumping a ZDF fibre with 985 nm. The fibre was 63 mm
long and fluorescence was collected and simulated at 2 mm from the input side. The
continuous curves represent the simulated results assuming no ET. The dashed line for
the 4Fy /2 level represents the simulated values assuming ET as calculated later in this
section, while the squares represent the observed fluorescence intensity normalised to
the second data point of population density calculated for each wavelength. This point
was selected because the behaviour at this power level was still close to linear while
pump power uncertainties were low.

CW and normalising to a known population took into account the effect of the intrinsic

fluorescence lifetimes differences between the energy levels.

Figure 5.18 is an example for calibration curves as explained above. The calibration
used both simulated and measured results using the first pump only (to account for
different first pump wavelength used, calibration curves for both 974 nm and 985 nm were
produced). The measured intensities (squares in Figure 5.18) at the various energy levels
were superimposed on the simulated values (curves) and a calibration factor between the
two was established. The appropriate factors were maintained for each level under the

same measured and simulated conditions.
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To obtain the ET factor, the following procedure was followed:

1. We gathered the fluorescence data from all CW measurement and assigned popula-
tion densities to each level according to the normalisation values found numerically.
A separate set of calibration values was calculated for each possible combination of
conditions (974 nm or 985 nm, ZDF /IR-Photonics fibres and “strong” or “weakly

interacting” approach, explained below).

2. We could now substitute the population densities from all the experiments into
Equation 5.2 for each of the combinations of 974 nm or 985 nm and 1973 nm
pump powers. It is not possible to rearrange Equation 5.2 to present the ET factor
Wys in an explicit form as a function of the population densities and the decay
waveform. Thus, a certain value was assumed for Wys, which together with the
population densities was substituted into Equation 5.2, resulting in a calculated

Ny4(t) decay waveform for each combination of pump conditions in all fibres tested.

3. A decay lifetime was fitted to each simulated Ny (t) based on an exponential decay

model.

4. The calculated decay lifetimes for each of the measurement conditions were com-

pared to the actual measured values from section 5.3.4.

5. The Wyo constant was changed and stages 1-4 were repeated until the sum of least
squares between the calculated and measured results was minimised and this Wyo

value was assumed to be the ET constant.

6. The uncertainty in the ET parameter was estimated by varying the assumed Wyo
value until it resulted in a lifetime changes of £10% compared with the best fit to

the measured lifetime data at the maximum pump power.

We should note that equation 5.2 described a decay behaviour which was dominated by
the 74 time constant at the beginning of the decay and changed to be dominated by 75
at the later stage of the decay. In the lifetime measurements of section 5.3.4, the smaller
population of 45 12/ ’Hy, /2 compared with 4F, /2 made the second term contribution to
the decay fairly small in many instances. Even in cases where the second term could not
be ignored, the later decay behaviour was mostly obscured in the oscilloscope noise floor
due to the low dynamic range of the experimental setup. The decay lifetimes were hence
determined by fitting the obtained decay waveforms to a single exponential term (see

example in figure 5.3) that achieved good match to the decay waveforms.

Figure 5.19 shows an example of a comparison of the results obtained with the analysis

based on Equation 5.2 to the measured lifetime results of the ZDF fibre. We obtained good
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Figure 5.19: Fitting lifetime example for obtaining energy-transfer constant. Best
fit of Wyo values are compared to measured lifetime results in FiberLabs ZDF fibre
using 985 nm pumping. This fit does take into account the change in 4I; /2 during
1973 nm pumping. The uncertainty is estimated on variations of the calculated Wys
ET value resulting in lifetime changes of +10% compared with the measured lifetime at
the maximum pump power. Both curves of best fit and uncertainties were interpolated
from the simulated data calculated at the same power levels as the measured data.

agreement between the model and the measured lifetime results. This good agreement

was the norm for almost all combinations of experimental and measured data analysed.

The only free parameters in our fit were the ET constant Wys and the intrinsic lifetime

of the 4 Fy /2 level. Since the intrinsic lifetime was measured directly for low excitation

of 4 F, /2 (and thus negligible effect of the ET process), we only needed to vary the ET

constant in the calculated fit until good agreement with experimental data was reached.

We used in our rate equation simulations both the commonly used “strong interaction’

)

parameters (SI) and the “weakly interacting” (WI) values, both described in detail in

section 2.4.3. The SI approach uses relatively high CR and ETU rate parameters on the
order of 10717 em?3 /s, which were measured in bulk ZBLAN glass by Golding et al. [77].
The WI approach asserts that CR and ETU processes are considerably weaker in ZBLAN
fibres than in bulk glass, with values on the order of 5 x 107 em3/s. The WI-based

CR and ETU parameter values were found numerically by Gorjan et al. when fitting

experimental data to a set of rate-equations. Because both SI and WI approaches are still

in use, we obtained different fitted ET values based on population density normalisation

using both approaches. The values of the literature CR and ETU parameters used in

our normalisations can be found in Table 2.6 in section 2.4.3.
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Figure 5.20: Energy-transfer coefficient 4F9/2 +4 Ly — 453/2 +4 I,3/3. Comparison
of all values obtained using IR-Photonics fibre containing 1.7 mol% of Ert ions and
FiberLabs ZDF fibre containing 4 mol% of Er3* ions. Results for both the SI and WI
approaches are shown. The uncertainty of each value is estimated based on variations
of the calculated Wy ET value resulting in lifetime changes of +10% compared with
the measured lifetime at the maximum pump power.

Figure 5.20 displays the ET constant results obtained with both IR-Photonics and
FiberLabs fibres under 974 nm and 985 nm pumping conditions. Although other CR
and ETU parameters are considerably different between the SI and WI regimes, both
approaches provided our newly reported ET process constants with the same order of
magnitude: 4.5+ 1.5 x 1077 e¢m3/s for SI and 2.7 + 1.2 x 10717 ¢m?/s for WI. The
relatively large ET factor of the 4F9/2 +4 Iy — 453/2 +4 I35 process is not surprising
because of the high absorption and emission cross-sections of both levels involved. With
the current results, it did not seem that there was a clear dependency on the Er3+t
concentration, although this could not be ruled out due to the uncertainties in the
calculated values. The strength of this ET process was expected to cause significant

changes in the laser dynamics, which will be investigated numerically in future work.

Using the values of ET and typical population densities found in this chapter we can
revisit Equation 5.1 and evaluate the effect of different scenarios on the decay rate from

the F, /2 level of the ZDF fibre used as an example.

dNy(2)/dt = —Ny(2){ry ' + WaaNa(2)} + Bsats ' N5(2) (5.1 revisited.)
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When only the 985 nm pump is used, Figure 5.18 shows absolute population densities
at the pumped tip of the fibre as a function of pump power varying between 5 mW
and 184 mW. The 41, /2 population density would vary in the ZDF fibre between
10 x 10' and 10 x 10?° jons/cm3, the 45’3/2/2HH/2 levels population changes between
2 x 10'7 and 5 x 10'® jons/cm?® and the 4F9/2 population would be one half of the
population of the 45 12/ ’H, /2 at low power level, since it is populated by multi-phonon
decay from these levels. We substitute into Equation 5.1 the ET value found for
the WI case, Wyp = 2.7 x 10~!7 together with 854 = 0.25, the branching ratio from
the 453/2/2H11/2 level to the 4F9/2 level. The lifetimes of the 4F9/2 and 453/2/2[{11/2
levels required are 74 = 148 us and 75 = 100 ws, respectively. The calculated values
for the terms in Equation 5.1 under low and high, 985 nm pumping conditions are
Waa Ny = 270 — 2700 s~ ! with N4{7';1 + WiaNo} = 7 x 1020 — 2.4 x 10?2 jons/s and
Bsats 'N5 =5 x 100 — 1.3 x 10?2 ions/s.

This results in the the first right-hand side term of Equation 5.1 (N4{7'4_ Ly WiaNo},
denoted as the first term) to be dominated by the intrinsic rate 7, L= 6757 s71, with
the ET factor having only a minor effect on this term at low pump power. The second
term (Bs5475 1]\75) has a similar magnitude to the first one, therefore both terms affect the
decay from the *F, /2 level at low pump power. At higher pump powers, the T4 /2 level
population density becomes significant. Therefore, the W49 No term is more prominent,
resulting in a noticeable reduction in lifetime that is followed by a reduction in the CW

population of the 4F9/2 level at high power, as seen in Figure 5.18.

Under DWP condition with the 985 nm pump at its maximum power, the 4 Fy /2 population
density is expected to follow the population density of the 41, /2 level and have a lower,
but similar magnitude population density. %S5 /2 /?Hy, /2 Population density is expected
to be lower than the *Fy /2 one (unless 974 nm pumping is used, which results in strong
ESA to the 4Ss /2 /?Hyy /2 levels). The first term of Equation 5.1 would become dominant
over the second term, resulting in an exponential decay, with the new decay constant of
T, 1 4 WisNy(z). This decay constant is only dependant on the population of the *I;; /2
level, which is populated by the 985 nm pump. Some reduction in the *I;; /2 population
is caused by the 1973 nm pumping. However, this observed 30% reduction in fluorescence
when DWP in CW operation does not vary significantly for all power levels of 1973 nm.
Its effect is therefore consistent, resulting with lifetime changes only as a function of the

985 nm pump power as shown in Figure 5.7.

5.5 Summary

In this chapter we investigated the reasons that prevented our Er*T:ZBLAN fibre from

achieving lasing during initial investigations.
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We examined the reduction in the lifetime of the upper laser level 4F, /2 as a function of
both pump intensities. The lifetime was observed to reduce significantly from an initial
value of 148 +10 us to between 80 us and 110 ps depending on the fibre used and the

pumping conditions.

We derived the population densities of the energy levels during our lifetime measurements
using a fit of the magnitude of observed fluorescence to a numerical model. This
allowed us to estimate the magnitude of a previously undocumented ET mechanism
4F9/2 —|—4IH/2 — 45’3/2 +4 I,3/o with its value determined to be 4.5+1.5 % 10717 em?/s and
2.7+1.2x 10717 ¢m?/s under the assumptions of the SI and WI approaches, respectively.

This ET process can strongly affect Er3T:ZBLAN fibres when using DWP by ejecting ions
from both highest populated levels in the lasing cycle. The ET process was also likely to
have contributed to the poor efficiency in the case of the 3.5 um laser results presented by
T6bben [117] when pumping directly to the upper laser level, 4 F, /2 The reason is that
without the cycling mechanism created under DWP, ions which were excited to the *Fy /2
level eventually ended in the 41y, /2 and s /2 levels because of the multi-phonon cascades
from the 4F9/2 level and the 4111/2 — 4113/2 fluorescence. The ET process would have
removed additional ions from the 4F9/2 and 4111/2 levels into the 45’3/2/2H11/2 and 4I13/2
levels. 70% of the ions at the 45 2/ 2, /2 levels would eventually fluoresce directly to
the ground and the %14 /2 level, intensifying the bottlenecking problem present. The long
lifetime of both %I, /2 and Ls /2 levels would have resulted in a significant proportion
of the ion population accumulating in these levels at the expense of the ground state,

resulting in ground-state bleaching and low laser efficiency.

The findings described in this chapter were important to our investigations for two
reasons: First, the previously unrecognised ET effect was proven to be detrimental to
our laser experiments. We had believed that high doping concentration of Er?* ions
was necessary to obtain lasing; the results of this chapter proved that the opposite was
correct. A low concentration of Er3T ions was necessary to prevent this concentration
quenching effect. This effect was created by the depopulation of the virtual ground state
and lifetime quenching of the upper lasing level due to the ET process. Following these
lines, as described in Chapter 6, we used a lower concentration fibre leading to our first
successful demonstration of a 3.5 um laser. Second, the new spectroscopic data found
will be essential for the optimisation of the 3.5 pum laser behaviour based on our future

planned numerical model.

The results presented in this chapter helped us gain a better understanding of the issues
that prevented our system from achieving lasing on the 4F /2 = 4T, /2 transition. Our
new laser system design used a lower doped fibre. Chapter 6 presents the improved

system and the performance of the DWP 3.5 um laser demonstrated for the first time.






Chapter 6

Dual-wavelength pumped laser

6.1 Overview

N this chapter, we present our results for an erbium doped ZBLAN glass fibre laser
I operating at 3.5 pum with an average output power of over 250 mW. This power
level is more than 30 times higher than previously reported for this transition while
obtaining an order of magnitude improvement in efficiency. This laser is the first rare
earth doped fibre laser that produces power approaching half a watt at a wavelength
significantly longer than 3 um. Our laser also produces the longest wavelength emission

from a rare-earth doped fibre laser operating at room-temperature.

We describe the layout of the laser and detailed measurements of the 3.5 um laser
behaviour. Section 6.2 details the laser setup and the diagnostic tools used to analyse its
behaviour. The laser characterisation is discussed in sections 6.3-6.4, including output
power and efficiency results for CW and long pulse operation. These results were taken
with output couplers with reflectivities ranging from 80% to 99.3%. Internal loss, gain,
emission cross-section and inversion parameters are obtained from the analysis of these
results. In section 6.5 we examine additional laser characteristics, including output power
stability, beam quality and spectral content. The later also includes an examination of
spectral variations that result from using different output couplers. The results of the

laser measurements are concluded in section 6.6.

6.2 Structure of the laser system

The laser setup used is similar to that of the energy level lifetime measurement described
in section 5.3 and in Figure 5.1, but with a few variations. Additional analysis and
diagnostic tools are incorporated into the setup as discussed in the following sections.
We start by describing the fibre used as a gain medium, then describe the basic design of
the laser system experimental setup. Variations on this basic design will be explained as

needed for each section.

143
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Figure 6.1: Schematic of DWP laser. The gain medium used is an 18 ¢m long ZBLAN
fibre, doped with 1.7 mol% of Er3T ions. Various output-couplers were used with
reflectivities ranging from 80% to 99.3%.

6.2.1 IR-Photonics Er3t:ZBLAN fibre

Our laser experiments used a custom made Er®t:ZBLAN fibre from IR-Photonics. The

following attributes were required of the custom fibre:

1. Single clad construction to simplify manufacturing and reduce costs.

2. A numerical aperture and core size that support single transverse mode operation
at 3.5 um for good beam quality. It was requested that the fibre support multiple
transverse modes at both pump wavelengths to enable good pump absorption. These
were the requirements because the combination of a single mode operation at the
laser wavelength while preserving multi-mode behaviour at the pump wavelengths
allows for a good overlap between the laser and pump modes, resulting in higher
gain [195].

3. Light doping of erbium ions to minimise energy transfer and prevent or significantly

reduce lasing of the 2.75 um transition (4I11/2 — 4113/2).

The fibre that was delivered was doped with 1.7 mol% of erbium ions. Although higher
than the 1 mol% originally requested, this relatively low concentration reduces the heat
load per unit length due to the absorption of pump light and reduces the risk of thermal

damage and misalignment of the fibre tip where the absorbed power is highest.

The fibre design specifications were a core diameter of 10 gm and a numerical aperture of
0.27. These parameters mean that the fibre was designed to exhibit single mode operation
at 3.5 um, as well as allow easy launching conditions for both pumps, an issue identified

with previous fibres tested. The numerical aperture of the fibre supplied was measured
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to be between 0.13 and 0.15, which was significantly lower than the requirement. This
reduction in numerical aperture caused the fibre to be on the cusp of only supporting
a single transverse mode of the 1973 nm pump. This imposed a much more stringent
restriction on the pump light launching conditions and reduced the overlap between the
fibre core and the pump mode. The lower numerical aperture also reduced the overlap
between the expected laser mode at 3.5 pum and the fibre core, consequently reducing
gain. In addition, the reduction in absorbed 1973 nm pump power increased the lasing

threshold power and reduced slope efficiency.

6.2.2 Pump sources

Figure 6.1 shows an overview schematic of our 3.5 um fibre laser, which consists of
two separate pump sources. Detailed block-diagram schematics including all electronic,
mechanical and optical components of the laser are displayed in Appendix D. The first
pump is a commercially available, 330 mW fibre-coupled laser diode that we modified to
operate at 985 nm. The second pump laser is an in-house built 1973 nm Tm37 :silica

fibre laser (TFL). Both pump sources are described in detail in Chapter 4.

The output beams from both the 985 nm and 1973 nm pump sources are collimated
and mode matched to the core of the ZBLAN fibre. Details of the mode-matching
optimisation and alignment procedure are given in Appendix G. The beams are combined
and launched into the core of the ZBLAN fibre using an aspheric lens. The 3.5 um laser
can operate in CW or quasi-CW. When operated in quasi-CW, i.e. long pulse mode,
the 1973 nm beam is chopped using a mechanical chopper (Thorlabs MC1000A) at a
duty-cycle of 30%, resulting in the beam transmitted through the chopper for 300 us.
This time is equivalent to two to three fluorescence lifetimes of the upper lasing level

4F9/2 (see section 5.3).

6.2.3 The laser resonator

The pump beams are launched through a dichroic mirror that is highly reflective (HR)
at 3.5 um and is transmissive at both 985 nm and 1973 nm. The ZBLAN fibre is butted
against the HR surface of the dichroic mirror. An 18 e¢m long Er3*:ZBLAN fibre made
by IR-Photonics is used as the laser gain medium. With a core diameter of 10 ym and
a numerical aperture of less than 0.15, the fibre supports a single transverse mode at
3.5 pm because the fibre’s V-number is 1.36, resulting in a mode-field diameter of 21 pm.
The fibre is also on the cusp of single mode operation for the 1973 nm pump with a

V-number of 2.39, therefore slight variations in diameter and numerical aperture can
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alter the mode behaviour between single and multi-mode operation. The behaviour at
985 nm pump is multi-mode with a V-number of 4.78. Despite having a significantly
lower numerical aperture than specified, the fibre is still capable of lasing at 3.5 um and

provides a single transverse mode profile at the laser wavelength with good beam quality.

Figure 6.2: V-groove holders for different lengths of fibre tested

Different lengths of fibre, shown in Figure 6.2, are mounted in a straight line v-groove on
a translation stage. The output couplers are partially reflective dichroic mirrors ranging
in reflectivity from 80% to 99.3% (the same as the HR mirror) at 3.5 um. These are
butt-coupled to the output side of the fibre.

The beam emerging from the ZBLAN fibre is collimated with a gold-coated 25 mm focal
length off-axis parabolic mirror (Thorlabs MPD127127-90-P01). The collimated beam is

then separated into its constituents using a wavelength separation setup.

6.2.4 Wavelength separation system

Not all of the pump power is absorbed in the ZBLAN fibre. Therefore, the beam
emerging from the laser resonator contains residual 985 nm and 1973 nm pumps of
tens of mW and many hundreds of mW , respectively. In addition to the 3.5 pum laser
present above its threshold, the resonator has sufficient round-trip gain to lase at 2.75 um
when the 3.5 pum is below threshold or when the 1973 nm pump beam is blocked. In
order to measure power at each of these wavelengths at the same time, we constructed
a wavelength separation system, which we denote the “wavelength separator” (shown
in Figure 6.3). The wavelength separator also includes a branch where the beam is
imaged onto a thermal camera (Ophir Pyrocam MKIII) or a 0.5 m grating spectrometer

(Princeton Instruments, Acton SP2500i) depending on the measurement.

The wavelength separator consists of a 2500 nm longpass filter (Spectrogon LP-2500)
which transmits wavelengths in excess of 2450 nm. The shorter wavelengths are reflected
and separated by a dichroic mirror (Thorlabs DMSP1500). The dichroic mirror reflects
the 1973 nm residual pump into a 50 W-thermal power meter head (Ophir L50A-SH)
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Figure 6.3: Wavelength separation system at the output of the 3.5 um laser. The
3.5 um laser and the 2.75 um parasitic lasing are separated from the residual 985 nm
and 1973 nm pumps transmitted through the fibre using a 2500 nm longpass filter. The
pumps are separated further using a shortpass dichroic mirror. The power of the 3.5 um
or 2.75 wm lasers is measured with a thermopile detector which samples 40% of the laser
beam power reflected by a Si filter. The remaining beam continues to a spectrometer

(often attenuated by Teflon sheets) or a thermal camera.
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and transmits the remaining 985 nm pump. The 985 nm beam is then focused onto

a silicon photo-detector (Thorlabs S144C) using a 40 mm focal length lens. The long

wavelengths passing through the LP-2500 filter are split using an uncoated Si window
(Edmund Optics #68-523). Approximately half of the power is reflected through a 40 mm
focal length CaF9 lens onto a thermal power meter (Thorlabs S302C) and the rest is

transmitted towards the spectrometer or the thermal camera.

The high gain of the %I, /2 =4 15 /2 transition sometimes overcomes the relatively low

reflectivity of the resonator mirrors at 2.75 pm (about 40%) resulting in lasing at 2.75 pum.
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This occurs when the 985 nm pump diode is operating at close to maximum power and
the 1973 nm pump beam is blocked or operating at low power on the order of 25 mW
or less, which is below the threshold power of the 3.5 um wavelength. Increasing the
1973 nm pump power incident on the fibre extinguishes this unwanted 2.75 pm lasing in

all cases.

Two approaches are taken to distinguish the 2.75 um and 3.5 um power detected by the
thermal power meter: subtracting the 2.75 pum power from the reading or blocking the
2.75 pm beam using a 3000 nm longpass filter. Both are only used in quasi-CW, since
the 2.8 um wavelength is always off under DWP when the 3.5 ym wavelength is lasing
in CW. The first approach is when the 2.8 um power is of interest. In this method, the
2.75 um power reading is taken when the 985 nm pump is continuously incident on the
fibre while the 1973 nm pump is blocked (therefore the 3.5 um is not lasing, but 2.75 um
is). Taking the complement of the quasi-CW duty-cycle into account, the reading is then
subtracted from the total power observed when both pumps are incident on the fibre,
which includes both the 3.5 um and 2.75 um lasers. This approach allows more power
to reach the detector, therefore improving the low signal-to-noise, which is the result of
the the low average power in quasi-CW. In addition, it permits monitoring the 2.75 um

lasing power.

The later approach is used when the wavelength of interest is only 3.5 um. In this
case, we verify first that 2.75 um and 3.5 um pulses do not coincide temporally. Then,
instead of subtracting the 2.75 um beam, an additional longpass filter which rejects
wavelengths shorter than 2950 nm (Spectrogon LP-3000) is added. The simplified
wavelength discrimination achieved with the 3000 nm longpass comes at the expense of

reducing the power reaching the detector at 3.5 um by 20%.

6.2.5 Laser analysis segment

6.2.5.1 Spectral analysis

The laser beam is focused into a 0.5 m triple-grating spectrometer (Princeton Instru-
ments Acton SP-2500) using a 50.8 mm focal length off-axis parabolic mirror (Thorlabs
MPD127254-90-M01). This focal length was used to best match the numerical aperture of
the spectrometer and fill its diffraction grating. The beam is chopped using a mechanical
chopper (Thorlabs MC1000A) before entering the spectrometer entrance slit for easier

detection of low signal using a lock-in amplifier.

Mid-IR detection is achieved using a liquid nitrogen cooled InSb photo-detector (Teledyne-
Judson J10D-M204-R01M-60) or a thermo-electrically cooled PbSe photo-diode (Horiba
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DSS PbSe). The InSb detector is used exclusively when observing the weak fluorescence
at 3.5 um when the laser is below threshold. Above threshold, both detectors can be
used. Using the 4 pm blazed, 150 grooves/mm grating enables measuring spectra with a
resolution of 0.1 nm. However, most measurements are conducted with a resolution of
1 nm, unless otherwise specified. Sub-lasing operation scanning with the spectrometer
is conducted with the spectrometer slits wide open (1 mm) to increase the signal to
noise ratio. This introduces a problem when approaching threshold, where the laser
power could damage to the sensitive InSb and PbSe detectors when lasing beyond a few
mW . In addition, it is common to reach saturation of the detectors when observing
the strong 2.75 um fluorescence when operating below the 3.5 um laser threshold. To
resolve this issue, we use Teflon sheets to scatter the beam. The laser beam is effectively
attenuated in a wavelength insensitive fashion by passing through multiple Teflon® sheets
with 2-3 mm thickness. Sheets are added or removed to achieve the desired detector
signal level. Teflon® sheets are used when low spectral resolution can be tolerated (for
example when aligning the laser resonator). They are removed for measurements which
require accurate bandwidth and wavelength determination using very narrow slit sizes of
10-20 pm.

6.2.5.2 Beam profiling

For beam quality measurements, a wedge is added to split off a sample of the beam and
direct it towards a thermal camera (Ophir Pyrocam). Beam quality measurements are
conducted by first reducing the beam size 2.5x times with a beam reducer constructed
from two CaFs lenses. Further beam focusing is done with a 250 mm focal length CaFq
lens. The initial reduction of the beam is done to achieve a longer and wider beam waist,
therefore obtaining a higher accuracy for beam size measured by the thermal camera

which has a relatively large pixel size of 100 pm.

The image in Figure 6.4 shows the layout of the entire laser system. The pump sources
are on the right and the mode-matching optics, which lead to the laser section, are at

the centre. The wavelength separator and diagnostics segment are on the left.
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Figure 6.4: Compound image of the full laser setup. The dashed lines encircle the
different parts of the laser setup.

6.3 CW operation

The simplest mode of operation is CW mode, where both pump sources and the laser
operate without any pulsing. A detailed account of the process to align the system and
obtain lasing is presented in Appendix G. The following section details the experimental
setup and the laser results obtained in CW mode. Output power, slope efficiency and
threshold values are obtained. From these results, we calculate the internal resonator

losses, small signal gain and the emission cross-section.

6.3.1 Analysis of CW results

All of the laser results presented in this chapter are based on the IR-Photonics fibre. The
90% absorption length at 985 nm for the 1.7 mol% Er** doped IR-Photonics fibre is
calculated to be 10 em based on the GSA cross-section of Er3+:ZBLAN (see section 2.3.3).
This characteristic length holds only for very low power levels of 985 nm pump because
at higher power levels the ground state starts becoming bleached. Our laser usually
operates at the maximum 985 nm pump power available, which is a few times over
the pump saturation power Ps,; = 24 mW, where the saturation power is calculated

according to [196]
Psot :Aco're'h'c/()‘Pl'O-Pl GSA'T4111/2)' (61)

Here, Acore is the core area of the fibre, h Plank constant, ¢ speed of light, Ap; the pump
wavelength, 0p; g4 the pump absorption cross-section and T4 11 the lifetime of the

I /2 level. Measurements of the transmission of the 985 nm pump through different
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lengths of fibre show that the absorption length is increased to approximately 21 cm
when the maximum available incident power of 194 mW is used. Unfortunately, the
IR-Photonics fibre contains a large number of internal break points in the core, which
are randomly located along the fibre. It is observed that when light travels through these
points, it is strongly attenuated and is scattered in all direction. The abundance of these
points along the fibre core make it almost impossible to achieve an uninterrupted length
of fibre in excess of 18 ¢m. Therefore we use an 18 c¢m length of fibre as the benchmark
for laser power measurements, unless otherwise mentioned. Significantly shorter fibres
than 18 e¢m are expected to lase less efficiently and hence were not tested. It would be
of interest in the future to conduct a comparison of laser power and efficiency using

different lengths of a more robust fibre.

Table 6.1 summarises output and efficiency results of the 18 ¢m long fibre laser. Maximum

power obtained, initial slope efficiency and 1973 nm pump threshold power are shown

for a range of output coupler reflectivities when both pumps are operating in CW mode.
Table 6.1: Summary of laser parameters with varying output couplers for 18 ¢m long

IR-Photonics fibre. Slope efficiency is relative to the 1973 nm pump with a fixed 985 nm
maximum incident pump power of 194 mW.

Maximum il.aitial Laser threshold rel-

Output Maximum slope efficiency ative to 1973 nm
coupler output relative to 1973 nm pump power ()
reflectivity (%) | power (mW) pump power (%)

Incident | Absorbed | Incident | Absorbed

power power power power
80 175 27.5+1 46 + 7 196 160
90 260 26.6+£0.7 | 57+4 111 59
95 120%* 155+1 47+ 3 106 61
99.3 T2H* 494+02 |9.7+0.7 |89 50

* Unfortunately, the measurement with the 95% output coupler was not completed,
therefore power saturation was not reached. We assume that the maximum power that
could have been reached in this case is 30% higher than the power obtained in the
experiment. ** The maximum output power in the case of HR mirror used as an output
coupler assumes equal output power through both resonator mirrors. Value displayed is
therefore double the measured power on one side.

With the exception of section 6.4.3, all of the results presented in this chapter include the
985 nm pump operating with a fixed incident power of 194 mW  of which we estimate
90% is launched into the fibre and 140 mW is absorbed when the fibre laser is below
threshold and about 170 mW is absorbed when lasing. These estimates are based on our
below-threshold measurements of transmission of the 985 nm pump through different

lengths of fibre and on the change in the transmission of the 985 nm pump through
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the fibre once lasing starts (see section 6.3.4). We define the launch efficiency to be
the fraction of the light that enters the fibre and is guided by its core relative to the
power incident on the fibre endface. The launch efficiency takes into account Fresnel
losses at the interface, misalignment between the incident beam and the core and modal

mismatch.

We used a second HR mirror as an output coupler for comparison with the lower
reflectivity output couplers. The HR dichroic mirror has a measured transmission of
0.7% in the range of 3100 nm-3600 nm. Since both resonator mirrors used in this
case have the same reflectivity, the laser emits beams through both resonator mirrors.
Gain clamping in CW operation ensures that the round trip gain is very low because of
low transmission of the end mirrors. This means that the circulating power at either
end of the fibre is near identical and hence the power emitted from either ends of the
fibre laser will be near identical. Therefore, as an approximation useful for comparison
purposes, we assume both forward and backwards laser beams to have the same power,
hence, the output power values presented in Table 6.1 and Figures 6.5 and 6.6 are twice
the amount measured on the laser output side. We use this approximation since the
backward propagating power cannot be measured in our setup as it is absorbed in the
pump launching asphere. The double power figure and its associated efficiency will be

used from this point onwards when using an HR mirror as an output coupler.

Figures 6.5 and 6.6 show the full datasets of the results summarised in Table 6.1. The
curves show the output power of the 3.5 pum lasers with different output couplers ranging
from 80% to 99.3% when both pumps are operating in CW mode. When operating with
the 90% output coupler, the laser exhibits the highest CW output power reached by our
system. A maximum of 260 mW is obtained when pumping with over 2 W of incident
1973 nm pump. The initial slope efficiency relative to incident 1973 nm pump power in
this case is 25.4%.

The slope efficiency relative to the incident 1973 nm pump power (not counting a fixed
985 nm power) is highest at 27.5% using the 80% output coupler. The slope efficiency
diminishes with increasing output coupler reflectivity, reaching 4.9% (see second comment
in Table 6.1) when using an HR mirror as an output coupler. This efficiency is significantly
better than the maximum theoretical slope efficiency achievable by directly pumping

from the ground to the upper laser level (18.3%).

We are also interested in the relation between the laser power and the absorbed power
of the second pump. We can define an “internal slope efficiency” (ninternar) as the laser

slope efficiency relative to the derived absorbed 1973 nm pump power:
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]Dlaser - leaser Q@ threshold

(6.2)

Thinternal =
P1973nm - P1973nm Q@ laser threshold

The explanation of how we derive the absorbed 1973 nm power is given later in sec-
tion 6.3.3. The initial internal slope efficiency obtained for the 90% OC case is 57 & 4%.
These results are an order of magnitude improvement over the efficiency previously
demonstrated by Tébben (2.8%, see [117]). The results also demonstrate that employing
a DWP scheme can improve the laser efficiency beyond the theoretical Stokes efficiency

of a single wavelength pumped laser.

The 3.5 pwm laser threshold relative to the 1973 nm pump is low, as expected from a four
level laser. The 1973 nm power necessary to reach threshold reduces with decreasing
output coupling fraction, from 196 mW using an 80% output coupler to 89 mW with

the HR mirror as an output coupler.

The maximum achievable power is dominated by the slope efficiency because of the
relatively low threshold using all output couplers. The achievable power starts to saturate
with all output couplers when the incident 1973 nm pump power is increased beyond
800-1000 mW for a fixed 985 nm pump. The laser output power completely saturates
with approximately 30% of additional output power when the incident pump reaches

about 2-3 times its value in the linear regime.

6.3.2 Internal resonator losses, small signal gain, emission cross-section

and other parameters

The results described previously enable us to calculate the internal losses in the laser
resonator, its efficiency factor, emission cross-section, small signal gain, optimal output
coupling fraction and inversion density. The internal losses of the resonator were calculated
using the formulation described by Koechner [197], which follows the work of Findlay and
Clay [198]. These losses include the reflections off the fibre facets as well as scattering

and absorption within the glass fibre. The threshold condition for lasing is
RiRyexp(2gyl) =1, (6.3)

where Ry and Ry are the reflectivity of the resonator mirrors, g, is the small signal gain
coefficient (at threshold in this case) and [ is the fibre length. We can now add a double

pass loss term J, which includes all the internal loss mechanisms

RiRsexp(2gyl — §) = 1. (6.4)
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In similar analyses, it is common to merge the reflectivity R; into the cavity losses
coefficient §. In this case, we keep the reflectivity value for the HR coated mirror R; on
the pump input side for the sake of including only true internal cavity losses. Reflectivity
values for all resonator mirrors used are provided in Table 6.1 on page 151. The Fresnel
reflections and the Fabry-Perot (FP) behaviour created by the fibre tip and the resonator
mirrors need to be taken into account. This is somewhat similar to the case of non-AR
coated laser crystal addressed by Findlay and Clay in their original analysis [198]. In
our experiments, the fibre was butted hard against the mirrors while optimising output
power, so it is reasonable to assume maximum feedback conditions from the mirror.
However, a small gap between the core of the fibre and the mirrors, in the order of a few
microns, cannot be completely ruled out due to the fibre endfaces not being completely
parallel to the surface of the mirrors. In this case, we can follow Findlay and Clay’s
argument: The fibre endface is well within the Rayleigh range, therefore the beam is not
diverging yet. The fibre resonator contains a very large number of longitudinal modes.
The modes are separated by the free-spectral range of Av = ¢/2Ln = 566 M H z, for
the 18 em long fibre resonator with refractive index of n = 1.47. The 4% reflectivity
of the fibre endface together with the mirror reflectivity result in a very low finesse
value of F' = 1.7 for even the HR mirror case. Therefore, even though the small gap
between the fibre endface and the mirror results in free-spectral range on the order of
many THz, the low finesse ensures that there will always be a resonator axial mode that
satisfies the FP condition for maximum reflection when considering the FP caused by
the gap between the mirror and the fibre. To take this effect into account, we replace
the resonator mirrors reflectivity Ry and Ry with an equivalent reflectivity representing
the maximum reflectivity available from a Fabry-Perot resonator with unequal mirrors

R, = (VRFp +VR1)? (6.5)

(1+VRrER)
(VRF + VE,)?

= VR 09

where Rp is the reflectivity of the straight-cleaved fibre tip due to Fresnel reflection (4%).

If we now substitute Equation 6.5 into Equation 6.4 and rearrange, we end with
—In R\ R} = 2gyl — 6. (6.7)

We can now substitute into Equation 6.7 the relation between small signal gain gg and

absorbed pump power P,

8o = O'eTfnPabs/hVLaser‘/v cores (6'8)
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where o, is the emission cross-section, 77 is the upper laser level lifetime, h is Planck’s
constant, vigser is the laser optical frequency and Vj core the doped volume. 7 is an
efficiency coefficient associated with the absorbed pump power P,;,, which is the product

of
N = NQNSNB. (6.9)

In Equation 6.9, 7¢ is the quantum efficiency, or the ratio between the number of laser
photons produced to pump photons absorbed. ng; is the Stokes efficiency, or the ratio
between the energy of a laser photon to a pump photon, g is the overlap coefficient

between the laser and pump beams.

We can now substitute the saturation power density [197]

I, = hVLaseT’ (610)

UeTf

together with gg and the combined result is
2g0l = 2nPaps/IsAcore- (6.11)

This can now be substituted into Equation 6.7, resulting in a form which relates the
resonator equivalent reflectivities to the efficiency, saturation intensity, doped area Acope,

absorbed power and resonator losses ¢

—1In R/IRIQ = (QH/ISACO'I‘B)PCLIJS — 9. (612)

Since the same HR mirror is maintained at the input side for all measurements, Equa-
tion 6.12 establishes a linear relation between the absorbed 1973 nm pump power (at
threshold) and the output coupler reflectivity. We can now plot the laser threshold
power with varying output couplers. When extrapolating to 0 mW absorbed pump,
the intersection point with the —In R axis represents the double pass internal resonator
losses. As Findlay and Clay show in [198], this method is very general and is independent
of pump geometry or pump pulse shape and duration since those changes cancel out.
The method does assume, however, that all of the pump power launched into the medium
is absorbed. We therefore used the absorbed threshold power readings to satisfy the
requirements of this method. This is because only negligible amount of 1973 nm power
was transmitted through the fibre at threshold when operating with the maximum
available 985 nm power of 194 mW . In addition, as shown in Chapter 3, the population
of the upper laser level 4 F, /2 is negligible when only the 985 nm pump is operating and
the 1973 nm pump is turned off, regardless of the 985 nm pump power. We therefore do

not need to take into account the 985 nm pump power in this analysis.
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Figure 6.7: Findlay-Clay analysis to extract internal losses. The threshold power is in
mW of absorbed 1973 nm for the 80%, 90%, 95% and HR. output coupler.

Figure 6.7 shows the result of the Findlay-Clay analysis. The intercept point for the best
fit for all data points is § = 2.2% =+ 3.5%, corresponding to a single-pass loss coefficient
of 0.0006 + 0.0002 cm~!. The data point of the 90% mirror is a low-loss outlier which
significantly increases the error margin. The measurements with various output couplers
are conducted with different pieces of fibre from the same spool which were cleaved to the
same length. Fibre replacement is a necessity due to fibre tip breakage and its continuous
degradation. The fibre tip deterioration is the results of repeated butting and separating
of the fibre and mirrors, required during optimisation of the laser power due to the FP
effects. Visual observations reveal that some fibres have distinct scattering points which
are made clear by observing the strong green upconversion, or when looking at the fibre
through an IR-viewer. Those scattering points can be the cause of slight differences in
the internal losses of different pieces of fibre and contribute to the large error bounds of
the extrapolation. It is therefore possibly more instructive to look at different cases of

linear fits (shown in Figure 6.7).

If we exclude the 90% data point and take the fit for the combined data of 80%, 95%
and the HR mirrors, we obtain 6 = 4.2% + 1.9%. If we use the same slope and apply it
to the 90% outlier, we end with a negligible loss of § = 0.001%, or 3 x 10~7 ¢m~!. This
shows that we cannot assume that all fibre segments from the same spool are created

equal and that significant variations in internal fibre losses are possible.
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We can compare our measured result to other published values. The fibre manufac-
turer, IR-Photonics (which was acquired by Thorlabs) publishes a loss of approximately
0.1 dB/m (6 = 0.8%, or 0.0002 em ™" for an 18 cm fibre) at 3.5 pum for an undoped
ZBLAN fibre. This is about a third of the loss we calculated for our laser resonator.
Iwanus et al. reported recently [199] a background loss of 0.6 dB/m (equivalent to a
double pass loss of 6 = 4.8% or 0.0014 em ™) in a Ho?*:ZBLAN fibre made by FiberLabs.
Their measured value is also significantly higher compared to the published values from
FiberLabs website [200] of 0.1 dB/m (§ = 0.8%, or 0.0002 cm~! for an 18 cm fibre) at
3.5 um for an undoped ZBLAN fibre. Our measured results are therefore reasonably

similar to other published results.

By using the threshold power Py, launched pump power FP;, and laser output power

P,.+, we find the slope efficiency ns from Equation 6.13
Pout = ns(Rn - Pth)- (613)

We can now calculate the combined efficiency factor of the laser 1, (see Equation 6.9)

using the loss term § and the laser slope efficiency ns.

(1— Ry Ry)n
[1+ Rf_i’z} 1 - VRIRL(1-9)]

In Equation 6.14, we use the complete form for the equation which applies for all values

s = (6.14)

of reflectivity. As before, the etalon effects are accounted for by using the modified
reflectivities and under the assumption of obtaining the maximum reflectivity possible
with each output coupler and the HR mirror. Calculating the efficiency factor 7 using the
absorbed power slope efficiency values obtained in section 6.3.1 for all output couplers
provides us with = 60 &+ 19%. As seen in Equation 6.9, n is the product of three
separate efficiency factors. The quantum efficiency factor is taken to be ng = 1 in this
case since ions are excited to the upper lasing level directly, while the Stokes efficiency is
nst = 0.57 for the case of generating 3.5 um laser photons by pumping with 1.97 um
photons. The laser mode diameter is larger than the pump mode, which results in an
overlap coefficient of ng = 1, according to the formulation in the Findlay-Clay analysis.
The product of all the efficiency factors is therefore 0.57, which is within the error range

of the value obtained from the measurement.

Using the efficiency factor derived from the measurements and the slope of the best-fit

curve in Figure 6.7, we can calculate the power saturation density I according to

2n
K, = . 6.15
* ISACOT‘G ( )
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In Equation 6.15, K is the slope of the curve in Figure 6.7 and A, is the fibre core
area (84 1.5 x 107 em? for core diameter of 10 & 1pm). The saturation power density
obtained is I = 1400 + 400 kW /cm?.

As derived by Koechner [197], in a four level laser system, the relation between the

saturation intensity and the emission cross-section is

1\ hyg
I, = — , 1
<Wp + Tf> o (6.16)

where W), is the 1973 nm pump rate, h is Planck’s constant, vy, is the laser frequency
(8.63 x 103 Hz for emission at A = 3470 nm) and 77 is the upper laser level lifetime.
v is a factor which corresponds to the inversion reduction after one photon has been
emitted and is equal to one in the case of four level lasers. It is common to assume that
W, < %, but that is not the case here since the pump rate is quite high, due to the
small cross-section of the fibre core. We therefore maintain the full expression and use
the lifetime value found in section 5.3 of 7y = 148 &= 10 psec. Once we rearrange to solve
for 0., we arrive at a value of o, = 9+ 4 x 10722 ¢m?. This value is used to normalise the
3.5 pum fluorescence curve, measured using the IR-Photonics fibre, to obtain the emission
cross-section (see Figure 6.8). The large uncertainty in the cross-section value is mainly
the result of the uncertainties in the absorbed power slope efficiency and the absorbed

1973 nm pump when using the 80% output coupler.

The above value can be compared with the emission cross-section calculated using the
fluorescence spectral shape in conjunction with the Fuchtbauer-Ladenburg method, which
is based on the Einstein coefficients (see section 2.5). The spontaneous emission lifetime

77, fluorescence lineshape and the emission cross-section are related by

L UL /1/2ae(y)dy. (2.30 revisited)
Tr c
We cannot use our measured value of the lifetime of the 4 F /2 (see section 5.3) because the
decay from this level is dominated by non-radiative decay, while Equation 2.30 requires
the radiative lifetime. We therefore use literature values obtained using Judd-Oflet
analysis. Literature values of 77 for the 4F, /2 = 4T, /2 transition (which is a product
of the 4F9/2 level lifetime with the 4F9/2 — 419/2 branching ratio 8) vary significantly
between different literature sources. This is because § is rather small and prone to large
uncertainty, with values varying between 8 = 0.001 [151] and 5 = 0.0034 [146], compared
with the branching ratios of transition to the ground that are smaller than but on the
order of one. Using the average literature values for 3, we reach an average maximum

0—22

cross-section value of 7.5 x 1 em?. The full range of possible cross-sections, based on

the variations of the 3 values, has about 50% uncertainty with values ranging between
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Figure 6.8: Emission cross-section of the 4F9/2 — 419/2 transition. The peak value
is derived using the Findlay-Clay analysis normalising the fluorescence collected with
the IR-Photonics fibre. Note that the curve is based on direct reading of fluorescence
measured without compensating for the absorption of air.

4.1 —11.9 x 10722 ¢m?. The emission cross-section values calculated using the saturation
intensity method and the Fuchtbauer-Ladenburg method are in reasonable agreement

within their respective uncertainties.

This transition is an order of magnitude weaker than the values of 3 — 5 x 102! ¢m?

for emission cross-sections of other rare-earth ions in long wavelength transitions using
ZBLAN glass fibres [1]. This low cross-section is not surprising, however, because the
wideband emission spectrum of this transition affects the cross-section. The oscillator
strength of this transition is proportional to the integral of the cross-section curve. This
curve is spread over a wide spectral band, resulting in a low peak cross-section value
compared with other transitions that have similar oscillator strengths, but narrower

spectral widths.

We can find the small signal gain coefficient g, as a function of absorbed pump power
using I, 7 and the fibre length | = 18 ¢m. This small signal gain value is only valid

when the laser is operated near threshold and does not include effects of bleaching of the

pump.
_ QPabs
l I,A

2o (6.17)
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For threshold operation at 60 mw of absorbed power, which is applicable to the laser
operating with 90% and 95% output couplers (see Table 6.1 on page 151), the small

signal gain coefficient calculated is g, = 0.0019 cm L.

From the small signal gain and the cross-section, we can deduce the inversion average
density n;,, by using

(6.18)

2o = NinvOe-

At threshold (occurring at 60 mW of absorbed 1973 nm pump, which is equivalent to
approximately 110 mW of incident pump power), the inversion density calculated is
n = 3.2 x 1017 ions/ em? which corresponds to 1% of the total ion density of nie =
2.72 x 10?0 for 1.7 mol% of Er3T ions in the IR-Photonics ZBLAN fibre. A summary of

the parameters obtained so far is presented in Table 6.2.

Table 6.2: Summary of additional laser parameters based on Findlay Clay analysis.

Definition Parameter | Value
symbol
Internal resonator losses ) 2.2+ 3.5%
0.0006 % 0.0002 cm~*
180 £ 60 dB/km
Efficiency factor n 60 + 19%
Fibre core area Acore 8+ 1.5 x 1077 em?
Laser frequency (for A = 3470 nm) vy 8.64 x 103 Hz
Upper laser level 4F, /2, lifetime Tf 148 4+ 10 psec
Saturation power density at 3470 nm | I, 14 +4 x 10° W/em?
with 10 um fibre core
Emission cross-section of Oc 944 x 10722 ¢m?
4F9/2 —4 Iy/5 transition
Small signal gain at threshold g0 0.0019 em ™!
Ton density 1.7 mol% Er3t:ZBLAN | Ng, 2.72 x 10%% jons/cm?
Inversion density - 110 mW threshold | 1 th 3.2 x 10'® jons / em?

We can now use the values summarised in Table 6.2 to obtain an estimate of the optimum
output coupling fraction in the laser system. Figure 6.9 shows the results of section 6.3.1
using the laser output power as a function of output coupling fraction with the available
optics. The power level used in these measurements is 194 mW of 985 nm power and
818 mW of incident 1973 nm power, which is at the end of the laser’s linear behaviour
regime and before laser power saturation dominates. The figure also shows a theoretical
Rigrod analysis [201], which uses the values from Table 6.2, together with the fibre length

[, according to
AI[(go — 0)l + Iny/R1 Ry
5l )
1- In R R

Pyt = (6.19)
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Figure 6.9: Output power as a function of output coupler reflectivity compared with
Rigrod theory. The circles represent the power obtained at the end of the laser’s close-to-
linear behaviour, when it is pumped with 818 mW of 1973 nm pump. The continuous
line follows Equation 6.19 from Rigrod [201] using the parameters found in Table 6.2
with a modified small signal gain go = 0.0247 ¢m6—1 because of the higher pump level.
HR mirror output power presented here assumes double the measured amount.

to find the laser output power when the output coupling fraction is varied. To obtain a rea-
sonable fit, we needed to assume a much higher small signal gain of go = 0.0247 cm ™! than

the one calculated at threshold. All other parameters from Table 6.2 were maintained.

The Rigrod analysis assumes that the measurements are taken with the laser far from
saturation condition. In our case, the laser does not follow the incident pump in an
accurate linear fashion, we therefore cannot assume it is not experiencing some saturation
effects. Therefore, the Rigrod analysis presented here is only an approximation. The
theoretical curve suggests that the optimal output coupler reflectivity for obtaining
maximum laser power is between 85% and 90%. The location of the peak along the
reflectivity axis is quite insensitive to the small signal gain value used in fitting. Variations
of gotl%o(;f’ result in changes of F5% in the optimum reflectivity required. The measured
results compared with the theoretical curve suggest that both the 80% and 95% cases

did not reach the maximum power expected under optimal experimental conditions.

6.3.3 Laser efficiency and 985 nm power

Slope efficiency to this point has been measured relative to the change in 1973 nm

power only. Since slope efficiency is a convenient comparison parameter between different
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resonator configurations, it raises the question of how does the power of the 985 nm

pump influence efficiency. This question is addressed in the following pages.

The conventional definition of slope efficiency is

PowerLaser Q pump power

. (6.20)
PowerPump power — Powerpump power Q threshold

From Equation 6.20, we see that if the 985 nm pump power is fixed, it will not change
the slope efficiency, which is determined by the second pump alone. This was the case in
the experimental data presented to this point. However, the 985 nm pump does supply
energy to the system and therefore its contribution to the optical-to-optical efficiency of

the laser must be considered.

We define here the total optical-to-optical efficiency nop2op of a dual-wavelength pumped
(DWP) laser as the ratio between the laser output power P,,; and the total incident

optical power of both pumps Py, (985nm) and Py, (1973nm)

_ Pout
Mler2er = B (985nm) + Piney (19730m)°

(6.21)

This efficiency is maximised at the onset of laser power saturation after which the
efficiency starts to drop, as seen in Figure 6.10, which shows different ways to calculate

the laser efficiency:

1. The slope efficiency based solely on the incident 1973 nm pump.

2. “Internal” slope efficiency, or slope efficiency based solely on the absorbed 1973 nm

pump.

3. Optical-to-optical efficiency of the absorbed power of the 985 nm and 1973 nm

pumps.

4. Total optical-to-optical efficiencies based on total incident power.

The figure shows that even the measured total optical-to-optical achieves unprecedented
efficiency for this transition. In our measured results, the total optical-to-optical efficiency
relative to incident power peaks at 15.9% compared with 2.8% that was obtained by
Tobben with pumping directly from the ground state. Our measured value also compares
well with the theoretical Stokes efficiency of 18.3% of a singly pumped 3.5 pm laser. The
efficiency of our laser could be improved by increasing the absorption of the 1973 nm

pump. This will be addressed in future implementation of the laser in one of the following
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Figure 6.10: Efficiency calculation methods comparison for the 90% output coupler
case. Laser operates in CW mode.

ways: by increasing the 985 nm pump power, by pumping from both ends of the fibre or
by using a double clad fibre geometry.

The internal slope efficiency, i.e. the slope efficiency relative to absorbed 1973 nm pump
power, is quite high. The internal slope efficiency approaches, within the experimental
uncertainty, the theoretical Stokes efficiency of 56.9% for 3.5 um lasing using 1973 nm
pumping with a fixed 985 nm pump power. We are unsure about the nature of the
processes which allow such a high slope efficiency in this relatively lossy fibre (see
Table 6.2). Higher-than-Stokes efficiency behaviour has been theorised and demonstrated
for some laser transitions in Er3*:ZBLAN fibres due to energy-transfer processes that
recycle ions’ energy. An example of such a lasing transition is the 2.75 pum transition in
highly doped Ert3:ZBLAN [92] in which higher than Stokes efficiency has been recently
obtained [136]. Further investigation is required to learn whether such a mechanism

exists in our case, however, this is beyond the scope of this thesis.
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The calculation of the internal slope efficiency in this case is not obvious and a detailed
discussion of the errors is appropriate. The absorbed 1973 nm pump power is measured
by using the wavelength separator shown in Figure 6.3. First, when the 3.5 um laser
is operating, the laser power and the residual 1973 nm pump light that is transmitted
through the fibre are recorded. The 985 nm pump is then blocked (causing the 3.5 um
laser to cease operation) and the amount of 1973 nm pump transmitted is recorded
again. The change in the transmitted 1973 nm pump between both cases is recorded.
By accounting for the losses of the wavelength separator, we arrive at an initial figure for
the absorbed 1973 nm power. This method can be used when the system is lasing, when

it is operated below threshold and also when the resonator mirrors are removed.

There are a couple of effects that have to be considered when calculating the absorbed

1973 nm power:

1. The actual 1973 nm power incident on the fibre changes when the 985 nm pump
is switched on and off due to changing feedback conditions caused by the reflection
from the ZBLAN fibre tip. This is probably the result of slight changes in the
butting conditions with the HR mirror in place and slight drooping of the fibre tip

from thermal expansion when the mirror is removed.

2. A strong etalon effect can be observed with slight variations in the fibre and laser
mirrors’ butting conditions. These are caused by variations in the physical distance
between the fibre core and mirror surface. Etalon effects can be observed with both
the combination of the input side of the fibre and the HR mirror as well as the

etalon effect caused by the output side of the fibre and the output coupler mirror.

The power of the 1973 nm laser is monitored using a small pick-off located prior to
the pump combining dichroic mirror (see description in section 5.2.2, Figure 5.1). This
configuration allows the monitoring of the incident 1973 nm power, which enables us to
ensure consistent 1973 nm incident power levels when the 985 nm pump is also incident

on the fibre or when it is blocked.

The etalon effect is observed when the fibre and mirror are in close proximity. The
beam emerging out of the fibre is well within the Rayleigh range and therefore has
approximately planar wavefront causing interference between the beam and its reflection
off the mirror. The etalon effect influences both the laser output power and the 1973 nm
transmitted pump. This is caused by modulation of the effective reflectivity of the fibre
tip and resonator mirror combination with slight changes in their separation. Such

modulation alters the amount of 1973 nm pump entering (on the HR mirror side) and
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emerging (on the output coupler side) out of the resonator. As a rule of thumb, the laser

output power is maximum when the transmitted 1973 nm pump is minimal.

The 1973 nm pump is partially reflected back into the fibre by the output coupler. The
80% output coupler has the highest measured reflectivity at 1973 nm (55%) and thus is

affected the most by etalon effect. Reflecting the 1973 nm pump has three consequences:

1. A fraction of the 1973 nm that was not absorbed and would have otherwise
been transmitted through the fibre is reflected back into it by the output coupler.
Assuming optimal butting of the mirror, the reflected fraction would vary between
10% when using the HR mirror to 55% with the 80% output coupler. In absolute
terms, this corresponds for example to 220 mW of reflected when 1420 mW is
incident on the fibre for the case of the 80% output coupler. This reflected power
figure is based on the measured amount of transmitted power at this incident power
level. The reflected power is therefore not negligible and is thus expected to increase
the lasing power, which depopulates the 4F, /2 level more rapidly and increases
the number of ions in the 41, /2 level. This should lead to higher 1973 nm pump

absorption. The process is expected to continues until an equilibrium is reached.

2. Less 1973 nm pump is transmitted through the fibre due to the etalon effect.
Variations of up to 50% in the transmitted 1973 nm power can be observed,
although the large changes are associated with the laser starting and ceasing
operation under high 1973 nm pump power. More typical fluctuations observed
when the output coupler is moved with the laser operating are on the order of 25-
30%. This effect must be taken into account. Otherwise, the difference between the
transmitted pump with and without 985 nm pump would be greatly underestimated,

resulting in an increased internal slope efficiency.

3. The counter propagating 1973 nm light is effectively coupled back into the 1973 nm
laser which can cause instability due to feedback effects and thus further modify
the incident power. This is evident especially when the 985 nm pump is turned
off and the 1973 nm laser is operating close to its threshold. In this case, moving
any of the possible output couplers can result in the laser fluctuating between
going below threshold and operating with up to 100 mW. The effect becomes
much less pronounced with the 985 nm pump operating at maximum power of
194 mW of incident power. The fluctuations become especially pronounced when
the 80% output coupler is used due to its high reflectivity of 55% at 1973 nm.
With this output coupler, we have observed strong instabilities of up to 150 mW
in the 1973 nm power when using approximately 2 W of incident power. This

also resulted in very unstable operation of the 3.5 um laser. Spectral effects of
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the instability are discussed further in section 6.5.2. The changes in the 1973 nm
incident power are monitored continuously using a power meter that measures a

sample of the 1973 nm beam reflected off a BK-7 wedge (see Figure 5.1).

The second consequence above is accounted for, in part, by measuring the reflectivity of the
output couplers using a Perkin-Elmer Spectrum 400 FTIR spectrometer. Contribution of
the measured reflectivity at 1973 nm is included in the absorbed pump power calculation.
In this case, we assume that the maximum laser power is obtained when we get maximum
reflection back into the laser resonator. This is while using the same assumption as
before that there is always a longitudinal mode that corresponds to maximum reflection
conditions. We now have to add an addition assumption that all power reflected is
absorbed in the resonator. Without this assumption, unrealistically high internal slope
efficiencies of 80%-100% are calculated based on our data. The estimate of the internal

slope efficiency in the previous graphs is based on this assumption.

The assumption that the reflected power is absorbed does not hold for very high incident
1973 nm power and therefore sets an upper limit on the amount of absorbed 1973 nm
power. Figure 6.11 illustrates this scenario using two hypothetical cases of propagation
of the 1973 nm power through a DWP fibre. In these scenarios we assume that both
985 nm and 1973 nm pump beams are incident on a fibre resonator from the left side
of Figure 6.11 and are both propagating towards the right of Figure 6.11 (Forward
propagation). The 985 nm beam is absorbed and excites ions to the 41, /2 levels. The
1973 nm pump beam is absorbed along the fibre according to Beer-Lambert law as well,
however, the local 41, /2 population is not constant hence the transmission profile is
not exponential. Residual 1973 nm pump that reaches the other end of the resonator
undergoes a 50% reflection by the output coupler. In the case of the lowest 1973 nm
power, there is a sufficient population in the 41, /2 level to absorb all reflected 1973 nm
power. When significantly higher 1973 nm power is launched into the fibre, it bleaches
the 41, /2 population at the far side of the fibre. Thus, reflected 1973 nm pump from
the output coupler cannot be absorbed over a significant portion of the fibre and much

of it is transmitted back through the fibre input side.

The above suggested explanation is supported by the instability observed with the 80%
output coupler while it was absent when using other output couplers with lower reflectivity
at 1973 nm. An additional experimental evidence is shown in Figure 6.12. In this figure,
we plot both the transmitted and the calculated absorbed 1973 nm pump as a function
of the incident 1973 nm power. The data used is from the lasing experimented with the
18 e¢m long, IR-Photonics fibre while it was lasing with the 90% output coupler, as shown

in Figures 6.5 and 6.6. The transmitted pump follows an initial slope which changes
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Figure 6.11: Illustration of 1973 nm pump propagation inside a DWP fibre and its
reflection by the output coupler. Two hypothetical cases are shown based on low power
and high power of 1973 nm pump. In both cases we assume that both the 985 nm
and 1973 nm beams are incident on a fibre resonator from the left side of the figure.
The 1973 nm beam transmitted through the fibre is also partially reflected by the
output coupler on the right side of the figure. The 985 nm pump propagating from the
left excites ions to the 41, /2 level and the excitation profile is assumed exponentially
decaying along the fibre following Beer-Lambert law. Residual 1973 nm pump is
50% reflected by the output coupler on the right end of the resonator. The 1973 nm
transmission shown is calculated based on absorption following Beer-Lambert law with
changing population density along the fibre. These curves are for illustration purpose
only and are not based on a detailed rate equation analysis of the IR-Photonics fibre.

to a different, more steep slope, around 818 mW of incident power. An increase in the
slope of the transmitted pump power from a fibre is an indication of pump absorption
saturation where the ion density at the lower and upper levels of the pump transition
start to become comparable. This results in the reduction of the amount of pump that
can be absorbed. At the same time of the slope change in the transmitted curve, the
curve of the calculated absorbed power changes from a linear behaviour to one that
appears to be saturating. This is another indication of the pump absorption saturation.
The incident power where this saturation behaviour starts appears to be fairly consistent
around the 818 mW mark for all output couplers used. The derived absorbed power at
this point is also consistent at about 350 mW in CW. Below this absorbed power level,
additional pump photons are absorbed readily. We can now suggest this absorbed power
level in CW as the upper limit where our assumption of reflected power being absorbed
is likely to be valid. Beyond this point, we can only assume that some of the reflected

power is absorbed.
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Figure 6.12: Transmitted and calculated absorbed 1973 nm power and the linear
behaviour limit. Results shown are from an 18 ¢m long IR-Photonics while lasing with
90% output coupler. The end of the linear behaviour regime appears to approximately
coincide with the 818 mW data point.

Lastly, the absorption of the 985 nm pump causes some heating of the fibre, which is
estimated to result in an increase in temperature of about 10°C (see Appendix E). The
1 to 2 mm of exposed ZBLAN glass at the input tip expands because it is not cooled
effectively by conduction to the fibre holder as the rest of the fibre. We estimate this
expansion to be approximately 0.5 um according to the thermal expansion coefficient
of ZBLAN (17.2 x 107%/K° [57]). Thus, slight misalignment and small alterations of
the mode matching conditions occur when the 985 nm pump is turned off, which is
necessary for reference measurement of the 1973 nm beam through the fibre without
absorption. It is possible to observe shifting of interference fringes using the iris by
monitoring the back-propagating 985 nm pump (see Appendix G, Figure G.3). Care
was taken to minimise this effect by performing the final alignment and butting of the
fibre with the 985 nm pump operating at maximum power, yet this effect could not
be completely avoided. This is because the calculation of the absorbed 1973 nm pump
necessitates blocking the 985 nm beam at every power level that is used with the 1973 nm
pump. Variations in the fibre tip temperature with 985 nm pump incident or blocked
are inevitable, especially when operating at higher 1973 nm pump power that changes

the amount of 985 nm pump and introduces additional heating of the fibre tip as well.
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6.3.4 Changes in the absorption of the 985 nm pump when lasing

When the laser is operating and the 1973 nm pump power is increased, there is a noticeable
decline in the transmitted 985 nm (see Figure 6.13). The reduction is especially significant
as the 1973 nm just reaches threshold for lasing at 3.5 um. The reduction in transmitted
985 nm power continues after threshold at a lesser rate and appears to saturate in-step
with the saturation of the laser power. An additional 10% of 985 nm pump power is
absorbed beyond the value obtained at threshold when the laser is operating at its highest

output power.
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Figure 6.13: Changes in absorbed and transmitted 985 nm pump power when lasing
as a function of incident 1973 nm pump. Laser with 90% output coupler operating in
CW.

This reduction can be explained as the result of changed dynamics of the system
once lasing commences. The 1973 nm pump elevates a significant fraction of the
population from the 41, /2 level to the upper laser level. We saw in section 5.4 that the
4F9/2 +4 Iy — 453/2 +4 I,3/; energy-transfer process is strong and can depopulate both
4F, /2 and I /2 levels. Once lasing starts, the increased rate at which ions are removed
from both levels effectively reduces the number of ions participating in the lasing and
pump cycle by ejecting them to the 4I13/2 and 45’3/2 levels. The long lifetime of the
414 /2 in particular is very effective in storing these ions. This allows for additional ions
to be excited from the ground state to the 4I; /2 level. The reduction in transmitted
985 nm pump varies slightly between the different versions of the laser which is probably

due to slightly different launching conditions.
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6.4 Quasi-CW operation

In this section we look at quasi-CW operation of the DWP laser obtained by chopping
the 1973 nm pump. Output power, slope efficiency and the dependency of the laser

power on the 985 nm pumping conditions are investigated.

An interesting observation in T6bben’s initial 3.5 um laser demonstration was the im-
provement in the laser peak output power when the 655 nm pump beam was mechanically
chopped [117]. T6bben did not report additional experiments to clarify this observation.
A similar improvement in our 3.5 um laser peak output power and threshold reduction is
observed when the 1973 nm pump is mechanically chopped compared with CW operation.

Two possible causes for the improvement are:

1. Reduction in thermal load decreasing the temperature of the core, therefore reducing
the rate of multi-phonon decay of ions from the upper lasing level (see section 2.4.2).
As shown in Appendix E, the core temperature increase is only on the order of
10°C. Therefore, the expected increase in multi-phonon decay rate is on the order of
3%. Such a small change would have negligible effect on the overall decay rate and
cannot explain the observed lifetime quenching. Thermal effects are subsequently
unlikely to be the cause of the four-fold improvement in laser power observed by

Tobben when chopping the pump beam [117].

2. A second possibility is that the large populations maintained in CW operation
at both 4F9/2 and 4I11/2 levels can exchange energy via the 4F9/2 +4 Iiyp —
48, /2 +4 15 /2 energy-transfer process discussed in section 5.3 and remove energy

from the lasing cycle more efficiently in CW than under a quasi-CW regime.

We suggest an explanation for two separate quasi-CW regimes: Long pulses on the order
of 10 ms under single pumping as in Tobben’s case and shorter, 300 ps pulses using
DWP, with experimental results given in section 6.4.2. In T6bben’s case, operating
in CW using a single pump exciting directly to the *Fj /2 level, the population at the
4F, /2 level is clamped at the threshold level. Any additional ions would relax after
lasing via the multi-phonon quenched I, /2 level to the long-lived S 2 level. As a
consequence, sufficient population densities are present in both the I, /2 and T /2
levels to allow for the 4 Fy /2 +4 1, 12— 48, /2 +4 15 /2 energy-transfer process discussed
in Chapter 5 to depopulate the upper laser level. Moreover, the decay from the *I;, /2
level is predominantly by fluorescence, with about a third of the ions relaxing to the
15 /2. This means that effectively almost all of the excited population under CW lasing

conditions is bottlenecked at the long lived *I;; /2 and 41 /2 levels. This effect would
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Figure 6.14: Modelled temporal behaviour of ion density with CW 985 nm pump and
long 1973 nm pulses below laser threshold. The initial stable population achieved under
the CW 985 nm pump changes abruptly when the 1973 nm is incident. The energy
of the laser pulse is proportional to the area under the *F, /2 state curve. The energy
in the first 300 ps is ~ 30% larger than after the transient has subsided due to the
energy-transfer process subsiding. This model is based on a rate equation model using
the equations of section 1.5.4 but without taking lasing into account.

become even more pronounced under high pump power densities causing bleaching of the
ground. In that case, most of the ions in the system would end in the 41, /2 and 414 /2
levels and not in the ground state. The large population of these levels would result in
a poor slope efficiency because of reduced availability of ions to be pumped from the

ground state.

When Tobben was chopping the pump with about 8.5 us long pulses, the dynamics
changed. This pulse length is an order of magnitude longer than the lifetime of the 4F, /2
level, which would therefore reach steady-state conditions even without lasing. Assuming
a 50% duty-cycle (value is not provided in [117]), the time between pulses is about
15% longer than the lifetime of the 41, /2 level and is comparable to the lifetime of the
1 /2 level. This results in the ir, /2 level reaching a similar excitation level as in CW.
The population density bottlenecking at the 41, /2 and Ls /2 level was only at about a
third of its value at the beginning of the next pump pulse compared to CW conditions,
resulting in a much higher population available at the ground state. In addition, the

reduced population at the *I;; /2 level at the beginning of the next pulse results in a
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lower energy-transfer rate. Pumping from the ground was thus more efficient, resulting

in increased slope efficiency and higher overall output power at 3.5 um.

When using DWP in CW, similar population density conditions are reached as the ones
described above for the singly pumped case. Laser efficiency is improved because of ions
cycling from the 41y, /2 level directly to the upper lasing level. Under quasi-CW conditions,
with pulses on the order of 300 s, transients are still dominant. Accumulation of ions
which do not participate in the lasing cycle at the 414 /2 level still occurs, although to a
lesser extent than in CW. Both 4F, /2 and I, /2 level are sufficiently populated to allow
for the energy-transfer process to be effective. The data in section 5.3 suggests a decay
constant associated with this energy-transfer process of 300-400 us for the case of the
IR-Photonics fibre. This case is presented in Figure 6.14 showing simulated population
densities of the relevant levels based on the simple rate equation model, which was used
previously. The initial conditions here are of a CW operating, 985 nm pump at 194 mW
of incident power. In the figure, we see that immediately after the 1973 nm pump
beam is unblocked, the *Fy /2 level population builds-up at the expense of the T /2
level population. The maximum level obtained is about 20% higher than the level in
steady-state (at about a millisecond). With the initial increase in *I;; /2 and 4F, /2 levels
populations, energy-transfer effects depopulate both levels further until a steady state
is reached within the first 300 ps. The model in Figure 6.14 does not take lasing into
account, however when operating above threshold the laser pulse energy is proportional
to the area under the 4 F, /2 level curve. The area under the first 300 us of the iF, /2 level
population curve in Figure 6.14 contains about 30% more energy than a later 300 us time
span after transients have subsided. In this case, when using a slow, thermopile-based
detector (as is used in our case) would result in a higher peak power reading compared

with both pumps operating in CW.

6.4.1 Quasi-CW experimental setup

The experimental setup for quasi-CW operation is very similar to the setup used for the
CW mode of operation, as discussed in section 5.3.2. The 985 nm pump is operated
continuously, while the 1973 nm TFL beam is chopped using a mechanical chopper at a
duty-cycle of 30% with the beam transmitted through the chopper for 300 usec. This
transmission time is equivalent to between two and three lifetimes of the upper lasing
level 4 Fy /2 below lasing threshold. The laser power and the residual power through the
fibre of both pumps is measured using the wavelength separator, as shown in Figure 6.3.
In between the 3.5 um laser pulse, the resonator lases at 2.75 um when the 1973 nm
beam is blocked. This contributes to the average power reading obtained from the slow
thermal detector. Our results take this effect into account by subtracting the 2.75 um

laser power from the reading following the method described in section 6.2.4.
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6.4.2 Quasi-CW results summary

A summary of the laser behaviour in quasi-CW with different output couplers is presented
in Table 6.3. Figures 6.15 and 6.16 depict the laser’s behaviour as a function of incident

and absorbed 1973 nm pump power when it is mechanically chopped at a 30% duty-cycle.

Table 6.3: Summary of laser parameters with varying output couplers for 18 cm
quasi-CW IR-Photonics fibre. Slope efficiency is relative to the 1973 nm pump peak
power with a fixed 985 nm maximum pump power in CW. The peak power value is
based on average power measured with a thermal power meter then divided by the
chopper duty-cycle and compensated for 2.75 um lasing.

Output Maximum Maximum initial | [ ager thresh-
coupler peak output slope efficiency (%) | old relative
reflectivity (%) | power (mW) to 1973  nm
pump peak
power (mWW)
Incident | Absorbed
power power
80 347 2342 49+ 7 161
90 333 23.5+2 | 57£5 67
95 248 16 -2 24 & 4* 34

* The 95% in quasi-CW was performed on a different fibre segment than in CW.

We observe an increase in the peak power emitted by the laser compared with the CW
case shown in Figures 6.5 and 6.6. The increase varies from 25% in the cases of the 90%
and 95% output couplers, to almost 100% increase in the case of the 80% output coupler.
There is also a reduction in the 1973 nm threshold peak power compared to the CW
case. The slope efficiency remains similar, however, although its linearity is extended
to higher peak powers. The abscissa of Figure 6.16 is terminated at 1000 mW because
beyond 650 mW of absorbed power, reflected 1973 nm pump from the output coupler is
not likely to be completely absorbed in the fibre. The value of 650 mW was found from
the data of the quasi-CW laser experiment to be the absorbed power where the change in
the slope of the transmitted 1973 nm pump occur. Values close to 650 mW were found
consistently for all output couplers used. This power level was determined in a similar

manner to the 350 mW level found for the CW case, which is shown in Figure 6.12.

The improvement in performance in quasi-CW compared with CW operation is unlikely
to be the result of a reduced thermal load because the expected core temperature rise for
CW pumping is less than 10°C (see Appendix E). Such a small temperature rise results

in a negligible increase in the multi-phonon rate. A thermal induced effect that cannot
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be excluded, however, is the possibility that reduced thermal load on the input fibre tip
reduces stresses caused by contact of the fibre endface with the resonator mirror. This
is a consequence of the experimentally observed strong sensitivity of the laser power to

butt-coupling conditions (as discussed in section 6.3.3).

In all of the results presented so far, the 985 nm pump diode was operating at its
maximum CW power in order to obtain the highest laser power at 3.5 um. This means
that the lifetime quenching effect observed in section 5.3 is already fully manifested.
Since the lifetime saturation onset with 985 nm pump is relatively early on, it was not
expected that turning the 985 nm pump operation from CW to long pulses of 20 ms
or longer, which are needed for sufficient %I, /2 population build-up, would make a
significant difference in the laser behaviour. This was verified on multiple accounts when
operating the 1973 nm in CW while using long pulses with the 985 nm pump. The peak
3.5 um laser power observed was identical to the CW power with the same 985 nm pump

power.

The second possible explanation is that the chopped pump with its 300us long pulses
reduces the energy-transfer process 4Fg/2 +4 Ly — 45'3/2 +4 I 3/5 by decreasing the
temporal overlap between the populations of the 4, /2 and 1 /2 levels. The theoretical
discussion at the beginning of section 6.4 and spectroscopic measurements of changes in
fluorescence of 4S5 /2 +4 14 /2 levels have shown that this is a likely explanation when
there is no lasing action (see section 5.4). However, additional measurements are required
to provide supporting evidence for this hypothesis when lasing. As such, this question

remains open.

6.4.3 Laser power saturation and dependency on the 985 nm pump

For essential characterisation of the laser behaviour, we conducted a set of experiments
to determine the laser power with varying 985 nm pump. These measurements were
conducted in quasi-CW using the 95% output coupler. Similar behaviour to the one

portrayed below was observed in CW operation.

In the following experiments, the laser output power was measured with different com-
binations of 985 nm and 1973 nm pump powers. At every measurement, the 1973 nm
pump levels were fixed while the 985 nm pump was varied. For example, the 1973 nm
pump would be fixed at an incident level of 0.55 W peak power, while the 985 nm pump

varied between 0 mW to 194 mW incident power.

The results of varying the level of the 985 nm pump are presented in Figure 6.17 and

show a consistent saturation effect. These results show that the output power is not
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a linear function of the incident 985 nm pump power and that increasing the 985 nm
pump above a certain level does not significantly increase the output power at a constant
1973 nm.

Despite the apparent differences between the curves of Figure 6.17, there are some
similarities between them. Figure 6.18 demonstrates that if we normalise each curve to
its maximum power level, we end with all of the curves having a similar shape. This
behaviour is consistent with improved absorption of the 1973 nm pump when more ions
are present at the 41y, /2 level. We suggest that the saturation behaviour represents a

similar saturation mechanism for the different power levels.

This assumption of improved 1973 nm pump absorption with increased *I; /2 population
receives further support from Figure 6.19. In this figure, we plot the absorption of
the 1973 nm pump as a function of absorbed 985 nm using the data from Figure 6.17.
Figure 6.19 follows a similar pattern to the one in Figure 6.17 with the exception of its
pre-threshold behaviour. The figure shows that prior to reaching threshold at ~ 120 mW
of absorbed 1973 nm, there are only small differences in the amount of 1973 nm pump
absorbed for different incident power levels. This can be expected because prior to
reaching threshold, the population of the *I;; /2 level is completely dependent on the
relative lifetimes of the Ert? ions levels. Once the threshold is crossed, the increasing
rate of stimulated emission depopulates the 4 Fy /2 level, therefore allowing more ions in

the Iy, /2 level to absorb 1973 nm pump photons.
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Figure 6.17: Dependency of laser power on 985 nm pump. 18 ¢m long IR-Photonics
fibre with 95% output coupler. 1973 nm pump is operating in quasi-CW.
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Figure 6.19 also demonstrates that at the lower levels of incident 1973 nm pump, the
absorbed 1973 nm power and hence the laser power are limited by the 1973 nm pump.
Once higher incident 1973 nm pump is used, more of it is absorbed with a corresponding
increase in the maximum laser power obtained. However, this increase comes at the
expense of a reduction in the fraction of the 1973 nm pump absorbed. This reduction is
the result of reduced absorption due to bleaching of the 1973 nm pump. The bleaching
occurs since the 41y, /2 population is depleted and the 0 /2 = iF, /2 transition begins
to reach transparency. Observing the incident and absorbed 1973 nm power taken from
Figures 6.15 and 6.16, this becomes evident, for example, in the case of the 90% OC results.
When the laser operates with 100 mW of peak output power, the absorbed 1973 nm
pump corresponds to 60% of the incident power. As the laser power increases, this

fraction decreases to 50% and 40% at 200 mW and 300 mW of laser power, respectively.

The consistent improvement in laser power demonstrated with increasing both 985 nm
and 1973 nm pump powers suggests that more 985 nm pump power would increase the
laser power. This would be the result of an increase in the population of the 41, /2 level
and in cases where the 1973 nm is the limiting factor, higher laser power is likely to
be achieved. Future work on a complete numerical model of the DWP system using
higher pump power could provide additional data on the expected behaviour. The
system efficiency is currently limited by the brightness of available 985 nm sources. New
single-mode sources that are brighter have recently become available and should enable
an increase in the laser power. In addition, polarisation combining and pumping from
both sides of the cavity should allow for a significant increase in the population of the

4111/2 level along the fibre.

Figures 6.18 and 6.19 hint that the threshold power for the 985 nm pump power varies
very little between the different 1973 nm power levels. A closer look at the laser threshold
behaviour as a function of the absorbed 1973 nm pump in the forward direction, provided
in Figure 6.20, confirms that the threshold does not vary. In this figure, we plot all the
data from Figures 6.17-6.19 as a function of absorbed 1973 nm pump that is travelling in
the forward direction, prior to its reflection by the output coupler. Each colour represents
measurements taken with a fixed 1973 nm pump level, while each symbol is indicative of
a different 985 nm incident pump level. With the laser system operating in quasi-CW
while using 95% reflectivity output coupler, lasing starts once 120 mW of 1973 nm
pump is absorbed. The threshold power does not seem to change under the different
combinations of incident 985 nm and 1973 nm pump powers. This is because a certain
population is required in the upper lasing level 4 Fy /2 to achieve an inversion level that
overcomes the internal material losses and the output coupling fraction. This inversion

can be achieved with low 985 nm pump and high 1973 nm pump or vice versa, as long as
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Figure 6.20: Dependency of laser power on absorbed 1973 nm pump in the forward
direction with respect to incident 985 mm pump. Data points of the same colour
represent data taken with the same fixed 1973 nm incident power while varying the
incident 985 nm pump power. The shape of the data point corresponds to the incident
985 nm power at that point. The absorbed 1973 nm power calculated in this figure is
in the forward direction only and does not include absorption of the reflected pump due
to output coupler reflectivity, unlike the data in Figures 6.6 and 6.16. This is because
we could not measure the absorption of the backwards propagating pump and the large
differences in 1973 nm absorption when varying 985 nm pump levels would not allow
assuming that all of the backwards propagating pump is absorbed. Data taken with
18 ¢m long IR-Photonics fibre with 95% output coupler. 985 nm pump operating in
CW while 1973 nm pump operating in quasi-CW.

120 mW of 1973 nm are absorbed, regardless of which pump is dominant. This result is
consistent with our understanding that the purpose of 985 nm is to populate the virtual

ground state and compensate for loss of ions from this state.

Figure 6.20 shows that the 3.5 pm power is linear with respect to the absorbed 1973 nm
pump in the forward direction. This is evidence of the laser power saturation being
the result of bleaching of the 1973 nm pump because of insufficient population at the
I, /2 level. The shape of the curve is true for all power levels, unlike in Figures 6.6 and
6.16. This is because the derivation of the absorbed 1973 nm pump power in the forward
direction is independent of the assumption that all reflected power is absorbed, which is
only valid up to 650 mW of total (forward and backward propagating) 1973 nm pump,

as discussed previously.

To conclude, it appears that the mechanism creating the saturation behaviour is the

interplay of populating the virtual ground state 1, /2 by ground-state absorption together
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with excited-state absorption and stimulated emission on the %I, /2 = 4F, /2 transition.
When a large population of ions is created at the *F, /2 level, additional 1973 nm pump
power cannot be absorbed effectively while it stimulates back transfer to %Iy, /2 from
4Fy /2. The results shown in Figures 6.18-6.20 indicate that the 1973 nm absorption is the
limiting factor to the laser output power. Increasing the absorption of the 1973 nm pump
requires increasing the 985 nm pump power as well, which would necessitate brighter
985 nm diodes for the current IR-Photonics fibre used. Although we obtained some
understanding of the dependency of the 3.5 um laser system on pump condition, there is
much more to explore. The full answer to the saturation question would likely require a

full numerical analysis, which is planned for future work.

6.5 Additional laser attributes

In addition to the power and efficiency examined in the previous sections, other attributes
of the laser behaviour were investigated. These included power stability, beam quality

and spectral content, all of which are presented below.

6.5.1 Power stability

The stability of the laser output power is evaluated for the 18 ¢m long fibre laser using the
90% output coupler (see Figure 6.21). The laser power is measured using the wavelength
separator by recording the output of the Thorlabs S302C thermopile power meter head
at a rate of 10 Hz. In a measurement lasting 15 minutes, the laser maintained a constant
output power of slightly above 100 mWW (about 40% of the laser’s saturation power)
with 0.37% standard deviation. Degradation is observed in other, shorter measurements
when operating close to the laser’s maximum power with power stability of +£3% often
encountered. A slow drift is often present on the order of 5 mW per minute, which is
probably related to a slight misalignment due to thermal drift of the fibre tip at the
input end. The laser power can change abruptly when the optical table is bumped, often

resulting in a drastic loss of power and even the destruction of the fibre input side.

The power stability observed with the 90%, 95% and 99.3% output couplers under normal
operating conditions is not maintained when operating with the 80% output coupler.
Power fluctuations of 1% — 2% are common while £10% — 15% are observed occasionally
with instability of the absorbed 1973 nm reading. Those fluctuations are accompanied
by significant spectral broadening of the output, which is possibly the result of constant

mode hopping (see section 6.5.2 and Figure 6.25).
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Figure 6.21: Laser power stability with 90% output coupler. Mean output power
104.3 mW with +0.37 mW standard deviation.

These power fluctuations can be attributed to power fluctuations in the 1973 nm pump.
The pump fluctuations are caused by strong feedback due to the high reflectivity at
1973 nm (55%) of the 80% output coupler (see discussion in section 6.3.3, page 167).
Such high reflectivity at 1973 nm strongly increases back propagating 1973 nm pump
into the TFL (even when the 3.5 um laser is below threshold or with the 985 nm pump
turned off), resulting in instability and mode-hopping.

The instability could be mitigated by adding an isolator after the 1973 nm pump. Other
output couplers which exhibit lower reflectivity at the 1973 nm pump demonstrate similar
power fluctuations only at much higher 1973 nm incident pump power. In those cases,

the 3.5 um laser power is already saturated.

6.5.2 Laser spectral content

Figure 6.22 shows a typical spectrum of the laser output together with a measured
fluorescence spectrum of the 4 Fy /2 —4 I /2 band transition. The broadband emission is
collected from the IR-Photonics fibre while being double-pumped, but without resonator

mirrors.

Once resonator mirrors are in place, up to three laser lines at 3.472 pum, 3.538 um and
3.604 um are observed. To the best of our knowledge, the 3.604 pm line is the longest

rare-earth doped fibre laser emission at room temperature demonstrated to date. At
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Figure 6.22: Typical spectra of fluorescence and laser emissions with 90% output
coupler. The shortest laser line at 3.472 pum is magnified 50 times. Laser is operating in
quasi-CW with 180 mW peak power.

the lowest 1973 nm pump power, the laser operates on the shortest line and progresses
to the longest one when the 1973 nm pump power is highest. When the pump is in
the mid-range, all three lines can appear at the same time with their relative intensities
depending on the pump power. A typical behaviour of the relative power distribution
between the laser lines as a function of 1973 nm power is shown in Figure 6.23. This
figure shows a typical case, although significant differences can exist between different
incarnations of the fibre laser. Those differences are often the result of different output

coupler butting conditions.

The exact wavelength of each laser line can vary slightly, up to +5nm with different
pumping levels. Slight variations are observed when using sections of fibre from different
locations along the fibre spool. Modifying the HR and output coupler mirrors butting
conditions can also have an effect. It is worth noting that the 3.604 pm line is not
always present. This is especially common at low output power, though the existence of
the 3.604 pm line seems to depend significantly on the output coupler mirror’s butting
condition. Even at low output power, it is possible to manually adjust the output coupler

butting condition until the 3.604 pwm line appears.

The red shifting of the wavelength of the laser lines is likely due to the increased population
of the lower lasing level. The shift can be explained by considering the population of

the lower Stark sub-levels of the lower lasing level 41, /2 Near threshold, all the Stark
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Figure 6.23: Lasing lines’ relative intensity as a function of laser power - HR mirror.
Each curve shows the fraction of power at a certain laser line with respect to the total
laser power. The example shown is for 18 ¢m long fibre with an HR mirror as an output
coupler.

sub-levels of the lower lasing level 41 /2 are almost empty. Therefore, lasing occurs at
“line centre,” between the bottom Stark sub-levels of both manifolds, which is on the
shortest line with the highest emission cross-section. As soon as a population starts to
build in the lower lasing level, the lowest sub-levels start to fill up. This reduces the
inversion of the laser transition, particularly at shorter wavelengths. Hence, the laser
will shift to a longer wavelength, associated with a transition to a higher Stark sub-level
of the lower laser level manifold, which has a lower cross-section but higher gain at that
stage. This behaviour is similar in nature to the behaviour observed on the 2.75 um
transition in Er:ZBLAN fibre lasers [107].

Additional stable features around the laser lines can be resolved when we operate the
spectrometer at its resolution limit of 0.1 nm using 10 um wide slits (see Figure 6.24). In
order to get a clear signal under these conditions, it is important to ensure the focusing
off-axis parabola is properly matched to the acceptance cone of the spectrometer and is
well aligned. Similar features to the ones seen in Figure 6.24 have been observed at the
other laser lines and while using other output couplers (except the 80% output coupler,
see below). Further investigations in which we eliminated elements one-by-one along
the optical path suggested that the features originate from the laser itself and are not
the result of etalon effects along the path to the InSb detector. The 1.5 nm spaced
features (equivalent to 36 GHz at 3.535 wm) are too far apart to be longitudinal laser
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modes, which are expected to have a free-spectral range of 566 M H z for the 18 ¢m long
resonator. A similar etalon effect at this wavelength range generated by two parallel
surfaces would have required a separation of about 2 mm. This therefore excludes the
air gaps between the fibre tips and resonator mirrors (estimated to be on the order
of a few microns) from being the source of the fringes. The depth of the modulation
and the detector specification preclude the possibility of etalon effects from the InSb
wedged detector window as well. Thus the nature of these spectroscopic features remains

unresolved.
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Figure 6.24: High-resolution spectrum of lasing line using 90% output coupler. Features
with 1.5 nm spacing are observed, the origin of which is unclear. Laser operating at
170 mW , spectrometer resolution is 0.1 nm.

Operating with the 80% output coupler features very significant line broadening as shown
in Figure 6.25. This broadening was not present using any other output coupler with a
lower reflectivity at 1973 nm. We therefore suggest that the broadening is the result of
significant instability in the output power of the 1973 nm pump which results in strong
mode-hopping behaviour of the 3.5 um laser. The instability of the 1973 nm pump is
due to substantial feedback effect at 1973 nm from the 80% output coupler mirror, as
discussed in section 6.3.3. In the future, this feedback could be avoided by adding an
optical isolator along the 1973 nm pump path.

The multi-line operation is to be expected of a glass host where the dopant ions do not
occupy exact lattice locations, resulting in inhomogeneous broadening behaviour and
wider emission lines. However, the relatively high efficiency demonstrated by this laser
and the existence of multiple lines covering 130 nm suggest a degree of homogeneity.
To6bben also observed different 3.5 um lines operating at the same time [117, 118] and
attributed their appearance to the splitting of the Stark levels combined with local
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Figure 6.25: Typical spectrum of the laser when operating with 80% output coupler.
Note the wide lasing lines, which are probably caused by strong instability created by
the significant fluctuations of the 1973 nm pump affected by feedback. Laser operating
at 140 mW, spectrometer resolution is 1 nm.

variation in the electric field at different ion sites. A great deal of work has been put
into investigating similar inhomogeneous broadening behaviour in ZBLAN and silica
based fibre lasers. For example, Bigot et al. [202] and Jarabo et al. [203] showed that
dopant ions can have different coordination numbers (essentially the number of the
closest neighbours) in the glass matrix which cause different energy-transfer interactions
and thus enable lasing at different wavelengths. Guy et al. [204] and Srinivasan et
al. [88] examined the effects of ion clustering that can result in separate populations
competing (and cooperating), resulting in multi-line operation and change in the peak
of fluorescence emission on the order of 100 ¢m ™!, which is similar to the separation
observed in our case. Changes in lasing wavelength in a 2.75 pm, Er3t:ZBLAN fibre
laser were found experimentally and later reproduced numerically by Gorjan et al. [205]
under the assumption of competing populations with slightly different energy levels. In
their work, they showed that multiple laser lines spanning about 30 nm on the 2.75 um
transition are present at the same time and constantly compete. Gorjan et al. were able
to obtain similar dynamics to their measured result using a rate equation model. Their
model considered two sets of Er3* ion families with slightly different energy levels that

compete for pump absorption and interact via energy-transfer processes.

Table 6.4 presents the Boltzmann factors associated with the Stark splitting of the 41, /2
and 4F, /2 levels. The calculated values are based on Stark level energies determined by
Huang et al. in Er3*:ZBLAN glass under cryogenic conditions. The width of all levels is

significant and is the result of the variation in the crystal field between different ion sites
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Table 6.4: Stark splitting and Boltzmann factors of the 419/2 and 4F9/2 levels. Data
presented is based on low-temperature measurement in ZBLAN glass by Huang et al.
[188]. All Stark levels in the 41 /2 and 4F, /2 have the same degeneracy. The assignment
order of the stark levels is taken from [206]. The Boltzmann factors are necessary for
calculating the gain and stimulated emission rates in a future numerical analysis.

Stark level Energy (cm™!) Width of level | Boltzmann factor
(em™1)
Stark splitting of I /o
9/2 12413 4 0.328
3/2 12472 35 0.247
7/2 12538 40 0.179
5/2 12604 73 0.131
1/2 12630 99 0.115
Stark splitting of 4F, /2
9/2 15271 2 0.287
3/2 15301 44 0.249
1/2 15361 A7 0.186
7/2 15398 8 0.156
5/2 15449 62 0.122

[188]. We can estimate the Stark levels between which the laser transition occurs using
the information in Table 6.4. By comparing the energy of the laser transitions with all
possible permutations of the energy gap between initial and final Stark levels, the relevant
transitions between the appropriate Stark levels are found. The combined Boltzmann
factors of the relevant level for each laser transition are presented in Table 6.5 on page 188.
The spreading of the Stark levels in glass can allow for a few Stark levels to interact
with the laser field. It is therefore somewhat difficult to determine the exact Stark levels
involved in each laser transition and the results in Table 6.5 should, therefore, be taken
as a guide only. The width of the individual Stark levels and their interactions can
explain the wideband fluorescence curve shown in Figure 6.22. Decay from the topmost
Stark level of the upper laser *Fy /2 to the lowest Stark level in the lower laser level
4y /2 would result in emission at 3298 nm. Transition from the lowest Stark level of the
upper manifold to the highest Stark level at the bottom manifold results in fluorescence
at 3786 nm. The width of the Stark levels and their overlap provides an avenue for
fluorescing at any wavelength in between these two (and slightly beyond because of the
width of the topmost and lowest levels). Figure 6.26 depicts the presumed transitions
between the Stark split manifolds in ZBLAN glass associated with the wavelengths

observed in our 3.5 um laser.

Earlier in this section, we discussed the shifting emission of the 3.5 pum laser to longer

wavelength lines. This shift is possibly the result of an increased population at the lower
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Table 6.5: Boltzmann factors of the 3.5 pum laser transitions. Calculations are based
on data from Huang et al. [188]. In this table we consider levels to be involved in a

laser transition if the energy gap between them is within 15 em ™! of the energy of the
observed laser transition.

Laser tran- | Transition Initial Stark | Final Stark | Boltzmann
sition wave- | energy levels in | levels in 41, /2 | factors
length (nm) | (em™1) 4F9/2
lower | upper
b by
3472 2886 3/2,1/2 9/2,3/2 0.58 0.43
3538 2832 3/2,1/2 3/2,7/2 0.42 0.43
3604 2780 5/2 5/2,1/2 0.25 0.16

lasing level which causes the laser transition to be terminated at a higher Stark level,
thus shifting the laser emission to a longer wavelength. Small shifts of +5nm were also
observed by all laser lines with higher pump power. The mechanism causing these shifts
is not clear. We suggest that it is related to the slight heating of the fibre with increased
pumping. Such heating causes small changes in the Boltzmann distribution between
the different Stark levels, each having a width of a few tens of cm~! [188]. These small

changes might eventually result in small shifts of the observed emission wavelength.

Although we do not yet completely understand the behaviour of the laser lines, the broad
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Figure 6.26: Stark splitting in ZBLAN and relevant laser transitions. The arrows
connect the two Stark levels which correspond to the appropriate energy difference
associated with the lasing line wavelengths. Data based on the work of Huang [188].
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fluorescence band suggests that the output wavelength can be tuned over a very wide
wavelength range, covering an important part of the mid-infrared spectrum where many
organic molecules have absorption lines [207]. The work of Tébben in [118] demonstrated
the feasibility of tuning the emission wavelength of a 3.5 um fibre laser. In that work,
To6bben showed continuous tuning of a laser line over 30 nm using changes in temperature
from 5°C to 41°C. An additional line which was also continuously tuned was present in
part of the tuning range and was the only one present when the temperature was tuned
up to 61°C. No wavelength selecting elements were used to limit the emission to a single
line. This suggests that wavelength tuning is possible and that wavelength selection

elements are probably required for single line operation.

6.5.3 Beam quality

The laser output beam seen in Figure 6.27 is of near Gaussian nature, as can be expected
from a single mode fibre. The laser also exhibits a reasonably good beam quality with
an upper limit on the M? factor of better than 1.34 (see Figure 6.28). The M? factor,
which is a measure of the deviation in the beam quality from a perfect TEMyg Gaussian
beam, was fitted using the curve fitting tool in Matlab®. Initially the beam waist size
wp and the beam divergence half angle 6, measured along the optical axis relative to an

arbitrary initial location zg, were fitted to a parabola according to [208]
w?(2) = Wi + 6%(2 — 20)*. (6.22)

Once both are known, the M? factor is calculated from

. w097r

M2
)\7

(6.23)

with A being the wavelength of the laser. A perfect TEMgg beam would have an M?
of one because it divergence is § = \/mwp. The exact number could not be resolved
sufficiently well with the Pyrocam used for beam quality measurements because its pixels
are 100 pym wide and thus too large to resolve the beam waist created by the longest

focal length optics available to us.

A mid-IR zoom lens or telescope were not available, thus to improve the quality of
the measurement, we constructed a beam-reducer to allow an increased waist size after
focusing. This ensures the focused spot size is sufficiently large to be registered properly
with the Pyrocam. Although this somewhat improves the ability of the Pyrocam to
resolve the beam, it does not completely solve the low resolution issue and thus the

above mentioned number of M? = 1.3 might improve using better diagnostic methods
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Figure 6.27: 3.5 yum laser beam shape.

using a higher resolution beam profiler or a method based on a knife edge measurement.

The improved resolution uncovers that the observed focused spot size does not follow a

perfect parabolic pattern near the expected beam waist, as seen in Figure 6.28.
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Figure 6.28: 3.5 pm laser beam M? measurement. Laser output power during
measurement is 50 mW.

We suspect that the biased, non-parabolic behaviour near the waist of the focused beam

is the result of comma-like aberrations. These aberrations could be created by the off-axis

parabolic mirror used to collimate the laser output beam. The current mechanical nature

of the laser setup did not permit changing the mirror with an aspheric lens, thus our

hypothesis could not be confirmed experimentally.
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6.6 DWP laser summary

In this chapter, we demonstrated the ability of the DWP technique to increase significantly
the output power generated at 3.5 jum by an erbium doped fibre laser. This Er3+:ZBLAN
fibre laser achieved in CW 260 mW with 26% slope efficiency relative to the second
pump, and 16% optical-to-optical efficiency including both pumps. These results are an
order of magnitude improvement in power and efficiency compared with the previous
state of the art. To the best of our knowledge, at 3604 nm, this laser operates at the

longest wavelength observed from a room-temperature rare-earth-doped fibre laser.

Laser performance in CW has been characterised using an 18 ¢m long butt-coupled
resonators with output couplers ranging from 80% to 99.3%. From these results and
using a Findlay-Clay analysis, we were able to find the internal losses in the fibre, small
signal gain and emission cross-section at 3.5 pum. The results of the latter agree well
within the uncertainty to the cross-section value derived using the Fuchtbauer-Ladenburg

method, which is found in section 2.5.

We explored the behaviour of the laser under long-pulse regime, with the second pump
mechanically chopped. With the same configurations as in CW, we observed up to
347 mW of peak power. This was a significant improvement in the peak output power
compared with the CW case. Similar improvements were found with all output couplers

tested.

We investigated the dependency of the laser power on the 985 nm pump power and found
evidence that the available 985 nm power is currently the limiting factor in obtaining
a higher laser power. In future work we would like to test this hypothesis by using a

985 nm source which is brighter than the ones currently available to us.

Additional laser attributes were investigated, including beam quality, power stability and
spectral behaviour. The combination of the very short lower lasing level lifetime and the
extremely broad nature of this transition leads to the promise of a wavelength tuning

range within the 3.2-3.9 um.

The possible tuning range of a 3.5 pum Er>T:ZBLAN fibre laser is of interest because
as seen in Figure 1.1, important carbohydrate gasses have strong absorption lines close
to the short-wavelength edge of the fluorescence curve presented in Figure 6.22. In
Figure 6.29 we present fluorescence at 3.5 um band obtained from the literature and
throughout this work. The figure shows that there is significant variability in the short
and long edges of the fluorescence when using different fibre varieties. The origin of this

variability is not clear, although Figure 6.29 suggests that the short edge is dependent
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Figure 6.29: Comparison of 3.5 um fluorescence emitted by different fibre varieties.
All fluorescence curves were normalised to the same maximum intensity. The distinctive
feature at 3820 nm in the FiberLabs ZSF curve is the result of stray light from the
1909 nm pump source. Er®t doping density of the different fibres: FiberLabs ZSF -
0.5 mol%, Tobben - 1 mol%, IR-Photonics - 1.7 mol%, FiberLabs ZDF - 4 mol%. The
FiberLabs ZDF fibre was double-clad, while all other fibres were single clad. Although
the different curves were collected from fibres with different lengths, this should not
have affected the fluorescence width because the re-absorption by the sparsely populated
41y /2 level was negligible.

on the doping concentration. Future understanding of the cause of this difference and its
control are essential for spectroscopy applications, which require operating closer to the

C-H bond fundamental absorption line at 3.34 um.

The relatively long lifetime of the 4Fy /2 level suggests that this laser can achieve high
peak power. The demonstration of wavelength tunability and short-pulse operation are
the subject of planned future work, which is described together with a summary of this

thesis in the next chapter.



Chapter 7

Conclusions

7.1 Highlights

IN this thesis, we report the demonstration of a mid-infrared (MIR) fibre laser operating

around 3.5 pm. This laser achieved all the requirements originally set in this project:

e Laser operation around 3.5 um from an Er3*t:ZBLAN fibre

e Highly effective dual-wavelength pumping (DWP) method for obtaining significant

power and efficient MIR, operation in fibre lasers.

e Significantly more power than 10 mW and good efficiency. Over 260 mW at 3.6 ym
were obtained with an overall optical-to-optical efficiency of 15.9% and a maximum

slope efficiency of 27.5% relative to incident 1973 nm pump.

This work is only the beginning of research efforts to improve our understanding of the
DWP system and its capabilities, namely achieving higher output powers, obtaining

better efficiencies and demonstrating wavelength tunability.

7.2 Summary of results

We started in Chapter 1 with a review of MIR lasers and fibre lasers in particular. The
state-of-the-art in MIR fibre lasers prior to this work was discussed, with emphasis on
rare-earth-doped fibre lasers operating well beyond 3 pum. Proven methods of improving
the output power and efficiency of infrared fibre lasers were discussed. These were based

on Er3* and Ho?*t doped ZBLAN fibre lasers operating around 2.75 ym which were used
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as examples. We then presented the premise of this project, i.e. using DWP to improve
power and efficiency of a 3.5 um Er**:ZBLAN fibre laser.

In Chapter 2, we delved into the spectroscopy reported in the literature relating to
Er3T:ZBLAN glass, which is relevant to the implementation of a 3.5 yum fibre laser. By
reviewing the various available sources, we obtained a consistent set of spectroscopic
parameters. This set was used later in this thesis for estimating the behaviour of the
3.5 um fibre laser and will be used in the future in a comprehensive numerical analysis
of the DWP system.

The set of parameters included absorption cross-sections of various Er3T:ZBLAN transi-
tions which was compared to our own measurements. Oscillator strength values from
literature together with radiative probabilities and branching ratios relevant to this
work were presented. We estimated a value for the non-radiative multi-phonon decay
rate in ZBLAN glass by combining multiple literature sources. We showed that by
using W, = Cexp~®?F (Equation 2.20) with the parameters a = 0.0063 em ™! and
C =1.8x10" 57! agood agreement between reported energy levels lifetimes from various
sources is reached. We calculated the peak of the emission cross-section for the 3.5 um
transition and found it to be 7 .51‘%:? x 10722 e¢m? by using the Fuchtbauer-Ladenburg
method based on the fluorescence data provided by Tébben [117].

In Chapter 3, we concentrated on determining the appropriate pump sources for a DWP
system. It was shown from the literature that the first pump wavelength should be between
982-985 nm to minimise excited-state absorption (ESA) while maintaining reasonable
pump absorption. A pump-probe measurement was presented, which resulted in the
determination that the peak absorption wavelength of the ESA transition 41, /2 = 4F, /2
is at 1973 nm. Further investigation obtained the lineshape of ESA and showed that
the peak absorption cross-section is o1973nm = 2.3 £ 0.8 x 1072° em?2. Our investigation
was, to the best of our knowledge, the first experimental measurement of this ESA
transition. These preliminary investigations concluded with the first demonstration of

3.5 um fluorescence obtained using a sub-optimal DWP system.

Various pump sources were constructed for the DWP laser system. Chapter 4 describes
the different sources and their performance. The final configuration used for the first
pump was a commercial 974 nm high brightness single-mode diode that was modified to
operate at 985 nm. The second pump source was a 790 nm pumped Tm?3*+ doped silica

fibre laser. This fibre laser achieved up to 5 W of output power at 1973 nm.

Although 3.5 um fluorescence was demonstrated, lasing was initially elusive. Possible

limiting factors that prevented lasing were considered in Chapter 5. Our investigations
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showed that there is a strong lifetime quenching of the upper lasing level. We measured
the intrinsic lifetime of the *F /2 level in the 1.7 mol%, Er3*t-doped, IR-Photonics fibre
to be ~ 148 us under low power excitation by the first pump. The lifetime was shown to
reduce when incident power of the first pump was increased and was mostly independent
of the power of the second pump. Increased quenching was observed when the first pump

was operating at a wavelength of 974 nm compared with 985 nm.

A higher doping concentration (4 mol% compared with 1.7 mol%) exhibited stronger
quenching. Together with theoretical thermal analysis (in Appendix E), these results
suggested the influence of an energy-transfer process that depopulated the upper lasing
level. We identified this energy transfer process using measurements of the fluorescence at
various energy levels as a function of pump power. The previously undocumented energy-
transfer process of 4F9/2 +4 Iy — 453/2 +* I13/5 was shown to be detrimental to lasing
and its average rate value was experimentally determined to be 4.5+ 1.5 x 1077 em3/s
or 2.74 1.2 x 10717 em3/s under the “strongly interacting” and “weakly interacting”

assumptions, respectively.

We achieved lasing after optimising the DWP setup and by using the IR-Photonics
fibre with its lower doping of 1.7 mol% Er?* ions. The 3.5 um laser performance is
summarised in Chapter 6. Lasing on up to three lines was observed at 3472 nm, 3535 nm
and 3605 nm. The later wavelength is, to the best of our knowledge, the longest line to

be demonstrated in a rare-earth-doped fibre laser operating at room temperature.

The dependency of the laser power and efficiency were investigated as a function of
output coupler reflectivity. A maximum output power of 260 mW (total of all lasing
lines) was demonstrated with an 18 ¢m long fibre using a 90% reflectivity output coupler.
A maximum slope efficiency of 27.5% relative to the second, 1973 nm incident pump was
achieved. Overall optical-to-optical efficiency (including both pumps’ incident power)
peaked at 15.9% using a 90% reflectivity output coupler. The laser power saturation was

shown to be related to the 985 nm pump power.

By using a Findlay-Clay analysis of the dependency of laser power on output coupler
reflectivity, it was possible to estimate a few of the laser’s parameters. Among these
parameters were the internal losses in the fibre 6 = 180 &+ 60 dB/km, the inversion
density at threshold ny, = 3.2 x 108 ions/cm3 and the emission cross-section o, =
9 + 4 x 10722 jons/cm?, which agreed well with the cross-section calculated using a
fluorescence curve available from T6bben’s work [117]. Additional laser attributes were
investigated. The spectral content of the laser as a function of pump power showed
a tendency to operate at longer wavelengths with increased pump power. The power
stability of the laser was shown to be better than 0.5% over a 15 minute period. Reasonably
good beam quality of M? = 1.34 was measured, albeit this figure is likely to be an upper

limit due to factors outside of the resonator.
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7.3 Significance of results

The original motivation for this project was purely scientific. The interesting electronic
structure of Er®t ions in ZBLAN glass raised the possibility of using DWP to improve
MIR laser efficiency.

In the course of this project, however, the significance of these results became apparent
due to the applications that could be realised using such a laser. Operating in the MIR
allows the identification of molecular fingerprints using light absorption and laser-radar
based devices. Applications of such devices include monitoring greenhouse gasses such
as water vapour, COq, methane, ethane and other volatiles. A tunable source can open
opportunities such as early disease detection using breath analysis, stand-off detection
of explosives and improved point-to-point communication. However, the lack of cost
effective and affordable sources in the MIR has prevented these applications from being

pursued beyond the laboratory setting.

In our work, we developed a fibre laser that operates in the MIR around 3.5 um with
over thirty times more power and ten times better efficiency compared to previously
demonstrated fibre lasers [117]. Our work is the first to demonstrate a fibre laser operating
well beyond 3 pum with power levels that are approaching those applicable to real-life
applications. This laser also operates at the longest wavelength ever demonstrated by a
room temperature rare-earth-doped fibre laser. The DWP method described in this thesis
improves substantially the efficiency of the laser. In addition, the commercial availability
of components suitable for DWP pumping reduces the cost of our laser compared with

traditional MIR sources exhibiting similar power levels at this wavelength band.

The DWP method is not limited to the 3.5 pum transition nor to fibre lasers. It can also
be applied to other suitable laser transitions and gain media. A patent application has
been lodged based on the DWP method and laser results described in this thesis. The
University of Adelaide is interested in pursuing further development of the technology

for future commercialisation.

7.4 Future research directions

The development of this 3.5 um fibre laser opens new possibilities. However, as this
is the first investigation of a DWP laser on the relatively uncharted 3.5 pum transition,

there is significant room to explore.
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Three major avenues are important to promote the possible applications of this laser and
its commercialisation. These are obtaining wavelength tunability, increasing the power
of the laser to the watt level and obtaining short pulse operation. All are beyond the

scope of this thesis, although some initial work has begun on all three fronts.

7.4.1 Wavelength tunability

There are currently three possible avenues considered for future wavelength tuning: an
open cavity approach, a three-mirror resonator option and a seeded master-oscillator

with a power amplifier approach.

In the open cavity configuration, the butted output coupler is removed. The light coming
out of the fibre is collimated, sent through a dispersive element and then incident on the
output coupler (see an example in Appendix D, Figure D.7). This method suffers from
increased losses, however, due to losses at the multiple additional interfaces and Fresnel
reflections from the fibre tip. Obtaining lasing requires minimising the higher losses to a

manageable level.

A second approach for wavelength tuning is using coupled, or three-mirror resonators. In
this way, a first resonator is formed by a fibre which is butt-coupled on both sides. A
second concurrent resonator is formed using a dispersive element and a second output

coupler.

The third approach is using a seeded resonator following a master oscillator and power
amplifier approach. A beam from a low-power, tunable MIR source (for example a
quantum-cascade laser diode) is mode-matched into the main resonator which is DWP.
If the seed power is sufficiently strong, it will cause the DWP resonator to lock to the

seed laser wavelength and amplify it. This would result in a tunable MIR laser system.

The increased complexity of the second and third methods compared with the open
cavity scheme make them less attractive. However, all approaches will be investigated in

the future for wideband wavelength tuning.

7.4.2 Higher power

Our investigations have shown that the laser power in CW is currently not limited by the
1973 nm pump but by the 985 nm pump. To achieve higher power at 3.5 um, longer fibres
and brighter 985 nm pumps are necessary. Additional pump and fibre configurations
should be investigated as well. These include pumping both in the forward and backwards

directions and using high-power, low brightness 985 nm diode with double-clad fibres.
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7.4.3 Short pulse operation

Utilising the 3.5 pum laser for remote sensing applications requires short pulses of high
peak power in some instances. Short pulse generation by gain-switching and mode-locking
is the natural extension of our work in the CW and quasi-CW regimes. To achieve gain
switching, fast modulation of the 1973 nm pump is necessary. This fast modulation can
be achieved using the in-band pumped 1973 nm Tm3T-doped fibre laser described in

Appendix C, section C.2 and is planned as an extension to this work.

Q-switching of this laser requires adding a fast modulation of the losses in the resonator.
Active Q-switching might be obtained using electro-optic modulators in an open cavity
configuration. A different approach is using passive g-switching using saturable absorbers.
Future use of graphene is planned to achieve fast switching. With proper resonator
design, such saturable absorbers can lead to mode-locking of the laser behaviour. The
4F, /2 = 4 /2 transition is broadband and hence mode-locked pulses shorter than a
pico-second are expected. Such direct generation of MIR frequency combs will find many

applications in MIR spectroscopy.

7.4.4 Additional investigations

A full rate-equation-based numerical analysis of this complex spectroscopic system is
needed. Such a theoretical framework will enable optimisation of the laser and allow
investigating parameters which are difficult or too expensive to determine experimentally.
Such a simulation will enable optimising the active fibre parameters, including optimising
length, doping, core diameter, numerical aperture and possibly co-doping. A numerical
analysis will also help to determine whether it is possible to achieve 3.5 pm lasing in a

double-clad fibre, despite our lack of success in doing so.

Future implementation of this laser might benefit from a fibre with higher numerical
aperture (NA) and lower doping. Operating closer to the originally defined numerical
aperture of NA = 0.27 should improve the mode overlap between the laser mode and
the fibre core. This should improve the efficiency whilst also increasing the launching
tolerances of both pumps. Using fibres which are more lightly doped can reduce ESA,
energy-transfer, cross-relaxation and energy-transfer upconversion processes, which have

been shown to be detrimental to the DWP operation.

To conclude, obtaining laser operation at 3.5 um was a significant challenge. We have
achieved our goals, although there is still much more to investigate. At this point we can
look back and appreciate the significant road we have travelled and at the same time

look to new and exciting future research.
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Frontiers in Optics, OSA Technical Digest (online), page fw4B.1. Optical Society of
America, 2013.



Appendix B

Cleaving and polishing ZBLAN
fibre

ZBLAN fibres are very fragile, soft and require extra care when handling, cleaving and
polishing. In this appendix, we describe the methods developed in this work to cleave the
IR-Photonics fibre and to polish the IR-Photonics and FiberLabs ZDF and ZSF fibres.
We were not able to find a cleaving method that produced consistent results with the
“D”-shaped ZDF fibre from FiberLabs.

B.1 Cleaving ZBLAN fibre

In this section, we describe the method used for cleaving the IR-Photonics fibre. The
tools used in the cleaving process are shown in Figure B.1; the manual cleaver is shown

in Figure B.4.

The cleaving method was as follows:

1. Mount the fibre on the flat aluminium block. Place a “Post-it” sticky flag about
2 e¢m from the tip to be cleaved. The sticky flags have sufficient adhesion to hold the
fibre well and they can be removed from the fibre much more easily than ordinary

sticky tape.

2. Use a scalpel to scrape slightly or make multiple slight incisions in the coating of

the fibre. This will allow the solvent to penetrate better (see Figure B.2).
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Figure B.1: Tools used for cleaving the IR-Photonics fibre. Clockwise from top-left:
methanol, lint-free tissues, protective gloves, “Post-it” sticky flags, fibre stripper, scalpel,
paint stripper, aluminium block and cotton swabs.

e 0 i

Figure B.2: Mounting the IR-Photonics fibre and creating incisions prior to cleaving.
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Figure B.3: Lifting the IR-Photonics fibre into the paint stripper prior to cleaving.

3. Cover the fibre beyond the sticky flag with di-chloro-methane (DCM) based paint
stripper using a cotton swab. Insert the scalpel, or a thin screwdriver, between
the fibre section that is covered with the paint stripper and the aluminium block.
Very gently lift the tip of the fibre a few millimetres into the paint stripper blob
above it (see Figure B.3). If the paint stripper is fresh, it will flow under the fibre;
otherwise, move the fibre tip slightly with the scalpel and release it over the paint

stripper. This ensures the paint stripper covers all sides of the fibre.
4. Wait 5-10 minutes for the paint stripper to take effect.

5. Very carefully lift the sticky flag with the fibre attached to it. If the fibre remains
attached to the aluminium block, remove the flag and lift the fibre by hand.

6. Wipe off the paint stripper using a lint-free tissue soaked in methanol. Methanol
is preferable since it has lower acidity than acetone and isopropyl-alcohol and is
therefore more gentle on ZBLAN glass. Wipe along the length of the fibre towards
the tip to remove all of the paint stripper. Try to apply enough friction to pull the
coating of the fibre off the part that was exposed to the paint stripper. Achieving
the right level of friction necessary requires practice. If that does not work, use the
fibre stripper carefully on a position that was exposed to the paint stripper and

carefully remove the coating.

7. About 2 em of uncoated fibre is now ready to be cleaved. Do not clean or touch

the exposed fibre.
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8. Adjust the York cleaver to a tension of 100 grams. This level of tension is suitable
for the 125 um IR-Photonics fibre. Other ZBLAN fibres with different diameters

are likely to require a different level of tension.

9. Mount the fibre in the cleaver with its curvature down. Cover the exposed side
of the fibre with a small piece of lint-free tissue folded to create four layers (see
Figure B.4). Lower the clamps without locking them. The purpose of the four-
layered tissue is to reduce the clamping force of the clamp on the exposed glass.
Without it the fibre will shatter.

Figure B.4: Fibre in York cleaver with tissue on it. Clamps are in the open position.

10. The following procedure for cleaving (see figure B.5) requires some practice to

master:

(a) With your left hand, apply downward pressure to both clamps using your
fingers - do not reach the locking stage. This pressure needs to be light enough
to not crush the fibre on the exposed glass side or deform the coating coating
on the coated side. At the same time, it needs to be firm enough to prevent

the fibre from slipping once the tension lever is released.

(b) Using your right hand, release the tension lever. You must ensure that your
left fingers only apply downward pressure. Otherwise, the tension on the fibre

can be too high, causing a bad cleave, or too low, resulting in no cleave.

(c) With the third finger of your left hand, release the “cleave” lever. The
ultrasonic cleaver arm will reach the fibre. If the fibre is mounted properly

and clamped with enough force, the fibre will be cleaved.
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(d) Immediately after cleaving, lift the “cleave” lever back to retract the cleaver

arm.

(e) If the fibre did not cleave, try the cleaving process (10a-10d) again. If this
still fails, tension of the fibre might need to be readjusted or the fibre might

need to be re-cleaned.

Figure B.5: Cleaving with the York cleaver when manually clamping the fibre. Leftmost
lever is the “cleave” lever, two middle levers are the clamping levers and the rightmost
lever is the “tension release” level.

11. Inspect the cleave using a microscope to ensure a straight cleave. If possible, inspect
the endface as well. A fibre splicer is sometimes useful for the purpose of inspecting
the fibre (see Figure B.6).

Figure B.6: Inspecting the fibre tip using a fibre splicer. The fibre on the left has an
almost straight cleave, while the one on the right has an angled cleave.
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B.2 Polishing of ZBLAN fibres

ZBLAN fibres are significantly softer than silica fibres and require a different polishing
process. The following procedure was found to be effective when polishing ZBLAN fibres.
We did not try to put connectors on fibres. For this purpose, the polishing process would

have to be amended.

The tools used in the polishing process are shown in Figure B.7.

S
o

&=tz -

Figure B.7: Equipment used for polishing ZBLAN fibre. Clockwise from top left:
Glass plate with rubber mat, lapping papers (5 um - black, 3 uym - brown, 0.3 um
aluminium oxide - white, chromium oxide 10000 grit - green), fibre cleaner, fibre stripper,
heat-shrink tubing, stainless steel puck, bare-fibre adaptor and fibre-viewing scope.

The polishing process of the IR-Photonics, 125 um-diameter fibre is described below.

1. Clean the fibre using methanol.

2. Ensure that the coating of the fibre is in good condition all the way to the end
of the fibre. A lumpy or uneven coating will prevent the fibre from entering the

bare-fibre adaptor.

3. Mount the fibre in a bare-fibre adaptor fitted with a 260 pum SMA connector.
Ensure that the fibre barely protrudes from the connector. If it extends too much

beyond the endface of the connector, it will break during the polishing process.
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4. Mount the fibre and adaptor onto the SMA polishing puck, ensuring both the puck
and adaptor are oriented in a certain direction (see Figure B.8). Maintain the same
direction for all polishing procedures. It is helpful to scribe a line on the puck for
alignment purposes. If the direction is not maintained throughout the process, the
polishing can result in multiple facets because of tolerances between the connector

ferrule diameter and the polishing puck hole.

5. Place heat-shrink tubing on the back of the bare-fibre adaptor (see Figure B.8).
This prevents the fibre from swaying too much during the polishing process, which
can cause it to break. Heat-shrink was chosen as it has a similar diameter to the

base of the bare-fibre adaptor and it has a slight stretch.

Figure B.8: Holding the polishing puck. Left - fibre mounted in polishing puck and
connector oriented in a specific way. Right - heat shrink mounted on bare-fibre adaptor
to prevent fibre from swaying during polishing process. It is important not to apply
downward pressure to the polishing puck.

6. If the fibre tip is very jagged, start with a black lapping paper (5 um). Place the
lapping paper on top of a rubber mat placed on the glass surface. Start polishing
in figure 8 motions. This is a very rough polish and can cause the fibre endface
to be very jagged, so only minimal polishing (if any) using this lapping paper is

recommended.

7. Remove the adaptor from the puck, tap the fibre tip multiple times with a sticky
flag to remove large debris and inspect the fibre tip using the fibre-viewing scope.
Both fibre and coating should be visible and the fibre facet should be scratched
evenly but roughly (see Figure B.9 on the left).
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10

11.

12.

13.

14.

. Change to the brown lapping paper (3 pum) on top of the rubber mat on the glass
surface and polish in figure 8 motions. It should be possible to get an almost

scratch-free surface at the end of this stage.

. Remove the adaptor from the puck and tap the fibre tip multiple times with a
sticky flag. Then clean the fibre tip using the fibre cleaning tape with a drop of
methanol and inspect the fibre tip using the fibre-viewing scope. Both fibre and
coating should be visible and the fibre facet should be scratched very lightly (see
Figure B.9 on the right).

Figure B.9: Fibre endface quality after black and brown lapping papers. Left - after
using the black lapping paper (5 pm); right - after using the brown lapping paper
(3 pm).

. Remove the rubber mat and change to chromium oxide lapping paper. Mount the
adaptor with fibre in the puck and let the puck rest on the lapping paper. Drag
the puck in straight lines a few centimetres each while rotating the puck. Do not

apply any downward force. Repeat stage 9.
If fibre endface is not smooth, repeat stage 10.

If after few trials the endface is not sufficiently smooth after using the chromium
oxide lapping paper, it is sometimes necessary to change to the white lapping paper
(0.3 wm). Mount the fibre and adaptor. While applying slight downward force,

polish in figure 8 motions.
If there are still very fine scratches, repeat stage 10.

When satisfied with the end face quality (i.e. no scratches or significant chipping of

the fibre rim), disconnect bare-fibre adaptor from puck and remove the heat shrink.
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15. Remove the fibre from bare-fibre adaptor by first pushing the fibre through the
connector so it protrudes. This will dislodge debris from the tip of the fibre. Then

pull the fibre backwards through the connector until it is free.

16. Using the fibre stripper, remove 1 mm of coating from around the fibre tip. This

is necessary to ensure that the fibre endface can be butted against the mirror

properly.

17. Inspect the fibre tip using a microscope or splicer for cleanliness and to estimate

the angle of the endface.

18. If there is debris on the fibre tip from the removal process, try tapping the tip very
gently with a sticky flag. If debris is still present, clean using fibre cleaning tape.

When polishing the FiberLabs fibre, a similar process is followed. The only difference is
that a 510 um connector is used instead of the 260 pm connector because both ZDF and

ZSF fibres both have larger coating.

The polishing process of ZBLAN seems to work best as a dry process unlike the usual
wet process in silica. It is especially important to keep the chromium oxide paper dry,

otherwise the particles become dislodged and completely clog the connector.






Appendix C

In-band thulium-based fibre lasers

In Chapter 4 we describe the final version of the second pump source used to obtain
3.5 pm lasing using DWP. This version was based on a 790 nm pumped, Tm?3*t-doped,
silica fibre laser. Two earlier versions of the second pump source, also based on a thulium
fibre laser (TFL), were constructed during this work. These two fibre lasers were based
on a 1550 nm in-band pumped gain switched design. The first variant was used in
our validation of the DWP concept, as described in section 3.3.3. The second variant
was designed as a higher power version of the first fibre laser and was used during our
initial, unsuccessful trials for achieving 3.5 um lasing. The details of the construction

and performance of these in-band pumped TFL sources are reported in this appendix.

C.1 Preliminary TFL based on gain-switched design

In experiments conducted at the University of Adelaide, Wu et al. [191] employed an
in-band pumped TFL as a pump source for a gain-switched Ho3" fibre laser. We obtained
Wu’s original laser and simplified it to operate it in CW mode. This was done to simplify
laser construction and to clarify spectroscopic measurements performed. This TFL was

used in the work described in section 3.3.3.

A schematic diagram of the initial TFL is shown in Figure C.1. This laser was a seeded
in-band pumped, gain switched laser. A fibre-coupled 1551.4 nm laser diode (QPhotonics
QDFBLD-1550-50) with an output power of 40 mW was used as a seed source. The
diode was operated in CW and pulsed modes. The output from the diode was spliced
into a fibre-coupled optical isolator (AFW ISOS-15-0-1-0). The seed signal was then
passed through a 99%:1% coupler, with the 1% branch connected to an InGaAs diode
(Thorlabs Det01CFC) for monitoring purposes.

The rest of the seed light continued into an erbium doped fibre amplifier (EDFA) stage.
The EDFA stage consisted of a multi-mode fibre pump and signal combiner (3+1) and

215
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Figure C.1: Second pump source - initial configuration. Tm3" fibre laser design is
based on an in-band pumped, gain-switched Tm?3* fibre laser demonstrated by Wu et
al. [191]. In our setup, the laser was operated in CW.

a doped fibre. A total of 20 W of 940 nm pump light from three multi-mode diodes
(2xBookham MU8-940-01/04 and one JDSU 6396-L3 series) were combined and injected
into the inner cladding of the pump and signal combiner. The 1551.4 nm signal was
injected into the core of the “signal” fibre, which was part of the pump and signal
combiner. The output fibre of the pump and signal combiner was spliced to the active
fibre. This splice injected the pump light into the inner cladding of the double-clad
active fibre with the seed light being amplified in the core of the active fibre (Nufern SM-
EYDF-6/125-HE). The fibre had a 6 pm diameter core that was doped by a combination
of Er3* and Yb?* ions. The core was surrounded by an inner cladding with a 125 pm

diameter.

The amplified 1551.4 nm light from the EDFA entered the Tm?3* fibre resonator stage
and was absorbed in it due to the ground state absorption of Tm3* at this wavelength.
The Tm?3* laser resonator stage consisted of a highly reflective fibre Bragg grating (FBG),
an active Tm?®* fibre and a low reflectivity FBG acting as an output coupler. This stage
was used as in the original configuration used by Wu et al. and was therefore optimised
for short pulse operation for pumping a Ho3T doped fibre laser. The highly reflective
FBG was centred at 1909 nm (sourced from DSTO). The FBG was spliced to a 25 cm,
Tm3* doped fibre (Nufern SM-TDF-10P/130-HE). This fibre had a 10 um core with
a numerical aperture of NA = 0.15 and 130 pm of inner cladding. Ion concentration

of the fibre core was 3.5% wt% Tm?>" ions. The fibre exhibited single transverse mode
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behaviour in the 1900 nm band. The laser resonator was completed with an FBG with
20% reflectivity at 1909 nm. We maintained the 25 ¢m length of the active fibre from the
original work of Wu et al. [191]. This length corresponded to Wu’s maximum average
power and coincided with the ~ 90% absorption length of the 1550 nm pump light [209].
An undoped extension of SMF28 fibre was spliced to the output of the 20% FBG fibre to

allow easy delivery of the signal to the experiments.

The laser was operated in CW to simplify the spectroscopic measurements for which it
was used. Figure C.2 shows the CW output power at 1909 nm of the laser as a function

of the current of its pump diodes.
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Figure C.2: First in-band pumped TFL variant - 1909 nm output power as a function
of diode current in CW.

The Tm?3*t doped stage produced a maximum of 350 mW at 1909 nm while operating at
a driver current of 7 A. Driver currents higher than 7 A caused strong output power
instability and were therefore avoided. The output power was strongly affected by the
temperature of the Tm?*+ stage. We passively cooled the Tm3* fibre by submerging it
in a shallow water tub. This resulted in the fibre laser producing its maximum output
power of 350 mW. Due to the passive nature of cooling (no water circulating), the
temperature of the fibre in the water increased over time, resulting in lower output
power. The variability of the output power only enabled us to perform qualitative
measurements (such as observation of increased 650 nm and 3.5 pm fluorescence in

section 3.3.3). In addition, using the wavelength of 1909 nm was far from optimal since
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its ESA cross-section was six times lower than the maximum possible at 1973 nm (see
Figure 3.13). Due to all of these reasons, a higher power, more stable source operating

at 1973 nm was needed for additional investigations.

C.2 TFL based on a higher power version of the gain-

switched design

To achieve enhanced pumping of the 4I; /2 = 4F, /2 transition, a higher power, more
stable source, operating closer to the peak absorption wavelength of 1973 nm was

required.

Our second variant of a TFL was based on the design of Wu et al. in [191] for an
in-band gain-switched TFL with modifications to enable higher power: a double-pass,
pre-amplifier stage was added to increase the total gain of the system. This together
with increased isolation between the different stages enabled stable operation at higher
power levels than the ones obtained with the TFL described in section C.1. Figures C.3
and C.4 depict the schematics of this TFL.

The laser was constructed from four main building blocks: 1550 nm seed, 1550 nm
pre-amplifier, 1550 nm power amplifier and a Tm?3" laser stage which are described

below.

C.2.1 1550 nm seed segment

The 1551.4 nm seed stage was similar to the one described in section C.1 and its
schematics are shown in Figure C.3. A fibre-coupled 1551.4 nm laser diode (QPhotonics
QDFBLD-1550-50) with an output power of 40 mW was used as a seed source. This
laser diode could be used in both CW and pulsed modes using a dedicated printed circuit
board connected to a pulse generator. The pigtail fibre from the diode was spliced into
a 99%:1% fibre coupler, with the 1% branch connected to an InGaAs diode (Thorlabs
Det01CFC) for monitoring purposes. The main signal from the coupler passed through a
fibre-coupled optical isolator (AFW ISOS-15-0-1-0), which protected the seed laser diode

from feedback from the pre-amplifier.
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Figure C.5: Second TFL variant - output power of the pre-amplifier as a function of
its pump current. Power was measured at the output of the third arm of the circulator
leading to the power amplifier stage prior to splicing the amplifier stage. The incident
1551.4 nm seed power was kept constant at 28 mW.

C.2.2 Pre-amplifier segment

The pre-amplifier was a double-pass amplifier, see schematics in Figure C.3. Its role was
to amplify the 1551.4 nm signal so that the final power amplifier was saturated. The

output power of the pre-amplifier is shown in Figure C.5.

The signal from the seed-stage entered the first arm of a fibre-coupled circulator (AFW
cir-3-15-L-1-0). The signal exited the circulator via the second arm of the circulator and
entered a wavelength division multiplexer (WDM). This WDM (AFW WDM-SM-1-98/5-
L-1-L-0) combined both the 1551.4 nm signal and light from a single mode, 700 mW
high brightness 974 nm pump (Bookham LC96UF74-20R) into the core of its output
fibre.

The 974 nm pump and the 1551.4 nm signal were injected into the active fibre where
the 1551.4 nm signal was amplified. This fibre was a 1.5 m long single clad, single mode
Er3*t doped fibre (Nufern SM-ESF-7/125). A high-reflector FBG centred at 1551.4 nm
with a bandwidth of 0.6 nm was spliced on the other side of the active fibre. The FBG
reflected the signal back into the Er®+ doped fibre for a second pass resulting in additional

amplification.
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The amplified signal continued travelling through the WDM and back into the circulator
second arm. After double-passing the pre-amplifier, the incoming signal was amplified
from 28 mW to 275 mW. Travelling in the opposite direction to its first time in the
second arm of the circulator, the signal was reflected towards the third arm of the

circulator. This arm was spliced to the power amplifier stage.

The spectrum of the signal travelling through the circulator towards the power amplifier

is presented in Figure C.6. Reflecting the signal into the pre-amplifier with an FBG

—— Circulator output — seeded
— Circulator output — unseeded

_10_

Intensity (dBm)

-60
1550.4 1550.6 1550.8 1551 1551.2 1551.4 1551.6 1551.8 1552 1552.2 1552.4
Wavelength (nm)

Figure C.6: Spectrum of the amplified 1551.4 nm signal after double-passing the
pre-amplifier. When unseeded, most of the power is generated in the forward direction
escaping the amplifier stage through the FBG due to wavelength mismatch.

helped the laser behaviour in two ways. It increased the gain of the pre-amplifier stage
by double-passing. The double passing of the signal also improved the ratio between the
signal and ASE noise. This was because the ASE was only amplified when travelling in
the backwards direction, while the broadband forward travelling ASE was allowed to exit
the amplifier through the narrowband FBG. Figure C.6 shows the spectrum of the signal
on the exit arm of the circulator (arm three) after double-passing the pre-amplifier. Both
seeded and unseeded cases are shown, demonstrating the significant narrowing obtained

under seeded operation.
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C.2.3 Power amplifier segment

The role of the power amplifier stage was to boost the 1551.4 nm signal power after the
pre-amplifier by an order of magnitude to about two watts. This was achieved using a
single-pass amplifier stage which consisted of an Er3T:Yb?+ doped active fibre, pumped
within the broad absorption band of the Yb3* ions at 930 nm. Schematics of the second

amplifier stage can be seen in Figure C.4.

The power amplifier stage consisted of a 1 W, polarisation-independent, fibre-coupled
isolator (AdValue Photonics AP-ISO-1550P1-2-1,3). Its purpose was to protect the
circulator and seed stage from back propagating power. After the isolator, a 2 x 2,
99%:1% single mode beam splitter/coupler (Thorlabs 10202A-99) was used to monitor
the forward and backward propagating signal on the 1% branches.

A length of SMF28e, single mode fibre was spliced to the output port of the 2 x 2 coupler.
The purpose of the SMF fibre was to remove any residual 930 nm pump light from
propagating backwards in the fibre cladding. This was necessary since this amplifier stage
was counter pumped. The active fibre consisted of 9.8 m of double-clad fibre doped with
both Er** and Yb?* ions in its core (Nufern SM-EYDF-6/125-HE). This fibre had a 6 um
core with a numerical aperture of NA = 0.18 and 125 um diameter octagonal-shaped
inner cladding with a numerical aperture of NA=0.45. The combination of core size
and numerical aperture resulted in the core of this fibre support only a single transverse

mode in the 1550 nm band.

The output side of the active fibre was spliced to a multi-mode, (2+1)x1 coupler (ITF
labs MMC02112A61A). This coupler combined input from two 100 pum diameter multi-
mode fibres coming from the high-power, low-brightness pump diodes, together with a
pass-through, double-clad passive fibre that matched the active fibre geometry. Two fibre-
coupled diodes using 100 pm diameter delivery fibres were used to pump the amplifier
(JDSU L4-9894010-100E). The maximum power available from each diode was 10 W
while operating at 930 nm. Each diode was cooled by passive conduction to a heat-sink

with an attached fan.

Past the pump and signal combiner, an additional 99%:1% beam splitter/coupler (Thor-
labs 10202A-99) was spliced for the purpose of monitoring the output signal from the
amplifier. A high power, 10 W isolator was added (AdValue Photonics AP-ISO-1550PI-
2-10,3) to isolate the amplifier stage from the next stage consisting of the Tm3* active
fibre. The output power of the power amplifier stage after the isolator and before it was

spliced to the the Tm3* stage is shown in Figure C.7.
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Figure C.7: Output power of the power amplifier stage in the second in-band pumped
TFL variant operating in CW. Power is based on a seeded operation with incident signal
after the pre-amplifier stage at a maximum of 230 mW.

The relatively low power demonstrated by the power amplifier stage is the result of strong
spiking behaviour observed when operating at higher pump powers. The spiking was
somewhat improved by angle cleaving the stage output (without the isolator), however,
it could not be resolved completely. It was hypothesised that the spiking resulted from
strong mode competition due to insufficient gain saturation by the pre-amplifier power
when operating at higher pump power. Reflections at the fibre splices between the active
fibre and other elements might have contributed as well. Despite the spiking observed,
it was decided to add the Tm3* laser stage, since the 1973 nm power predicted was

deemed sufficient.

C.2.4 Tm3' laser stage

The Tm?*t laser stage was added after the high power isolator as seen in Figure C.4.
At first, an FBG acting as a highly-reflective resonator mirror was spliced in place
(Teraxion PWS-HPR-1970-1.6-99.5-PM10/130-0-1). The FBG was then spliced to a
10.8 em long Tm3* doped, polarisation-maintaining, double-clad active fibre (Nufern
PM-TDF-10P/130-HE). A short length of fibre was all that was needed to achieve good
pump absorption since the 1551.4 nm pump was launched into the highly doped core of

the fibre. This laser was only operated in CW mode, therefore extending the resonator
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length with a passive fibre did not affect its behaviour. We therefore spliced an additional
SMF28e fibre to the Tm3" stage to allow for easier handling and beam delivery to the
DWP experimental setup.

The output of SMF fibre was straight cleaved and then butt-coupled onto an output
coupler mirror with 88% reflectivity at 1973 nm (Altechna PR-1940-88). This mirror
was required to ensure stable operation at 1973 nm. Without the mirror, or when using
lower reflectivities, the laser exhibited very erratic behaviour and would tend to lase
at different wavelengths. The outgoing beam was collimated using an aspheric lens
(Thorlabs C560-TME-C). The output power of the Tm3* stage as a function of incident
1551.4 nm pump is shown in Figure C.8. The output beam was verified to have an
excellent beam quality with a measured M? = 1.01 £ 0.21 value to the beam divergence

measured in one axis (see Figure C.9).
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Figure C.8: Second in-band pumped TFL variant output power of the Tm3T stage
in CW. Output wavelength was 1973 nm. 10.8 ¢m long Tm>?*t doped fibre was used.
Output coupler reflectivity was 88%. Launched EDFA power is based on measured
power from the power amplifier stage prior to splicing while accounting for splice loss.

Although operated and tested only in CW, this in-band TFL was designed while consid-
ering possible gain-switching, pulsed operation with only minimal modifications required.
Pulsed operation could be achieved by replacing the seed laser driving electronics, which
currently can only operate in CW, with a short-pulsed version. Additionally, the length

of the Tm?* stage must be minimised by removing the SMF fibre to ensure short pulses.
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Figure C.9: Beam quality measurement of the second in-band pumped TFL variant.
M? measured along the horizontal axis.

Gain switching of the 1973 nm source should enable gain switching of the 3.5 pm laser

that could result in high peak power operation.



Appendix D

Detailed schematics of laser and

future improvements

The following appendix contains block-diagram schematics of the current laser system
detailing all the optical and mechanical components used (as mentioned in section D.1).
Future free-space configurations using a smaller component count and configurations
in “open cavity” format are suggested in section D.2. Section D.3 presents a possible

all-fibre pump configuration.

D.1 Current configuration

This section contains the current layout of the 3.5 ym DWP laser system. Figure D.1
is devoted to the pump sources. The first pump is based on an off-the-shelf, 974 nm,
fibre-coupled laser diode, which was modified to operate at 985 nm. The second pump
source is an in-house built 1973 nm fibre laser, which is pumped by a fibre-coupled high

power 790 nm laser diode.

Figure D.2 concentrates on the mode matching and beam combining optics. We expect
to be able to significantly minimise the component count of this section in a commercial
setting. This is especially true for an (almost) all fibre configuration. Figure D.3
displays the laser resonator itself with the ZBLAN fibre acting as the gain medium. In
this configuration, both the high reflector mirror (HR) and output coupler mirrors are

“butt-coupled” against the fibre endfaces.

227
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Appendix D Detailed schematics of laser and future improvements
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D.2 Suggested improvements for future configurations

The current configuration was designed with no space limitation in mind and hence is

not efficient in space or component count. Significant improvements can be obtained

with the following components:

1. All laser diode drivers and TEC (Peltier) controller can use OEM or in-house built

electronics.

2. Once aligned properly, all optics can be fixed to their position.

3. All mirrors can be replaced with 1/2” mirrors.

4. All spherical lenses can be replaced with 1/2” lenses.

5. In the pump sources section:

(a)

Using a different fibre-coupled 790 nm diode should make it possible to directly
splice the supply fibre to the 1973 nm highly-reflective fibre Bragg grating
(FBG) using a 790/2000 nm WDM combiner. This will remove the first 3D

translation stage and the associated optics.

Both 3D translation stages in the pump sources section can be replaced with a
1D stage (with movement along the optical axis) with micrometer resolution.

Worse resolution might also be possible under certain conditions.

It is strongly recommended to add an isolator to the 1973nm pump arm. This
might be possible using a fibre isolator (compared with expensive free space

isolators), though further investigation is required.

6. In the mode matching section:

(a)
(b)

Both 1 yum and 2 uym AR coated windows can be removed.

Both lense pairs 5+6 and 8+9 can be replaced by an appropriate single lens
with a less standard focal length. It might be possible to have only a single

lens on the 985 nm arm, but this requires further investigation.

Lenses 5, 6, 8 and 9 can be completely omitted if lens 7 is replaced with
an off-axis parabolic mirror. This will come at the expense of more difficult
alignment. Another possibility is to use a custom made 985/1973 nm achromat

lens combination as the launching optics.

It is possible to remove one steering mirror from both the 985 nm and 1973 nm
arms and the second mirror from the 1973 nm arm. It might be possible as
well to remove the second mirror from the 985 nm arm but at the cost of

more difficult alignment.
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(e)

()

Gold mirrors can be replaced with silver mirrors that have almost identical
reflectivity at the pump wavelengths used, or with higher reflectivity dielectric

mirrors.

If an isolator is added to the 1973 nm arm, it will be possible to completely
remove the InGaAs detector. Otherwise it is possible to locate it on the second
reflection from the BK7 wedge. Also, if properly attenuated and calibrated,
an InGaAs detector can replace the thermopile detector (used for monitoring

the 1973 nmnm output).

Lens mount MM4 (X-Y adjustable) can be replaced with a standard lens
holder.

All kinematic mirror mounts can be standardised with a stainless steel, ther-

mally stable 1”7 mounts (or 1/2” mounts if the optics is changed to 1/2”).

7. In the laser segment:

(a)
(b)
()

(d)

A simpler mount for the HR mirror is needed.
HR and output coupler mirrors can be changed to 1/2” or smaller.

It is recommended to mount the fibre in a fibre holder that will span the entire
length of the fibre and will clamp the fibre from both sides. This will improve

thermal behaviour.

A better output coupler mirror holder is needed.

8. For future tuning:

(a)

Collimating optics are required and will be swapped with the current location
of the output coupler mirror. It is preferable to use an appropriate mid-IR
asphere for collimating over an off-axis parabolic mirror due to the difficulty

associated with its alignment. However, the former is much more expensive.

(b) A dispersive element will have to be introduced into the resonator, either a

prism or a grating in Littrow configuration.

In Figures D.4-D.7, we display a minimal free space system based on the above comments.

For simplicity, the current model and vendor have been maintained where there are no

changes. Figure D.7 illustrates how a wavelength tuning design using a prism would

operate.
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D.3 All-fibre pump configuration

Fibre components for the 2 ym wavelength range are becoming more common off-the-shelf.
This was not the case when this project was initiated. It is therefore possible to build an

all fibre pump sources section, which would combine both pump beams in a single fibre.

Although splicing of silica-based fibres to ZBLAN fibres have been demonstrated in the
past, it is usually a rather lossy and weak splice. If the all-fibre avenue is pursued, it is
recommended to splice first the pump carrying silica fibre to an undoped ZBLAN fibre.
This fibre would then be spliced to the doped ZBLAN fibre, with lower expected losses.
Thermal and mechanical management of both ZBLAN splices would thus be significantly
easier. There is currently little experience in splicing ZBLAN fibres at the University
of Adelaide, therefore significant investments in time and resources would be needed to

develop the appropriate processes.

Selecting a narrow bandwidth of operation in ZBLAN glass using an FBG has also been
demonstrated, but the University of Adelaide does not have the appropriate equipment
to do so in-house. To the best of our knowledge, there are currently no commercial
avenues for creating FBGs in ZBLAN glass fibre. This might change in the coming years,
though.

Figure D.8 portrays the configuration of an all fibre pump sources and their suggested
launching optics. The laser segment would remain unchanged in its free-space form until

future technical developments enable using an all-fibre configuration as well.
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Appendix E

Thermal load in the fibre

Section 5.3 demonstrated a significant reduction in the 4Fy /2 level lifetime as a function
of the 980 nm pump power. It was stated that the reduction is not likely to be the result

of increased multi-phonon rate due to heating of the fibre. This claim is explained below.

E.1 Theoretical considerations

A significant amount of work has been done on the thermal analysis of fibre lasers
[156, 174, 210-212] and it is generally accepted that the tip of the fibre on the pumped
side requires special consideration. Heat is generated by the absorption of the pump and
any phonon processes that result from the de-excitation of excited ions. Optical fibres
are an extreme case of a system where the ratio of the length of the heat dissipating
material is orders of magnitude larger than its cross-section. In all cases, the absorption
length of the pump is significantly greater than the diameter of the fibre, meaning the
heat transfer along the fibre is negligible. This results in a heat load density proportional
to the pump absorption along the fibre [156, 213], with the highest absorption and
hence temperature in the tip of the fibre. Due to this phenomenon, the fibre thermal
equilibrium is completely based on lateral cooling by the materials surrounding the fibre
core. This behaviour simplifies the thermal analysis to a radial heat transfer differential

equations with no azimuthal dependency (assuming fibres with low or no eccentricity).

The equations governing the temperature distribution in the fibre at steady state are

211]
10 [ 0Ti(r) Q
ror (T o ) = ko) (E1)

for the doped core region I (0 < r < a), and

10 <T8Tgr(r)> _o, (E.2)

239
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for the undoped cladding zone region II (a < r < b and b < r < ¢). Here r is the radial
coordinate from the centre of the fibre with a being the doped core radius, b the cladding
radius and ¢ the acrylate coating radius if present. 7Ty is the temperature at the centre of
the fibre while T'(r) is the temperature at radius r, Qo is the heat density and k(r) the
thermal conductivity of the appropriate fibre layer.

Applying the appropriate boundary conditions between the regions and Newton’s law
of cooling on the surface of the cladding, the equations could be solved analytically
[211, 213]:

1) =T~ D 0 <r<a) (©:3)
Tii(r) =Ty — Qoa” _ Qoa” (L), (a<r<b), (E.4)

4/{1 2k1 a

Qoa®>  Qoa® b Qoa’® r
_ —) — — < r<ec). .
1k 2% ln(a) T In(-), (b<r<e) (E.5)

T][(?") = TO —

We assumed in Equation E.5 that the thermal conductivity of the core and cladding was
the same k1 and that the acrylate coating had a different thermal conductivity ks. The
temperature of the core relative to the coolant temperature T, (air, heat sink, etc.) could

be determined using

Qod’

Qoa” Qoa2l b,  Qoa’
2h.c’

C
_|_ —

Ty =T, 2 1
0 TR n() e nG,

)+ (E.6)

where h. is the convective heat transfer coefficient. The terms in Equation E.6 represent,
from left to right after 7., the drop in the temperature of the core region, the change in
the cladding region, the drop throughout the coating and the temperature drop associated

with convection at the acrylate coating-air boundary region.

We consider in this analysis that the fibre was free standing and the cooling mechanism

was by air convection only. Under these conditions we could find the value of h. using

[174]
250\ */*
he = 50 ( 50) +10, (E.7)

Tb,c

where 7, . are the radii of the fibre’s cladding or acrylate coating, if it exists, in um.

Fibres cooled by the ambient air represent the worst case scenario and are usually taken
as the case study for comparison between different fibre geometries, cooling methods
and pump regimes. In our case, assuming cooling by conduction to air is indeed overly
stringent. This is because parts of the fibre were either mounted between or on top of
fibre holder blocks with indium foils that provided much better heat conductivity. In

addition, using fans to increase the air flow around the fibre could significantly increase
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the value of h. However, examining the theoretical behaviour of our fibres in air is useful

as a comparison tool.

Lastly, the heat load density Q)¢ could be evaluated using the launched pump power P,
absorption coefficient of the fibre core «., the core radius a, the absorption length Al and
the pump and signal wavelengths A\, and A;. The later were used under the assumption

of heat generated due to the Stokes efficiency of the system.

Al/10 1- %
=(1—10"%aBm~! )Pi‘g E.
@o ( 07 e ra2Al (E-8)
for a.qp/m in dBm™!, for o in em™! and d1 in cm
Al 1- %
Qo = (1= eap™) P2 (E.9)

If pumping into the inner cladding, the reduction in absorption as a result of the ratio of
the core to inner cladding area must be taken into account. In such circumstances, core
and cladding areas are used to convert from the cladding absorption coefficient to the

core absorption coeflicient using

a2

Qq = Qepg- (E.10)
Equation E.6 is suitable for a general heat source case which does not assume lasing.
Gorjan et. al. provided an equivalent equation which is derived from Equation E.6 and
was applicable for ordinary, singly pumped lasers using common fibre laser parameters

[156].

_ (1 - nS)ALO‘CV# core@ b 2k
T = Pine S22 1+ 21n(5) + e |-

(B.11)

Here, ns was the slope efficiency of the lasers which replaced the Stokes efficiency
parameter, A7, the wavelength of the laser, a. the core absorption coefficient (in em™1)
and Vg core the V number (normalised frequency) of the core. Equation E.11 assumes no

coating, hence a single thermal conductivity coefficient k is used.

E.2 Thermal analysis of fibre used

We can now apply the theoretical considerations discussed in the previous section to the
fibres used in our system. Figure E.1 shows the radial temperature variation relative
to the ambient air temperature for a fibre with and without an acrylate coating. This
example is based on lasing at 2.75 pm using an IR-Photonics fibre parameters (see

Table E.1). This example is used to allow comparison with results from the literature,
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where 2.75 pm fibre lasers are usually analysed. We assume a fixed heat load density based
on the quantum defect of pumping at 985 nm and lasing at 2.75 pum. The temperature
difference AT is calculated according to Equations E.3 and E.4 under natural convection

conditions with no forced air cooling.

—~— i i

~ 5o ! 1 Cladding-air 1
°© : ! interface !
X 1 1 L 1
= I R ; |
el g 401 1 1 |
IS 1 1 1
© 8 1 1 1
g 2 I I ladd | \
<= 1 : 1 Cladding—acrylate 1
= Z 30 ,Core-cladding . interfacg Y |
S o rinterface i i
S < 1 1 1
B g‘ 1 1 1
= 1 1 1
5 2 20r 1 1 1
e 5 1 1 1
3 Ny 1 1 1
c = 1 1 1
] 10+ " - 1 1
g— : _— Nq acrylate coatlng : Acrylate—air :
@ N E— With acrylate coating X interface X
1 1 1

O 1 | | [ | | | | 1 |
0 20 40 60 80 100 120 140

Distance from fibre centre ( pum)

Figure E.1: Calculated lateral temperature difference from ambient at the input facet
of a pumped doped fibre assuming quantum defect based heat load. The parameters
used in this calculation are were based on the IR-Photonics fibre with an Er®* ion
doping concentration of 1.7 mol%. Launched 985 nm pump power is 170 mW. In this
plot we assumed a Stokes efficiency of 65% equivalent to lasing at 2.75 um while only
using a 985 nm pump.

The temperature distribution varied quadratically in the doped core while falling loga-
rithmically in the cladding region. Although there was a clear temperature difference
between the centre of the core and the cladding, this difference was essentially negligible
compared to the difference between the ambient and the fibre core temperatures. This

thermal distribution behaviour is typical of fibres in general [57, 213, 214].

Two effects common in fibre lasers can be observed in Figure E.1. The first is the
small temperature variation across the fibre. This is the result of the relatively small
distance between the heat generation region (the core) to the area being cooled by
the surrounding air. The calculated temperature difference between the core and the
fibre envelope was rarely more than 10% of the temperature difference between the
core and ambient temperatures. This behaviour is true even for kW class fibre lasers

[211]. The second effect was the reduction of the overall temperature rise with the
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Table E.1: Thermal analysis parameters.

Definition Parameter | Value
symbol

Ambient air temperature T. 291°K
Maximum launched pump power P

@ 974 nm 194 mW

@ 985 nm 170 mW
Maximum heat load density Qo

Q@ 974 nm 3.6 x 1010 W/m?

@ 985 nm 6.9 x 10° W/m?3
Core radius a 5 pum
Cladding radius b 62.5 um
Acrylate coating radius c 125 um
Thermal conductivity - core and | kg 0.632 W/m°K
cladding [57]
Thermal conductivity - acrylate [212] | ko 0.24 W/m°K
Convective heat transfer coefficient he

No coating 136 W/m?°K

With coating 89 W/m2°K

introduction of the acrylate coating. The coating itself had a significantly lower thermal
conductivity compared with the glass. However, the increased surface area associated
with usual diameters of acrylate coatings more than compensated for the reduced thermal

conductivity.

We have so far assumed that the heat generated was the result of the Stokes efficiency of
the system and that energy not turned into lasing generated heat. Specifically in the
case portrayed in Figure E.1, we assumed pumping at 985 nm while lasing at 2.75 um.
However, this assumption was the worst case scenario, since spontaneous emission is
always significant and does not contribute to the heat load. This was also true in our
lifetime measurements where there was no lasing present and strong fluorescence was
observed at many wavelengths. Therefore, to get a more accurate estimate of the thermal
load, we needed to take into account the actual decay rates, radiative and non-radiative
from each level. Table E.2 details the lifetimes, branching ratios, radiative efficiency and
energy lost for the transitions relevant for Er3*:ZBLAN. The method for calculating
the non-radiative rate and the branching ratios was taken from Pollnau [215], where the

non-radiative rate from one state to the one below it was determined by

i—1

AiNR = l - Z Aij.

T
2 j:0

(E.12)
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Table E.2: Spectroscopic parameters, non-radiative decay percentage and energy lost
by heating analysis. The lifetimes 7; are the intrinsic lifetimes (i.e. including radiative
and non-radiative decay) and are the average of literature values of measured lifetimes
detailed in Table 2.5. Branching ratios 3;; take into account both radiative and non-
radiative decay and are calculated using Equations E.13-E.15. Radiative lifetimes and
radiative branching ratios are taken from Caspary [146].

Starting level | Intrinsic life- | Branching ra- | Non-radiative | Energy gap to
and transition | time 7; (ms) tios Bi; (%) fraction of | next lower level
transition to | (em™1)
next lower
level m; ;-1 (%)
4F7/2 : Bes 100 100 1330
2Hy12/*S5)2 0.55 25,3, 2, 20, 50 | 99.8 3149
B5,4-0
4F9/2 :Basz—o | 0.15 82.6, 0.8, 0.8,] 99.9 2823
15.8
2.79/2 : B3.2-0 0.009 100, 0, 0 100 2246
*Iiyo : faiso | 7.32 29, 71 49 3651
239 1 Bro 9.1 100 0 6535

Average energy lost to heat for a single GSA transition ~ 510 ¢m ™!

Average energy lost to heat for a single ESA transition ~ 3650 cm ™!

Here, 7; is the intrinsic, or measured, lifetime. For our purpose, we use the average
of literature values summarised in Table 2.5. The A; ;s are the calculated radiative
transition rates from each level to the levels below it from Caspary [146]. The branching

ratios include the non-radiative decay to the energy level below as well, according to:

Bij = (Aij + AiNR)Ti with i —j = 1, (E.13)
Bij = AijTi with i —j > 1, (E.14)
Nii—1 = AiNr/(Aii-1 + AiNR)- (E.15)

In Equation E.15, 7;;—1 is the fraction of the transition from one level to the one below
that is non-radiative and is therefore dissipated as heat. The total energy dissipated as
heat for a GSA or ESA absorption is calculated using an iterative process following decay
“chains” (see Figure E.2). In this process we count all possible decay avenues from the
excited level to the underlying levels. Each of the decay “chains” is weighed according
to decay probabilities, which are defined by the branching ratio. The heat deposited in
this stage is the product of the branching ratio to the next lower level and the energy
gap between the levels. We repeat this process with the next level, however, the fraction
of ions that progress to the next lower level, relative to the total number of ions, is a
product of two branching ratios. We continue in this fashion until all possibilities of

decay to the ground level have been mapped, decay probabilities following a certain decay
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Figure E.2: Example of a decay chain for an excited ion following ESA. Ellipses
represent additional decay possibilities which are not drawn. MP stands for multi-

phonon decay and energy dissipated following this chain. The branching ratios shown
(Bij) are the ones followed in this particular chain.

“chain” have been found and the energy loss in every possible “chain” has been found.
The total energy dissipated can thus be calculated by summing all decay chains with
their respective energy loss. By using the non-radiative decay parameters in Table E.2,
we calculated that the strongest contribution per single excitation was the result of ESA
and not the decay from the 4I;; /2 level. This trend has been noted before in Er?t doped
LiYF, [114, 216]. Consequently, to reduce the heat load it was necessary to lower ESA
and energy-transfer processes. This can be achieved by adjusting doping concentration,

as well as changing the pump wavelength to one with a lower ESA cross-section.

From a quantitative perspective, the fraction of the absorbed pump power that was
deposited as heat 7q,,,,, in the fibre was

NQpump = Mrcsa ()‘) “Nnr,csa + Np psa O‘) “NNRESA" (E'16)

Here nr gsa/esa(A) are the fractions of ions that had undergone GSA or ESA transition
out of all ions that absorbed a pump photon. This is equivalent to the ratio between the
GSA or ESA pump rates to the total pump rate. This fraction is a function of the pump
wavelength and its respective absorption cross-section. nyg gsa/esa are the fractions
of energy lost to heat with every GSA/ESA transition. We can now substitute nq,,,,.,
into Equations E.8 or E.9 instead of the 1 — i—‘: factor to obtain the fraction of absorbed

power lost to heat. If the absorbed pump power is known, we can substitute it into
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Equation E.9 and obtain
T]qump
Fabs ma2Al’

Qo =

(E.17)

To estimate the fraction of GSA and ESA transitions nggga/psa, we used a simple
rate equation simulation, which was based on the rate-equations in section 1.5.4, that
calculated the GSA and ESA pump rates and the ionic population. The values obtained

from the simulation of the highest pump power available are given in Table E.3.

Table E.3: Pump converted to heat parameters. For both pump wavelengths, the
fractions of energy lost to heat due to non-radiative decay per photon are 7, , os4(A) =

5% and 1)y psa (A) = 36%

Pump wavelength
Ap (nm)

Fraction of ions un-
dergoing GSA tran-
sition 7, os4 (%)

Fraction of ions un-
dergoing ESA tran-
sition 1, pg4 (%)

Total percentage
of absorbed pump
converted to heat

1Qpump (70)

985
974

71
42

29
58

13.7
224

Pumping at 985 nm results in significantly lower heat load than 974 nm pumping. Only
13.7% of the absorbed pump was converted into heat when pumping at 985 nm compared
to 22.4% when pumping at 974 nm. In both cases, however, the calculated percentage of
energy lost to heat is significantly lower than the 65% predicted by the model using the

Stokes efficiency approach (assuming all non lasing energy is turned into heat).

The simulation provided additional insight (see Figures E.3(a)-E.3(d)). We can conclude
that the GSA and ESA rates were very different for pumping with 985 nm and 974 nm.
Specifically, we calculated that the ESA rate exceeds the GSA rate for most pump powers
when pumping with 974 nm. In addition, the distribution along the fibre was very
different, with the absorption being much more evenly distributed when pumping with

985 nm compared with the shorter absorption length using the 974 nm for pumping.

The linear dependence of Equation E.6 in the heat load Q)¢ results in a linear change
in the temperature of the core of the fibre with an increase in the heat load density.
This resulted in only a modest calculated temperature increase AT of 8 — 11°K in the
core when pumping with 985 nm, while an increase on the order of AT = 40°K was
calculated for a coated fibre under 974 nm pumping (see Figure E.4). These results
can be compared with the temperature difference of 43 — 54°K from ambient shown in

Figure E.1 using the Stokes efficiency approach.

These calculated results are still too severe because Equation E.9 assumes an exponential

absorption of the pump, which is not applicable close to the fibre tip due to pump
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absorption saturation. The simulations allow us to estimate the actual amount of pump
absorbed in the first 2 mm of the fibre and calculate the heat load density accordingly.
The simulated absorbed pump power is only about one half of the calculated absorbed
power with a pure exponential decay, resulting in approximately 50% reduction in the

calculated fibre temperature. Final calculated temperature profiles are displayed in
Figure E.5.
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Figure E.5: Calculated heating of the core at the input facet of an IR-Photonics fibre
with 985 nm and 974 nm pumping taking into account bleaching of the pump. (a)
Pumping with 985 nm, (b) pumping with 974 nm.

In this appendix, we only consider the effect of absorption of the first pump because the
1973 nm pump absorption is strongly dependant on the population of the 41, /2 level,
which is decaying along the fibre. Therefore, the propagating 1973 nm power does not
follow an exponential pattern and is strongly affected by the launched power as well. We
saw in section 5.3 that there was no significant change in the 4F /2 level lifetime when
varying the 1973 nm pump level. Additional heating due to 1973 nm absorption would
have had negligible contribution to the lifetime quenching effect. We therefore finish
our theoretical thermal investigation at this point and the effects of heating due to the

absorption of both pumps is left for future work.

E.3 Cooling of fibre

The aforementioned results demonstrated that there was no incentive to use a cooling
method to improve the lifetime of the upper laser level (4F, /2) under 985 nm pumping,

since the pump only caused a minor increase in the fibre temperature.

During some of our experiments, we tested whether there was any effect of using forced
air cooling on the fibre. A small CPU fan was placed in proximity to the fibre to blow

air on the fibre tip. This was done while operating in dual-wavelength pumping in some
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fluorescence lifetime experiments as well as some lasing experiments (see Chapter 6). The
changes observed in the results of lifetime experiments as well as lasing performance were
mostly negligible, and actually disruptive at times due to increased movement of the fibre
tip. The heat load in these situations was considerably different because of the addition
of heating from the 1973 nm pump absorption and the change in ion density distribution
along the fibre. Full analysis of these cases requires a comprehensive numerical model,

which includes the effect of lasing and is thus left for future work.

The analysis in this appendix suggests that if in future experiments we would choose
to operate with the 974 nm pump, it may be beneficial to apply cooling methods such
as forced air cooling. Possible example for such a situation would be core pumping of
a fibre such as the FiberLabs ZDF fibre. Due to its higher doping concentrations, the
ZDF fibre would suffer from approximately two and a half times more heating per unit
length compared to the IR-Photonics fibre, increasing the incentive to use active cooling
methods. However, a double-clad fibre such as the FiberLabs one is expected to be
pumped into its inner cladding, drastically reducing the heat load of the fibre tip unless

very high incident power is used.

E.4 Thermal analysis - conclusions

This appendix shows that the lifetime quenching observed with increased power of the
first pump cannot be attributed to heating of the fibre when pumping at 985 nm. This
follows from the calculations of multi-phonon decay rates given in 2.4.2, which predicted
only a modest increase in temperature of 10°K-20°K. This increase would result in a
3%-6% increase in the multi-phonon rate and therefore would create only a negligible
reduction in the lifetime observed for the *F, /2 level. Even when operated at 974 nm
with a temperature increase of 50°K, the expected reduction in *F, /2 lifetime due to
thermal effect should have been less than 10 us. The available evidence supporting
operation at 985 nm as compared to 974 nm makes the fibre cooling issue not relevant
until very high incident power levels are used. In that case, a double-clad fibre is more
likely to be used, thus alleviating heating problems until pump powers of hundreds of

watts are used.






Appendix F

Detailed experimental procedure

for in-fibre lifetime measurement

The following procedure was used to observe and measure the lifetime of the 4F /2
level, using the rate of the 657 nm fluorescence as an indicator of its population under
dual-wavelength pumping conditions. Figure 5.1 is repeated here and is used as the

reference for the experimental setup.

1. Initially the alignment of both pump beams was verified, the detectors were turned
on, the mechanical chopper was started and all instruments were tested to ensure

communication with the controlling computer.
2. A reference scan was run with both pumps turned off to zero all instruments.

3. The 985 nm pump was run at different power levels. For each 985 nm pump power

level:

(a) A spectrometer scan was run between 960 and 1000 nm with the 1973 nm
pump off. The detector voltage from the fluorescence at 995 nm was recorded.
This value was later used as a reference so a similar fluorescence level (and
therefore 411, /2 excited population levels) was obtained when the first pump
wavelength was changed to 974 nm in step 5. 995 nm was used as it was
sufficiently removed from both 974 nm and 985 nm that scattered pump light

did not interfere with the natural I, /2 fluorescence.
(b) For each of the 1973 nm power levels, we followed the Matlab® prompts:

i. The 985 nm pump beam was blocked.

ii. The incident 1973 nm power from the pick-off was recorded and the
transmitted 1973 nm pump power through the fibre was measured using

the thermal power meter.

251
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Figure F.1: General purpose experimental setup for additional spectroscopy measure-
ments. The beam emerging from the ZBLAN fibre could be directed towards either a
thermal power meter, a thermal camera or a grating spectrometer.

iii.

1v.

vi.

The 985 nm beam was unblocked. After the power readings stabilised (3
seconds), readings were recorded of incident 1973 nm from the pick-off
and the total transmitted power from the thermal power meter after the
fibre. The 1500 nm longpass filter ensured the transmitted power reading
only included the 1973 nm power.

The spectrometer’s wavelength was changed to 551 nm and peak fluores-
cence levels of the 4S5 2 = s /2 transition were recorded. This reading
provided a pump-power-related relative measurement of the population
changes at the 455 /2 level.

The spectrometer wavelength was changed to 655 nm. 655 nm fluorescence
decay trace was recorded. This measurement was used for the lifetime
analysis as well as for the relative measurement of population of the *Fy /2
level. The recorded decay trace averaged over 128 individual traces.
The wavelength of the spectrometer was changed to 800 nm and maximum

fluorescence levels of the 41 /2 = s /2 transition were recorded.
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vii. The wavelength of the spectrometer was changed to 847 nm and maximum
fluorescence levels of the 455 /2 = I /2 transition were recorded.
viii. The wavelength of the spectrometer was changed to 995 nm and maximum
fluorescence levels of the 41, /2 = I /2 transition were recorded.
ix. The output port of the spectrometer was switched to enable readings
using the InGaAs detector.
x. The wavelength of the spectrometer was changed to 1550 nm and maxi-

mum fluorescence levels of the 415 /2 = s /2 transition were recorded.

4. After reading fluorescence at all wavelengths, the first pump wavelength was

changed to 974 nm by adjusting its Peltier cooling setting.

5. Stage 3 was repeated whilst at each step the 974 nm pump power was adjusted to
achieve the same detector voltage reading measured in stage 3a when measuring
fluorescence at 995 nm. This process ensured similar levels of population density at

the 41;; /2 level and a better comparison between pumping with 974 nm or 985 nm.

6. Waveform fitting on all results was conducted to extract the decay lifetime constant
at each combination of pump powers. The data were saved to a file and plots were

automatically generated.






Appendix G

Laser alignment methods

In this appendix, we describe the methods used for aligning the 3.5 um laser based on
the IR-Photonics fibre. These alignment methods are provided as a guide for future users
of the current DWP system and for additional systems to come. Similar methods to the
ones provided here were used through the work with other fibres as well, although no
lasing at 3.5 wm was obtained using other fibres. Throughout this appendix, we refer to
the first pump as the 980 nm pump, since the same procedure applied when using either
974 nm or 985 nm. The co-alignment of both pump beams is detailed in section G.1.
This is followed by the procedure of mode-matching of the pump beams to the ZBLAN
fibre, which also included finding the location of the highly-reflective (HR) resonator
mirror (section G.2). We then describe the procedure to ensure both beams arrive parallel
to the optical table past the launching aspheric lens (section G.3). The alignment of the
ZBLAN fibre to the incoming pump beams is explained in section G.5. In section G.6
we describe the alignment of the off-axis parabola (OAP) necessary for observing the
fluorescence coming from the ZBLAN fibre. Finally, we describe how the highly-reflective
(HR) mirror and the output coupler (OC) resonator mirrors were positioned relative to

the fibre to achieve initial lasing at 3.5 um and then maximise its power.

G.1 Pump beams co-alignment

The initial co-alignment of both pump beams ensured that both the 980 nm and 1973 nm
beams were coarsely incident at the same location on the dichroic mirror and pointing in
the same direction. Very-fine tuning of the co-alignment was later achieved during the
alignment of the pump beams’ pointing direction in section G.3. Figure G.1 displays the
components used throughout the beams co-alignment process. The beams are co-aligned
by:
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Figure G.1: Diagram of components used for mode-matching, co-alignment and beam
pointing of pump beams.

1. Align the 980 nm beam to roughly hit the centre of the dichroic mirror by adjusting

the first two steering mirror on the 980 nm arm.

2. Align the 1973 nm beam to roughly hit the centre of the dichroic mirror by adjusting

the first two steering mirrors on the 1973 nm arm.

3. Remove the mirror diverting the beam towards the asphere. Mount three additional
mirrors (for space reasons) that point the beams after the dichroic towards the end

of the optical table.

4. Use the 980 nm beam as a guide (since it can be viewed easily with an IR-viewing
card) and adjust the mirrors to ensure the beam is at a constant height of 75 mm

above the optical table to the end of the table.

5. Place the Pyrocam at the end of the table with its centre at the 980 nm beam
centroid. The Pyrocam is used instead of a second iris, because it makes locating

the 1973 nm beam much easier.
6. Locate an iris centred on the 980 nm beam immediately after the dichroic mirror.

7. Repeat the following iterative process until both beams are perfectly co-aligned,

starting with a fully open iris:
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(a) Adjust the two steering mirrors on the 1973 nm arm to position the 1973 nm

beam at the centre of the iris.

(b) Adjust the dichroic mirror to bring the 1973 nm beam to the centre of the

Pyrocam.

(c) Reduce the iris opening.

8. If the dichroic is adjusted significantly in the horizontal direction, it will cause the
980 nm beam to shift from the centre of the iris. In this case, reposition the iris

slightly to be centred on the 980 nm beam and repeat stages 7a-7c.

9. The beams should be co-aligned now. The diverting mirror prior to the asphere

should be replaced.

G.2 Pump beams mode-matching

Both pump beams have to be mode matched into the ZBLAN fibre core. Mode-matching
was adjusted prior to fine co-alignment of the pump beams because it was retained in
the long term with occasional fine co-alignment due to thermal drift or changing the
position of the fibre. Figure G.1 displays the components used throughout the beam

mode-matching and co-alignment process.

The chromatic dispersion of the asphere that launches the pump into the fibre plays a
significant role in determining the location of the waist of each pump beam because each
pump operates at a very different wavelength. To compensate for chromatic dispersion
and ensure the correct mode size at each pump wavelength, additional optical elements

were inserted along the optical path of each pump beam.

We used a dual-axis, two blade, knife edge apparatus to measure the beam waist locations
and divergences after the launching asphere (see Figure G.2). These knife edges were
made from razor blades mounted at ninety degrees to each other with the flat sides facing
towards the incoming pump beams. The knife edges were mounted on a 2D translation
stage, allowing movement perpendicular to the incoming beams, with approximately
2 um of resolution. The two-dimensional stage was mounted on an additional translation

stage with 50 mm travel with positioning accuracy of about 5 pm resolution.

In order for the two pump waist locations to coincide, it was necessary to find the size
and location of each waist and then modify the locations of the mode-matching optics
for the relevant pump. To roughly find the location of the waist at 980 nm, it was

possible to mount an IR-detection disk (Thorlabs VRC4D1) with a 1.5 mm hole in it
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Figure G.2: The knife edge apparatus used for finding and measuring in three-
dimensions the location and size of the waists of the pump beams and the divergence
of the beams. The inset shows the two knife-edged apparatus. The same setup in
conjunction with the beam steering mirrors was also used for adjusting the pump beam
pointing, which is described in section G.3

after the second 980 nm pump diverting mirror. The disk was facing away from the
propagating beam. The hole allowed the pump beam to pass through undisturbed while
the reflected pump beam was registered by the disk. When the knife edge was moved
to block the 980 nm beam, a fraction of the pump would scatter backwards towards
the incoming pump. The backwards propagating light travelled the same path as the
inbound propagating beam. Therefore, when the knife edge was close to the waist, it
created an image of the reflected pump (see Figure G.3). The image is thus smallest (i.e.
passing completely through the hole) when the knife edge is exactly at the waist and
becomes larger and clearly visible when the knife edge is moved away from the waist until
it fades away when the knife edge is sufficiently far from the waist. The above method
enabled only a rough location of the waist since the knife edge, made from razor blades,
had slight angles and curved tips on the microscopic scale. Therefore, the exact waist
location deviated by a couple of tens of microns, which was still within the Rayleigh

range.

A more accurate measurement of the size and location of the waist followed using a beam
quality measurement. The knife edge apparatus was set at a certain location along the
optical axis and the beam size was measured by translating the razor blade perpendicular
to the beam. The apparatus was shifted along the optical axis and another beam diameter

measurement was taken. After repeating this process at multiple locations sufficiently far
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Figure G.3: Back-reflected image of the 980 nm pump. Left - near perfect position of
the knife-edge; Right - knife-edge further from the waist.

from the waist, the waist location was calculated using the beam divergence. The exact
location of the waist was verified by moving the apparatus by fine increments of 10 um
at a time. Through this process, the exact location of the waist, Rayleigh range and
beam divergence were found. The 1973 nm pump beam could not be resolved optically
in the same manner as the 980 nm beam, so its waist location had to be found using the

more accurate method described above.

Once the location and size of the waists were determined, it was necessary to adjust the
waists to match the mode-field-diameter of the fibre used at the relevant wavelength. In
addition, it was necessary to adjust the divergence of the pump beams so they would
compensate for the chromatic dispersion of the asphere, resulting in both waists being
co-located after the launching asphere. The original 1973 nm beam size was designed for
use with the FiberLabs fibre and thus produced a waist of approximately 14um. The
IR-Photonics fibre with its 10um core needed a reduction of ~ 30% in diameter. For
a constant focusing power, the waist size was inversely proportional to the beam size,
hence a beam expander of ~ 30% was constructed on the 1973 nm arm, using confocal

f=-75 mm and f = 100 mm lenses.

Control over the waist location was achieved using slight modifications of the collimating
condition of the 1973 nm fibre laser. By shifting the collimating aspheric lens from the
perfect collimating location, the beam divergence was changed. This shifted the waist
location accordingly, i.e., if the aspheric lens was moved further from the 1973 nm fibre

laser tip, the beam would slowly converge, thus the waist would occur earlier along the
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beam’s propagation path and vice verse. To achieve good launch efficiency of both beams,

it was necessary for the waist locations to be within 10-20 um of each other.

It was possible to calculate the changes required in the aspheric lens location to bring
the 1973 nm waist closer to the 985 nm pump waist using ABCD law calculations [217].
A similar method was used on the 985 nm beam path. The 985 nm arm also needed
compensation for the different waist size required for the IR-Photonics fibre. In addition,
the changes achieved by shifting the 1973 nm waist by itself were not sufficient to make
the two waists overlap. Therefore, it was necessary to shift the 985 nm waist towards

the 1973 nm waist as well.

After the mode-matching was finalised, we used the IR-detection disk to find the proper
location of the HR resonator mirror, which was placed on a different translation stage
than the knife-edge apparatus. We moved the knife-edge apparatus further along the
optical axis to a position where it did not interfere with the movement of the translation
stage holding the HR mirror. The HR mirror was translated along the optical axis until
an image would form on the IR-detection disk. This image was created by the Fresnel
reflection from the glass-air interface of the HR mirror. By minimising the spot on the
disk, we could infer that the front surface of the mirror was within about 20 um of the
waist. A finer adjustment was obtained by observing the front surface of the mirror
with a long focal length USB microscope. When the mirror was within about 5 um of
the waist, an image of the spatial Fourier transform of the pump beam would appear
on the surface of the HR mirror (see Figure G.4). By optimising the intensity of the
Fourier image, we were able to find the waist to a higher precision. The location on the
HR mirror translation stage was recorded for future reference, since this location did
not change if the same mode matching configuration was used. We then continued to
translate the HR mirror until a second image formed on the IR-detection disk by the
back surface of the mirror. This was done to validate that the first image was indeed

coming from the front surface of the HR mirror.

Future implementations of the DWP laser will use either an off-axis parabola or a custom-
made achromat as launching optics into the ZBLAN fibre to avoid the complications

created by the asphere chromatic dispersion.
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Figure G.4: Fourier transform of pump beam observed with the USB microscope when
the HR mirror front surface is at the pump waist.

G.3 Aligning pointing direction of pump beams after launch-

ing asphere

To ensure high launch efficiency of the pump beams, it was necessary to make the pump
beams perpendicular to the fibre end-face. We assumed that the fibre was laid parallel
to the top of the optical table and parallel to the table side as well. The high power
of the asphere meant any deviation from propagation through its centre resulted in
a strong deviation of the beams from being parallel to the table. In addition, even a
slight deviation between the different pump beams resulted in their waists not coinciding.
Therefore, it was of the utmost importance to ensure both beams were finely co-aligned

and pointing in the same direction when entering the launching asphere.

The alignment setup was based on the one used in section G.1 and shown in Figures G.1
and G.2. This consisted of the ordinary DWP laser setup but instead of having the
ZBLAN fibre mounted in position, the fibre translation stage was replaced the Ophir
50 W head power meter. The reason for using such a high power head was its large

aperture which allows for significant movement of the rapidly diverging beam when
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G.3 Aligning pointing direction of pump beams after launching asphere

aligning. In addition, the relatively slow response time averaged temporal fluctuation

which could cause confusion during the alignment procedure. The pointing direction of

the 985 nm pump beam was adjusted using the two mirror adjustment method:

1. Preliminary adjustment of both pump beams’ pointing direction was obtained

simultaneously:

(a)

(b)

The Ophir power meter head was positioned approximately 5 ¢m behind the

HR mirror.

The dual-axis knife edge apparatus was mounted between the HR mirror
and power meter head, with the knife edge approximately at the beam waist
location, while ensuring it is not blocking either pump beam (IR card or

LCD-thermal paper was used to check for beam obstructions).

The 980 nm pump diode was turned on and its power was adjusted until a read-
ing of 100 mW was obtained with the Ophir power meter (this corresponded
to roughly 330 mA of supply current).

An IR-detection card (Thorlabs VRC4) was placed between the asphere and
the power meter. Markings were placed on the card for the required centre of
the pump beam, following the line of the centre of the tapped holes on the
optical table and at a height of 75 mm.

The diverting mirror before the asphere was adjusted in both vertical and
horizontal planes until the centre of the 980 nm beam coincided with the
markings on the IR-detection card. It was sometimes necessary to slightly
shift the asphere in a transverse direction to the beam to ensure the beam

went through its centre and maintained its pointing parallel to the table.
The 980 nm beam was blocked by a beam dump.

The 1973 nm Tm37 fibre laser was turned on and its power was adjusted until
the power meter read 100 mW as well (this required roughly 12.4 A of supply

current). When done, the beam was blocked by a beam dump.

Steps le and 1f were repeated with the 1973 nm pump. Instead of the IR-
detection card, an LCD-based thermal sensitive paper (Edmund Optics 72-375)

was used.

2. The knife-edge apparatus was moved along the optical axis to the approximate

waist location found in section G.2. Figure G.5 shows schematically the situation

described below.

(a)

The 980 nm beam was unblocked and the power level verified to be 100 mW.
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(b)

The height of the knife-edge blade that was positioned horizontally was
adjusted until it partially blocked the beam and a power reading close to
80 mW was reached.

The second mirror on the 980 nm arm was adjusted in the vertical plane to

reduce the power reading value to about 70 mW.

The knife edge apparatus was moved along the optical axis by a couple of mm
away from the waist to position 2 in Figure G.5. The power levels measured by

the power meter would change drastically (often close to 0 mW or 100 mW).

The third mirror on the 980 nm arm was adjusted slightly in the vertical

plane to reach a power level closer to 50 mW.

The knife-edge apparatus was moved back to the waist location (position 1 in
Figure G.5).

Stages 2a-2f were repeated while small, incremental adjustments were made
(this alignment was very sensitive). Each time stage 2b was repeated, the power
level that we were aiming for would reduce to a value closer to 50 mW. As the
beam became more parallel to the optical table, the changes in the knife-edge
height only made a difference in the power transmitted when the knife-edge
was located very close to the waist (position 1). In all other locations, the
power readings were very close to 50 mW because the knife-edge was blocking

almost half of the diverging beam.

Once 50 mW of power was maintained both at the waist and further away, the
knife edge apparatus was moved away from the waist in the opposite direction
(position 3 in Figure G.5) and 50% power transmission was verified at this
location. If the power in all three locations corresponded to 50 mW, the beam

was parallel to the optical table.

3. Once the 980 nm beam was adjusted in the vertical plane, the beam was blocked

and the 1973 nm beam was allowed through the asphere. The steps described in

stage 2 were repeated, this time with the 1973 nm beam. Adjustments were made

using the second 1973 nm beam steering mirror and the dichroic mirror. The centre

of the 1973 nm beam had to be located no more than 2 um away from the centre

of the 980 nm beam to ensure both pumps were to be launched simultaneously
into the core of the ZBLAN fibre.

4. When the 1973 nm vertical plane was properly adjusted, the knife edge blade

used for vertical measurement was retracted and the knifed edge blade used for

horizontal measurement was brought to the waist location.

5. The same process detailed in steps 2 and 3 was repeated for the horizontal plane,

first for the 980 nm beam and then for the 1973 nm beam.
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6. Once both beams were adjusted in both planes, it was necessary to recheck the
alignment of both beams in the vertical plane due to cross-talk between the planes

of the kinematic mirror mounts used.

Launching asphere

Knife-edge
blade positions

~80%

~50%

transmission transmission
Pump N ® O @
Beam waist

Figure G.5: Schematics of the positions of the knife-edge blade and pump transmission
percentage during the beam pointing alignment.

G.4 Fibre laser resonator mirror initial alignment

One of the biggest difficulties in aligning the laser resonator with butt-coupled mirrors
was ensuring the mirrors were parallel to the fibre end-faces. Due to the relatively low
emission cross-section of this fibre laser, it was essential to ensure complete butting of the
fibre with the resonator mirrors. This became an important issue because of the slight
angles (2 degrees or less, cleaves with a higher angle were re-cleaved) often obtained
when cleaving the fibre and with the difficulty of ascertaining the exact orientation of
the mounted fibre. It was decided to align the resonator mirrors with the assumption of
a perfectly straight cleave with the fibre being held perfectly parallel to both the top
surface and the grid of holes of the optical table. The alignment procedure devised was
based on “squaring” a HeNe beam to the table and then aligning the resonator mirrors
to perfectly retroflect the HeNe beam. A schematic of the setup used in the process is

shown in Figure G.6.
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Figure G.6: Schematics of the alignment procedure of the 3.5 pum laser resonator
mirrors prior to lasing.

1. A HeNe beam was aligned to traverse between a set of two steering mirrors (1 and

2) and two irises.

2. Steering mirror 1 was adjusted to make the HeNe beam propagate towards a third
steering mirror at a constant height of 75 mm above the surface of the table. The
height was verified at various points along the table. Mirror 3 retroflected the HeNe
beam towards the laser where the spot could be observed at the iris next to the
HeNe. Over the 5 m length of the optical table, a good parallelisation of the beam

relative to the optical table top was ensured to within 0.2 mrad.

3. A fourth mirror was placed in front of the third mirror at the end of the table and
retroflected the HeNe beam toward the laser. The fourth mirror was adjusted in

the vertical plane to ensure it is normal to the optical table surface.

4. The fourth mirror was repositioned closer to the 3.5 pm laser resonator without
changing its vertical alignment so it reflected the HeNe beam towards the OC
mirror following a row of holes along the table. At this stage, the HeNe beam
incident on the resonator was parallel with the top surface and the grid of holes on

top of the optical table.

5. The ZBLAN fibre holding blocks, the OC holder and the resonator’s collimating

optics were removed.
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6. The HeNe beam was turned on and reflected off the HR mirror. The angle of
the HR mirror was adjusted in both the vertical and horizontal planes until the
retroflected beam passed through the irises next to steering mirror 4 and the HeNe

laser.

7. The OC was replaced and the back reflection from the OC was adjusted in both

planes by using both irises.

8. All reflections from both the OC and HR mirrors were supposed to overlap with
each other. If done properly, weak interference rings appeared on the iris used for

beam alignment.

9. The resonator was then aligned for the pump beams and for a perfectly cleaved
fibre.

10. Final mirror alignment to fibre was done with very fine angle adjustment at the

lasing stage by optimising the output power of the laser.

G.5 Fibre to beam alignment

After both pump beams were straightened, mode matched to the correct beam waist
size, co-aligned into the fibre core and the resonator mirrors were “squared” with the
table, we could finally mount the fibre and align it to the pump beams. Schematics of

the mount holding the fibre input side is shown in Figure G.7.

1. We removed the knife edge apparatus and the power meter standing behind the

HR mirror.

2. A length of fibre was mounted on the Thorlabs translation stage. The fibre was
mounted on fibre groove blocks that had been milled to achieve a ship’s nose profile.
This profile enabled the mount to get very close to the mirror without touching any
of the mechanical objects surrounding it. It was imperative to mount the fibre on
the input side with the coating completely within the groove area, so only uncoated
fibre protruded out of it. Otherwise, the strong 1973 nm absorption of the coating

could result in the destruction of the fibre during the alignment procedure.

3. A small sheet of indium was placed on top of the fibre. It was necessary to ensure
that the indium did not protruded beyond the fibre groove mount, otherwise it
could melt due to absorbing scattered pump light. A second fibre groove mount

was placed on top of the indium and clamped to the bottom fibre groove mount.
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Figure G.7: Image of the mounts holding the fibre and the resonator mirrors. The
fibre holder blocks have indium foils in between them for improved heat dissipation.
The “post it” sticky flags are used for stress relief at the edges of the blocks and to
avoid too much pressure from the edges when the blocks are put into place or removed.

The two mounts were clamped using light finger tightening of the M4 screws but
not too tight to avoid damage to the fibre. This was sufficient for achieving light

crushing of the indium foil onto the fibre for heat removal.

4. A similar, second set of fibre groove mounts were used on the fibre output side

using the same method.

5. The entire translation stage with the fibre mounted onto it was positioned on the
optical table. To achieve repeatability, kinematic stoppers on the table allowed for

exact mounting of the translation stage to within about ten microns.

6. Using the 980 nm pump on half power (approximately 300 mA driver current), the
fibre was moved until faint green fluorescence was observed. This indicated that

some pump light was guided by the core.

7. The alignment was first optimised in the lateral direction while increasing the
strength of the fluorescence observed visually. The pump driver current was
then increased to maximum (700 mA). The fibre was then translated along the

optical axis to achieve maximum transmission of power through the fibre. Slight
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Figure G.8: Optimal alignment of pump through ZBLAN fibre. Clockwise from
top left: Proper alignment to fibre core resulting in mostly LFy;, a single transverse
mode propagation; poorer alignment resulting in mostly LP;; propagation; even poorer
alignment resulting in significantly higher order modes and speckle. The images also
show that some cladding-modes were present. This image was taken with a 2 ¢m long
fibre; similar behaviour was observed with longer fibres.

modifications in the transverse direction were required as well due to the cross-talk

present in the Thorlabs Nano-Max flexure stages.

8. When maximum transmission was achieved according to the strength of fluorescence
or when using a power meter, the beam coming out of the fibre was imaged using
an IR-card. The alignment was modified until the output beam corresponded
to a single transverse mode (see Figure G.8) and no speckle was present. Very
slight improvement could be achieved by looking at the 980 nm pump retroflected
onto the IR-card iris in the 980 nm pump arm (see Figure G.3). Like the case of
reflection from the dichroic surface, when the fibre tip was at the waist, a clear
image of the fibre tip would appear and eventually converge completely into the

iris.

9. Both pump beams were co-aligned with the waist coinciding, therefore, although not
aligned separately, the 1973 nm pump beam should have launched well into the core.
To test if this indeed was the case, both 980 nm and 1973 nm pumps were turned

on at low power and a strong red fluorescence would appear. This fluorescence
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is the result of fluorescence from the 4F, /2 level that has significant population
under DWP. It was also possible to look at the 1973 nm beam transmitted through
the ZBLAN fibre using the Pyrocam and observe a single-transverse mode shape

compared with a speckle pattern.

10. Even when well aligned, the mounts would tend to drift slightly after a few hours
due to temperature changes in the room, which was only controlled to within
+4°C. Therefore, everyday when the laser was started, very fine adjustments were
necessary. Those included tweaking of the 980/1973 nm dichroic kinematic mount
and the third steering mirror on the 980 nm arm. This ensured maximum pump
power at both wavelengths was launched into the fibre. Although effective in the
short term, this approach only worked temporarily and occasionally, full realignment
of the beams and the fibre was necessary. It is expected that if operated in a
temperature stable environment, the laser would maintain its alignment for longer

periods of time.

G.6 Off-axis parabolic mirror alignment

The output from the ZBLAN fibre laser was collimated using an OAP mirror apparatus
(see Figure G.9). The output of the fibre was aligned prior to trying to achieve lasing,
since the fibre was not expected to be moved at this stage. Observing the spectrum
coming out of the ZBLAN fibre with the spectrometer was necessary for obtaining lasing

and this spectrum could not be viewed without the alignment of the OAP.

We started using the OAP apparatus after it became apparent that the chromatic
dispersion of an ordinary CaFs lens shifted the alignment of the beam entering the
spectrometer too much. This required constant adjustment of the alignment to achieve
sufficient intensity at the different wavelengths observed (from 550 nm all the way
to almost 4 pm). By both collimating the outgoing beam from the fibre and then
refocusing using a second OAP into the spectrometer, the chromatic dispersion issue
was resolved. However, other aberrations were introduced using this method, especially
comma aberrations that had to be addressed. The following alignment method for
collimating the beam coming out the fibre was eventually used to achieve best beam

shape and ensure easy alignment into the spectrometer or the Pyrocam thermal camera.

The alignment procedure was based on the movement of an apparatus that held the OAP
and an additional silver mirror at 45 degrees to the OAP. This design enabled the beam
to continue in the same direction as it was coming out of the fibre (although with a slight

offset). The arm holding both mirrors was mounted on a three-axis translation stage,
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Steering
mirror

Figure G.9: Off-axis parabolic mirror apparatus. The steering mirror redirects the
beam in the same direction as it came from the fibre.

which enabled coarse movement and fine movement on the scale of microns. Figure G.10
shows the schematics of the setup used in the collimating procedure. The steps followed

during the collimating procedure were:

1. The apparatus holding the OAP was mounted after the OC at about 25 mm from
the tip of the ZBLAN fibre.

2. The 980 nm pump diode was turned to maximum power, producing a strong green

fluorescence beam coming out of the fibre.

3. The mount holding the OAP apparatus was moved on top of the translation stage
until a rough collimation was observed using an IR-detection card. At this stage

the mount was fastened in place.

4. If the beam was not parallel to the optical table, the OAP was loosened from its
mount and rotated slightly to make it run parallel. It was also necessary to ensure
that the beam was not clipped by the steering mirror after the OAP. In case of
clipping, the mirror location was shifted slightly.
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Figure G.10: Schematics of the setup used for collimating the output from the ZBLAN
fibre using the OAP apparatus.

5. The translation stage axes were adjusted to obtain a roughly circular beam at a
relatively short distance from the OAP apparatus. Beyond this distance, the beam
sometimes looked “twisted.” A few rules of thumb were used for optimising the

appearance of the beam:

(a) At first the beam was highly astigmatic and the OAP apparatus had to be
translated transverse to the beam direction until a roughly circular image

would appear (although very much out of focus).

(b) When the image looked horizontal, the vertical axis of the translation stage
needed adjustment. When it looked vertical, the horizontal axis needed

adjustment.

(c) To improve the focus of the image, the OAP arm needed to be translated
along the optical axis until what seemed like a good image of the fibre tip

appeared.

6. A set of two mirrors were added after the OAP to divert the green fluorescence
beam onto the lab wall (~ 5 m away) and allow for a finer adjustment of the

alignment.

7. The lights in the lab were turned off and the alignment of the two mirrors was

adjusted until a green beam was visible on the lab wall.
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8.

10.

We adjusted the OAP translation stage until a sharp circular image of the fibre
endface and its core were observed on the wall (see Figure G.11). The spot was
too far away to observe unaided. It was therefore helpful to use a hand-held IR
viewer, which enabled seeing the 980 nm pump even under full lighting in the lab.

At this stage, adjustments of the translation stage were quite fine.

. Two large mirrors were positioned along opposite sides of the lab facing each other.

The fluorescence beam was pointed towards one of those mirrors. The first large
mirror was adjusted to reflect the beam onto the second mirror on the other side
of the lab. The second large mirror was then adjusted to reflect the beam back
toward the first mirror. This resulted in the image of the core being sent next to
the laser on the optical table. The image could be seen by placing a white sheet of

paper next to the laser.

Final adjustment of the OAP alignment was done to produce as good an image
of the core as possible. Once a good image was achieved, the current alignment
was sufficiently good to enable launching into the spectrometer. Calculating the
imaging condition showed that by using this method of alignment, the OAP was
about 15 pm too far from the fibre tip for imaging at infinity (i.e. collimated beam).
This additional shift in focal length applied for all wavelengths observed, since the
OAP did not suffer from chromatic dispersion. The shift was taken into account

when trying to lase in an open cavity configuration requiring perfect collimation.
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Figure G.11: Fibre endface and core image projected onto the lab wall. This image
was taken with a ZDF fibre which had a “D” profile. The core is easily distinguished as
the bright spot. The dark spot close to the core was caused by a speck of dust on the
fibre endface. This dark spot disappeared after cleaning the fibre tip using an air duster.

G.7 Achieving lasing and optimising output power using

fluorescence at 2.75 um

Up to this stage, the pump beams were aligned and the resonator was roughly aligned
but lasing had not yet been obtained. We now describe the method used to achieve
lasing when butt-coupling the resonator mirrors to the fibre. This method is associated

with the schematics of Figure G.1 and the image in Figure G.7.

G.7.1 Butting the HR mirror

1. The IR-~detection disk with was placed on the 980 nm arm with the fluorescence
side facing along the beam propagation direction. The pump was turned on to its

maximum current (700 mA).

2. We moved the HR mirror as close as possible to the fibre endface while ensuring it

did not bump into the fibre.
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3. A USB microscope was then aimed at the fibre tip and we continued to move the
HR mirror closer to the tip. When getting very close, the fibre green fluorescence
started fluctuating as a result of etalon effects between the mirror and the fibre tip

modulating the amount of 980 nm pump launched into the fibre.

4. Looking at the IR-detection disk on the 980 nm arm, an image of the fibre core
started appearing. The HR mirror was moved further towards the fibre very slowly
until the image on the IR-detection disk was at its minimum diameter. On the
way to the minimum diameter, dark and bright fringes would fluctuate until the
fluorescence stopped fluctuating, when fully butted. To ensure that maximum
pump power was launched, it was essential to slightly shift the HR mirror so the
image on the IR-detection disk was at a dark fringe. The residual 980 nm power
coming out of the fibre was at its peak and the fibre was glowing significantly

greener compared to operation on a bright fringe.
5. The 980 nm arm was blocked and the 1973 nm pump was turned on.

6. We measured the 1973 nm power coming out of the fibre. If the power corresponded
to the power through the fibre when the HR mirror was far from the fibre tip, then

no further action was needed.

7. If the 1973 nm power coming out the fibre was diminished, the HR mirror was
shifted very slightly to achieve maximum transmission by reaching the next dark
interference fringe of the 980 nm pump. This is because the 1973 nm wavelength
is very close to being twice the 985 nm one and thus every second dark fringe of

985 nm corresponded to a dark fringe of the 1973 nm pump.

8. Once the location of the HR mirror was determined, its value was recorded. This

value did not change as long as the angle of the mirror was not adjusted.

G.7.2 Butting the OC mirror

1. The 980 nm pump beam was turned on to its maximum current (700 mA).
2. We moved the OC as close as possible to the fibre output tip.

3. Similar to the HR mirror, we used the USB microscope to position the mirror
until it was almost butted against the fibre. Fluctuations of the green fluorescence

started to appear.

4. We used the spectrometer to monitor the output beam and scanned the 2700-
2800 nm band. The peak emission wavelength was determined (usually around

2780 nm or 2800 nm, depending on how close to lasing we were).
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10.

. If the peak was lasing, the intensity read by the spectrometer was adjusted by

using a number of PTFE (Teflon®) sheets, as necessary, to scatter the beam and

attenuate the signal.

. We continued to bring the OC mirror towards the fibre tip while maximising the

2800 nm laser line. This line reached a peak value when the mirror was effectively
butted against the tip, while at the same time the fluorescence fluctuations ceased

to occur.

The 1973 nm beam was turned on using a predetermined incident power (for
example 0.5 W).

. A 3000 nm long pass filter was added into the path of the beam coming out of

the ZBLAN fibre. This was done to ensure no 2800 nm laser signal was coming
through (although the 2800 nm lasing was usually eliminated when the 1973 nm

pump was turned on).

. If lasing at 3.5 um was achieved by this stage, we were able to observed the 3.5 ym

power coming through the filter onto the power meter. It was usually also possible

to see the beam using the LCD thermal paper at this stage.

When trying to optimise the laser output power, or if lasing was not achieved, the

procedure described in section G.7.3 was followed.

G.7.3 Optimising power

After lasing at 3.5 um was achieved, it was possible to optimise the power using the

following adjustments of the resonator mirrors:

1.

After the HR and OC mirrors were butted against the fibre completely, they were
each pulled away (separately) from the fibre very slowly. In case the mirror induced
some movement of the tip which caused it to butt at an angle, this angle was
eliminated, resulting in higher power. It was sometimes necessary to repeat this
stage multiple times for each mirror, where the mirror was butted against the fibre

and pulled away.

. A very slight tweaking of the angle of either of the resonator mirrors helped to

achieve better, flatter butting of the mirror against the fibre tip, which subsequently

improved the output power.
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3. During the butting process of the fibre input end, it was possible that the tip
moved slightly. To compensate for this, the third diverting mirror on the 980 nm
pump arm and the dichroic on the 1973 nm arm were adjusted very carefully. The
effect of this adjustment was monitored with both the 3.5 um laser power and
with the individual power meters monitoring the 1973 nm and 980 nm pumps (see

wavelength separator in section 6.2.4).

Following this procedure, the 3.5 um laser was usually running in CW with relatively
stable power and other measurements such as spectral content or beam quality were

performed.
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Figure FO.1: Energy levels and spectroscopic processes in Er™3:ZBLAN. Py 5 - pump
absorption; CR, ET and ETUj 5 - cross-relaxation, energy-transfer and energy-transfer-
upconversion processes, the indices of W;; indicate the initial levels involved in the
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