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Abstract
This thesis focuses on the development of compact Mid-IR waveguide laser systems in
transition metal doped II-VI semiconductors. These waveguide lasers have been
developed to produce high brightness and compact sources in the Mid-IR.
The wavelength tuneable operation of Cr:ZnSe waveguides was investigated. The
waveguides were fabricated using ultrafast laser inscription. The waveguide laser
demonstrated a tuning range of 2080 - 2883 nm, with more than 15 mW of output power
across the full range. This resulted in a tuneable bandwidth of 39 THz, which is the widest
range demonstrated by a Mid-IR waveguide laser. Modelocking of a Cr:ZnSe waveguide
laser was investigated using a SESAM. This resulted in the demonstration of a CW
modelocked laser with a PRF of 308 MHz, pulse energy of 0.3 nJ and a pulse width of
638 fs. In addition, a CW modelocked laser was demonstrated with a PRF of 1.03 GHz,
this is the fastest PRF of any Cr:ZnSe laser demonstrated.
Other transition metal doped II-VI semiconductors were investigated. Waveguides were
developed in Cr:ZnS because of its improved thermal properties compared with Cr:ZnSe
for future power scaling applications. The Cr:ZnS waveguide laser emitted 97 mW at a
central wavelength of 2333 nm. Waveguide laser operation was investigated in Fe:ZnSe
for laser operation in the 3.7 to 5 μm spectral band. Firstly, low-loss laser waveguide
parameters were investigated in Fe:ZnSe. The passive characterisation found the
waveguide propagation losses to be as low as 0.4 dB/cm, which is much lower than those
demonstrated in other ULI cladding waveguides in Cr:ZnSe and Cr:ZnS. The low-loss
waveguides were inserted inside a cryostat for CW laser operation. A free running CW
laser operation with an Fe:ZnSe waveguide laser was demonstrated. An output power of
76 mW was produced at 4122 nm with a pump power of 908 mW. This work highlights
the operational wavelength versatility of ULI fabricated depressed cladding waveguides.
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1. Introduction
1.1. Mid Infrared Laser Sources
The first laser was demonstrated in 1960 by T. H. Maiman [1] with a flash lamp pumped
ruby laser. In the following years, the race was on to find and characterise new potential
sources for laser emission [2]. This resulted in the discovery of a Nd:YAG laser by J. E.
Geusic et al. [3] in 1964, which is still widely used today. The first application of a laser
was in range-finding; it works by a time of flight measurement of a pulsed laser beam.
Initial range-finders used a ruby laser, but with the factor of 10 efficiency improvement
offered by Q-switched Nd:YAG it quickly became the standard source for this application
[2]. For long range stand-off sensing applications, it is important to choose a laser with
its emission wavelength in the atmospheric transmission window. Care must also be taken
to ensure that the laser is eye safe when operating in open air conditions. There are two
methods of achieving this. The first is to limit the output power of the laser, less than a
few mW in the visible region, by using only Class 1 or 2 lasers. The second is to use
radiation at a longer wavelength, > 1.4 μm, in the eye safe range. The signal to noise of
detected reflected light may not be sufficient for a successful measurement using Class 1
or 2 lasers. This has led to the development of Mid-IR lasers for remote sensing
applications.
Initially, very few laser sources existed that operated in the Mid-IR, 2 − 5 μm, part of the
electromagnetic spectrum. The reason for this was the lack of semiconductor diode lasers
operating in the Mid-IR. However, gas and lead salt lasers were available. Arguably the
most well known laser, the HeNe gas laser commonly used for 633 nm emissions also
offers laser emission at 3.39 μm. CO and CO2 gas lasers output at wavelengths of 4.8 –
8.3 μm and 9.4 or 10.6 μm respectively. Wider wavelength tuneablity was achieved with
lead salt based lasers. An example is the PbSnTe which has demonstrated laser emission
over the range of 8.5 – 15.9 μm, operating over a cryogenically cooled temperature range
of 12 – 114 K [4]. A wide wavelength tuneable operation is also available by taking
advantage of nonlinear properties of light in a dielectric medium such as in optical
parameter oscillators (OPO). This system requires a high irradiance pumping with
relatively long coherence lengths, which normally requires a diode-pumped solid-state
laser source such as a Modelocked Ti-Sapphire laser system. This makes the system large
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and it becomes very sensitive to slight alignment changes; thus making it unsuitable for
many applications. The invention of quantum cascade lasers (QCLs), first demonstrated
by Faist et al., [5], replaced many of the lead salt lasers and nonlinear systems. QCLs now
cover a vast wavelength range of 3 – 25 μm [6]. Their performance peaks at 5 μm, with
wall plug efficiencies of 50% [7] and a continuous wave (CW) laser operation of 5.1 W
at room temperature [8].
Interest in the development of new laser sources in the Mid-IR (2 – 5 µm) has grown in
recent years. The reason for this is that the atmospheric transmission window and
molecular absorption lines both lie in the Mid-IR. Potential uses for these lasers include:
breath analysis [9], laser surgery [10], remote sensing and military applications, among
others. Many of these applications require small footprint devices which operate at room
temperature (RT) to make them practical. This means that the commonly used lead salt
lasers are not suitable because of the requirement for cryogenic cooling for effective
operation [11]. Availability of non-cryogenically cooled quantum cascade lasers in the 2
– 3 µm range is very limited [6]. OPOs are also unsuitable because of the large optical
setup needed to take advantage of the frequency splitting by use of nonlinear materials
and gratings. Transition metal doped II-VI (TM:II-VI) semiconductors, first introduced
to the optics community by DeLoach et al., [12], offers one solution to the lack of laser
sources in the Mid-IR spectral region. TM:II-VI semiconductors with chromium 2+ ions
as the dopant in ZnSe, ZnS and CdSe bases have many desirable properties such as large
absorption and gain bandwidths, large emission cross-sections, no excited state
absorption and room temperature operation [12-15]. Cr:ZnSe lasers have demonstrated
room temperature operation with CW output powers of 139 W using a rotating disk cavity
[16] and a continually tuneable CW laser operation from 1973-3339 nm [17]. Iron-doped
ZnSe (Fe:ZnSe) is another promising broadband gain medium with luminescence from
3.5 to 5.2 μm at room-temperature [18]. This lines up well with the second Mid-IR
atmospheric transmission window.
The limitations in further power scaling of TM:II-VI-based lasers has been attributed to
thermal lensing caused by the material’s high thermo-optic coefficient (∂n/∂T), which is
70 × 10-6 K-1 and 46 × 10-6 K-1 in ZnSe and ZnS respectively. One method of overcoming
the issue of thermal lensing is to use a waveguide geometry, since this will maintain a
plane wavefront throughout the gain medium and so mitigate the issue [19, 20]. ZnSe
waveguides have been demonstrated in fibre, thin film and ultrafast laser inscription
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(ULI) waveguide from [21-23]. The only fabrication method to demonstrate a waveguide
laser with output powers greater than a few mW is the ULI fabricated depressed cladding
structure [24]. The reason for ULI fabricated waveguides’ success is their ability to use
the high quality polycrystalline samples which have been developed for bulk lasers [18,
24].
1.2. Ultrafast Laser Inscription
Waveguide technology, in this case optical fibres, is at the heart of the modern high speed
internet. In order to support the ever-increasing demand for more bandwidth, it was clear
early on that the copper cable would not be suitable. Optical fibres have become
synonymous with high speed internet connections. The reason for this is the low
propagation loss of 1550 nm light in an optical fibre, allowing for communication over
large distances without the need for as many amplification stages as would be needed for
a copper system. This was not always the case, since the first generation of fibres had
high propagation losses of more than 20 dB/km from absorption of impurities in the bulk
glass [25]. Researchers at Corning © were the first to develop optical fibres with losses
of less than 20 dB/km, needed for telecoms applications, in the early 1970s. Today, the
company offers optical fibre with propagation losses of ≤ 0.2 dB/km [26]. Amplification
is also performed using waveguide technology, in this case the Erbium Doped Fibre
Amplifier (EDFA), first developed in D. N. Payne’s research group at Southampton
University [27]. Using an all optical amplification method eliminates the use of electrical
signal converters, facilitating larger bandwidths. Optical fibre can be functionalised to
create many devices such as gyroscopes, optical splitters, filters and strain sensors, among
others. With these devices, minimising package size is important; this results in packaging
the fibre in a loop and having the input and output fibre end facets located next to each
other. Optical fibres have a minimum bend radius that is defined by fundamental
mechanical properties and optical loss, creating a limit on the final device size. This is
where the photonic integrated circuits (PIC) come to the fore.
PICs are used to bridge two giants of technology: the optical fibre and CMOSconstructed integrated circuits (IC). With this in mind, a key driver for PICs’ development
is for them to be fabricated using the current CMOS methods that are commonplace in IC
fabrication facilities around the world. Planar Silicon-on-insulator (SIO) waveguides are
CMOS-compatible, so are the lowest cost and highest volume method for fabricated
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optical interconnects which are needed to support today’s data bandwidth requirements
[28, 29]. However, SIO has limited 3D fabrication capability and for active devices the
efficiency is low [28]. A hybrid system is therefore needed to combine CMOS compatible
waveguides with efficient waveguide laser sources. There are a number of fabrication
methods for thin film waveguides, suitable for active applications, such as Pulsed Laser
Deposition (PLD), Chemical Vapour Deposition (CVD) and lithographic methods [30].
These methods, however, are all limited to 2D fabrication.
ULI is an established technique of waveguide fabrication in dielectrics that are linearly
transparent to the inscription laser. The output beam of a modelocked laser with a pulse
width of 0.1 – 2 ps is focused below the surface of the substrate. The energy is absorbed
in the focal volume of the lens by a number of nonlinar processes, leaving the rest of the
sample unmodified [31]. In 1996, Davis et al. [32] showed that, with a careful choice of
laser parameters, a change in refractive index could be induced in the modified region
[31]. Translating the sample on an xyz stage allows a waveguide of any geometric design
to be easily drawn out. This method has many advantages such as sub-diffraction limited
feature sizes, no requirement for a clean room environment or mask, and, what’s more, it
is fully 3D-compatible. ULI has been shown to be effective in fabricating waveguides,
with sub-1 dB/cm propagation losses, in a number of doped and non-doped crystals,
glasses and polymers with only relatively small changes in pulse parameters, making it a
very versatile method [33].
ULI versatility has resulted in applications spanning many different fields such as
telecommunications, data storage, astrophotonics, biology and laser physics [31, 34-36].
The refractive index change induced by ULI is typically in the order of 10-3 which results
in a physical core size and mode field diameter at 1550 nm similar to those of SMF28
fibre. These properties result in low coupling loss between the optical fibres and
waveguides, an important metric for the PIC industry. By arranging multiple cores in a
shared cladding of the same dimensions as SMF28, multicore fibre (MCF) has the ability
to increase the bandwidth of optical fibre without an increase in diameter. The issue with
integrating MCF with current PIC technology is PIC tends to be 2D wafer- based and thus
need the fibre cores to be arranged in a linear array to couple into the chip. ULI’s 3D
capability is an effective way of solving this geometric problem, first demonstrated by R.
R. Thomson et al. [37] with their fan-out device. Based on this device, a spinout company
called Optoscribe from Ajoy K. Kar’s Nonlinear Optics (NLO) group at Heriot-Watt was
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formed. A recent division multiplexing experiment using the fan-out technology
combined with the ability to control the number of supported modes demonstrated a
throughput of 255 Tbit per second [38].
Using a higher energy pulse, 150 – 500 nJ for a 100 fs pulse at 800 nm focused with a 0.6
NA lens, than would be used for ULI waveguide fabrication in fused silica, substrates can
form nanograting at the focus of the laser [39]. The irradiated area can be selectively
removed with wet chemical etching to form a microfluidic channel. These channels can
be fabricated into intricate Lab on chip devices useful for applications in the field of
biology [40]. Microfluidics fabricated in polymers such as Polydimethylsiloxane (PDMS)
are commonly used owing to their low cost and ease of fabrication by embossing or
moulding [41]. The limitation of PDMS is its absorptive nature. PDMS has been shown
to absorb small hydrophobic molecules such as commonly used fluorescent markers Nile
red and Rhodamine B [42, 43]. Fused silica microfluidics do not have this issue and have
the added advantage of being fully 3D-compatible. Examples of ULI fabricated
microfluidics in fused silica are a cell separator [44] and imaging flow cytometer [45].
The combination of waveguides and microfluidics channels to create an optofluidic in
one fabrication step is where ULI can create a truly lab-on-chip device. Without a
waveguide to deliver the light to the desired location on a chip, a microscope set-up would
normally be used which increases cost and reduces portability. Osellame et al. [46] and
Keloth et al. [47] demonstrated the use of ULI fabricated optofluidic chips for
fluorescence imaging and optical tweezer experiments respectively.
For active devices such as lasers and amplifiers, the propagation losses of the ULI
waveguide are a critical factor in creating a useful device. The optical gain must be greater
than the parasitic loss induced by the waveguide and bulk material. The first ULI
inscribed waveguide with net gain was fabricated in Er:Yb co-doped phosphate glass by
Osellame et al. [48] in 2003. The following year, a waveguide laser was demonstrated in
this material with a maximum output power of 1.7 mW at 1533.5 nm with 300 mW of
pump power [49]. Since this initial work, fabrication parameters with sufficiently low
propagation losses have been developed to achieve laser action in many different doped
substrates such as YAG, Bismuthate glass, ZBLAN, ZnS and ZnSe [34, 35]. The emission
wavelengths of ULI inscribed waveguide lasers span the visible [50] to the Mid-IR range
[51], this is testament to the flexibility of the ULI fabrication process. Recent power
scaling investigations have reached CW output powers of up to 5.1 W in ULI waveguides
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fabricated in Cr:ZnSe [24]. Waveguide laser geometries’ advantages over bulk laser
systems include increased pump and single overlap, compact cavities a few centimetres
in length and vibrational insensitivity [34, 51]. These benefits can also be found in fibre
lasers but, critically, ULI can add waveguides to bulk material, such as crystals, that
cannot be fabricated into optical fibres [34]. A fully monolithic waveguide laser can be
achieved by directly coating of the waveguide end facets with the input and output
coupler to form a laser cavity [24]. This forms a vibrational insensitive laser system which
can be used outside the laboratory with minimal post-fabrication alignment, which is
paramount to future applications.
1.3. Summary of the Thesis
The long term goal of my work as part of Ajoy K. Kar’s research group at Heriot-Watt
University - in close collaboration with G. Cook’s Novel Laser Technologies research
group at Wright-Patterson Air Force Base USA - was to develop a black box that emits
laser light from 2 – 12 μm with no free space optics. My PhD focuses on developing the
waveguide laser sources in the 2 – 5 μm spectra region. ULI waveguides lasers in Cr
doped ZnS/ZnSe and Fe doped ZnSe are demonstrated. These sources were chosen
because they cover the atmospheric transmission windows in the 2 – 5 μm spectral band.
Initial work by J. R. Macdonald during his PhD developed the first waveguides in
Cr:ZnSe, demonstrating an efficient CW laser [52]. Our work built on this by power
scaling the lasers by an order of magnitude [24] and demonstrating modelocked
operation. Fabrication and laser demonstration of waveguides in Cr:ZnS were
investigated as a potential path for future power scaling by taking advantage of the
materials’ improved thermal properties over those of ZnSe [53]. The first Fe:ZnSe
waveguide laser was developed [51] and then power-scaled to output powers of 1 W at 4
μm [24]. The next stage of our work moved to developing monolithic waveguide laser
components such as wavelength tuning elements. To achieve this, ULI waveguides were
developed in Strontium Barium Niobate (SBN) to take advantage of its strong electrooptic coefficients and Bragg gratings were fabricated in Gallium Lanthanum Sulphide
(GLS).
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1.4. Thesis Outline
Chapter 2 provides a review of the underlining absorption phenomena that take place in
ULI waveguide fabrication. Inscription geometries and waveguide types will be
discussed. The main focus of this chapter will detail the steps required for successful
fabrication of a waveguide in II-VI semiconductors, particularly ZnSe. Finally, the laser
levels of TM:II-VI Semiconductors will be detailed.
Chapter 3 examines the CW wavelength tuning range of extended cavity Cr:ZnSe
waveguide lasers. Tuning with a diffraction grating in a Littman-Metcalf-configured
cavity demonstrated a narrow linewidth of 53 pm. The tuning range of this laser was 2077
– 2777 nm with output powers of more than 15 mW available across the full range.
Computer modelling of the laser showed the optical loss of the grating, particularly at
longer wavelengths, was limiting the tuning range. The grating was removed and then
replaced with a prism. This cavity change resulted in the CW tuning range being increased
to 2080 – 2883 nm. This resulted in a Tuneable bandwidth of 39 THz, which is the widest
range demonstrated by a Mid-IR waveguide laser.
Chapter 4 advances the applications of a compact TM:II-VI laser by demonstrating a
modelocked Cr:ZnSe laser. The laser was passively modelocked using a semiconductor
saturable absorber. A CW modelocked laser with a PRF of 300 MHz and a pulse width
of 638 fs, is demostrated assuming a sech2 pulse shape,.
Chapter 5 investigates a potential alternative to a ZnSe laser host ZnS. This material has
improved thermal characteristics over ZnSe and so presents a path for further power
scaling. Fabrication of depressed cladding waveguide in Cr:ZnS is present. CW laser
operation is demonstrated with pump limited output powers of 97 mW at 2333 nm.
Chapter 6 transfers the knowledge of waveguide fabrication discovered in Cr:ZnSe and
Cr:ZnS to the 3.7 – 5 μm wavelength band with a Fe:ZnSe waveguide laser. Waveguide
fabrication of depressed cladding waveguides are detailed. CW output power of 76 mW
were demonstrated at 4122 nm. This work highlights the operational wavelength
versatility of ULI fabricated depressed cladding waveguides.
Chapter 7 concludes the work. It also discusses the future work on what is required to
achieve our research goal of a black box that emits laser light from 2 – 12 μm with no
free space optics.
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In summary, this thesis details waveguide fabrication and laser action in TM:II:VI
semiconductor laser materials. These laser crystals have CW tuneable ranges that span
the two atmospheric transmission window in the Mid-IR. The incorporation of waveguide
geometry will facilitate the out of the laboratory operation paramount to practical
applications within this wavelength range.
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2. Review of ULI waveguides in Transition Metal doped II-VI
Semiconductors
ULI is an established additive manufacturing technology for processing dielectric
materials transparent to the laser wavelength. This chapter outlines the key processes
behind refractive index modification induced by a femtosecond laser in transparent
dielectric media. The focus of this chapter is to detail the challenges in fabricating MidIR waveguides in ZnSe using ULI. An initial report by Okhrimchuk et al. [54] concluded
that ULI modification of ZnSe was not feasible even with pulse energies greater than
10 µJ. However, with careful consideration of inscription laser wavelength and pulse
width, nonlinear effects can be mitigated to induce permanent refractive index
modification in ZnSe [55]. Mid-IR waveguides were not realised with the standard ULI
positive index change methods in ZnSe [56], due to micro-cracking of the sample when
scaling the waveguides size to support Mid-IR light [57]. This limitation can be mitigated
in doped and undoped ZnSe by implementing negative index change depressed cladding
waveguides. ULI fabricated depressed cladding waveguide in Cr:ZnSe have
demonstrated a waveguide laser with a slope efficiency of 45% at 2486 nm [58].
Furthermore, the spectroscopy of transition metal doped II-VI semiconductors in relation
to laser applications will be discussed. These materials have very broad absorption and
emission bands due to a combination of vibration broadened transitions with additional
broadening from Jahn-Teller effects [11]. This chapter outlines the challenges and
solutions to successful waveguide fabrication in Cr:ZnSe for laser applications. This
knowledge was applied to other materials of the TM:II-VI family, and this is discussed
in later chapters of this thesis.
2.1. Spectroscopy of Transition Metal doped II-VI Lasers
Transition metals (TM) are elements that have stable ions and only partially filled d
orbitals, located along the top of the periodic table between Scandium (Sc) and Zinc (Zn).
When Cr2+ or Fe2+ ions are doped into binary or tertiary II-VI compounds such as ZnSe,
ZnS, ZnTe, CdSe and CdS, the result is vibronically broadened laser transitions.
Vibronically broadened lasers are characterised by strong homogeneous broadening,
resulting in wide emission and absorption bands which makes them particularly well
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suited to wavelength tuneable and modelocked applications. The most well known
example of a vibronically broadened laser is the Ti:Sapphire laser emitting in the Near IR
spectral region. It is widely used in research because of its wavelength tunable laser output
spanning 680 to 1100 nm and its ability to generate less than 10 femtosecond pulses [59].
TM lasers based on the 3d-3d transitions are sensitive to the crystal environment because
of the strong electron-phonon interaction. This is in contrast to the rare earth (RE) ions
such as Er, Tm and Ho, which are based on shielded inner 4f electron shell transitions,
resulting in similar absorption and emission peaks in different host materials. A
comparison of the energy diagrams of an RE and TM laser is given in Figure 2.1, showing
the difference in crystal field splitting effect between the two types of laser ions [60].

Figure 2.1. Energy level diagram showing weak and strong electron-phonon coupling in
(a) RE and (b) TM ions respectively. This diagram has been reproduced from Petermann
[60].
Transition metals located in a tetrahedral crystal field of a II-VI semiconductor have a 5D
ground state that is split into 5T2 triplet and 5E doublet levels from crystal-field splitting.
For Cr2+ and Fe2+ all transitions to higher energy levels are spin-forbidden, thus there is
no excited state absorption [61, 62]. The broad emission is not only because of vibronic
broadening, there is also further energy level splitting from the Jahn-Teller effect [63].
This arises from the removal of the orbital electronic degeneracy by introducing a
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distortion of the crystal, forming two separate energy levels. A schematic of this effect
is shown in Figure 2.2 [64].

Figure 2.2. Schematic of the elongation of an octahedral crystal field arising from the
Jahn-Teller effect, resulting in a splitting of the energy levels. This process is also present
in a tetrahedral crystal field. This schematic has been reproduced from Lancashire [64].
The splitting is present in the valance and conduction band, but the amount of broadening
is not equal. In Cr:ZnSe, the ground state level 5T2 is split by 340 cm-1 and the excited
state 5E by 40 cm-1[65]. The experimental implications of the Jahn-Teller effect have
caused a great deal of confusion among many physicists and chemists over the years [66]
and as such will not be discussed in further detail. More information on the Jahn-Teller
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effect and its impact on TM:II-VI lasers can be found in [61, 65-67]. The spectroscopic
absorption and emission bands of common TM:II-VI lasers are given in Figure 2.3:

Figure 2.3. Normalised absorption and emission spectra of Cr2+ and Fe2+ doped into (i)
ZnS, (ii) ZnSe, (iii) CdSe and (iv) CdMnTe. This graph has been reproduced from Mirov
et al. [68].
When placed in a tetrahedral site, TM have larger transition cross-sections than those of
octahedral configuration, but have shorter lifetimes. This makes the lasers suited to CW
operation but limits the energy storage capability that is advantageous for Q-switched
operation [61]. This limitation can be overcome by gain switching the TM laser with a Qswitched RE laser. In the case of Cr:ZnSe, a Ho:YAG Q-switched pump source is an
effective option [69, 70].
2.2. Ultrafast Laser Inscription Absorption Processes
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ULI results in laser-induced optical breakdown. This process leads to the deposition of
optical energy in the material, resulting in the ionisation of a large number of electrons.
These electrons transfer energy to the substrate lattice. This energy can generate a
permanent change in refractive index or cause the formation of voids [31]. It is important
to understand the absorption process for optimising waveguide parameters in glasses and
crystals. When inscribing with a laser pulse width in the 10 fs to 10 ps regime, photons
are initially absorbed by nonlinear ionisation processes. A diagram of the initial
absorption process is detailed in Figure 2.4:

Figure 2.4. Diagram of ULI, initial absorption process is from (a) Multiphoton ionisation
or (b) Tunnelling ionisation. These processes seed Avalanche ionisation which consists
of (c) Free carrier absorption leading to (d) Impact ionisation.
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These nonlinear ionisation processes can be multiphoton ionisation or tunnelling
ionisation, depending on the bandgap and photon energy, outlined in 1964 by Keldysh
[71]. Once an electron has been promoted to the conduction band, it is possible for it to
absorb photons linearly through free carrier absorption. The excited electron can then
promote further electrons from the valance band to the conduction band by impact
ionisation, after it has gained more kinetic energy than that of the band gap. The
combination of free carrier absorption and impact ionisation is called avalanche
ionisation. This repeating process, if the illumination is sustained, will lead to an
exponential increase in ionisation. Avalanche ionisation dominates the absorption
process, hence the inscription parameters for substrates with different band gap energies
are similar [31, 33]. Further details on the nonlinear modification processes involved in
ULI have been discussed in greater detail by many authors, most notably by Oselame et
al. [72], Gattass et al. [31] and Choudhury et al. [34].

2.3. Implementation of Ultrafast Laser Inscription
The nonlinear processes leading to a change in refractive index of transparent dielectric
using ULI have been discussed. Implementation of ULI can be reduced to two
components - an ultrafast laser and a xyz translation stage. Using these two components,
waveguides can be formed in a number of different crystals and glasses.
The change in refractive index depends on the inscription laser pulse, of which the most
important factors are the laser wavelength, laser repetition rate and pulse energy.
However, a waveguide is not normally formed by focusing a femtosecond laser on to a
single point in a substrate. To fabricate a waveguide, the sample must be translated
through the focus of the beam using nanometre precision xyz translation stages. If a
positive index is induced by the laser irradiances, a simple step index waveguide can be
formed by translating the sample in one dimension. This method is not always sufficient
for the guiding of light, particularly if a negative index change is induced, thus more
complex inscription geometry must be implemented.
2.3.1. ULI Inscription Geometry
Inscription geometry is the direction in which the sample is translated, with an xyz stage,
with respect to the laser beam. There are two main inscription geometries, defined as
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longitudinal and transverse. For a longitudinal waveguide inscription, the sample is
translated along the axis of the laser beam. In transverse geometry, the sample is
translated at 90º to the laser beam. A schematic of these two inscription geometries is
given in Figure 2.5:

Figure 2.5. Schematic of (a) longitudinal and (b) transverse inscription geometry.
Longitudinal inscription has the advantage of symmetric modification. This arises from
the radial uniformity of the Gaussian beam. Longitudinal geometry is, however, limited
by the working distance of the inscription lens. The working distance of a typical 0.4 NA
lens is only a few millimetres. This limitation can be relaxed by utilising lower NA lenses.
However low NA lens have larger focal volumes at the focus of the lens; thus higher peak
powers are needed to generate sufficient intensity to seed the modification process. This
increase in peak power can mean nonlinear effects as such Kerr lensing become an issue.
The effect of Kerr lensing on ULI has been shown to cause the formation of long filaments
of refractive index change [52]. In many cases, this effect is seen as a negative factor
which must be mitigated. However, Caulier et al. [73] use this to form long waveguides,
overcoming the working distance limitations of the lens. The long inscription times of
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this method are limiting compared with other transverse methods which are discussed
later. The inscription time for a single filament, between 120-200 μm in length, with a 0.1
NA lens was 10 minutes in

silica glass [74]. In comparison, common transverse

inscription methods can typically inscribe the same waveguide length in a few tenths of
a second [75]. Thus the working distance limitations can be overcome, but writing speed
is drastically reduced. A different method is to move away from a common Gaussian
beam and implement a Bessel beam. This mitigates the working distances limitation and
has been used to fabricate waveguides in fused silica [76]. However, this method is not
widely used due to the modification having a depth dependent component making
consistent modifications along the waveguide challenging [34].
In transverse inscription geometries, the waveguide length is only limited by the
translation range of the xyz stages. Lapointe et al. [77] recently demonstrated a 1 m long
waveguide inscribed at a translation speed of up to 300 mm/s using a transverse
inscription geometry. The possible inscription depth to which a waveguide can be
inscribed is limited by the working distance of the lens. However, this is not normally a
limitation, because samples are often only a few millimetres thick. A single element’s
modification cross-section is asymmetrical. This arises from the difference between the
beam waist diameter and confocal parameter at the focus of the lens given in Equation 1
and 2 respectively [78].
Beam waist diameter = 2w0 =

2fλ
2λ
≈
πw(f)
NAπ

Equation 1
Confocal parameter = 2R =

2πnω20
λ

Equation 2
where n is the refractive index of the irradiated substrate. From these equations, it can be
seen that only when the beam waist radius (w0) is close to λ/nπ will the modified area be
symmetrical. It is possible with a high NA lens, but will result in waveguide diameters
too small to support effective wave guiding with the 10-3 refractive index change normally
induced by ULI. For that reason, waveguides fabricated by a single element with a
standard single lens setup in transverse inscription mode will be asymmetrical when not
inscribing in the thermal regime [56, 78].
16

2.3.2. Multi Element Waveguide Schemes
Forming a single waveguide with multiple passes of the sample through the focus of the
laser is a flexible way of forming symmetrical waveguides. It is possible to overcome the
asymmetrical issue with single pass transverse laser inscription by using the slit beam
shaping technique [79] or implementing a deformable mirror [80], but this makes the
inscriptions system significantly more complex. A simpler method, in terms of the
inscription system, is to construct a waveguide with multiple elements. ULI can induce a
positive or negative change in refractive index, depending on the material and inscription
parameters [34]. Type I modification is the term used to describe a waveguide formed for
a positive change in refractive index. Type I asymmetric modification elements can form
a symmetric square core by translating the sample through the focus of the laser beam
multiple times with a slight offset in the x axis on each pass, as shown Figure 2.6. This
method is termed the multiscan technique and has been successfully used to fabricate
symmetrical output mode NIR waveguide lasers and passive devices [35, 81].

Figure 2.6. Schematic of waveguides fabricated with a femtosecond laser viewed from
the end facet of the waveguide. Red represents a localised increase in refractive index.
Black modification represents a reduction in refractive index.
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A negative refractive index change can be formed around a modified element by the
strain-optic effect. In this case, two parallel modification lines are needed to form a track
like waveguide, known as Type II. The guiding region between the two tracks is formed
from the modification elements overlapping strain fields. Type II modification is often
induced by a damage line which appears black on a visible microscope [82]. One benefit
of Type II waveguides is that the guiding region is unmodified, which can be favourable
in active applications [83]. However, it should be noted that Type I waveguide lasers have
been demonstrated with near quantum limit efficiency [56].
Depressed cladding waveguides consist of an array of Type II modification elements
arranged in an annular pattern, as shown in Figure 2.6. This type of waveguide was first
demonstrated in 2005 by Okhrimchuk et al. [84] in Nd:YAG. This particular Nd:YAG
waveguide had a rectangular cross-section to match the diode pump laser’s asymmetric
output. Depressed cladding waveguides have been an effective method for demonstrating
lasers in doped crystal substrates such a YAG, ZnSe and ZnS [53, 58, 85]. This method
is not limited to crystals Tm:ZBLAN glass depressed cladding waveguide lasers have
been demonstrated with a slope efficiency of up to 50% [86]. Depressed cladding
waveguides are a powerful tool for fabricating Mid-IR waveguides because they can be
scaled in size, from 10 µm to 300 µm, without issues of the sample cracking from excess
strain [51, 87]. Each individual modification element is spaced apart from the others and
this spacing can be maintained when increasing the waveguide diameter, which is needed
to reduce the cut off frequency for Mid-IR guiding. Additionally, the waveguides can be
increased in diameter without the need to increase the pulse energy of the inscription
laser. This is often required with Type II track waveguides [88]. Hence a maximum
element height is enforced from the ablation threshold of the irradiated substrate.
The guiding mechanism for depressed cladding waveguides is different from that of the
common step index guide. It is not strictly true that the depressed cladding waveguide
supports a guided mode. For a step-index profile, as shown in Figure 2.7 (a), the supported
guided modes are lossless in the absence of material absorption and scattering loss. This
is not the case for a depressed cladding waveguide, which can be modelled as a W-type
slab waveguide, as shown in Figure 2.7 (b). The mode supported is called a ‘leaky mode’
[89]. Leaky modes can be conceptually understood by thinking about the effect of
changing parameter b, in Figure 2.7 (b), on a normal guided mode. For the case of b
tending to infinity, the guided mode is conserved since this is identical to a step-index
18

profile as shown in Figure 2.7 (a). In the case of b tending to a, there will be no index
contrast and so no guided mode is supported. The W-Type index profile is rather a
superposition of both in the sense that light is guided from one end of the waveguide to
the other, but there is always a loss element conceptually similar to a quantum tunnelling
effect. Further explanation of leaky modes in waveguides can be found in an article by
Hu and Menuk [89]. However, this fundamental loss has not prevented depressed
cladding waveguides from demonstrating laser operation in a large number of substrates
[51, 53, 58, 84, 86, 87, 90].

Figure 2.7. Refractive index profile of (a) step-index waveguide and (b) W-type
waveguide. This diagram has been reproduced from Hu and Menuk [89].
2.4. Ultrafast Laser Inscription in ZnSe Substrates
ULI has been an effective tool in demonstrating waveguides in glasses and crystals [34].
Of the materials investigated, fused silica and YAG have been the most widely
investigated due to their transparency in the visible range. These materials have the
addition benefit of wide commercial availability, this reduces the cost of devises.
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However, their long wavelength transmission in the Mid-IR range is limited. For Mid-IR
transmission, Arsenic-based Chalcogenides are an effective option, such as AsSe.
However, in AsSe there is no visible transmission band and there are additional safety
procedures that must be implemented when working with As [91]. ZnSe is an excellent
substrate for Mid-IR applications since its transmission range spans from 500 nm to
22000 nm, as seen in Figure 2.8. The advantage of having visible transmission for a
substrate intended for Mid-IR applications is the ability for visual inspection with Sibased cameras during the fabrication stage. To implement a ULI waveguide, the substrate
must be transparent at the inscription wavelength, commonly 1064 nm, resulting in
nonlinear absorption being the dominant process. This rules out some of the Mid-IR
substrates for ULI fabricated waveguides, including high quality Si substrates originally
developed for the semiconductor industry. Furthermore, ZnSe can be doped with
transition metals to produce broadband lasers with demonstrated laser emission spanning
the 2 – 5 µm range. In addition, there is a potential to extend the laser emission to a longer
wavelengths with tertiary substrates [70]. The excellent passive and active properties of
ZnSe with ULI waveguide technology will allow for compact, cost effective Mid-IR
photonic devices.
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Figure 2.8. Transmission of 4.81 mm thick polycrystalline ZnSe sample. Transmittance
has not been Fresnel corrected. This graph has been reproduced from Berry et al. [92].
ULI waveguide fabrication in ZnSe was found to be very challenging [23, 52, 54]. An
initial investigation into ultrafast laser modification of ZnSe by Okhrimchuk et al. [54]
was not successful in producing any modification, even with pulse energies greater than
10 μJ. This investigation uses a 1 kHz amplified modelocked Ti:Sapphire laser centred at
800 nm with a pulse width of 115 fs and an 0.55 NA lens. Using the same inscription
system YAG, BK7 and fused silica were modified with pulse energies of 61 nJ, 44 nJ and
55 nJ respectively [54]. This led to the thought that the refractive index of ZnSe could not
be modified with a femtosecond laser system. However, a later investigation by
MacDonald et al. [23] demonstrated permanent refractive index modification and
successful fabrication of a NIR waveguide in ZnSe using ULI. Successful modification
was demonstrated by reducing the impact of optical nonlinearities on the propagating
inscription beam. The inscription laser used in MacDonald’s work was an amplified
modelocked Yb:fibre system centred at 1047 nm with pulse width of ≥ 500 fs, a 0.67 NA
lens and pulse energy of 190 pJ. The use of longer pulse widths and moving to a
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wavelength with lower n2 value in ZnSe are the main contributing factors that led to the
first successful demonstration of a ULI fabricated waveguide in ZnSe [23].
2.4.1. Mitigating Nonlinear Effects for ULI in ZnSe
There are a number of nonlinear effects that can reduce the intensity of the inscription
laser pulse at the focus of the lens inside the target substrate. If their effects are large,
such as those found in ZnSe, it can reduce the intensity to below that required to generate
the plasma needed to start the ULI process. The nonlinear effects can be split into two
types; spatial and temporal. Ultrafast laser modification requires extremely high
intensities at the focus of order 1013 Wm-2 [31] . At such high irradiances, the Kerr effect
is present for materials with a non-zero nonlinear refractive index, n2. For such materials,
the total refractive index experienced by the beam with a varying intensity I is given as a
function of electric field in the standard form shown in Equation 3 [93]:
n = n0 + n̅2 〈𝐸̃ 2 〉
Equation 3
From this equation, it is clear that for a collimated Gaussian beam propagating through a
material with positive n2, such as ZnSe, it will experience a greater refractive index at the
centre of the beam. This results in a positive lens being formed, thus creating a selffocusing effect as shown in Figure 2.9. This effect is termed a Kerr lens, with an effective
focal length zsf given by Equation 4 [94].

Figure 2.9. Schematic of self-focusing of a collimated Gaussian laser beam showing the
Kerr effect as predicted by Fermat’s principle. Reproduced from Boyd [94]
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√

Equation 4
where P is the peak power and Pcr is the critical power given by Equation 5 [94].
𝑃𝑐𝑟 =

𝜋(0.61)2 𝜆20
8𝑛0 𝑛2

Equation 5
When the power, or peak power if using a pulsed source, is equal to the critical power,
the self-focusing effect is balanced by diffraction effects which forms a self-trapping
effect of a focused laser beam, as shown in Figure 2.10.

Figure 2.10. Schematic of self-trapping of light when P = Pcr. Reproduced from Boyd
[94].
For peak powers much greater than the critical power, filamentation occurs, as shown in
Figure 2.11 (a). Filamentation of the beam results in it being broken up into many
filaments, each having approximately the power Pcr [94]. ZnSe n2 is at a local maxima at
800 nm, as shown in Figure 2.12, so operating away from this wavelength increases the
threshold for filamentation [95]. MacDonald et al. [23] observed filamentation in ZnSe
after irradiation with a 1047 nm femtosecond beam when using shorter pulses. In this
case, 500 fs as shown in Figure 2.11 (b). ZnSe could be modified with 500 fs pulses, but
this is not useful for the uniform refractive index change needed for waveguide
fabrication. However, with picosecond pulse widths MacDonald et al. [23] demonstrated
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successful uniform modification of ZnSe without filamentation. This is due to the
reduction in Kerr lensing for longer pulses.

Figure 2.11. (a) Schematic of self-focusing followed by filamentation leading to
defocusing and then repeating. This has been reproduced from Couairon and Mysyrowicz
[96]. (b) Transmission microscope image of ZnSe end facet shows a filamentation
structure formed after ULI. The field of view of the image is 90 μm by 100 μm. The
inscription laser had a pulse width of 500 fs at 1047 nm. This image has been reproduced
from MacDonald et al. [23].
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Figure 2.12. Nonlinear refractive index of ZnSe in the visible to NIR. Figure reproduced
from M. Balu et al. [95].
Temporal stretching of the pulses is another factor that must be considered. Chromatic
dispersion arises when the phase velocity and group velocity of light propagating through
a dielectric depends on the wavelength of the light. This means that for a fully compressed
modelocked laser pulse, the blue end of the pulse will propagate at a different velocity to
the red end, thus the pulse width will be elongated over time. This is called a chirped
pulse. A material at a given wavelength is classified as having normal dispersion or
anomalous dispersion. In normal dispersion materials, such as ZnSe, group velocity
decreases with increasing optical frequency. This means blue light will travel slower than
red light. The opposite is the case for anomalous dispersion materials.
To evaluate the effect of chromatic dispersion on an inscription pulse we must calculate
the group velocity dispersion (GVD). To do this, we first take the Taylor expansions of k
as a function of angular frequency ω centred around a frequency ωo, given in Equation 6:
𝜕𝑘
1 𝜕 2𝑘
1 𝜕 3𝜔
2
(𝜔 − 𝜔0 ) +
𝑘(𝜔) = 𝑘0 +
(𝜔 − 𝜔0 ) +
(𝜔 − 𝜔0 )3 + ⋯
𝜕𝜔
2 𝜕𝜔 2
6 𝜕𝜔 3
Equation 6
The GVD arises from the second order term as shown in Equation 7:
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𝜕 2𝑘
𝐺𝑉𝐷 =
𝜕𝜔 2
Equation 7
GVD can be written in the form of a refractive index as a function of wavelength given
in Equation 8. The derivation of this equation is given in a letter by Rosete-Aguilar et al.
[97]
𝐺𝑉𝐷 =

𝜆30 𝑑 2 𝑛
4𝜋𝑐 2 𝑑𝜆20

Equation 8
where λ0 is the central wavelength of the laser pulse and c is the speed of light in a
vacuum.
Expressing GVD in the form of refractive index means the material dependant
information can be taken from the Sellmeier dispersion formula given in Equation 9 [98].
The Sellmeier equation is an empirical relationship linking refractive index and
wavelength in a transparent dielectric medium. Each optical material has different
experimentally determined constants (B1, B2, B3, C1, C2 and C3) to match their different
refractive index as a function of wavelength. The Sellmeier coefficients of ZnSe, BK7
and fused silica are given in Table 1.
𝑛2 (𝜆0 ) − 1 =

𝐵1 𝜆20
𝐵2 𝜆20
𝐵3 𝜆20
+
+
𝜆20 − 𝐶12 𝜆20 − 𝐶22 𝜆20 − 𝐶32
Equation 9
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Material

BK7 [99]

Fused Silica [100]

ZnSe [101]

B1

1.03961212

0.6961663

4.45813734

B2

0.231792344

0.4079426

0.467216334

B3

1.01046945

0.8974794

2.89566290

C1 (μm)

0.00600069867

0.0684043

0.200859853

C2 (μm)

0.0200179144

0.1162414

0.391371166

C3 (μm)

103.560653

9.896161

47.1362108

0.31 – 2.33 μm

0.21 – 3.71 μm

0.54 – 18.2 μm

Valid range

Table 1. Table of Sellmeier coefficients for calculation of refractive index of BK7, Fused
Silica and ZnSe
From Equation 8, it is clear that differentiating Equation 9 twice will yield an expression
for GVD. This expression for GVD as a function of refractive index can be found in
Equation 25 of Rosete–Aguilar et al. [97]. GVD is plotted in Figure 2.13 for ZnSe for a
range of wavelengths using the Sellmeier coefficients given in Table 1. From this, we can
see that the GVD of ZnSe at 800 nm is 1075 fs2/mm, almost double that of the value at
1064 nm. For context, the GVD of fused silica at 800 nm is 36 fs2/mm [100]. The large
normal dispersion of ZnSe at the inscription wavelength is the reason MacDonald et al.
[23] gave for using a negatively chirped inscription pulse.
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Figure 2.13. Group velocity dispersion (GVD) of ZnSe for 0.7–1.2 μm. Values calculated
for Sellmeier coefficients of ZnSe given in [101] using equations detailed in [97].
The duration of a Gaussian profile pulse width τ after propagating through a length of
material L is given in Equation 10 [102]:

𝜏(𝐿) = 𝜏0 √1 + (

4 ∙ 𝐺𝑉𝐷 ∙ 𝐿 ∙ 𝑙𝑛(2)
)
𝜏02

Equation 10
where τ0 is the initial pulse width. Using Equation 10 and the method stated for calculating
GVD, the pulse stretching for 10, 100 and 1000 fs long pulses after travelling though 300
μm, typical waveguide inscription depth of ZnSe is plotted for a range of wavelengths in
Figure 2.14, Figure 2.15 and Figure 2.16. From this figure, we observe greater pulse
stretching at shorter wavelengths as expected from the GVD graph. For a 10 fs pulse
travelling through 300 μm of ZnSe, it will exit at 90 fs and 60 fs for 800 nm and 1064 nm
respectively. Thus in the 10 fs regime mitigation methods are worth investigating.
However, for longer pulses at 100 and 1000 fs the pulse stretching through 300 μm of
ZnSe is significantly less, hence no mitigation methods are required. Therefore we can
deduce that MacDonald et al.’s [23] successes in inscription of ZnSe with longer
wavelength and pulse width were not due to the pulse chirping compensation effect.
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Figure 2.14. Modelling of Gaussian pulse width after propagating through 300 μm of
ZnSe. The initial pulse width was 10 fs. Calculations were based on Sellmeier coefficients
for ZnSe given in Table 1.

Figure 2.15. Modelling of Gaussian pulse width after propagating through 300 μm of
ZnSe. The initial pulse width was 100 fs. Calculations were based on Sellmeier
coefficients for ZnSe given in Table 1.
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Figure 2.16. Modelling of Gaussian pulse width after propagating through 300 μm of
ZnSe. The initial pulse width was 1000 fs. Calculations were based on Sellmeier
coefficients for ZnSe given in Table 1.
The nonlinear effects that make femtosecond refractive index modification of ZnSe
challenging have been discussed. From this it is clear that spatial distortion by the high
n2 of ZnSe is dominant over temporal effects. Thus to modify ZnSe, careful consideration
of inscription wavelength and pulse widths are the main factors to consider adjusting for
waveguide fabrication using ULI.
2.4.2. NIR Waveguides in ZnSe
The first demonstration of a ULI fabricated waveguide in ZnSe was a multiscan
waveguide. The propagation loss of the waveguide was measured at 1550 nm to be
1.07 ± 0.03 dB∙cm-1, which is comparable to that of multiscan waveguide in other
materials [23, 33]. A microscope image of the end facet of a ZnSe multiscan waveguide
and a guided mode at 1550 nm are shown in Figure 2.17:
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Figure 2.17. (a) is a transmission microscope image of a ZnSe multiscan waveguide end
facet.The waveguide structure was inscribed with a 1.5 ps laser pulse width. (b) Nearfield mode image of the waveguide output at 1550 nm. The field of view of (a) and (b) is
50 μm x 50 μm. This figure has been reproduced from MacDonald et al. [23].
The waveguide shown in Figure 2.17 (a) did not guide light at 1.9 μm [52], a key
wavelength for pumping a Cr:ZnSe laser. The reason for this was that the waveguide’s
cut-off frequency was less than 1.9 μm. There are two ways to increase the cut-off
frequency. The first is to increase the size of the waveguide, but this will increase the
MFD and thus reduce the intensity in the waveguide, which is not desirable for laser and
nonlinear devices. The second is to increase the refractive index change between the core
and the cladding, which ULI can generally do by increasing the pulse energy of the
inscription laser. MacDonald could not investigate this because of the limitations of the
inscription laser when operating at pulse repetition frequencies between 2-3 MHz needed
for Type I modification [52].
2.4.3. Mid-IR Waveguides in ZnSe
Mid-IR waveguides in ZnSe have been fabricated using a reduction in refractive index
and thus the cladding region of the waveguide is inscribed. The waveguides were
inscribed at a lower repetition rate (100 kHz) than previous work [23, 57]. The reason for
this was that the laser used in the experiments produced higher pulse energies when
operating at lower repetition rates. It was found that inscribing at 100 kHz induced a
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negative change in refractive index. Negative index change is common in crystals such
as YAG when using larger pulse energies [103].
There have been two successful geometries used to implement reduction in refractive
index modification for fabricating ZnSe waveguides. One is based on arranging multiple
multiscan sections to create a box like cladding region with an unmodified section for the
core as shown in Figure 2.18. The other is the circular cladding waveguide. It has been
found that the circular cladding is superior because it supports a more symmetrical mode
and has lower propagation losses [52, 58, 87].
The inscription parameters used to fabricate cladding waveguides in ZnSe appear black
on a visible microscope, indicating a considerable amount of scattering or absorption.
This is because a higher pulse energy is need to get sufficient negative index change in
ZnSe, damaging the host. However, most of the guided mode will propagate in the core
region and as such will not interact with the laser modified cladding. Thus propagation
losses of a depressed cladding waveguide are sufficiently low despite the large amount of
optical damage induced in the waveguide fabrication step.
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Figure 2.18. Schematic of cladding waveguide structures in ZnSe viewed from the end
facet. Left is a negative index change element. Centre is a box section multiscan cladding
waveguide. Right is a circular depressed cladding waveguide.
2.4.4. Ultrafast Laser Inscription in Cr:ZnSe
Doping ZnSe with Cr2+ was found to significantly change the modification parameters
for inscription [87]. This effect can be clearly seen in Figure 2.19, where a section of
multiscan has been inscribed in ZnSe and Cr:ZnSe with identical laser inscription
parameters. The Cr:ZnSe sample did not experience as much refractive index change as
the ZnSe. The single multiscan cladding waveguide design did not form an effective
waveguide in Cr:ZnSe [52] .
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Figure 2.19. Multiscan structure inscribed in (a) ZnSe and (b) Cr:ZnSe with identical
inscription parameters. Reproduced from MacDonald [52].
Increasing the inscription pulse energy creates stronger index contrast, but was also found
to increase the scattering losses of the waveguide. This issue was mitigated by having an
inner cladding inscribed with a lower pulse energy, < 0.5 μJ, and an outer cladding
inscribed with a higher pulse energy of 1 μJ. The multiscan double cladding waveguide
geometry was found to overcome this issue and produce an effective Mid-IR waveguide
in Cr:ZnSe [57]. A schematic of the waveguide design is given in Figure 2.20:

Figure 2.20. Schematic of double cladding waveguide in Cr:ZnSe. Diagram (a) shows
the entire waveguide sample, (b) is a zoomed in image of the end facet. The blue inner
cladding is inscribed with less than 500 nJ pulse energy. The orange outer cladding was
inscribed with 1 μJ pulse energy. Reproduced from MacDonald et al. [53].
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The multiscan double cladding waveguides were found to guide light from 1928 nm to
3392 nm [57]. These are important wavelengths since they represent the pump
wavelength and the end of the emission band of Cr:ZnSe [70]. The multiscan double
cladding waveguide was built into a laser cavity which was found to lase at 2573 nm with
an output power of 18.5 mW for 1.2 W of pump power. The slope efficiency was only
5% because of the high waveguide propagation losses of 3.5 dB∙cm-1 [53]. The high
propagation losses are attributed to micro-cracking formed along the propagation
direction of the waveguide. These micro cracks were formed from the stress induced by
the modification elements on the Cr:ZnSe substrate. This same problem was also found
in multiscan single cladding waveguides in ZnSe [52]. The cracking was mostly from the
side walls of the multiscan cladding waveguides.
Circular depressed cladding waveguides were not found to have the issue of microcracking. This is because there are fewer modification elements, particularly in the sides
of the waveguide, when compared with the multiscan type which reduces the stress on
the substrate. When built into a laser cavity, these waveguides demonstrated 285 mW of
output power at 2486 nm with a pump power of 1.11 W [58]. These waveguides had a
notable propagation loss of only 0.7 dB∙cm,1 which is comparable with waveguides in
other doped crystals [104]. The output of the waveguide laser was slightly asymmetrical,
with an M2 of 1.80 and 1.05 in the x-axis and y-axis respectively. This is attributed to the
asymmetrical index modification which arises from the modification elements being taller
than they are wide. For reference, the inscription parameters used by MacDonald et al.
[58] for inscribing the optimum single mode circular depressed cladding waveguides are
given in Table 2. The low loss depressed cladding waveguide parameters developed
primarily by MacDonald during his PhD [52] have formed the basis for the waveguide
lasers presented in this thesis.
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ULI parameters of Cr:ZnSe

Laser parameters

Geometric parameters

Laser repetition rate

100 kHz

Laser pulse energy

2.5 μJ

Polarisation

Horizontal

Pulse width

750 fs

NA of inscription lens

0.65 NA*

Waveguide diameter

80 μm

Number of elements

60

Number of overwrites of each element

50

Sample translation speed

9 mm∙s-1

Table 2. Optimum inscription parameters for polycrystalline Cr:ZnSe with dopant
concentration of 8.5 × 1018 cm-3. * The lens is stated as 0.6 NA in publications, but it was
found during this PhD that the lens had been mislabelled and was actually a 0.65 NA lens
[24, 58, 105].
2.5. Conclusion
Transition metal II-VI lasers as a group can output laser light from 2 – 6 μm, making them
an excellent set for tuneable and modelocked lasers sources in the Mid-IR. The
spectroscopic properties that led to their ultra-broad bandwidth have been detailed in this
chapter. It is important to note there is additional broadening from the Jahn-Teller effect
as well as the vibronic broadening. This section gives the spectroscopic background to
the Cr:ZnSe, Cr:ZnS and Fe:ZnSe laser experiment discussed in subsequent chapters.
This chapter has introduced the 3D waveguide fabrication method ULI. ULI is a
disruptive technology that allows fabrication of waveguides in a vast number of glasses
and crystals. It also has the benefit of not requiring a clean room environment, is easily
computer automated and is a maskless process. The combination of these traits make it
an excellent waveguide prototyping method.
The challenges of applying ULI waveguide fabrication to ZnSe first noted by
Okhrimchuk et al. [54] were examined. The main challenge was to mitigate geometric
distortions of the focal volume. These arise from the large positive n2 of ZnSe, but can be
reduced by inscribing at a longer wavelength and the use of picosecond pulses
demonstrated by MacDonald [55]. Details of circular depressed cladding waveguides in
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Cr:ZnSe are then outlined. These waveguides have demonstrated relatively low loss for
a ULI inscribed waveguide, and are capable of guiding Mid-IR light. For this reason, the
waveguide laser investigation detailed in later chapters of this thesis all used this
waveguide geometry.
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3. Cr:ZnSe tuneable waveguide laser
3.1. Introduction
The low loss waveguides inscribed in Cr:ZnSe by Macdonald et al. [58] are used in this
chapter to demonstrate widely tuneable waveguide lasers. In bulk, Cr:ZnSe lasers have
been demonstrated to be continuously tuneable from 1973-3339 nm with a minimum
output power of 10 mW across the entire range [106]. This is possible because of the
large, homogenously broadened gain bandwidth of Cr:ZnSe. Laser diodes and QCLs are
transitioning into the market in the 2 – 3 μm range but their bandwidth will only cover a
small range of wavelengths per emitter. It can be seen from Figure 3.1 that a laser with
broad emission bandwidth is needed to detect more than a single substance. For remote
sensing applications a small portable laser system is preferable. This is difficult to achieve
with bulk laser systems with typical cavity lengths of 1 m. A waveguide laser does not
require many of the required free space optics and thus present a compact tuneable laser
system. This chapter investigates CW wavelength tuneable operation of Cr:ZnSe circular
depressed cladding waveguide lasers.

Figure 3.1. Spectral tuneability range of Cr2+ lasers and spectral positions of trace gas
absorption lines with minimum detectible concentrations. This graph has been
reproduced from Sorokina and Sorokin [106].
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3.2. Tuning Methods
Wavelength tuning of a solid-state laser works on the fact that a laser will lase at the
wavelength of highest gain and lowest cavity loss. Thus, there are two ways to tune a
laser. We can either change the wavelength dependent loss or the wavelength dependent
gain characteristics of the lasers crystal. For tuneability over a wide range, loss tuning
must be used. Gain control methods, such as temperature tuning, will not work over a
wide range. Common methods used for wavelength tuning via loss mechanisms in the
laser cavity include: gratings, prisms, birefringent filters and Fabry-Perot [61].
3.2.1. Blazed gratings tuning
We know a monochromatic beam of light incident on a diffraction grating will be
reflected by angle θm for the order m given in Equation 11 [107]. The diffraction angle is
wavelength dependent thus we have a selective way of spatially separating a laser’s gain
bandwidth. Wavelength selective laser operation can be achieved by selectively coupling
back a small portion of the bandwidth into the laser cavity:
𝑎(sin(θ𝑖 ) + sin(θ𝑚 )) = 𝑚𝜆
Equation 11
where a is the groove spacing known as pitch, θi is incident angle and θm is diffracted
angle of the mth order. For improved efficiency, blazed gratings are used. These are
designed to produce optimal diffraction efficiency at a given wavelength for a given
order, in most cases the first order. There are two common cavity configurations for
gratings in tuneable lasers: Littrow and Littman-Metcalf, as shown in Figure 3.2:
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Figure 3.2. Schematic of extended cavity wavelength tuning designs using a blazed
grating (a) is the Littrow configuration and (b) is the Littman-Metcalf configuration
The Littrow configuration is the simplest of the two as the only optical components are a
collimating lens and a grating [108]. In this configuration, the 1st order is reflected back
to the laser cavity and the 0th order is the output coupler as shown in Figure 3.2.(b). Thus
for Equation 11, θi = θm =1. The disadvantage of this method is that tuning the laser
wavelength requires a rotation of the grating, which changes the angle of the output beam.
The wavelength resolution of a Littrow grating setup is given by Equation 12 [107], where
ω is the FWHM beam waist of a Gaussian laser beam.
∆𝜆𝐹𝑊𝐻𝑀(𝐿𝑖𝑡𝑡𝑟𝑜𝑤) =

𝜆2
2𝜋𝜔𝑡𝑎𝑛(𝜃𝑖 )

Equation 12
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In the Littman-Metcalf configuration, as shown in Figure 3.2. (b), the output from the
waveguide is collimated and incident on the diffraction grating at a grazing angle. The 1st
order reflection is sent to the mirror then reflected back on to the diffraction grating and
then into the laser by a rotating mirror. This double pass of the grating improves the
resolution by a factor of 2, as shown in Equation 13:
∆𝜆𝐹𝑊𝐻𝑀(𝐿𝑖𝑡𝑡𝑚𝑎𝑛−𝑀𝑒𝑡𝑐𝑎𝑙𝑓) =

𝜆2
4𝜋𝜔tan(𝜃𝑖 )

Equation 13
This configuration has a stationary output which can be advantageous in field applications
where a skilled operator will not be present. However, the cavity loss contribution from
the grating is doubled. The size of the grating must also be increased for the same tuning
range, which could be a limiting factor for very compact systems [107].
In both of these configurations, a blazed grating is often used which is optimised for a
specific wavelength. There is an efficiency drop-off with this central wavelength region
with blazed gratings. This is not an issue for lasers with small tuning ranges, but with
TM:II-VI lasers having typical emission bandwidths spanning 1 μm it could be a limiting
factor. Another method of wavelength tuning for broad ranges is to use a prism. The
tuning range is then only limited by the transmission bandwidth of the prism’s substrate,
which, depending on the material can be very large. For example, ZnSe has a
transparency range of 0.6 to 21.0 μm [109].

3.2.2. Prism tuning
The angle of propagation for any laser beam though a prism will be deflected. The
magnitude of this deflection depends on the refractive index. Chromatic dispersion results
in angular separation of the wavelengths making up the laser beam spectra. Wavelength
selectivity is achieved by only a small portion of the light being sufficiently aligned to
form a laser resonator on the reflection back through the prism. The additional parasitic
cavity losses induced by a Brewster cut prism can by minimised by aligning the incident
polarised beam at a Brewster angle to the prism’s face. A cavity configuration for a single
prism is given in Figure 3.3:
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Figure 3.3. Schematic of extended cavity wavelength tuneable waveguide laser cavity
using a single stationary prisms and rotating output coupler
The output direction of the cavity setup shown in Figure 3.3 will deviate with the rotation
of the output coupler. The deviation is much less than that of the diffraction grating in the
Littrow configuration, as shown in Figure 3.2 (a). The spectral bandwidth of a single
mode Gaussian beam of radius ω0 passing through a prism configuration is given in
Equation 14.
∆𝜆𝐹𝑊𝐻𝑀(𝑃𝑟𝑖𝑚)

𝜆 𝑑𝑛 −1
=
( )
2𝜔0 𝑑𝜆

Equation 14
3.2.3. Theoretical comparison of grating and prisms tuning extended cavities
To make an informed decision on what tuneable elements to integrate into an extendedcavity Cr:ZnSe waveguide laser, the bandwidth and laser efficiency of gratings and
prisms are compared. For the modelling of the Littrow and Littman-Metcalf grating
configurations, the number of grooves per mm is set to 600. Equation 12 and Equation 13
were used to calculate the cavity acceptance bandwidth for each case. In these
calculations, the angle of incidence on the grating θi was set by the tuning condition sin(θi)
= λ/2d where d is the distance between grating lines. From the equations, it is clear that
at a given wavelength the Littman-Metcalf configuration has an acceptance bandwidth of
half of that of the Littrow configuration. The acceptance bandwidth is over the 2-3 μm
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range of both grating configurations are plotted in Figure 3.4. For this set of conditions,
the Littman-Metcalf grating has an acceptance bandwidth of 0.45 nm at 2500 nm.
The acceptance bandwidth of a single prism in the Littrow configuration with a substrate
of ZnSe, CaF2 and Si were calculated using Equation 14. The radius of the beam ω
incident on the prism was set to 2 mm for this calculation. Differentiation of refractive
index with respect to wavelength for each material was calculated by numerically
differentiating the appropriate Sellmeier equation. The form of the Sellmeier equation
and its constants for ZnSe are given in Equation 9 and Table 1. The form of the Sellmeier
equation and its constants for the CaF2 and Si prisms are detailed in Table 3. As can be
deduced from Figure 3.4, Si has the narrowest acceptance bandwidth of the three with a
5 nm bandwidth at 2500 nm.
Material

CaF2 [110]

Si [111]

Transmission range

0.13 to 10 μm

1.2 to 15 μm

Sellmeier equation

𝑛2 (𝜆0 ) − 1 = 𝐴
𝐵1 𝜆20
+ 2
𝜆0 − 𝐶12
+

𝐵2 𝜆20
𝜆20 − 𝐶22

+

𝐵3 𝜆20
𝜆20 − 𝐶32

𝑛2 (𝜆0 ) − 1 = 𝐴 +
+

A

0.33973

10.67316

B1

0.69913

0.004482633

B2

0.11994

1.108205

B3

4.35181

-

C1

0.09374

-

C2

21.18

-

C3

38.46

-

1
𝜆20

𝜆20

𝐵1
− 𝐶12

Table 3. Table of Sellmeier coefficients for calculating refractive index of CaF2 and Si
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Figure 3.4. Acceptance bandwidth of grating and tuneable elements. The grating used for
the Littrow (blue) and Littman-Metcalf (red) has 600 grooves per mm. The angle of
incidence on the gratings is set to sin(θ) = λ/2d. For this calculation the prisms are
arranged in the Littrow configuration. The prism materials examined are ZnSe (yellow),
CaF2 (purple) and Si (green).
As shown in Figure 3.4, it is clear the section of a Littman-Metcalf grating tuning element
will give the narrowest wavelength emission from a Cr:ZnSe waveguide laser. The other
factor that must be included is the losses induced by the laser tuning elements. For the
prism configuration, the input beam angle with respect to a Brewster cut prism surface
can be set at a Brewster angle which removes the Fresnel losses. The material loss for
well developed optical martials such as ZnSe, CaF2 and Si at 2.5 μm is negligible.
Therefore, a Brewster cut prism will induce negligible cavity losses for an enforced
linearly polarised laser cavity [107].
To examine the grating cavity loss, two typical and commercially available gratings are
compared. They are the Thorlabs GR25-0616 and Thorlabs GR1325-45031. These
gratings are optimised by the manufacturer for 1.6 μm and 3.1 μm respectively. The
efficiency curves for a Littrow configuration of GR25-0616 are given in Figure 3.5.
Figure 3.6 presents the results for GR1325-45031. From this data, it is clear that in the 2–
3 μm range, GR25-0616 has the lowest losses, of around 10% at 2.5 μm for light polarised
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perpendicular to the grating. As can be seen from Figure 3.5 and Figure 3.6, the granting
set-ups have highest losses for light polarised parallel to the gratings which will be
detrimental when used in an non polarisation enforced laser cavity.

Figure 3.5. Efficiency curve for Littrow configuration of Thorlabs GR25-0616 grating.
The incident laser light polarised perpendicular (blue) and parallel (red) to the lines of
the grating are shown. The graph has been reproduced from the Thorlabs specification
sheet.
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Figure 3.6. Efficiency curve for Littrow configuration of Thorlabs 1325-45031 grating.
The incident laser light polarised perpendicular (blue) and parallel (red) to the lines of
the grating are shown. The graph has been reproduced from Thorlabs’ specification
sheet.
It is evident that a grating configuration will give the narrowest laser linewidth, but a
prism will result in a more efficient laser. Thus the best choice of cavity design is
application dependent. There is therefore merit in experimentally investigating both
configurations, and this is discussed further in following sections of this chapter.
3.3. Cr:ZnSe wavelength tuning with blazed grating
The investigation into tuneable continuous wave operation used an extended cavity
design in order to incorporate a tuning element into the cavity. A blazed grating was
assembled in the well known Littman-Metcalf configuration as displayed Figure 3.2 (b).
The Littman-Metcalf configuration benefit over the Littrow configuration is the fixed
output beam direction. In a Littrow configuration, the output beam angle varies with the
rotating grating element used for wavelength tuning. This is a particular problem when
tuning across a broad wavelength range since the output angle would vary considerably.
In addition to overcoming this problem, the Littman-Metcalf configuration provides
greater wavelength selectivity, due to the signal performing a double pass of the
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diffraction grating. This increased wavelength selectivity should lead to a
narrowerlinewidth. The disadvantage of the Littman-Metcalf is the loss of the zero-order
reflection upon the second pass of the grating. This increases cavity loss thus also laser
threshold, which potentially could limit the wavelength tuneable range of the laser.
However, the main aim of this laser is to demonstrate a narrow linewidth CW wavelength
tuneable lasers source, thus the Littman-Metacalf grating configuration is the most
appropriate choice.
An important consideration for any laser is the pump source. Cr:ZnSe has a broad
absorption banned centred at 1.8 μm and spanning 350 nm [70]. The absorption crosssection of CrZnSe is shown in Figure 3.7:

Figure 3.7. Absorption cross-section of Cr:ZnS (green) and Cr:ZnSe (red). The emission
wavelength of Er and Tm doped fibre lasers have been superimposed on top of the graph
to show their overlap with Cr:II-VI materials absorption. This graph has been
reproduced from Sorokina et al. [106].
As marked in the figure, Cr:ZnSe can be pumped with Er or Tm doped fibre lasers. The
advantage of these sources is singe mode output average powers of over 100 W [112].
Direct diode pumping of Cr:ZnSe bulk lasers has been demonstrated, but has not been
used in this investigation of Cr:ZnSe waveguide lasers because of the lower brightness
when compared with fibre sources [113]. A Tm:Fibre pump laser was chosen over an
Er:fibre laser because there is a smaller quantum defect between pump and signal. Thus
the Tm:Fibre pump will deposit less heating into the laser’s crystal. Considerations of
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thermal management are an important step of the design process with Cr:ZnSe lasers
because of their large dn/dT which limits power scaling [15].
For this experiment, a 1.4 W randomly polarised Tm:fibre laser manufactured by
AdValue Photonics with emission centred at 1920 nm was used as the pump source. The
product number of the source is AP-Tm-0028. The laser has a spectral linewidth of
< 0.1 nm. The delivery fibre is SMF-28, resulting in M2 <1.1 single mode output. The
output of the SMF-28 fibre was collimated using a 12 mm focal length AR coated ZnSe
aspheric lens. The pump light was coupled into the waveguide by a 50 mm D coated CaF2
plano-covex lens.
The laser crystal used was a polycrystalline Cr:ZnSe sample with dimensions of
8.5 × 6.5 × 2.1 mm. The Chromium ions were diffusion doped into polycrystalline ZnSe
by IPG Photonics. The Cr2+ concentration of the sample investigated was
8.5 × 1018 per cm. This level of doping concentration is suitable for a CW pump of
Cr:ZnSe 5T2 → 5E transition at room temperature [70].
The waveguides inscribed in the sample were circular depressed cladding waveguides
fabricated using ULI. The inscription parameters are given in Table 2 (page 36). After the
inscription, the end facets were polished back and then AR coated from 2 – 3 μm. AR
coating mitigates the cavity losses induced by Fresnel reflections. For an uncoated ZnSe
sample with a refractive index of 2.4, the Fresnel loss is around 18 % reflection per surface
at normal incidents. Hence the need to add the AR coating step even though this increases
cost and time to the waveguide optimisation process. A transmission microscope image
of the end facet of the waveguide is given in Figure 3.8:
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Figure 3.8. Transmission microscope image of the Cr:ZnSe waveguide end facet used in
the wavelength tuneable experiments. A x20 microscope lens was used to image the end
facet. Horizontal diameter of waveguide is 80 µm.
A tuneable laser cavity was formed by placing a pump mirror at the input facet of the
waveguide and an extended Littman-Metacalf grating configuration at the output, as
shown in Figure 3.9:
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Figure 3.9. Schematic of extended cavity Littman-Metacalf grating configuration
wavelength tuneable Cr:ZnSe waveguide lasers. Lenses 1 and 2 are D coated 50 mm
focal length plano-convex CaF2 lens. Wavelength tuning of the cavity is achieved by
rotating the silver mirror as shown above.
The pump power and output power of the laser were characterised with a thermal power
meter (Spectra-Physics 407). Unabsorbed pump light was dumped before the power meter
with two 2000 nm longpass filters. The output power versus wavelength is plotted in
Figure 3.10 for a constant pump power 1.4 W. A maximum output power of 120 mW
was demonstrated at 2446 nm which correspond well with the peak emission crosssection of the laser. The wavelength of the laser was measured with a Monochromator
(Zolix Omni-λ 300) with a resolution of 0.4 nm. The laser was found to be continuously
tuneable from 2077 - 2770 nm with an output power of greater than 15 mW at all
wavelengths.

50

Normalised Emisson Cross-section
Normalised Absorption Cross-section
Output Power

Output Power (mW)

140

1.2

120

1.0

100

0.8

80

0.6

60
0.4
40
0.2

20
0
2000

2100

2200

2300

2400

2500

2600

2700

Normalised Absorption/Emission Cross-section

160

0.0
2800

Wavelength (nm)

Figure 3.10. Littman-Metcalf tuneable grating Cr:ZnSe waveguide laser performance.
The wavelength was tuned by rotating the tuning mirror. The pump power for these
measurements was set to 1.4 W. Black dots show the measured output power of the laser
for a corresponding wavelength. The red and blue lines show the normalised absorption
and emission cross-section of Cr:ZnSe.
The FWHM linewidths of all the wavelength spectra were found to be around 0.4 nm, the
limit of the monochromator’s resolution. This suggests that the measurement’s linewidth
was limited by the monochromator and the true linewidth may be narrower. This was
investigated using an optical spectrum analyser (OSA) manufactured by Yokogawa
(model number AQ6375). The linewidth of the laser was investigated up to the
wavelength limit of the OSA, 2.4 μm. The resolution of the Yokogawa AQ6375 OSA was
0.05 nm. The linewidth measurements for the sub 2.4 μm section of the laser’s tuning
range are given in Figure 3.11.
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Figure 3.11. Wavelength spectra of grating tuned extended cavity Cr:ZnSe waveguide
laser. Measurements were taken with Yokogawa AQ6375 with a resolution of 0.05 nm.
The minimum linewidth measured was 0.053 nm, centred at 2307.18 nm. All other
measurements had a linewidth of sub 0.1 nm. Wavelengths longer than 2.4 μm could not
be taken due to equipment limitations, but this is something that could be investigated in
the future with an extended range of Mid IR OSA.
The continually tuneable wavelength range of 2077 - 2770 nm is notable for a waveguide
laser, but wider tuning ranges in bulk Cr:ZnSe cavity have been demonstrated [17]
previously. This discrepancy is attributed to additional wavelength dependent loss in the
waveguide cavity. There are many different cavity configurations that could be
investigated to improve the performance of the waveguide laser. This was numerically
investigated with the aim to extend the tuning range of the laser.
3.4. Modelling of diffraction grating
John R. MacDonald, the Research Associate also working on this project at the time of
this experiment, modelled the wavelength tuneable Cr:ZnSe waveguide laser as published
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in [105]. This model is based on the bulk Cr:ZnSe MOPA modelling by Berry [15].
MacDonald’s numerical model makes use of the plane wave approximation. The model
starts by making assumptions about the irradiance of the pump and signal based on the
experimentally measured MFD of the waveguide. These are then co-propagated through
the gain region in a stepped process. The number of steps was set to 104. The output after
a single pass of the gain region was then attenuated by the cavity loss. Loss from the intra
cavity lens, grating and silver tuning mirror were included in the attenuation calculation.
The pump and signal were then counter propagated through the gain region. The
propagating and counter propagating irradiances were combined at each site of the model.
Once the counter propagating beam reached the start of the waveguide, it was attenuated
by the input coupler’s transmission and was then sent back through the gain media. These
steps were then repeated until a steady state was reached. For this numerical mode, several
parameters were set to fit the experimental data, as shown in Table 4. The absorption and
emission cross-section value use for Cr:ZnSe in the model were experimentally measured
by S. Hedge at the University of Dayton Research Institute, and are given in the appendix
of this paper by MacDonald et al. [105].
Parameters

Value

Cr2+ ion concentration

8.5 × 1018 cm-3

Upper-state lifetime of Cr:ZnSe

4 μs [114]

Waveguide length

6.0 mm

MFD of pump and signal

40 μm

Waveguide propagation losses

0.7 dB/cm [58]

Table 4. Fitting parameters used in numerical modelling of Littman-Metcalf tuneable
grating Cr:ZnSe waveguide laser.
The experimental results for output power across the tuning range have been
superimposed with the results for the numerical model in Figure 3.12. No free parameters
were used in the fitting. Overall, the model fits reasonably well with the results obtained.
There is a noticeable divergence between the model and the experimental results after 2.6
μm. This can in part be attributed to intra cavity water absorption. There is a large amount
of atmospheric water absorption at wavelengths beyond 2.6 μm which the model does
not account for [115]. In addition, at longer wavelengths the assumption that the signal
and pump share the same MFD is not as valid as it is when the two wavelengths are
similar. This will lead to reduced pump signal overlap and hence reduced performance,
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which is observed in the experiment. This part of the model could further be improved by
characterising the waveguide loss and MFD across the full wavelength range of the laser.

Figure 3.12. Cr:ZnSe tuneable waveguide laser experimental results and numerical
model overlaid. The black dots represent the experimental data. The red line is the
numeric model.
Limitations of the model aside, it is useful when comparing different tuneable cavity
configurations for tuneable bandwidth and output power. The model found that the
Littrow configuration would extended the tuning range to 900 nm. The loss of the
Thorlabs GR25-0616 grating, shown in Figure 3.5, is over 85 % for wavelengths greater
that 2.5 μm polarised perpendicular to the grating lines. Since the cladding waveguides
are not polarisation maintaining, there will be a large loss which will limit the tuning
range. Use of a blazed grating with a central designed wavelength of 2.5 μm would
partially solve this issue. As can be seen from GR25-0616, the loss of the parallel
polarisation is reduced to 40%. However, implementing an optimised grating would not
remove the losses induced by the zeroth order and the loss of the silver mirror. The
modelling found these elements were limiting the wavelength tuning range. Thus, a prism
tuned cavity was investigated to extend the tuning range of the laser.
3.5. Cr:ZnSe Wavelength Tuning with Silicon Prism
The finite element analysis showed that the grating was reducing the tuneability range at
longer wavelengths. This arises from the loss of the grating’s zeroth order and the poor
grating efficiency at longer wavelengths. A Si Brewster cut prism was proposed to expand
the tuneability range and increase overall laser performance. The prism has the advantage
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of not having an efficiency drop off at 3 µm. The Fresnel losses from the air substrate
interface can be mitigated by placing the Brewster prism at a Brewster angle The extended
prism cavity, shown in Figure 3.13, was built into a similar cavity arrangement as that of
the Littrow grating.

Figure 3.13. Experimental arrangement of the wavelength tuneable Cr:ZnSe external
cavity waveguide laser using a Si prism. The output coupler is rotated to tune the lasing
wavelength. Lens 1 and 2 are 50 mm and 20 mm focal length lenses respectively, which
are D coated CaF2 plano-convex lenses.
A Si prism was chosen based on the theoretical analysis of acceptance bandwidth as
outlined in Section 3.2.3. From these calculations, the FWHM of the spectral emission
using a Si prism is more than half that of the same tuneable laser cavity with a CaF2 or
ZnSe prisms.
A Thulium fibre laser was used as the pump source with a maximum power of 1.4 W.
The pump was focused through the dichroic mirror on to the facet of the waveguide using
a 50 mm D coated CaF2 lens. The large gain bandwidth of Cr:ZnSe, spanning
55

approximately 1950 to 3350 nm [61], is much larger than the flat reflection response of
the dielectric mirrors commercially available. Therefore, the mirror set needed to be
changed as the laser output wavelength was tuned. A list of the mirrors used and
operational wavelength ranges are given in Table 5:
Mirror Type

Reflectance (%)

Range (nm)

Set

Input Coupler

> 99.9

2000-2500

Short wavelength

Input Coupler

> 99.6

2500-3000

Long wavelength

Output Coupler

80 ± 5

1700-2700

Short wavelength

Output Coupler

89 ± 1

2800-3070

Long wavelength

Table 5. List of mirrors used in Si prism tuneable Cr:ZnSe external cavity waveguide
laser investigation
An intra cavity D coated CaF2 lens was used to collimate the output of the waveguide.
The Si prism was aligned at Brewsters angle with respect to the collimated beam. The
output coupler was rotated to tune the output wavelength of the cavity. This rotation
deflected the output beam slightly, meaning the alignment of the characterisation
equipment had to be optimised for each measurement at a different wavelength. The
tuneable laser output power plotted against wavelength is shown in Figure 3.14. The
pump power for these output power measurements was kept constant at 1.4 W.
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Figure 3.14. Wavelength tuneable Cr:ZnSe laser performance using a Si prism. The short
wavelength mirror set (black squares) used a pump mirror with reflectance > 99.9 % for
a range of 2000-2500 nm and an output coupler with reflectance 80 ± 5 % for a range of
1700-2700 nm. The long wavelength mirror set (red dots) used a pump mirror with
reflectance > 99.6 % for a range of 2500-3000 nm and an output coupler with reflectance
89 ± 1 % for a range of 2800-3070 nm.
The extended cavity demonstrated continuous lasing over 2080-2883 nm with an output
power greater than 15 mW over the whole wavelength range. The maximum output power
134 mW was measured at a wavelength of 2615 nm. An improvement in tuning range
performance was observed using the Si prism tuning element which achieved an
additional 101 nm of tuneability over the results obtained using the blazed grating. The
output power was slightly higher ≈ 10 %. This was much lower than initially expected.
This arises from the prism only being low loss if the laser is linearly polarised. The output
of the waveguide was found to be randomly polarised. Thus the loss at the prism will be
50%, which is larger than it will be for a single pass for the grating. When taking into
account the double pass of the grating and a silver mirror, the overall loss of the prism
system is lower at longer wavelengths hence, the extended tuning range.
The wavelength spectra of the laser at different tuning angles was characterised with the
Zolix Omni-λ 300 monochromator. Figure 3.15 shows different spectra taken across the
full tuning range. A typical spectrum for the short wavelength mirror set is shown in
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Figure 3.16. A Gaussian function was used to fit the data. This was used to determine the
central wavelength of the spectra and the FWHM of the emission. Figure 3.17 is a typical
spectrum for the long wavelength mirror set. Spectra taken across the tuning range were
fitted with a Gaussian function. The centre wavelength and FWHM are summarised in
Table 6.

Short Wavelength Mirror Set
Long Wavelength Mirror Set

Normalised Intensity (a. u.)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
2000

2200

2400

2600

2800

3000

Wavelength (nm)
Figure 3.15. Normalised intensity spectrum of Si prism wavelength tuned Cr:ZnSe
waveguide. Measurements taken with Zolix Omni-λ 300 monochromator. Spectra taken
with a short mirror set are black. Spectra taken with a long mirror set are red.
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Short Wavelength Mirror Set
Gaussian Fit

Normalised Intensity (a. u.)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
2265

2270

2275

2280

2285

Wavelength (nm)
Figure 3.16. Typical spectra of Si prism tuned Cr:ZnSe waveguide laser with short
wavelength mirror set. Green line is a Gaussian fit to the data. From the fit the peak was
found to be centred at 2275.7 nm with a FWHM of 2.6 nm.

Long Wavelength Mirror Set
Gaussian Fit

Normalised Intensity (a. u.)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
2680

2685

2690

2695

2700

Wavelength (nm)

Figure 3.17. Typical spectra of Si prism tuned Cr:ZnSe waveguide laser with long
wavelength mirror set. Purple line is a Gaussian fit to the data. From the fit the peak was
found to be centred at 2690.6 nm with a FWHM of 1.7 nm.
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Central Wavelength (nm)
2047.1
2080.3
2148.7
2212.8
2275.7
2339.2
2423.3
2494.3
2615.4
2690.6
2753.2
2815.2
2883.4
2905.0

Full width half maxima (nm)
1.7
2.5
2.2
2.3
2.6
2.8
2.8
2.5
1.2
1.7
0.9
3.0
3.2
1.5

Mirror set

Short wavelength

Long wavelength

Table 6. Summary of spectra and full width half maximum for prism tuned Cr:ZnSe
waveguide laser. Measurements take with Zolix Omni-λ 300 monochromator. Spectra
fitted with Gaussian profile.
The minimum linewidth measured was 0.9 nm at 2753.2 nm. This measurement was taken
with the monochromator that has a resolution of 0.4 nm. The resolution of the
monochromator is sufficient if there is no underling structure in the spectra. An OSA
would be more suitable for this work, but we did not have access to one at the time of this
investigation. Comparing the linewidth of the prism with the grating, there is a 20 fold
increase in linewidth. This linewidth broadening for the prism tuning element was
expected from the modelling discussed earlier in Section 3.2.3. However, the modelling
also expected the linewidth to increase with wavelength, which is not found in this
experiment. The modelling of the acceptance band width of a Si prism tuning element is
plotted over the experimentally measured FWHM in Figure 3.18. Details of this model
can be found in Section 3.2. The beam radius incident on the prism was set to 2 mm to
match that of the experiment. The experimental linewidth at the short wavelength end of
the tuning is closest to the model. However at longer wavelengths this is not the case. At
this point, it should be remembered that the acceptance bandwidth is the low loss
wavelength range of the cavity and not the expected bandwidth of the lasers. For example,
a free running homogeniously broadened laser can have an exceptionably narrow
bandwidth, without the need for any additional wavelength control. Free running
polycrystalline Cr:ZnSe bulk lasers have demonstrated bandwidths of around 50 nm
consisting of numerous narrow spikes [15]. Hence the narrower than expected linewidth
is attributed to selecting a single narrow spike.
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Figure 3.18. Red dots are experimental measurements of FWHM linewidth of Si prism
tuned Cr:ZnSe waveguide laser. Blue line is the acceptance bandwidth of a Si prism tuned
cavity expected form the model. The beam radius was to 2 μm for the model. Sellmeier
coefficients used for calculating dn/dλ are detailed in Table 3.
Taking a step back from the extended cavity tuning experiments and examining free
running lasers in Cr2+ polycrystalline ZnSe, there is a discrepancy between the bulk and
waveguide laser linewidth. The free running depressed cladding waveguide demonstrated
by MacDonald et al. [58] had a linewidth of 1.6 nm compared with 50 nm linewidth
measured in a bulk free running Cr:ZnSe laser by Berry et al. [15]. From this it is clear
the waveguide itself has an impact on the linewidth of the lasers. At the time of this work,
the reason for the linewidth discrepancy between bulk and waveguide was not known. A
recent paper by Stites et al. [116] has found hot isostatic pressing (HIP) of the Cr:ZnSe
results in free running laser operation with narrow linewidth. In this paper, hot isostatic
pressing (HIP) of transition metal ions into ZnSe and ZnS host is demonstrated. This a
different process from the post growth diffusion methods that have been commercialised
and hence most widely studied [15-17], including all work covered in this thesis. It was
found that the forced diffusion of ions at high temperature and pressured by HIP treatment
reduced the spectral bandwidth of free running Cr:ZnSe laser by orders of magnitude
[116]. The reason for line narrowing in the HIP treated samples is attributed to the fact
that the process increases the grain size of ZnSe [117] and removes crystal defects [118].
From the narrowed linewidth observed in single mode Cr:ZnSe waveguide lasers, it is
thought a similar effect is happening to the host from the ULI process. This involves
similar pressures and temperature to those of HIP treatment, thus we believe this remove
defects in the host Cr:ZnSe during the inscription process [119].
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Extending the cavity of the waveguide laser means there is a 32 cm section of the laser
cavity that is free space propagation through atmosphere. Thus atmospheric absorption
from water vapour must be considered when operating in the water absorption spectral
region 2400-2900 μm. Sorkin at al. [17] measured the atmosphere absorption for a round
trip bulk resonator length of 120 cm. The atmospheric transmission and bulk Cr:ZnSe
output power vs. wavelength measured by Sorkin is given in Figure 3.19. From this
figure, it is clear that there are very large intra cavity losses at the narrow water absorption
lines. Sorkin found that the laser would only operate in between absorption lines, and that
some of the spectra would have a double peak under strong pumping. From this, it is
possible the linewidth of the waveguide laser is being narrowed by adjacent water
absorption lines. The solution to this problem would be to encapsulate the laser in a box
and purge with dry air, but this adds complexity to the system and hence was not
investigated.

Figure 3.19. Bulk Cr:ZnSe lasers tuned with CaF2 prism. Red dots are output powers at
a given wavelength for 5 W of pump incident on the sample. Grey line represents the intra
cavity transmission of a resonator with a round trip length of 120 cm with the room at 40
% r.h.. The absorption is from water vapour. This graph has been reproduced from Sorkin
et al. [17].
The narrower than expected linewidth of the Si prism tuning arises form a combination
of the acceptance bandwidth of the prisms, the free running bandwidth of a polycrystalline
Cr:ZnSe depressed cladding waveguide and water absorption lines. This makes modelling
of the linewidth of the laser challenging. The prisms tuning has facilitated an extra 100 nm
of lasing bandwidth compared with an identical system using a grating. The efficiency of
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the lasers and tuning range could be further improved by developing polarisation
maintaining waveguides to minimise the loss at the Brewster cut prism. This could be
implemented by inscribing large damage lines to the left and right of the waveguide,
which would create a waveguide similar to polarisation maintaining fibre designs.
Furthermore, passive characterisation of the waveguide losses at longer wavelengths
should be investigated. This would require a tuneable laser source in the 2-3 μm range.
3.6. Conclusion
Depressed cladding waveguides inscribed in Cr:ZnSe by ULI were investigated for
broadband tuneable lasers. Wavelength tuning of the waveguide laser was achieved with
extended cavities. For narrow linewidth, a blazed grating was added to the cavity in the
Littman-Metcalf configuration. This resulted in a continually tuneable bandwidth of
700 nm, 36.4 THz, from 2077-2770 nm with greater than 15 mW of output power over
the range. This result is the widest tuning range demonstrated by any waveguide laser in
the Mid-IR, ULI fabricated or by any other method, to the best of the authors’ knowledge.
The linewidth of the laser was measured to be as low as 53 pm, limited by the detection
equipment. This marks a step forward for probing of molecular transitions in the Mid-IR
transmission window in non-lab environments. This work was published as a letter in the
IEEE Journal of selected topics in Quantum Electronics [105].
Seven hundred nanometres of wavelength tuning is an impressive result for any laser but
bulk Cr:ZnSe lasers have been shown to lase from 1973 - 3349 nm [17]. Numerical
modelling was investigated to find out what is limiting the waveguide lasers tuning range.
The model found that the tuning range was being limited at the long wavelength end of
the emission from grating loss. From this it was proposed to investigate a prism for
wavelength tuning as there is not a strong wavelength dependent loss with this tuning
element.
The application of a Brewster cut prism resulted in a tuneable bandwidth of 803 nm over
the range of 2080 - 2883 nm with more than 15 mW of output power. As expected from
the modelling, the linewidth is broader than the grating extended cavity. A minimum
linewidth of 0.9 nm was centred at 2753.2 nm. The maximum average power of the laser
was 134 mW at 2615 nm. Further tuning of the laser at longer wavelengths is limited by:
waveguide loss at increasing wavelengths, polarisation induced loss at the prism and
atmospheric absorption.
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4. Modelocking of Cr:ZnSe waveguide laser
4.1. Introduction
Ultrashort pulsed laser sources in the Mid-IR (2 – 5 μm) are of interest for their many
applications such as LIDAR, supercontinuum generation and material processing. For
pulsed sources in this range, modelocked solid state lasers combined with OPOs are
commonly used to generate Mid-IR pulses with very wide wavelength tuning ranges.
However, these systems are complex because of their relatively large size and numerous
free space optics, resulting in issues making the laser sources vibrationally insensitive
[120]. Electrically excited QCLs have the advantage of being optically the most simplistic
Mid-IR laser sources, but are not suitable for modelocking [120, 121].
Transition metal doped II-VI semiconductor lasers, first demonstrated by DeLoach et al.
[12], offer direct generation of widely tuneable light in the Mid-IR due to their vibrational
broadened gain media. Of these materials, Cr:ZnSe has the useful properties of a nonoverlapping absorption and emission cross-sections with a CW room temperature
operation. Bulk Cr:ZnSe laser has been demonstrated to be continuously tuneable from
1973 nm to 3339 nm. If all of this bandwidth is used to produce a modelocked pulse a
sech2 pulse width of 6 fs would be formed. To date, Cr:ZnSe modelocked lasers have not
demonstrated pulses that lock the full bandwidth, however, an impressive 80 fs was
demonstrated with a semiconductor saturable absorber mirror (SESAM) [122]. Cr:ZnSe
has been modelocked with a wide variety of passive and active methods, detailed in Table
7, making it a well-developed modelocked laser. However, these are all bulk lasers, there
has be no demonstration of modelocking in a Cr:ZnSe waveguide.
Modelocked Bulk Cr:ZnSe Lasers
Modelocking

Pulse width

Pulse repetition

mechanism

References

frequency

AOM

4.4 ps

81 MHz

[123]

Graphene saturable

116 fs

99 MHz

[124]

92 fs

95 MHz

[125]

absorber
Kerr lens
modelocking

64

SESAM

80 fs

180 MHz

[122]

Table 7. Modelocked Cr:ZnSe bulk lasers with different modelocking configurations
Cr:ZnSe waveguide sources

have facilitated the development

of compact,

environmentally robust Mid-IR lasers. Single crystal fibre has been fabricated in ZnSe,
but there has not yet been any laser demonstration of a doped sample. Slab waveguides
have been fabricated using PLD, but the output powers have been limited to sub mW
[126]. One method of achieving a monolithic laser system while still retaining the
advantage of bulk Cr:ZnSe is to fabricate a waveguide in the material using ULI.
Fabrication of waveguides using ULI in polycrystalline Cr:ZnSe was first demonstrated
by Macdonald et al. [57]. Later work using ULI resulted in depressed cladding
waveguides with a slope efficiency of 45% [58]. The tuning range with the addition of a
Si prism was found to be 2080 - 2883 nm, as discussed in the previous chapter. If this full
bandwidth can be modelocked, there is potential for demonstrating a compressed pulse
of 9 fs. The depressed cladding waveguides in ZnSe have been shown to have low
propagation losses of <1 dB/cm in the Mid-IR and have also been shown to propagate
light out to 4122 nm [51]. From these demonstrations, it is clear that Cr:ZnSe depressed
cladding waveguides have suitably low losses over the large range needed to take full
advantage of the Cr:ZnSe emission bandwidth while providing the advantage of a
monolithic laser cavity.
It is challenging to fabricate a conventional bulk modelocked laser with a pulse repetition
frequency (PRF) greater than 1 GHz because the PRF is inversely linked to the cavity
length [59]. The cavity length of a waveguide laser can effortlessly be reduced to that of
the gain medium by having two plane mirrors butt coupled to the end facets of the
waveguides. Examples of modelocked waveguide laser with

PRF > 1 GHz are

Nd:YAG [85], Yb:Glass [127] and Tm:YAG [128] with PRF of 11 GHz, 15 GHz and
7.8 GHz respectively.
This chapter details the theory of modelocked lasers and the measurement of ultrashort
femtosecond pulses. The first demonstration of a modelocked Cr:ZnSe waveguide laser
will be presented. Furthermore, the power scaling and increases of the PRF to over 1 GHz
are investigated.
4.2. Background Theory of Modelocked Lasers
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Modelocking is a powerful technique to produce pulses of femtosecond to picosecond
with timescales. Modelocked lasers are split into two categories: active and passive. Both
work by the same principle of having a loss mechanism in the cavity that can vary with
time. A diagram of a modelocked laser resonator is given in Figure 4.1. The key
difference between a modelocked laser’s cavity and a CW laser is that the loss element is
not constant in the modelocked laser, as shown in Figure 4.1:

Figure 4.1. Model cavity design showing the optical elements needed for a modelocked
laser cavity. This has been reproduced from Keller [59].
Active modelocking uses an external signal to modulate the loss of the cavity; this can be
achieved with an acoustic optic modulator (AOM). The loss of the cavity is modulated as
a sinusoidal function in time and the cavity is set up in a way that the saturated gain is
only larger than the signal loss for a small section of the sine waves at its minima, as
shown in Figure 4.2:
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Figure 4.2. Schematic of loss modulation in an active modelocked laser. This has been
reproduced from Keller [59].
By implanting this loss modulation, the lasers can only reach threshold when the AOM is
low loss. This causes the laser to lase in a pulsed manner. If the AOM is operated at the
same frequency as the cavity frequency, a laser can be formed with a continuous train of
modelocked pulses at a stable repetition rate. The cavity round trip time (TR), and thus
laser repetition rate, for a single pulse circulating the cavity is linked to the cavity length
(L), given by Equation 15:
𝑇𝑅 =

2𝐿
𝑣𝑔

Equation 15
where vg is the group velocity. Typical modelocked lasers have a cavity length of around
1.5 m, resulting in a repetition rate of 100 MHz. One key advantage of active
modelocking over passive methods is the electronic signal controlling the modulator can
be used as a trigger for characterisation equipment. However, the pulse width of active
modelocked lasers are often limited to the picosecond region [59].
Passive modelocking does not use an external control signal. This allows for a
simplification of the laser system and the ability to work at higher repetition rates, faster
than most electronics. For passive modelocking, a saturable absorber (SA) is placed in
the cavity. This is used to create a self-modulating amplitude of the light in the cavity.
This introduces loss to the cavity which is large for small signals but relatively small at
high irradiance. This creates a situation in which the low intensity wings of a pulse are
supressed, while the peak of the pulse propagates with low loss. The peak of the pulse
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experiences more gain than loss for each round trip; while the SA supresses small signals.
This system starts from a small noise fluctuation in the CW laser output. A small single
noise spike is all that is needed to saturate the SA and thus start mode-locked operation.
The spike will grow with each round trip, saturating the SA by a larger extent each time
until the laser reaches steady state operation, as shown in Figure 4.3:

Figure 4.3. Schematic of passive modelocking showing the interaction of the loss induced
by an SA and a circulating laser pulse. This has been reproduced from Keller [59].
Once the laser has reached a steady state, the pulses leaving the laser will be separated in
time by a constant value with the same amplitude creating a comb like structure.
Typically, shorter pulses can be achieved with a passive system because the recovery time
of the SESAM based SA is much faster than the current method of actively modulating
the loss mechanism. However, by careful consideration of the cavities group delay
dispersion and self-phase modulation, soliton modelocking can be implemented, resulting
in the potential for demonstrating pulse widths shorter than the loss modulation [129].
In frequency space, we have a phase locked frequency comb as shown in Figure 4.4.
Modelocking is a well-known and developed method of producing ultrashort laser pulses.
A detailed mathematical description of active and passive modelocking can be found by
Haus et al. [130].
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Figure 4.4. Schematic of modelocked laser in the time domain, where I is the intensity of
the laser pulse and φ is the phase. This has been reproduced from Keller et al. [59].

Figure 4.5 Schematic of modelocked laser operation in frequency space, note the constant
phase. This has been reproduced from Keller et al. [59].
The fundamentals of modelocking are well understood, however, implementation into a
working laser system presents a number of challenges. The initial report of modelocked
laser by DeMaria et al. [131] did not show the constant intensity pulse train in time that
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was discussed above. Indeed, the intensity of the pulses modulated over time with a
repetition rate much slower than the repetition rate of the laser, and this is known as Qswitched modelocking (QML). QML is a dynamic instability resting from an undamped
relaxation oscillations. In QML, the pulse circulating the cavity builds up in intensity then
depletes in a repeating cycle. The threshold for stable modelocked pulse trains is given
by the criteria in Equation 16:
𝐸𝑃2 > 𝐸𝑠𝑎𝑡,𝑔 𝐸𝑠𝑎𝑡,𝑎 ∆𝑅
Equation 16
where ΔR is the is the modulation depth of the SA and EP is the intra cavity pulse energy
given by Equation 17:
𝐸𝑃 =

𝑃𝑜𝑢𝑡
𝑓𝑟𝑒𝑝 ×𝑇𝑂𝐶

Equation 17
Pout is the output power of the laser, frep repetition frequency of the laser and Toc is the
transmission of the output coupler at the signal wavelength.
The saturation energy of the gain medium Esat,g is given by Equation 18:
𝐸𝑠𝑎𝑡,𝑔 = 𝐹𝑠𝑎𝑡,𝑔 ×𝐴
Equation 18
where A is the cross-sectional area of the signal in the gain medium, in the case of a
waveguide. this is calculated from the mode field diameter (MFD) at the signal
wavelength. The saturation fluence of the gain media Fsat,g can be calculated using
Equation 19:
𝐹𝑠𝑎𝑡,𝑔 =

𝐸𝑝ℎ𝑜𝑡𝑜𝑛
𝑁(𝜎𝑒 + 𝜎𝑎 )

Equation 19
where Ephoton is the energy of a single photon at the signal wavelength. N is the number of
passes through the gain media per round trip of the cavity, normally N=2. The emission
cross-section and absorption cross-section at the signal wavelength are given by σe and σa
respectively.
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The saturation energy of the saturable absorber Esat,a in Equation 16 can be calculated
using Equation 20:
𝐸𝑠𝑎𝑡,𝑎 = 𝐹𝑠𝑎𝑡,𝑎 ×𝐴
Equation 20
where Fsat,a is the saturation fluence of the SA. This is a fixed design parameter of the
SA. However, the surface area of the beam waist incident on the SA, Asa, can easily be
varied by changing the focusing onto the SA. ΔR is the modulation depth of the SA.
Mitigation of QML instabilities are a challenge with GHz repetition rate lasers due to
their lower pulse energy. For these lasers careful consideration of the SA parameters is
needed [90, 132].
The SESAM [59] is one widely implemented SA. SESAMs have a low saturation fluence,
hence they reduce the intra cavity pulse energy needed to supress QML instabilities.
SESAMs have long been the industry standard for fast saturable absorbers, this is in part
due to the use of pre-existing semiconductor fabrication techniques creating low defect
material with control of the SAs properties [59, 133]. SESAMs have been used to
demonstrate sub 100 fs pulses [134]. SESAMs have been designed to operate over a wide
range of wavelengths covering the near-IR to IR spectral part of the EM spectrum, each
with an operating bandwidth of ≈ 100 nm [59]. For a sub 100 fs pulse laser access to the
full bandwidth of the laser is preferable, thus a bandwidth limitation from the SA is not
desired. For materials with a strong nonlinearities, Kerr lens modelocking using the Kerr
effect, discussed in Section 2.4, can induce an intensity dependent loss mechanism when
a hard or soft aperture is placed in the cavity [135]. This has been an effective method for
modelocking bulk Ti-Sapphire and Cr:ZnSe lasers, but has not been demonstrated in
guided wave mode geometry [106].
One alternative SA to the SESAM is graphene which has been widely used for passive
modelocking of lasers over a broad spectral range, ranging from the NIR to Mid-IR [133].
The key property of graphene is its wavelength independent features of absorption. These
are possible because of graphene’s zero band gap. It’s also a highly adaptable material
for modelocking different laser materials. In solid state bulk and waveguide lasers,
graphene is predominantly used to coat resonator mirrors or output couplers resulting in
a graphene saturable absorber mirror (GSAM). This is possible because of developments
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in producing high quality few layer graphene using chemical vapour deposition [136].
There is currently a demand for environmentally robust fs pulsed lasers in the 2 – 2.5 μm
Mid-IR range of the spectrum [106]. GSAMs are a compelling option for the 2 – 2.5 μm
range because SESAMs availability at these wavelengths is limited [120]. However,
issues with a low damage threshold at high reputation rates and high non-saturable losses
limit GSAMs effectiveness in power scaling modelocked laser systems [137-139].
The background of active and passive modelocking has been discussed. For high
repetition rate waveguide lasers, passive modelocking is necessary due to limitations in
the electronic switching speed of active modelocked methods. Passive modelocking of
Cr:ZnSe waveguide lasers will be investigated using a SESAM.
4.3. Measurement of Ultrafast Laser Pulses
Modelocking of lasers facilitates production of pulses to a timescale much short than can
be achieved with electronics. However, it also means the pulses cannot be directly
measured with electronic based detectors. For example, the fastest Mid-IR detectors
commercially available, the Vigo Systems PC-10.6, has a rise time of 1 ns. Faster
detectors are available in the visible to NIR but are still limited to the rise times of around
5 ps. Thus direct measurement of femtosecond pulses is not possible. There are many
indirect methods that have been developed to overcome this limitation, such as
autocorrelation and more complicated systems such as Frequency-Resolved Optical
Gating (FROG) [140]. FROG records intensity and phase information which allows for
calculation of pulse width without making assumptions of the original pulse shape. This
makes the technique more robust than autocorrelation. However, the experiment
apparatus requires is more complex and there is limited availability of linear arrays
suitable for characterising Mid-IR pulses.
Autocorrelation is a convenient method for measuring the width of ultrashort laser pulses.
This method uses the pulse to measure itself. An interferometric autocorrelator combines
a Michaelson interferometer with a translation stage, nonlinear crystal and detector, as
shown in Figure 4.6:
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Figure 4.6. Schematic of interferometric autocorrelator experimental setup, with
nonlinear crystal.
This system splits the incoming pulse in two at the beam splitter. The separate pulses then
travel along the two arms of the interferometer. The pulses are recombined in space and
time at the nonlinear crystal. A lens is used to focus the beam on to the nonlinear crystal
which improves the two photon generation efficiency. The non-converted residue laser
light is absorbed by a filter. The frequency doubled signal is incident on a slow large area
detector. The pulse width is found by changing the path length of the two beam lines.
This changes the pulse overlap in the nonlinear crystal. This is detected by a change in
signal intensity at the detector. The signal change is linked to the mirror position by an
oscilloscope which is triggered to the leading edge of the square wave used to modulate
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the mirror position. An example of an interferometric autocorrelation of a modelocked
Ti:Sapphire laser is given in Figure 4.7.

Figure 4.7. Interferometric autocorrelation of modelocked Ti- Sapphire laser. This graph
has been reproduced from Yuqiang et al.[141].
Note from the figure there is an underlying fast oscillation inside the pulse envelope. The
period of this oscillation is half that of the laser’s central wavelength. This can be used to
calibrate the movement of the mirror with the time base of the oscilloscope. The peak of
this signal is formed when the two pulses overlap in time, thus causing constructive
interference. This leads to a doubling of the amplitude at the peak of the signal compared
with a single pulse, or four times the intensity. After the frequency doubling crystal, this
results in a 8-fold increase in intensity compared with a single non overlapping pulse.
From this an important check for a valid autocorrelation is that the base to peak of the
signal at the oscilloscope must be a 1:8 ratio, as demonstrated in Figure 4.7.
The autocorrelation set-up shown in Figure 4.6 can be further simplified by using direct
two photon absorption in the detector. This method was first demonstrated by Reid et al.
[142]. It has the advantage of a reduced number of optical components and, in particular,
removes the requirement for a nonlinear crystal.
4.4. Modelocking of Cr:ZnSe Waveguide Laser
Modelocking of polycrystalline Cr:ZnSe waveguide lasers was investigated. This laser
was passively modelocked with a SESAM. For this initial demonstration of modelocking,
an extended waveguide cavity was implemented. This reduces the PRF of the laser,
74

increasing the pulse energy for a given average power, thus making detection of the pulse
more accessible.
The Cr:ZnSe sample used in the work had dimensions of 8.5 × 6.5 × 2.1 mm with a dopant
concentration of 8.5 × 1018 cm-3. The depressed cladding waveguide was fabricated using
ULI. The single mode waveguide used in this investigation had a diameter of 80 µm and
was inscribed with the parameters given in Table 2. The end facets of the waveguides
were AR coated from 1.9 to 3 μm after inscription. The 80 µm waveguide was has been
characterised in free running operation [58] and tuneable operation detailed in Chapter 3
of this thesis. The propagation losses were found to be 0.7 dBcm-1 at the signal
wavelength. These properties make the waveguide an ideal candidate for modelocked
laser investigation because of the low propagation loss over a wide spectral band.
The pump source used for the laser experiments was a randomly polarised 1.3 W CW
single mode Tm:fibre laser (AdValue Photonics) operating at 1920 nm. For modelocked
operation the Cr:ZnSe, waveguides were inserted into an extended laser cavity as shown
in Figure 4.8:

Figure 4.8. Schematic of modelocked Cr:ZnSe waveguide laser. M1 is a 45º AR coated at
1.9 μm and HR coated at 2.3 - 3 μm dichroic mirror. M2 is a dichroic mirror with AR at
1.9 μm and 98 % reflecting at 2 - 3μm coatings. L1, L2 and L3 are 50 mm plano-convex
lenses AR coated from 1.65 to 3.0 μm. LP is a 2000 nm longpass filter.
An AR coated 50 mm CaF2 lens was used to focus the pump light into the waveguide and
collimate the signal output of the waveguide. A 98% reflective (2 - 3 μm) output coupler
was butt coupled to the end facet of the Cr:ZnSe waveguide. The resonator length of the
laser cavity was extended to 50 cm by two intra-cavity AR coated 50 mm CaF2 lenses.
The lens L2 was used to collimate the output of the waveguide and lens L3 was used to
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focus onto the SESAM. The SESAM is used to passively modelocked the Cr:ZnSe
waveguide laser and is also the end cavity mirror. The specification of the SESAM given
by the manufacturer (Del Mar Photonics SAM-2400-1-25) is a saturation fluence,
relaxation time constant and modulation depth of 90 μJ/cm2, 500 fs and 0.6%
respectively. The SESAM was mounted on a passively cooled copper block of diameter
25.4 mm and thickness 5 mm. A 45° highly reflective dichroic mirror at the signal
wavelength was used to separate the output of the laser from the pump beam. A 2000 nm
longpass filter was inserted in between lenses L2 and L3 to remove unabsorbed pump
light. This removed issues with the pump interacting with the SA properties of the
SESAM. In addition, it prevented optical damage to the surface of the SESAM by the
pump source.
The initial investigation used a two mirror butt coupled laser cavity, length 6.5 cm.
However, no modulation was observed, and the laser was found to operate in pure CW
mode. The cavity of the laser was then extended to a length of 34.5 cm, with the cavity
configuration shown in Figure 4.8. The laser was found to be modelocked with a PRF of
580 MHz, but there was also an overlapping Q-switched envelope with a frequency of
2.5 MHz at 1.3 W of pump power. The cavity of the laser was extended to 50 cm to
increase the pulse energy. The increase in pulse energy supresses the Q-switched
instability as expected from Equation 16. In this configuration, the laser was found to
reach laser threshold with 300 mW of incident pump power at the waveguide end facet.
Modelocked operation was self-starting for pump powers greater than 800 mW. Stable
self-starting CW modelocking was observed from 800 mW to the limit of the available
pump power 1300 mW. CW modelocking was confirmed using a CMT detector (VIGO
system PVM−10.6) with a 1 ns time constant and a 13.2 GHz RF spectrum analyser
(Agilent E4405B). From laser threshold to 800 mW, pure CW operation was observed
with no transition into Q-switched modelocked operation observed. The RF spectrum of
the laser operating under 1.3 W of pump power is shown over a long and short frequency
band in Figure 4.9 and Figure 4.10 respectively.
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Figure 4.9. RF spectrum of CW modelocked Cr:ZnSe waveguide laser operating with
1.3 W of pump power. The graph has a span of 9 MHz and the measurement was taken
with a resolution bandwidth of 1 kHz.
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Figure 4.10. RF spectrum of CW modelocked Cr:ZnSe waveguide laser operating with
1.3 W of pump power. The graph has a span of 100 kHz and the measurement was taken
with a resolution bandwidth of 1 kHz.
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The maximum average power of the laser was measured to be 5 mW with a pump power
of 1.3 W. The slope efficiency of the laser in the CW modelocked regime was calculated
from the linear fit to be 0.63 %. The laser’s output power was measured for a range of
pump powers shown in Figure 4.11.
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Figure 4.11. Power performances of modelocked Cr:ZnSe waveguide lasers with PRF of
295 MHz. Slope efficiency of laser was calculated from a linear fit of the black data points
where the laser was found to be modelocked from the RF spectrum. The red data points
are when the laser is operating in pure CW operation.
From Figure 4.11, we observe that the onset of modelocking, in addition to a RF peak, at
800 mW of pump power from the slope efficiency increasing. This is from the reduction
in cavity loss when the SESAM is saturated. The slope efficiency of the modelocked laser
is an order of magnitude less than demonstrated in the Cr:ZnSe waveguide laser [24].
This was because the output coupler reflectively was chosen to match the saturable
absorption of the SESAM. However, this is over coupled compared with the coupling
needed for optimum laser performance in a Cr:ZnSe waveguide [24].
The MFD of the waveguide laser was imaged using a 500 mm uncoated CaF2 lens and a
Mid-IR camera (FLIR SC7000), as shown in Figure 4.12:
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Figure 4.12. MFD of Cr:ZnSe modelocked laser. Imaged with a 500 mm lens with the
laser pumped with 1.3 W of pump power.
The MFD of the waveguide laser was found to be single mode with FWHMs of 60.0 μm
and 57.7 μm in the x-axis and y-axis respectively. This is in good agreement with previous
work with this waveguide.
The wavelength spectrum of the laser was investigated using an OSA (Thorlabs
OSA205). This OSA has an operating range of 1 - 5.6 μm, a noise floor of -40 dBm per
nm and a resolution of 150 pm at 2.5 μm. The spectra of the Cr:ZnSe laser in CW
modelocked operation with 1300 mW of incident pump power is shown in Figure 4.13.
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Figure 4.13. Full wavelength spectra of modelocked Cr:ZnSe waveguide laser
As can be seen from Figure 4.13, the laser has the majority of its spectral emission centred
at 2475 nm with two other smaller emission peaks centred at 2530 nm and 2550 nm. This
multi peak spectra is a common feature of free running bulk polycrystalline Cr:ZnSe
lasers [15]. Figure 4.14 shows an expanded view of the spectrum centred at 2475 nm with
clearly visible fringes.
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Figure 4.14. Expanded view of main spectral emission peak of modelocked Cr:ZnSe
waveguide laser.
This source of the fringes where investigated. The effect was confirmed not to be from
the modelocking of the laser because the same result was observed when the SESAM was
replaced with a 100% reflecting dichroic mirror, in this case the laser is operated in CW
mode. The possibility of the fringes being formed by a Fabry-Perot etalon was
investigated. The main etalon for consideration was the end facets of the Cr:ZnSe
waveguide sample. This was investigated, but the length of the sample did not match the
frequency of the fringes. In addition, the Cr:ZnSe sample is AR coated, which will
suppress any effects from the etalon. In addition, the spacing of the intra-cavity etalons
did not match the measurement. The laser appears to be operating as an inhomogeneous
broadened laser, which was found to be an issue in non-HIP treated polycrystalline
Cr:ZnSe lasers [116, 119]. These multiple peaks can be suppressed by HIP treatment in a
free running CW Cr:ZnSe bulk laser resonator to linewidths of less than 200 pm [116].
Characterisation of the pulse width of the laser was investigated using two
autocorrelators. The first was a commercially available system that used a frequency
doubling crystal (APE Pulse Check). The second was an interferometric autocorrelation
that replaced the need for a doubling crystal with two photon absorption in an InGaS
detector. A lower bound for the pulse width can be inferred from the wavelength spectra.
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This gives a transform limited sech2 pulse of 2.8 ps from the available spectra bandwidth.
From this assuming the pulse width of the laser is 2.8 ps the peak power can be calculated.
From this a maximum in the peak power of the laser is calculated to be 5.34 W. This is
not sufficient for frequency doubling in a crystal, or two photon absorption in an InGaS
detector. This explains why an autocorrelation trace could not be obtained with either of
the two autocorrelators. The small pulse energy is attributed to a combination of low
average power, relatively high repetition rate and long pulse width of the laser.
In conclusion, we have demonstrated a CW modelocked Cr:ZnSe waveguide laser. The
cavity length was extended beyond that of the laser sample length in order to demonstrate
CW modelocked operation with the available SESAM and laser pump power. The main
spectral emission peak of the modelocked laser was centred at 2475 nm with a FWHM of
2.3 nm when operated with the maximum available pump power of 1.3 W. From this, a
lower bound on the pulse width of the laser is calculated to be 2.8 ps. The laser
demonstrated an output of 17 pJ per pulse at a fundamental pulse repetition rate of
295 MHz. Implementation of dispersion control will result in the modelocking of a larger
bandwidth resulting in the demonstration of shorter pulse widths. This is the first
demonstration of a guide mode modelocked Cr:ZnSe laser.
4.5. Power Scaling of Modelocked Cr:ZnSe Waveguide Laser
The initial investigation of a modelocked Cr:ZnSe laser was limited by the available pump
power. This limitation manifested in two parts of the investigation, the most important
being modelocking, which could not be confirmed with an autocorrelator due to
insufficient pulse irradiance. The second was that the cavity had to be extended to increase
the pulse energy to be sufficiently large to suppress Q-switched instabilities, as shown in
Equation 16. For this work, a new pump laser with of 20 W CW power was used. This
had more than 10 times the available power than that of the pump source used in previous
work.
4.5.1. Pump Laser Characterisation
The high power pump laser is from IPG Photonics, model number TLR-20-1908-LP. This
laser is a CW Tm:Fibre laser that emits a maximum power of 20 W at 1908 nm. The laser
is also linearly polarised. With this laser, a change in the far field MFD was observed
with a Mid-IR camera (FLIR SC7000) when moving the delivery fibre. This was
investigated because a laser with poor beam quality will reduce the coupling efficiency
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into a single mode waveguide, and hence reduce the laser performance. The output beam
quality characteristics of the laser were characterised using the M2 method.
The beam quality factor more commonly known as the M2 of the laser was measured with
the laser operating at different power levels spanning its operational range. A diffraction
limited Gaussian beam has an M2 of 1. Values of less than 1 are not possible. A laser with
good beam quality will have a value close to 1. The measurement of a laser’s M2 is defined
by the ISO Standard 1146 [143]. This states that the half-angle beam divergence of the
laser is Equation 21:
𝜃 = 𝑀2

𝜆
𝜋𝜔0

Equation 21
where θ is the half-angle beam divergence and ω0 is the beam waist at the focus of the
beam. Hence to find the M2 of a laser, we need to measure both these quantities. A
convenient way to do this is to collimate the output of the laser and then focus it with a
lens. The dimeter of the beam is then measured at different points along the z-axis using
the scanning knife-edge method. With this method, we pass a knife-edge through the
beam perpendicular to its propagation direction. The power of the laser light that is not
blocked by the knife was measured with a thermal power meter. With this method, the
beam waist w(z) at point z can be calculated for the perpendicular positon of the blade at
the 90% and 10% transmission points using Equation 22:
𝑤(𝑧) ≅ 0.780(𝑥10% − 𝑥90% )
Equation 22
For an accurate value of M2 and ω0 to be calculated for a set of knife-edge measurements,
a numerical fit must be made to Equation 23:
2

(𝑤(𝑧)) = [𝜃 2 ]𝑧 + [−2𝜃 2 𝑧0 ]𝑧 + [𝑤02 + 𝜃 2 𝑧02 ]
Equation 23
Using this method, the M2 of the pump laser was investigated. The pump laser collimated
output beam was focused with a 50 mm lens. The beam waist was measured at different
locations along the propagation axis using the knife-edge method. The beam waist
measurement for the laser when set to 40% diode current is plotted in Figure 4.15:
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Figure 4.15. Plot of IPG laser beam waist along the z axis for M2 measurement. The
collimated output of the IPG laser was focused with a 50 mm lens. The IPG laser was set
to 40% diode power for this measurement.
To form a robust fitting of the raw data, the beam waist was squared and replotted, as
shown in Figure 4.16. This removes issues of fitting imaginary numbers by removing the
square root in the equation. To perform the graphing and fitting of the data, a MatLab
script was written. The fitting function calculated a M2 of 1.4 when the laser is operated
at a 40% diode current.
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Figure 4.16. Plot of beam waist squared against propagation in the z axis. The IPG laser
was operated at 40% diode power. This plot was fitted with Equation 23 using Matlab’s
lense squared curve fitting tool. This fit found the free parameters to be wo= 19.11 µm,
z0 = 10.86 mm, θ = 0.0432 rad and M2 of 1.361.
The output characteristics of the laser were investigated for a number of different diode
currents, the results of which are given in Table 8:
IPG Photonics TLR-20-1908-LP Characterisation
Diode power (%)

M2

wo (µm)

θ (rad)

20

2.2

30.4

0.046

40

1.4

19

0.043

60

1.5

22

0.044

80

2.4

35

0.044

Table 8. Summary of beam characterisation of Tm pump lasers using 50 mm lens
As can be seen in the table, the beam quality is optimum at 40% diode power. This
corresponds to an output power of waist after the fibre beam collimator. This has
sufficient pump power for the modelocked investigation Cr:ZnSe waveguide laser
because it is half that of the damage threshold of the AR coating [144].
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Operating the pump laser at a constant diode current will provide a stable beam profile
but an external method of power control is needed. The low power pump laser used a
rotating metal coated ND disk for power control. However, the pump laser was found to
damage the ND disk at powers above 2 W. Hence a different approach was needed. The
IPG pump laser was linearly polarised, hence a combination of wave plates and polarising
beam splitters can be used as a non-absorbing power control method. A diagram of the
power control setup is given in Figure 4.17:

Figure 4.17. Power control system for IPG pump laser
4.5.2. Waveguides and Cavity Setup
With the pump laser characterised and its power control systems implemented, the
experiment was ready to progress to the modelocking of the Cr:ZnSe waveguide laser.
The Cr:ZnSe waveguides were inserted into a laser cavity as shown in Figure 4.18 for
high power modelocked laser operation:
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Figure 4.18. Schematic of modelocked Cr:ZnSe waveguide laser. M1 is a 45° AR 1.9 μm
and HR 2.3 - 3 μm dichroic mirror. M2 is a dichroic mirror that is AR at 1.9 μm and 98%,
reflecting at 2 - 3 μm. L1, L2 and L3 are 50 mm CaF2 plano-convex lenses AR coated
from 1.65 - 3.0 μm.
The pump source used for the laser experiments was a 20 W linearly polarised singlemode Tm:fibre laser (IPG Photonics TLR-20-1908-LP) operating at 1908 nm. An ARcoated 50 mm CaF2 lens was used to focus the pump light into the waveguide end facet.
Due to this laser input and output being located at the same end of the cavity, L1 also
collimated the signal output of the waveguide. A 98% reflective (2 - 3 μm) output coupler
was butt coupled to the end facet of the Cr:ZnSe waveguide. The resonator length of the
laser cavity was extended to 48 cm by two intra cavity AR coated 50 mm CaF2 lenses.
Referring to Figure 4.18, the lens L2 was used to collimate the output of the waveguide
and lens L3 was used to focus onto the SESAM. The specification of the SESAM (Del
Mar Photonics SAM-2400-1-25) is a saturation fluence, relaxation time constant and
modulation depth of 90 μJ/cm2, 500 fs and 0.6% at 2400 μm respectively. The SESAM
was mounted to a passively-cooled copper block of diameter 25.4 mm and thickness
5 mm. A 2 μm longpass filter LP was placed in the cavity to prevent any pump
interactions with the SESAM. A 45° highly reflective dichroic mirror at the signal
wavelength was used to separate the counter-propagating output and pump beams.
4.5.3. Modelocked Laser Results of 300 MHz Cavity
The laser was characterised using 5 W of incident pump power. At this pump power the
laser was found to operate in stable self-starting CW modelocked regime. The PRF of the
laser was measured with a CMT detector (VIGO system PVM−10.6) which had a 1 ns
time constant. This detector was connected to a 3 GHz RF spectrum analyser (Rigol
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DSA1030A). CW modelocking was confirmed from a single peak at 308.1 MHz on the
RF spectrum, as shown in Figure 4.19. For the RF spectrum measurement, the bandwidth
of the analyser was set to 300 Hz.
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Figure 4.19. RF spectrum of CW modelocked Cr:ZnSe waveguide laser operating with
5 W of pump power. The graph has a span of 4 MHz and the measurement was taken with
a resolution bandwidth of 300 Hz.
The wavelength of the laser was measured using a OSA (Thorlabs OSA205), which has
an operating range of 1 - 5.6 μm, noise floor of -40 dBm/nm and a resolution of 150 pm
at 2.5 μm. The spectral output of the modelocked laser with a PRF of 308 MHz with 5 W
of incident pump power is given in Figure 4.20:
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Figure 4.20. Wavelength spectrum of modelocked Cr:ZnSe waveguide laser. A Gaussian
fit was applied to the data. From the fit, the central wavelength was found to be 2508 nm
with a FWHM of 6 nm. The laser was operated with PRF of 308 MHz at a pump power
of 5W.
The laser was found to have a single group of sharp spikes centred at 2508 nm with a
FWHM of 6 nm. A spectra with this type of shape has been previously observed with
bulk TM:II-VI lasers [116].
The pulse of the laser was characterised in time using an interferometric autocorrelator
using two photon absorption in the Ge detector (New Focus 2033). A diagram of the
system is given in Figure 4.21:
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Figure 4.21. Schematic of 2-photon interferometric autocorrelator
It was found that three long-pass filters were needed to sufficiently suppress any signal
from the pump source for this measurement. The trace on the oscilloscope and the
movement of the mirror were calibrated by the fringes in the autocorrelation trace. The
autocorrelation trace of the laser with a PRF of 308 MHz under 5 W of pump power is
given in Figure 4.22.
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Figure 4.22. Autocorrelation of Cr:ZnSe waveguide laser with PRF of 308 MHz with
pump power of 5 W. Light blue line is the autocorrelation trace. Dark blue dots are
smoothed data setup using the nearest neighbour method. Red line is a sech2 fit of the
autocorrelation trace. From the fit, the pulse width was calculated to be 638 fs.
A nearest neighbour smoothing was applied to the autocorrelation trace before fitting a
Sech2 function to the data. The FWHM of this function was 982 fs, which gives a
calculated pulse width of 638 fs, assuming a sech2 pulse. Under 5 W of pump power the
laser emitted 85 mW of average power. Thus the laser is emitting a pulse energy of 275 pJ
at a PRF of 308 MHz. This represents a seventeen fold increase in average power
compared with the initial work in modelocking Cr:ZnSe waveguide lasers with the low
power pump source.
Since there is not a 1:8 ratio in Figure 4.2 the is the potential for this signal to be from a
noise spike. This is also the case for the following autocorrelations.
4.5.4. Modelocked Laser Results of Gigahertz Cavity
The next stage of the investigation takes advantage of reduced cavity lengths possible
with waveguide geometry to demonstrate a PRF of greater than 1 GHz. To reduce the
cavity size, L2 originally a 50 mm lens, from Figure 4.18, was changed to a 20 mm focal
length lens. For this work there are limitations on the ability to fully characterise the
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laser. This is from the lack of availability of detectors faster than 1 GHz in the Mid-IR.
To overcome this, the distance between the two intra cavity lenses was reduced to give
an optical cavity length of 15.6 cm, resulting in a PRF of 961 MHz as shown in Figure
4.23:
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Figure 4.23. RF spectrum of CW modelocked Cr:ZnSe waveguide laser operating with a
PRF of 961 MHz. The laser was pumped with 5 W. The graph has a span of 10 MHz and
the measurement was taken with a resolution bandwidth of 300 Hz.
With 5 W of pump power the laser was found to operate in the CW modelocked regime
from the RF trace at a PRF of 961 MHz. The output power was measured to be 74 mW
after losses from the pump filters were removed. The spectrum of the laser was measured
with the Thorlabs OSA 205, given in Figure 4.24:
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Figure 4.24. Wavelength spectra of modelocked Cr:ZnSe waveguide laser. The laser was
operated at 961 MHz with a pump power of 5 W.
As can be seen from the wavelength spectra, the laser is operating in two separate spectral
bands. This is similar to what has been observed with the initial lower pump power work.
The laser was autocorrelated with the two photon autocorrelator, the trace is shown in
Figure 4.25:
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Figure 4.25. Autocorrelation of Cr:ZnSe waveguide laser with PRF of 961 MHz with
pump power of 5 W. Light blue line is the autocorrelation trace. Dark blue dots are the
nearest neighbour smoothing of the autocorrelation trace. Red line is a sech2 fit of the
autocorrelation trace. From the fit, the pulse width was calculated to be 1477 fs.
The autocorrelation was found have an overlapping beat. This is thought to be from the
interference of the two different bands in the wavelength spectrum, as shown in Figure
4.26. It is possible to decouple the two wavelength components with a filter; however,
such a specialised filter was not available at the time of the experiment. A sech2 fit was
applied to the trace to give an indication of the pulse width. For this the FWHM was
calculated to be 2272 fs, resulting in a pulse width of 1477 fs assuming a sech2 pulse.
The beat wave can be generated by the laser operating in two different regimes. The first
is a single pulse travelling around the resonator with the double wavelength spectra peaks
formed from a material property of polycrystalline Cr:ZnSe. The second is that there are
two pulses circulating the resonator which are independent of each other but are still in
phase. The pulses have to be in phase because if this was not the case we would observe
more than one spike on the RF spectrum. Further investigation of the pulse is needed with
more sophisticated methods of measuring the pulse, such as a FROG [140].
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The cavity length of the laser was further reduced to a modelocked laser with a PRF faster
than the symbolic target of greater than 1 GHz. For this experiment, there is a limitation
created from the detector which cannot detect signals faster than 1 GHz, hence there is
no RF trace for this cavity. The distance between the two lenses, L2 and L3, was reduced
by a further 1 cm for the 961 MHz, resulting in a calculated PRF of 1.03 GHz. This
distance was measured with a vernier caliper in order to have an accurate PRF
measurement. The autocorrelation and wavelength spectra of the laser operating at 1.03
GHz under 5 W of pump power is given in Figure 4.26 and Figure 4.27 respectively.
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Figure 4.26. Wavelength spectra of modelocked Cr:ZnSe waveguide laser. The laser was
operated at 1.03 GHz with a pump power of 5 W.
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Figure 4.27. Autocorrelation of Cr:ZnSe waveguide laser with PRF of 1.03 GHz,
operated with a pump power of 5 W. Light blue line is the autocorrelation trace. Dark
blue dots are the nearest neighbour smoothing of the autocorrelation trace. Red line is a
sech2 fit of the autocorrelation trace. From the fit, the pulse width was calculated to be
2024 fs.
At this calculated PRF of 1.03 GHz, the output power was 80 mW when pumping with
5 W. From the autocorrelation, given in Figure 4.27, the FWHM was found to be 3562 fs,
resulting in a pulse width of 2024 fs, assuming a sech2 pulse. From this the pulse energy
is thought to be 78 pJ assuming a single pulse circulating the resonator.
Further characterisation of the twin spectral peaks found in the shortened laser resonator
configuration is need to fully investigated. However, shortly after completing the 1 GHz
measurements, the end facet of the last single mode waveguide was damaged by the pump
laser. This limited further investigation in this work. This work could be continued with
a new Cr:ZnSe sample. An HIP treated sample would be of great interest for future
investigations.
4.5.5. Conclusion of Modelocked Power Scaling
We have demonstrated a CW modelocked Cr:ZnSe waveguide laser with 17 times more
average power than our initial demonstration. To achieve this, the original 1.3 W pump
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source was replaced with a 20 W Tm:fibre laser. The length of the cavity was extended
to 50 cm to increase peak power of the modelocked laser pulses. In this configuration, the
laser operated in pure CW modelocked regime with a PRF of 308.1 MHz and average
power of 85 mW when pumped with 5 W at 1908 nm. The pulse width was found to be
638 fs, assuming a sech2 pulse shape, thus resulting in a pulse energy of 275 pJ. This is
the largest pulse energy demonstrated by a modelocked Cr:ZnSe waveguide laser. The
spectral emission peak of the modelocked laser was centred at 2506 nm. To facilitate
faster PRF operation, the cavity length was reduced, resulting in the demonstration
modelocked laser with a PRF of 1.03 GHz. Modelocking was confirmed with an
autocorrelation trace of the pulse.
4.6. Conclusion
Depressed cladding waveguides inscribed in Cr:ZnSe by ULI were investigated for the
creation of a compact modelocked laser. This work built on the broad wavelength tuning
demonstrated in these waveguides as discussed in Chapter 3. In this investigation, an
extended waveguide cavity design was implemented, this meant the RF characteristics of
the laser were within the characterisation equipment operation range. The laser was
passively modelocked with a SESAM.
The initial investigation used a 1.3 W pump source. This laser demonstrated CW
modelocked operation, confirmed from a single peck in the RF spectrum. The main
spectra emission peak of the modelocked laser was centred at 2475 nm with a FWHM of
2.3 nm when operated at the maximum available pump power of 1.3 W. From this
wavelength spectrum a lower bound on the pulse width of the laser was calculated to be
2.8 ps. The laser demonstrated an output pulse energy of 17 pJ at a fundamental pulse
repetition rate of 295 MHz. However, there was not sufficient peak irradiance available
to produce a successful autocorrelation.
The pump source of the laser was increased in output power to an available power of
20 W. However, only 5 W was used to avoid thermal load issues and ablation of the
waveguide end facets. CW modelocking was demonstrated with a PRF of 308 MHz with
an average power of 85 mW. The peak power was sufficient for an autocorrelation, a
pulse width of 638 fs was measured, assuming a sech2 pulse shape.
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The next step of the investigation looked at increasing the PRF to over 1 GHz. The issue
of detectors being limited to detecting signals below 1 GHz was overcome by
demonstrating a CW modelocked RF spectrum at 961 MHz and then shortening the
cavity. From this the laser is inferred to be CW modelocked at 1.03 GHz from the cavity
length. Modelocking was confirmed at 1.03 GHz by autocorrelation of the pulse. Further
work is needed to investigate the beat wave found on the shortened cavity autocorrelation.
However, this was not investigated because the waveguide was damaged during this
investigation.
The work on modelocked Cr:ZnSe laser with the incorporation of a waveguide geometry
will allow future work into the development of fully monolithic master oscillator power
amplifier systems. In particular, integration of dispersion compensation into the laser
cavity may be an effective method for reducing the pulse width of the laser. Using the
ULI inscribed waveguides in Cr:ZnSe will provide a simple method for reducing cavity
length and thus make a greater than 1 GHz fundamental repetition rate modelocked laser
in the Mid-IR possible.
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5. Cr:ZnS Waveguide Laser
5.1. Introduction
Cr:ZnSe has been the focus of development of the Cr doped chalcogenide lasers. This has
resulted in the demonstration of CW output powers of 57 W [18], widely tuneable output
from 1973-3339 nm [17] and single longitudinal mode output [145]. Furthermore,
modelocked operation which uses this large bandwidth for femtosecond pulses has been
demonstrated with SESAM, Graphene and Kerr lens [106, 146, 147]. Cr:ZnSe lasers have
matured to the point where CW and modelocked systems are now commercially available
from IPG Photonics. However, further scaling of average power is limited in ZnSe lasers
by thermal lensing effects from its relatively large dn/dT [148, 149], five times larger than
that of YAG [68, 150]. Indeed, the notable 57 W average power demonstrated by Mirov
et al. [18] was only achieved with a double pass of a spinning disk gain element. This
cavity configuration was effective in power scaling the laser, but the addition of moving
parts increased the laser’s footprint and reduced reliability. Thus an alternative is needed
to further power scale TM:II-VI lasers without increasing cavity complexity. One
potential solution is using Cr2+ doped Zinc Sulphide (Cr:ZnS) as the gain media.
Cr:ZnS has a number of material properties that reduce the impact of a thermal lens on
cavity instability compared with Cr:ZnSe. The dn/dT of Cr:ZnS is 46 × 10-6 K-1 compared
with the 70 × 10-6 K-1 of Cr:ZnSe [149]. Cr:ZnS also benefits from having a thermal
conductivity of 0.27 W/cm∙K compared with the 0.18 W/cm∙K of Cr:ZnSe [68]. The
higher thermal conductivity of Cr:ZnS improves the power scaling limit of the laser by
more effective distribution of heat away from the laser field that forms the thermal lens
inside the resonator. Cr:ZnS is further suited to power scaling because of its higher
damage threshold of 1.5 J/cm compared with the 0.5 J/cm of Cr:ZnSe [151]. A summary
of the material properties of ZnS, ZnSe and YAG is given in Table 9.
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ZnS

ZnSe

YAG

Transparency range (μm)

0.4 - 14

0.5 - 20

0.2 – 5.5

Refractive index at 2.5 μm

2.26 [152]

2.44 [101]

1.79 [153]

0.18 [68]

0.14 [154]

Thermal conductivity (W/cm∙K) 0.27 [68]
dn/dT (K-1)

46 × 10-6 [149] 70 × 10-6 [149] 7.3 × 10-6 [154]

Damage threshold (J/cm)

1.5 [151]

0.5 [151]

1400 [155]

Table 9. Mechanical properties of ZnS, ZnSe and YAG
Initial power scaling of Cr:ZnS single crystal lasers were limited to the mW level due to
high optical losses [156]. Post-thermal diffusion of Cr into separately grown high quality
polycrystalline ZnS has been developed with reduced passive losses compared with single
crystal ZnS [109]. This has led to the demonstration of a Brewster cut polycrystalline
Cr:ZnS in a Z-cavity laser emitting 10 W of CW output power at 2380 nm [157].
Cr:ZnS retains the spectroscopic properties of Cr:ZnSe but with a 100 nm blue shift in
both the absorption and emission cross-section as shown in Figure 5.1:

Figure 5.1. Absorption cross-section of (i) Cr:ZnS and (ii) Cr:ZnSe. Emission crosssection of (iii) Cr:ZnS and (iv) Cr:ZnSe. Figure reproduced form Mirov et al. [70].
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This shift results in Er doped lasers being a more effective pump source for Cr:ZnS
because their absorption peak is centred at 1.69 μm compared with the 1.77 μm of
Cr:ZnSe [70]. This shift also allowed the pumping of Cr:ZnS with InGaAsP-InP diode
strips emitting at 1.6 μm [156]. Diode pumping brings the advantage of a reduction in
both system size and cost. In addition, by removing the need for a fibre laser pump the
total system efficiency can be improved because this laser is also diode pumped. This
could be a key factor in future applications , leading to Cr:ZnS being the preferred choice
of TM:II-VI gain media.
The blue shift of the emission cross-section can either be a positive or negative feature
depending on the application. The blue shift of Cr:ZnSe emission cross-section has
improved overlap with the 2 – 2.4 μm atmospheric transmission region [106]. This is a
key benefit for modelocking because it will allow for shorter pulses to be generated in a
non-water vapour purged cavity. A Kerr-lens modelocked Cr:ZnS laser has produced
pulses of 69 fs with an average power of 550 mW [106]. This is significantly improved
over the 126 fs pulses emitted for the Kerr-lens modelocked Cr:ZnSe lasers with an
average power of 20 mW [106, 158]. For modelocked applications, Cr:ZnS also benefits
from its lower chromatic dispersion at its signal wavelength which is half that of Cr:ZnSe
[106]. This is particularly beneficial for waveguide lasers with long gain regions.
One challenge with Cr:ZnS laser cavity design is its temperature-dependent upper state
lifetime, shown in comparison with that of Cr:ZnSe and Ti:Sapphire in Figure 5.2:
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Figure 5.2. Temperature dependent upper state lifetime of vibronically-broadened gain
media. Green dots are Cr:ZnS, red dots are Cr:ZnSe and pink dots are Ti:Sapphire. This
graph has been reproduced from Sorokina et al. [106].
The upper state lifetime of Cr:ZnS is 4.7 μs compared with the 5.4 μs of Cr:ZnSe at room
temperature. The 20% reduction in Cr:ZnS upper state lifetime at room temperature is not
an issue for laser operation, the challenge arises for the fast drop off after 300 K. However,
the lifetime of Ti:Sapphire, as shown in Figure 5.2, follows a similar trend and this has
not stopped it from becoming one of the most widely used lasers sources in scientific
research [59]. However, with common thermal management solutions such as water
cooling and gain-switched operation, it is possible to mitigate issues from high thermal
loads[69]. Additionally, pumping closer to the emission wavelength with Tm lasers will
reduce the quantum defect and hence thermal load.
Another effective thermal management method is to implement a waveguide geometry
[24]. Waveguide geometry improves thermal management through a number of factors.
The longer interaction lengths possible with waveguide implementation permits a reduced
doping concentration to be implemented. The reduced doping spreads the heat deposition
over a larger volume, due to the lower absorption per unit length, and thus improves the
thermal transfer between the heat sink and gain media. One of the most notable
implementations of power scaling using a waveguide geometry is Yb-doped fibres, which
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have demonstrated CW laser oscillators with single mode outputs and average powers of
over 10 kW available from IPG Photonics. In materials with large dn/dT, such as ZnS and
ZnSe, waveguide geometry is an effective method of mitigating the thermal lens induced
[19, 58]. It also brings the benefit of minimising free space optics which reduces the lasers
size and improves environmental robustness [87].
Waveguides have been developed in Cr:ZnSe using PLD technique and ULI but no
waveguides have been demonstrated in Cr:ZnS. Of the two technologies used for
waveguide fabrication, ULI has shown vastly superior output power and slope
efficiencies [22, 58]. Of the ULI waveguide types demonstrated in ZnSe and Cr:ZnSe,
annular depressed cladding waveguides were found to have the lowest propagation losses
of 0.7 dB/cm [160]. With Cr:ZnS and Cr:ZnSe having many similarities it was decided
to take the depressed cladding waveguide developed in Cr:ZnSe and transfer the
technology to Cr:ZnS.
In this chapter, I will discuss the development of a Cr:ZnS waveguide laser. This work
used a Cr:ZnS sample given to Heriot-Watt University by Sergey B. Mirov at the
University of Alabama in Birmingham, USA and IPG Photonics.
5.2. Waveguide Fabrication in Cr:ZnS
For this investigation, polycrystalline Cr:ZnS fabricated by IPG Photonics was used. This
sample was doped by post-growth thermal diffusion. Work by Mirov et al. [109, 161] has
improved the quality of the diffusion process to have a uniform doping concentration and
low passive optical loss of 1-3% per pass of the sample [53]. Details of the doping process
can be found in the US patent filled on the 1st of December 2011 by Mirov and
Fedorov [161]. The Cr:ZnS sample used in this investigation had a Cr2+ doping
concentration of 8.3 × 1018 cm-3 with dimensions 6 × 5 × 2 mm.
The waveguide design used a reduction in refractive index from the ULI inscription. This
allowed us to create the waveguide’s cladding, allowing for greater control of the
waveguide diameter. The waveguide is an annular cross-section depressed cladding
structure, fabricated from an arrangement of negative refractive index modification
elements, drawn out longitudinally. This design was similar to that used in Nd:YAG [84]
and the same as Cr:ZnSe [58]. A diagram of the waveguide geometry implemented is
given in Figure 5.3:
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Figure 5.3. Diagram viewing from the end facet of a depressed cladding waveguide
inscribed in Cr:ZnS. Conventions used for waveguide depth, diameter and element are
given.
The inscription laser used for this work was an IMRA μJewel D400. The laser supplied
400 fs pulses at a repetition rate of 100 kHz, and pulse energies of 0.3 - 1.5 μJ were
investigated for optimum waveguide parameters. A slightly overfilled 0.6 NA lens was
used to focus the beam beneath the sample surface. The inscription beam was polarised
perpendicular to the waveguide propagation axis. The sample transverse translation
inscription velocity was investigated for the range of 9 – 20 mms-1. Waveguides with
diameters over the range of 30 – 80 μm were inscribed with 40 and 80 elements. The
waveguides were inscribed so the light propagates through the longest length of the
sample (6 mm, y axis as shown in Figure 5.3). The sample’s end facets were then polished
after inscription to remove any surface damage and waveguide non-uniformity. A
transmission microscope image of a waveguide fabricated in Cr:ZnS viewed from the end
facet is shown Figure 5.4 (b).
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Figure 5.4.(a) Schematic of depressed cladding waveguide, red elements represent the
irradiated area of the Cr:ZnS. (b) transmission microscope image of waveguide viewed
from the end facet. This waveguide had a diameter of 60 μm and was made up of 40
elements.
It was found that an optimum modification single element was inscribed with 0.3 μJ of
pulse energy. There were a large number of waveguides fabricated in the Cr:ZnS sample
with this pulse energy. In order to optimise the single mode waveguide parameters, 1.9
μm pump light was coupled into the waveguides with a 50 mm CaF2 lens. The outputs of
the waveguides were then imaged on to a Mid-IR camera with a 50 mm CaF2 lens. A
pump filter was placed before the camera so it imaged the fluorescence of the sample. All
the waveguides were checked for single mode guiding and the peak intensity of the
florescence was measured. It was found that the 40 μm waveguides did not guide light
very well, and all the 80 μm waveguides were multimode. Of the 60 μm diameter
waveguides, the one which consisted of 40 elements and inscribed at 20 mm/s was found
to emit the highest peak fluorescence. It was this waveguide that was used for laser
operation.
5.3. Cr:ZnS Waveguide Laser
A laser cavity was assembled around the 60 μm dimeter Cr:ZnS waveguide. A Tm:doped
fibre laser was used as a pump source with a wavelength of 1918 nm. This is 228 nm red
shifted from the peak of the absorption cross-section [70]. A longer pump wavelength
was chosen to reduce the quantum defect of the laser system and thus reduce the amount
of energy that gets transferred into heat. This should reduce the impact of Cr:ZnS high
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dn/dT on the laser performance. This will allow further power scaling of the laser
compared with conventional Er:Fibre pumping [157]. The disadvantage of reduced pump
absorption can be mitigated from the longer single pump interaction length of a
waveguide laser compared with a bulk laser. The pump laser used was a turnkey system
manufactured by AdValue model number AP-Tm-0028 with 1.5 W of CW output power.
The pump power was controlled with a variable reflective ND wheel. The reflected pump
was sent to a beam dump. The pump light was coupled into the waveguide by an AR
coated CaF2 plano-convex lens with focal length 50 mm through the input coupler. The
input coupler was AR coated for the pump wavelength and 99.6% reflective over the
range 2050 – 2430 nm. The Cr:ZnS sample was mounted on a copper base that was
passively air cooled. A range of output couplers reflectivity was investigated, ranging
from 60% to 99% reflective at the signal wavelength. The laser output was collimated
with an AR coated CaF2 plano-convex lens with a focal length of 50 mm. A 2 μm longpass
filter was placed after the output lens to filter out any non-absorbed pump light before the
beam was incident on the characterisation equipment. Figure 5.5 shows a diagram of the
laser setup:

Figure 5.5. Schematic of Cr:ZnS waveguide laser used in the CW laser operation
investigation. Lenses 1 and 2 are AR coated CaF2 lenses with 50 mm focal length. LP is
a 2000 nm longpass filter to remove any non-absorbed pump light.
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The pump power and laser output power were measured with a thermal power meter
(Spectra-Physics 407). The Cr:ZnS sample was not AR coated, thus there will be Fresnel
reflections at each surface. The calculated Fresnel reflections of 15% at the input was
subtracted from the value of the measured pump power before the input objective lens.
This accounts for the maximum available pump power that can be coupled into the
waveguide. A 2 μm longpass filter was placed after the output objective lens to filter any
non-absorbed pump light before the beam was incident on the power meter. This filter
has a transmission of 91.6% at the signal wavelength and hence the presented power
values were adjusted to give the power that exited the laser. The pump power has been
plotted against the output power for the four output couplers as shown in Figure 5.6:
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Figure 5.6. Characterisation of Cr:ZnS waveguide laser output power for different output
coupler reflectance. The pump power has been compensated for a Fresnel reflection at
the input of the air-Cr:ZnS surface. The output power of a 99% reflective (black squares),
80% reflective (red circles), 70% reflective (blue triangle) and 60% reflective (pink
triangle) output couplers have been fitted with a linear fit. The green data points were
near or at threshold and have been removed for the fitting.
The maximum output power was found to be 97 mW using a 60% reflectivity output
coupler with a pump power of 1190 mW. The laser threshold was 641 mW and the slope
efficiency was 18.5%. Threshold was 394 mW, 515 mW and 591 mW for the output
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couplers of 99%, 80% and 70% reflectivity respectively. The maximum output power is
only limited by the available incident pump power of 1190 mW. No thermal roll over was
observed, which suggests that the laser can be further power scaled with a more powerful
pump source [58].
The efficiency of the waveguide laser is lower than the 40% demonstrated in a bulk
Cr:ZnS laser [162]. This is probably due to the cavity losses. Passive measurement of the
Cr:ZnS waveguides would require a signal source at the laser wavelength, however this
was not available. A different method is to use Findlay-Clay analysis, which is a method
for calculating the total cavity loss [163]. This method uses the measurement of laser
threshold for different output coupler reflectance. Using Equation 24 and extrapolating
threshold power vs. -ln(1/Reflectivity) the cavity losses can be calculated [164].
− ln(𝑅) = 2𝑔0 𝑙 − 𝛿
Equation 24
where R is mirror reflectance at the signal wavelength, g0 is the small signal gain, l is the
cavity round trip length and δ is the total cavity loss. The Findlay-Clay analysis for the
Cr:ZnS waveguide lasers is given in Figure 5.7.
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Figure 5.7. Findlay-Clay analysis of Cr:ZnS waveguide laser. From the linear fit the total
cavity loss was is 6.4 dB.
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From the graph, the total cavity losses were calculated to be of 6.4 dB. This is the total
cavity round trip loss and hence accounts for more than the waveguide propagation loss.
There are additional losses from Fresnel reflections, bulk material loss and coupling
losses of the pump. The loss from the four Cr:ZnS-air Fresnel reflections per round trip
is 2.8 dB. The bulk material single pass loss of diffusion doped Cr:ZnS is 0.4 dB/cm
[157]. With these loss removed, an upper limit for the propagation loss of the Cr:ZnS
waveguide is calculated to be 2.6 dB/cm. The waveguide propagation loss demonstrated
in Cr:ZnS cladding waveguides is larger than that of Cr:ZnSe [58], which is expected
from the reduced laser performance observed in Cr:ZnS.
The output mode of the laser was imaged using a Mid-IR camera (FLIR SC7000). For
this measurement, a 30 mm focal length plano-convex lens was used to focus the output
of the waveguide on to the focal plane of the camera. The focal plane of the camera was
located 453 mm from the lens. The pixel pitch of the camera is 30 μm. From these three
pieces of information, the magnification of the optical system was calculated using the
thin lens approximation. The mode image, given in Figure 5.8, was taken with the 60%
reflective output coupler and an incident pump of 1155 mW. The mode is near 2D
Gaussian with a slight asymmetry. The raw data was fitted with a Gaussian function in
the x and y axis. From the fit the mode was calculated to have a 1/e2 diameter of 35.8 μm
and 31.3 μm in the x and y axis respectively.
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Figure 5.8. Output mode image of Cr:ZnS waveguide lasers. Image taken with 30 mm
focal length lens and Mid-IR camera (FLIR SC7000).
The wavelength of the laser was measured with a monochromator (Zolix Omni-λ 300)
with a resolution of 0.4 nm. The measurement was taken with the 60% reflective output
coupler pumped with 1150 mW of pump power. The free running laser emission was
centred at 2332.6 nm, corresponding to the peak of the emission cross-section [70], with
a FWHM of 2.2 nm as shown in Figure 5.9:
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Figure 5.9. Normalised wavelength spectra of Cr:ZnS waveguide laser using Zolix Omniλ 300 monochromator. The measurement was taken with a 60% reflective output coupler.
From the Gaussian fit, the laser peak was calculated to be 2332.6 nm with a FWHM of
2.2 nm.
The measured linewidth of 2.2 nm from the waveguide laser is much narrower than that
of the free running bulk lasers. A free running bulk microchip Cr:ZnS laser was found to
have a 70 nm linewidth [165] and a >100 nm linewidth was measured in standard bulk
cavity laser by Sorokin [17]. In my literature search, I noted that there are many papers
on Cr:ZnS lasers that demonstrate free running lasers [149, 157, 166], but the linewidths
of the free running lasers are omitted. From this gives further evidence that free running
diffusion doped polycrystalline Cr:ZnS lasers have a tendency to emit a broad linewidth
made up of many individual narrow spikes. Broad linewidth was not observed with the
Cr:ZnS depressed cladding waveguides fabricated using ULI. Similar line narrowing in
ULI fabricated waveguides in Cr:ZnSe and Fe:ZnSe have been observed [51, 57, 58].
5.4. Conclusion
For the first time, waveguides have been demonstrated in Cr:ZnS. The waveguides
inscribed were the annular depressed cladding type. A waveguide laser was formed by
butt coupling two mirrors to the waveguide end facets. This CW free running laser
demonstrated a pump limited maximum output power of 97 mW with a 60% reflective
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output coupler. The emission was centred at 2332.6 nm with a narrow linewidth of
2.1 nm. With this configuration, the laser had a threshold power of 641 mW. A low
threshold power of 394 mW was demonstrated with a 99% reflective output coupler for
lower power applications. The waveguide losses were found to be 2.6 dB/cm by FindlayClay analysis using the results for 99%, 80%, 70% and 60% reflective output couplers.
The output mode of the waveguide laser was found to be near 2D Gaussian with a slight
asymmetry. To improve laser performance, further optimisation of the waveguides to
reduce propagation and coupling loss should be investigated. AR coating of the end facets
of the substrate will reduce cavity loss and improve pump coupling.
Our implementation of guided wave geometry in Cr:ZnS has a lower slope efficiency
than demonstrated in bulk Cr:ZnS lasers but this compromise can be accepted because of
the compact size. This laser cavity had a total length of 18.7 mm, of which 12.7 mm is
the dichroic mirrors. Direct coating of the waveguide end facet with the input and output
coupler was not investigated in this work because of the flexibility offered by using
different output couplers. Implementing this would reduce the cavity size to the length of
the waveguides with no need for cavity alignment. The laser could then be pumped by
butt coupling a fibre or pigtailed diode to the waveguide end facet and then bonding them
in place. This would result in a compact laser system with no moving parts, making it
resistant to vibrations. Implementing this design with diode pumping could reduce the
total size of the system to something that will fit inside a laser pen platform, the cost
reductions of which could facilitate Mid-IR lasers being implemented in consumer grade
products. An example of this could be a replacement of Nd:YAG lasers for range finding,
often used in golf to measure the distance to the hole. Cr:ZnS would be attractive for
range finding because of its emission in the atmospheric transmission window and the
added advantage of being at an eye safe wavelength.
This experiment was the first demonstration of a Cr:ZnS waveguide laser. This work has
been published as a letter in the OSA journal Optics Express [53].
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6. Fe:ZnSe Waveguide Laser
6.1. Introduction
Lasers operating in the atmospheric transmission windows of the Mid-IR (2-5 μm)
spectral range are desirable for material processing of plastics, breath analysis, LIDAR
and countermeasure applications [167, 168]. Cr2+ doped ZnSe and ZnS cover the 2 μm 2.4 μm transmission window with high average power and narrow linewidth [70]. There
is a second atmospheric transmission window in the Mid-IR from 3.5 μm to 4.2 μm,
which is beyond the tuneable range of Cr doped II-VI lasers [17, 169]. However, changing
the active ion to Iron (Fe) results in a broadly tuneable laser that covers this longer
wavelength window. The shifting of the emission to longer wavelengths is from the d6
electron configuration of Fe2+ ions experiencing a reduction in the strength of the field
splitting in the ZnSe host when compared with the d4 configuration of Cr2+ ions[61].
The first Fe:ZnSe laser was demonstrated in 1999 by Adams et al. [170]. This work built
on the initial Cr:ZnSe laser research by Deloach et al. [12] and Page et al. [13]. It is worth
noting that luminescence had also been demonstrated in Fe:ZnS as far back as 1967 at
liquid helium temperatures by Slack and O’Meara [171]. Since then, Fe:ZnSe bulk lasers
have demonstrated pure CW output powers of 1.5 W [70], gain switched output powers
of 35 W [18] and wavelength tuneable output from 3700-5050 nm [70, 172]. One of the
limitations of the Fe:ZnSe laser transition is the short upper state lifetime at room
temperature due to multi-phonon quenching [170]. The variation of luminescence lifetime
with temperature is plotted in Figure 6.1. The upper state life time of Fe:ZnSe at 77 K is
57 μs, which compares favourably with that of the Cr:ZnSe life time of 5.4 μs, but
Fe:ZnSe lifetime drops to 0.38 μs at room temperature. The practical implication of this
quenching is that Fe:ZnSe must be cryogenically cooled to achieve CW laser operation.
However, room temperature operation has been demonstrated in gain switched operation
with laser efficiencies of up to 34% [173].
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Figure 6.1. Luminescence lifetime of Fe doped ZnSe and ZnS. This graph has been
reproduced from Myoung et al. [174].
Many of the potential applications for Mid-IR laser systems are in non-laboratory
environments, such as countermeasure applications, hence it is desirable for the laser to
be insensitive to vibrations and require minimal post-fabrication alignment. This criterion
is not often met by bulk laser systems, which include many free space optics. A
monolithic waveguide design geometry allows the removal of the need for free space
optics in the laser system. ZnSe fibre is currently in development with propagation losses
of < 1 dB/cm at 1550 nm, but there has not yet been any demonstration of transition metal
doped ZnSe fibres lasing [21]. A solution is therefore needed to leverage the advantages
of waveguide geometry in the commercially available bulk Fe:ZnSe polycrystalline
samples [16]. Building on the initial work by MacDonald et al. [23] in developing ULI
waveguides in ZnSe, it has been shown in subsequent papers and in this thesis to adapt
well to new Cr:II-VI materials. Thus, the ULI of waveguides in Fe:ZnSe was investigated
as a method to create the first fully monolithic 4 μm solid state laser system.
This investigation was performed at Heriot-Watt University in close collaboration with
Dr Gary Cook from AFRL WPAFB. For this work, Dr Cook spent five weeks working
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in the laboratory at Heriot-Watt with our research team developing the Fe:ZnSe
waveguide laser.
6.2. Waveguide Fabrication and Passive Guiding Characterisation
Previous investigations into ULI fabricated waveguides in ZnSe and Cr:ZnSe have shown
annular depressed cladding waveguides to be most suitable for Mid-IR guiding [58].
Hence inscription of annular depressed waveguides were investigated in Fe:ZnSe.
6.2.1. Waveguide Fabrication in Fe:ZnSe
As discussed in Chapter 2 the inscription laser is a key element in ULI waveguide
fabrication. Many of the inscription laser’s parameters such as repetition rate, maximum
pulse energy and emission wavelength are fixed. This creates limitations on the
waveguide fabrication because these properties have a strong effect on the induced
refractive index change [34]. Recent waveguide fabrication in the NLO group at HeriotWatt used one of two Yb:fibre laser systems [23, 53, 56, 160, 175, 176]. Initial work in
the NLO group implemented amplified Ti-Sapphire lasers, but the low repetition rate of
sub 10 kHz resulted in slow translation speeds and thus long waveguide fabrication times
[177]. Ti-Sapphire lasers are also unsuitable for inscription in ZnSe because the emission
peak of Ti:Sapphire laser is centred around 800 nm, which corresponds to the peak of
ZnSe nonlinear refractive index [23]. Thus for Fe:ZnSe a Yb based inscription system
will be used to investigate the potential for Mid-IR waveguides.
There were two chirp pulse amplified Yb:fibre lasers available for waveguide inscription
in the NLO group - a Fianium and an IMRA system. The specifications of the lasers
systems are given in Table 10:
Laser system

HE-1060-1uJ-fs

μJewel D400

Satsuma HP

Manufacture

Fianium

IMRA

Amplitude Systems

Laser type

Chip pulse amplified Yb:Fibre laser

Maximum pulse energy

1 μJ

2.5 μJ

20 μJ

Pulse picker before

No

Yes

Yes

Yes

No

Yes

amplifier section
Pulse picker after amplifier
section
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Repetition rate

Adjustable pulse

Single shot to

100 kHz to

Single shot to

2 MHz

5 MHz

2 MHz

No

Yes,

Yes, Computer

Manually

controlled

compressor

controlled
Pulse duration (manufacture

<500 fs

<1 ps

<400 fs

specification)
Table 10. Chirp pulse amplified Yb:Fibre lasers considered for waveguide fabrication in
Fe:ZnSe. Data taken from manufacturers’ specification sheets shipped with the lasers.
The IMRA system has been used for all previous inscription work in ZnSe because of its
higher maximum pulse energy and user adjustable pulse compressor. In Cr:ZnSe, it was
found that inscription energies of 2.5 μJ and a stretched pulse of 750 fs or longer were
needed [24, 58]. Therefore, of the two systems only the IMRA was suitable for ULI of
waveguides fabrication in ZnSe.
Unfortunately, the IMRA laser failed the week before Dr Cook arrived at Heriot-Watt
University with the Fe:ZnSe samples, so an alternative laser was needed. The IMRA laser
system was removed from the optical table and shipped back to its manufacturer for
repair. A Fianium laser was recommissioned from storage. The laser was aligned through
the power control section, gantry and inscription lens of the automated waveguide
fabrication rig detailed in [52, 78]. With the factory settings, the Fianium laser outputted
870 mW of average power at a repetition rate of 1 MHz, resulting in a pulse energy of
0.87 μJ. The pulse width of the laser was measured with an APE Pulse Check USB
autocorrelator to have a FWHM of 4.8 ps, much longer than the <500 fs when new. From
this, the laser had a sufficiently long pulse width for inscription in ZnSe, but not sufficient
pulse energy.
The drive current of the diodes that pump the Fianium laser can be user adjusted with
computer control up to a factory set maximum. The 870 mW was measured at the output
of the laser head by using the factory set maximum. This current setting when the laser
was new produced an output power of 1 W and pulse width of < 500 fs, but over time the
efficiency of the diodes has reduced. The manufacturer was contacted to see if the factory
set maximum current value could be increased. Fianium’s user support team was very
helpful and provided unlock codes to remove the current limit on the lasers. This allowed
us to investigate the laser’s output power and pulse width with different diode current
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values. The current was increased from the factory default value of 700 a. u. to 860 a. u.,
which also increased the output power to 1.2 W. This resulted in a pulse energy of 1.2 μJ
which is not sufficient to modify ZnSe. The pulse width for the increased diode current
was reduced to 420 fs. The reason for this is that the non-user adjustable compressor was
set in the factory for operating at around the 1 μJ energy level. The compressor was set
to compensate for the linear and nonlinear dispersion of the optical fibre in the laser
system at this energy level. The nonlinear dispersion varies with pulse energy in the fibre,
thus the compressor must be adjusted to have an optimally compressed pulse at the output.
When the diodes age and reduce in efficiency, the pulse energy reduces so less nonlinear
dispersion is induced in the fibre. This resulted in the compressor overcompensating and
chirping the exiting pulse.
The grating compressor of the Fianium laser is inside the laser head, access to which
would require breaking the factory sealed box to adjust it. This would then void the
manufacturer’s warranty and so we did not investigate optimisation of the grating
compressor. Further increasing of the diode current was also not investigated to avoid
premature failure of the diodes. From these results, we found that the laser did not have a
suitable pulse energy or pulse width for inscription in ZnSe. Equally, it was found to be
a suitable system for the inscription of nanograting in fused silica. A combination of the
nanograting inscription step and a post chemical etch step produced an imaging flow
cytometry device. This was published by Jagannadh et al. [45] in IEEE Journal of
Selected Topics in Quantum Electronics.
From this investigation it was clear there was no suitable laser inscription system at
Heriot-Watt University for waveguide fabrication in Fe:ZnSe. Therefore, fabrication of
the waveguides at an external site was the only viable option. The Fe:ZnSe sample with
waveguide fabrication G-code was sent to Optoscribe for inscription. The polycrystalline
Fe:ZnSe sample used in this work had dimensions of 1.82 mm × 4.76 mm × 6.94 mm and
an Fe2+-ion concentration of 8.88 × 1018 cm-3.
The laser implemented in the inscription system at Optoscribe was Yb-fibre based and
manufactured by Amplitude Systems. The laser has the ability to output pulses of 20 μJ
and has a computer controllable pulse width from a few hundred femtoseconds to tens of
picoseconds. Full specification of the laser is given in Table 10. An initial inscription test
run at Optoscirbe was investigated using 2.1 μJ pulse energy. This was the pulse energy
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found to give the optimum performance waveguides in Cr:ZnSe [58]. Using this pulse
energy, the inscription laser was found to ablate the Fe:ZnSe at a depth of 81 μm. An
image of the waveguides inscribe with are lower pulse energy is shown in Figure 6.2:

Figure 6.2. Transmission microscope image of waveguides fabricated in Fe:ZnSe.
Inscription parameters are given in Table 11, waveguides are numbered from 1 to 11, left
to right respectively. Field of view of image is 3.2 mm by 0.7 mm.
For successful waveguide fabrication, the pulse energy was reduced to 1.8 μJ. This was
found to be sufficiently below the ablation threshold of the material. The full inscription
parameters investigated for fabrication of the waveguides in Fe:ZnSe at Optoscribe are
given in Table 11.
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Inscription laser parameters
Repetition rate

100 kHz

Pulse width

1 ps

Pulse energy

1.8 μJ

Polarisation with respect to waveguide propagation direction

Horizontal

Waveguide Geometry
Waveguide #

1

2

3

4

5

6

7

8

9

10

11

12

Diameter (μm)

100

125

150

200

100

125

150

200

100

125

150

200

Number of elements

100

125

150

200

100

125

150

200

100

125

150

200

Number of overwrites

1

1

1

1

5

5

5

5

9

9

9

9

Translation speed (mm/s) 9

9

9

9

9

9

9

9

9

9

9

9

Table 11. ULI parameters for annular depressed cladding waveguides in polycrystalline Fe:ZnSe for laser applications.
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For the first time, permanent modification by ULI in Fe:ZnSe has been demonstrated, as
can be seen from the transmission microscope image in Figure 6.2. It was found that the
modification pulse energy needed for Fe:ZnSe is less than that of Cr:ZnSe, but is similar
to that of ZnSe. Further investigations at WPAFB by S. McDaniel and G. Cook found the
larger pulse energy needed for modification in Cr:ZnSe arises from residual linear
absorption of the Cr atoms at the inscription laser wavelength [24]. The difference in
linear absorption at the inscription wavelength for Cr:ZnSe and Fe:ZnSe is given in Figure
6.3:

Figure 6.3. Absorption cross-section of Cr:ZnSe (red line) and Fe:ZnSe (blue line). Insert
shows an expanded view of the absorption at the inscription laser wavelength 1047 nm.
This graph has been reproduced from McDaniel et al. [24].
From visual inspection, it can be seen that the Fe:ZnSe waveguides are asymmetrical.
This was caused by an error in the conversion of the code written for use at Heriot-Watt
to the system at Optoscribe. The overall result was that the refractive index compensation
was incorrect. However, a second inscription run at Optoscribe was not possible, so the
waveguides were investigated for guiding and laser operation in the Mid-IR regardless.
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6.2.2. Mid-IR Passive Characterisation of Fe:ZnSe Waveguides
The passive losses of the Fe:ZnSe waveguides in the Mid-IR were investigated. The laser
used for the passive testing was a 1.5 W Er:thin disc laser operating at 2940 nm,
corresponding to the peak of Fe:ZnSe absorption cross-section [68]. Due to high dn/dT
of ZnSe, the waveguide mode size, coupling and propagation losses were expected to be
temperature dependent. To investigate this passive characterisation was performed at
77 K, the temperature where the laser testing was to be performed and at room
temperature.
Cooling of the sample below room temperature requires the sample to be inside a vacuum
chamber to stop condensation forming which could freeze the sample and surrounding
optics. The preparation steps used for mounting the sample inside the cryostat are as
follows: the Fe:ZnSe sample was wrapped in indium foil to form an effective thermal
contact with the cold finger. The cold finger is shown in Figure 6.4. The cold finger was
mounted to the cryostat contact plate. A vacuum chamber was formed around the cold
finger. The chamber was evacuated to 1 × 10-6 mbar with a turbo pump. This thermally
isolates the sample and cold finger from the external uncoated CaF2 windows, and hence
stops condensation forming on the sample and windows.
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Figure 6.4. Photograph of the copper cold finger. Note the image was taken with a wide
angle lens (phone camera) hence has strong optical distortions. The diameter of the cold
finger was 10 mm.
The free space passive characterisation set-up is shown in Figure 6.5. The set-up consisted
of L1, an uncoated 100 mm focal length lens that is used to collimate the slightly divergent
pump laser. The pump light was coupled into the Fe:ZnSe waveguides using an E coated
50 mm lens CaF2 from Thorlabs model number LA5763-E. The Thorlabs E coating is
designed to be antireflective from 2 – 5 μm. This lens was experimentally found to have
a focal length of 35 mm at 2.94 μm. The output from the waveguides were imaged onto
a Mid-IR camera (FLIR SC7000) with a second Thorlabs LA5763-E lens which was
found to have a focal length of 45 mm.
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Figure 6.5. Passive waveguide test setup for Fe:ZnSe waveguides at 77 K. L1 is a nonAR coated 100 mm focal length CaF2 lens. L2 and L3 are AR coated CaF2 lenses with
focal lengths of 50 mm. W1 and W2 are non-AR coated CaF2 windows.
From the Mid-IR imaging, Waveguide 4 was found to be a promising single mode
waveguide at 2940 nm. An estimate of waveguide propagation and coupling losses was
taken by measuring the pump power before L2 and after L3. To remove the absorption
from the Fe2+ ions, the sample was translated to a non-modified part of the sample and a
power measurement at L2 and L3 were taken. The laser power before L2 was measured
with a Spectra Physics power meter and after L3 was measured with a Laser Probe Rk5720 Power radiometer which is more accurate at low powers. The measurements were
taken at 77 K and room temperature. The loss from coupling and propagation of
Waveguide 4 (see Table 11) were found to be 0.63 dB and 0.27 dB for 77 K and room
temperature respectively. If all of this loss is attributed to propagation losses an upper
limit value can be calculated to be 0.9 dB/cm and 0.4 dB/cm at 77 K and room
temperature respectively. This is a promising result when compared with the 0.7 dB/cm
losses demonstrated in Cr:ZnSe waveguides [58]. From this measurement, the
waveguides were deemed viable for laser investigation.
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6.3. Fe:ZnSe Waveguide Laser
Building on the demonstration of low loss Mid-IR waveguides in Fe:ZnSe, laser operation
was investigated. For the first demonstration of a Fe:ZnSe waveguide laser, CW operation
was investigated.
6.3.1. Optical Pumping of Fe:ZnSe and its Limitations
Compared with Cr:ZnSe where high power pump sources with average powers of over
100 W are readily available, the CW pump sources for Fe:ZnSe are limited [70]. Part of
this can be attributed to the location of the Fe:ZnSe absorption band as shown in Figure
2.3, which is at a longer wavelength than can be supported by step index silica fibre. This
means silica fibre lasers are not suitable for pumping Fe:ZnSe. Less common fibre based
materials are available for low loss Mid-IR transmission such as ZEBLAN and Telluride
based fibres, but they suffer from poor mechanical properties. Of the rare earth ions, Er3+
emitting on the 4I11/2-4I13/2 line, 2.94 μm in a YAG host, is a suitable pump source for
Fe:ZnSe [178]. However, CW operation and power scaling of this emission line are
limited by the self-termination of the lower laser level 4I13/2, the 1550 nm emission line,
this has limited the commercially available lasers to the few Watt range [179]. Two 1.5 W
Er:YAG thin disk lasers were used in the Evans et al. demonstration of 804 mW of CW
output power [180]. For high energy pulsed applications, pumping the Fe:ZnSe cavity
with flash lamp pump Er:YAG lasers can be effective. Martyshkin et al. [181]
demonstrated 0.35 J pulses from a Fe:ZnSe laser, with a total output average power of
35 W when pumped with four flash lamp pumped Er:YAG lasers. Mirov et al. [70]
experimented with a higher temperature operation of Fe:ZnSe using the pulsed Er:YAG
sources. With this, laser operation was demonstrated from 77 K to 250 K, opening up the
option of using thermo-electric coolers [70]. Room temperature operation was not
achieved because the typical pulse width of a flash lamp pumped Er:YAG laser is in the
few hundreds of microseconds, much longer than the 300 ns upper state lifetime of
Fe:ZnSe at room temperature [170, 181, 182]. A Q-switched Er:Cr:YSGG 2.8 μm source
has been used to successfully pump a Fe:ZnSe laser at room temperature, but the pulse
energy was limited to a few mJ [174]. The current power scaling record for room
temperature operation has used a non-chain HF laser with a pulse width of 130 ns and
maximum available pump pulse energy of over 1 J [173]. Using the HF laser as a pump,
Fe:ZnSe demonstrated pulse energies of up to 192 mJ and slope efficiency of 34% at RT
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[173]. The HF laser, however, is limited to its areas of applications because of safety
concerns.
Cr:ZnSe lasers are being realised as a compelling pump sources for Fe:ZnSe lasers. This
is because the output power of these lasers has been increasing rapidly, partially as a result
of commercialisation by IPG Photonics [16]. A wavelength tuneable bulk Cr:ZnSe laser
has demonstrated average powers greater than 5.5 W over the key 2.6-2.9 μm range[70].
This laser was used to pump a Fe:ZnSe laser. With this pump source, a Fe:ZnSe laser
demonstrated an output power of 1.5 W with a slope efficiency of 30%. This represents
the current power scaling record for a CW Fe:ZnSe laser [70]. Since this work was
completed, a CW Cr:ZnSe laser producing 32 W at 2.94 μm has been developed [16].
This source has the potential to create a pure CW laser in the 10 W range at 4.1 μm.
Additionally, tuneable waveguide lasers have been developed in Cr:ZnSe, as discussed
early in this thesis. This work could be integrated with the Fe:ZnSe waveguides to create
a fully monolithic laser system.
In this investigation, a compact CW Er:YAG thin disk laser was used because of its
commercial availability from Sheaumann. For an initial laser demonstration, a 1.5 W thin
disk laser was implemented as the pump source. The output of this pump laser was
collimated with a CaF2 lens of with focal length 100 mm. This pump laser has a small
footprint, 6 cm by 10 cm, making it an ideal source for a compact Fe:ZnSe waveguide
laser system.
6.3.2. Fe:ZnSe Waveguide Laser Operation
Laser operation of the low loss Fe:ZnSe waveguides were investigated. The laser was
operated in pure CW, and so was cooled to 77 K with liquid nitrogen. A schematic of the
Fe:ZnSe waveguide laser cavity is given in Figure 6.6. An extended cavity with intra
cavity lenses was implemented to allow for change of the output coupler reflectance. The
pump mirror was a flat mirror AR coated for 2.94 μm, the pump wavelength, and 99.9 %
reflected at the signal wavelength. A 35 mm E coated lens was used to couple the pump
light into the waveguides. The sample was mounted on a copper cold finger inside the
cryostat using the method implemented in the passive waveguide characterisation section.
The windows of the cryostat were CaF2 disks, 25.4 mm in diameter and 4 mm thick.
Liquid nitrogen was used as the coolant in the cryostat. The liquid nitrogen was topped
up as and when required. The output of the waveguide was collimated with an E coated
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CaF2 50 mm lens. Flat 90% and 80% mirrors were used for the output coupler in this
investigation. Laser operation was also investigated without an output coupling mirror.
In this configuration, laser feedback was provided by the 17.5% Fresnel reflection for the
ZnSe-vacuum interface. This configuration benefits from a reduced intra cavity loss,
since W2 and L3 are outside the cavity. The unabsorbed pump light was blocked by a
reflective longpass 3000 nm filter.

Figure 6.6. Schematic of Fe:ZnSe waveguide laser in a cryostat cooled by liquid nitrogen.
L1 is a 100 mm focal length CaF2 lens used to collimate the pump laser. L2 and L3 are
AR coated intra cavity CaF2 lenses with a focal length of 50 mm. W1 and W2 are CaF2
windows. Longpass Filter is a 3000 nm longpass filter used to remove residual pump
light.
Of the waveguides 3 and 4 (see Table 11) were found to lase with the available pump
power. Both waveguides were characterised by the three different output coupling
reflectance. The pump power and output power were measured with a thermal power
meter. The pump power quoted is reduced by 17.5% because this would be reflected at
the input facet and so will not be absorbed by the laser. The laser performances of
waveguide Waveguides 3 and 4 are plotted in Figure 6.7 and Figure 6.8 respectively.
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Figure 6.7. Waveguide 3: Input power vs. output power of Fe:ZnSe waveguide lasers.
This waveguide had an inscription diameter of 150 μm.
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Figure 6.8. Waveguide 4: Input power vs. Output power of Fe:ZnSe waveguide lasers.
This waveguide had an inscription diameter of 200 μm.
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The slope efficiency and threshold power of both waveguides are summarised in Table
12:
Output coupler

Waveguide 3

Waveguide 4

Slope efficiency

Threshold

Slope efficiency

Threshold

90%

3.9%

216 mW

6.7%

154 mW

80%

7.7%

303 mW

11.0%

210 mW

17.5%

19.0%

683 mW

15.0%

544 mW

Table 12. Summary of slope efficiency and threshold power for ULI fabricated
waveguides in Fe:ZnSe at 77 K. Values calculated from linear fit of input vs. output power
measurements.
The inscription parameters of Waveguide 4 were found to be optimal for laser operation.
This was expected from the passive investigations. Waveguide 4 demonstrated an output
power of 76 mW with a slope efficiency of 11.0% using an output coupler with R = 80%.
The threshold of laser action was found to be 210 mW. The lowest threshold of the
waveguide laser was measured to be 153 mW with an output coupler with R = 90%. There
was no observed rollover at the highest pump power of 908 mW, thus we can infer that
that the laser performance was pump limited and further power scaling is possible [148].
In addition, for optimal laser performance, the end facets of the Fe:ZnSe sample should
be AR coated.
The wavelength spectra of the laser were characterised. For this measurement, a
monochromator (Zolix Omni-λ 300) with resolution of 0.4 nm was used. The
monochromator found the main peak of the waveguide laser emission to be centered at
4122 nm with a FWHM of 6 nm. The spectra of Fe:ZnSe waveguide, number 4, laser
under the full available pump power, 908 mW, is plotted in Figure 6.9.
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Figure 6.9. Normalised spectra of Fe:ZnSe waveguide laser under 908 mW of pump
power. Waveguide 4: output coupler was 80% reflecting.
The mode quality of the waveguide laser was investigated by imaging the near field of
the lasers guided mode with the Mid-IR camera. Both lasing Waveguides, 3 and 4, were
imaged. The mode field images were taken with the waveguides lasing from the end facet
Fresnel reflection. The magnification of the imaging system was calculated by measuring
the distance from the back of the lens to the CCD plane of the camera and using the thin
lens approximation. A diagram of the near field imaging setup is given in Figure 6.10.
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Figure 6.10. Near field mode imagining setup for Fe:ZnSe waveguides. L1 is a 35 mm AR
coated CaF2 lens. L2 is a 50 mm AR coated CaF2 lens. LP filter is a 3000 nm longpass
filter. The signal and pump guide modes where image with the setup. For pump guide
mode imaging, the LP filter was removed.
The distance from L2 to the CCD plane was measured to be 1.1 m, resulting in an optical
magnification of 21. The mode field images of the signal and pump with a transmission
microscope image of the waveguide end facet is shown in Figures 6.11.
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Figures 6.11(a) and (b)are transmisson microscope images of Waveguides 3 and 4
respectively. Images (c) and (b) are mode images of the pump mode from Waveguides 3
and 4 respectively. Images (e) and (f) are the mode images of the lasing signal mode of
Waveguides 3 and 4 respectively.
The camera control software for the Mid-IR camera (FLIR SC7000) allows a single frame
to be saved as a matrix of values in an Excel file. This file was imported into Matlab for
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viewing and analysis. The mode field images were centred on the pixel with the highest
intensity value. A slice in the x and y axes centred on this peak value was fitted with a
Gaussian profile. The FWHM of the guided modes is summarised in Table 13:
Waveguide #

Type

FWHM in x-axis

FWHM in y-axis Asymmetry ratio

3

Pump

27.1 μm

24.5 μm

1.1

3

Signal

42.9 μm

31.0 μm

1.4

4

Pump

33.0 μm

26.2 μm

1.3

4

Signal

37.2 μm

31.0 μm

1.2

Table 13. Summary of MFD measurements of Fe:ZnSe waveguides at 77 K
From the MFD measurements, Waveguide 4 showed a better overlap between the pump
and signal mode. The smaller MFD of Waveguide 4 compared with its waveguide
diameter mean that there is less interaction with the highly scattering modified cladding
region, thus reducing the waveguide’s losses. The effect of this is observed in the
improved laser performance of Waveguide 4.
6.3.3. Fe:ZnSe Waveguide Laser Loss Analysis
Waveguide losses are often difficult to accurately measure without using destructive
methods, for example the cutback method, because of the relatively short propagation
length, in this case 7 mm. Three independent non-destructive loss measurement
techniques were used to characterise the waveguide loss. These are direct measurements
of transmission loss, Findlay-Clay analysis and imaging of the scattering loss.
Direct comparison with the transmitted 2.94 μm pump light under guiding and nonguiding conditions was investigated. These measurements alows the decoupling of loss
contributions for the waveguide and sample absorption. This results in an estimate of the
loss induced by the waveguide. Full details of this measurement were discussed in the
passive characterisation section 6.2.2. An upper estimate of the optimum waveguide
propagation losses at 77 K was calculated to be 0.9 dB/cm at the pump wavelength.
The propagation loss of the waveguide at the Fe:ZnSe laser’s emission wavelength was
investigated using Findlay-Clay analysis [163, 164]. Findlay-Clay analysis calculates the
total cavity loss of a laser’s resonator from the relation given in Equation 25:
− ln(𝑅) = 2𝑔0 𝑙 − 𝛿
Equation 25
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where R is the reflectivity of the output coupler at the signal wavelength, g0 is the small
signal gain, l is the length of the gain medium in the cavity and δ is the total cavity loss.
The total cavity loss is the y-axis intersect of a plot of − 𝑙𝑛(𝑅) vs. laser threshold.
Findlay-Clay analysis of the lasing waveguides is plotted in Figure 6.12:
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Figure 6.12. Findlay-Clay analysis of Fe:ZnSe waveguide laser. The blue lines are a
linear fit for Waveguide 3 data points, as the black lines are for Waveguide 4. The dotted
lines include all data points and the solid lines omit the lasing for the end facet data
points.
Findlay-Clay is an effective method for calculating the waveguide losses of a waveguide
laser cavity [53, 58, 84]. However, this method requires a different reflectivity output
coupling mirror for each data point. Availability of mirrors suitable for laser operation of
Fe:ZnSe at 4 μm is limited because of the small number of research groups working in
this spectral band. For this experiment, we had access to an 80% and 90% reflective
output coupler. In order to increase the number of data points used in the analysis, the
lasers result from the Fresnel reflection as the feedback mechanism was included in the
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data set. However, when lasing from the Fresnel reflection at the waveguide end facet,
the total intra cavity losses are reduced when compared with the output coupler cavity.
This is because the window and intra cavity lens were outside the cavity. This improved
slope efficiency and reduced threshold power for the Fresnel lasing case. Hence, when
adding this data point to the Findlay-Clay analysis in Figure 6.12, the linear fitting will
calculate higher cavity loss. Conversely, not including this point results in a linear fit of
two data points, which is not sufficient for a line of best fit due to a small error in the data
points, creating very large deviations in the value of cavity loss extrapolated from the
linear fit. The total cavity loss in dB for both data sets was calculated from Equation 26
and the results are tabulated in Table 14.
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑣𝑖𝑡𝑦 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑑𝐵 = 10 ∙ log(1 − 𝛿)
Equation 26
To find the propagation loss of the waveguide from this, the other cavity losses must be
removed. A diagram of the laser’s cavity with the sources of intra cavity loss are shown
in Figure 6.13:

Figure 6.13. Schematic of intra cavity loss contributions in Fe:ZnSe waveguide laser. L1
and L2 represent the transmission loss the of the AR coated CaF2 lens. W1 and W2
represent the transmission loss of the CaF2 windows. F1 and F2 are the loss contributions
from Fresnel reflections. WG is the propagation loss of the Fe:ZnSe waveguide.
As shown in the diagram, the extended cavity has four additional loss elements: the two
windows and the two intra cavity lenses. The single pass transmission of the windows is
98.7% at the signal wavelength. There are two windows, therefore four instances of loss
from the uncoated windows per round trip of the cavity. The total loss attributed to the
windows in dB is 0.23 dB. The transmission loss of the two AR coated CaF2 lens , L1
and L2, is 96.5% at the laser wavelength. From this, 0.62 dB of loss is attributed to the
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lenses per round trip. These losses have been removed from the total cavity loss value
calculated by the Findlay-Clay analysis to find the propagation loss of the waveguides
given in Table 14:
Waveguide

Data points included

Total cavity loss

Loss of

(dB)

waveguide (dB)

3

90%, 80% and 17.5%

6.4

5.5

3

90% and 80%

1.0

0.1

4

90%, 80% and 17.5%

4.2

3.4

4

90% and 80%

1.1

0.2

Table 14. Fe:ZnSe waveguide laser cavity losses calculated by Findlay-Clay analysis
It is clear that the result of the Findlay-Clay analysis with the Fresnel reflection data
included is invalid, due to the inconsistencies with previous passive measurements. The
lowest loss waveguide calculated from Findlay-Clay analysis using only the two output
coupling mirrors as data points was from Waveguide 3, with a total loss of 0.1 dB. This
gives a waveguide propagation loss of 0.07 dB/cm, the lowest reported ULI waveguide
loss in the Mid-IR by any material.
The propagation losses of the waveguides were measured using the scattering imaging
technique, first demonstrated by Okamura et al. [183]. This method images the scattered
photons along the direction of propagation of the waveguide. From the gradient of the
scattered light reducing along the propagation axis, the waveguide losses can be
calculated. Image analysis of the scattered light enables a non-destructive technique for
estimating waveguide loss. This method also eliminates the need to carefully factor out
entrance and exit coupling losses required for input/output measurements. This
experiment was performed at room temperature because the side profile of the waveguide
is not viewable in the cryostat. A diagram of the setup is given in Figure 6.14:
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Figure 6.14. Schematic of experimental setup of scattering loss measurements using a
Mid-IR imaging camera positioned transverse to the waveguide propagation direction
This experiment requires a signal source with the same emission wavelength as Fe:ZnSe
lasers, which were not available at Heriot-Watt. A suitable Fe:ZnSe laser source was
available at WPAFB. This experiment and data analysis was performed by S. McDaniel
and J. Evens at WPAFB. The output of a free running bulk Fe:ZnSe laser operating at
4050 nm was coupled into the waveguide using a focusing lens. The scattering from the
top of the waveguide was imaged using a Mid-IR camera (FLIR SC7000) with a wide
field of view imaging objective.
Scattered intensity at any location along the waveguide propagation path in a sample is
proportional to the beam intensity, I, at that point. The beam intensity at that point will
be determined by the amount of light coupled into the waveguide reduced by all
propagation losses, such as scattering and absorption, experienced by the guided mode
up to that point. The intensity profile imaged by the camera will be proportional to the
scattered and fluorescing light, if both are within the camera’s wavelength detection range
which is the case for this experiment. The change of intensity at position y along the yaxis is given by Equation 27. The reasonable assumption is that there is no nonlinear
absorption.
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𝑑𝐼(𝑦)
= −(𝛼𝑆 + 𝛼𝐴 )𝐼(𝑦)
𝑑𝑦
Equation 27
where 𝛼𝑆 is a scattering loss coefficient and 𝛼𝐴 is the absorption coefficient. The
absorption coefficient of Fe:ZnSe at the probe wavelength, 4050 nm, is negligible [170].
Thus 𝛼𝐴 is set to zero and the solution to the first order differential equation is given by
Equation 28.
𝐼(𝑦) = 𝐼0 𝑒 −𝛼𝑠 𝑦
Equation 28
where 𝐼0 is the intensity at some starting point chosen by the researcher from the image.
This point must not be the input facet of the waveguide due to the large amount of
scattering from the end facet which is not linked to waveguide propagation loss.
S. McDaniel and J. Evens developed an image analysis process using MATLAB. This
script converts an image to a plot of intensity vs. propagation distance, in this case pixel
distance, as shown in Figure 6.15.

Figure 6.15. Scattering loss of Waveguide 4 measured by the scattering imaging method.
The blue line is the measured data and the red dotted line is fit to that data. The inset
shows the image captured by the Mid-IR camera. The arrow indicates the input facet.
The pixel data from the inset picture in Figure 6.15 was cropped to isolate the middle
portion of the waveguide. This section was free from reflections at the crystal end facets.
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The intensity was averaged in the transverse direction over the selected region to create a
single dimensional vector of the field intensity along the propagation axis, the y-axis, as
shown in Figure 6.14. The data in Figure 6.15 was fitted with an exponential of the form
given in Equation 29:
𝐼(𝑡) = 𝑎𝑒 −𝜎𝑦 + 𝑎0
Equation 29
The fitting parameters were determined to be 𝑎 = 1425, 𝜎 = 4.5×10−4 , and 𝑎0 = 0.004
by Matlabs least-squared fit tool. The waveguide losses can be calculated from the fitted
values using Equation 30:
𝑊𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 = −

10
log10 (𝑒 −𝜎𝐿 ) 𝑖𝑛 𝑢𝑛𝑡𝑖𝑠 𝑜𝑓 𝑑𝐵 𝑝𝑒𝑟 𝑐𝑚
𝐿

Equation 30
where 𝜎 is a fit parameter and L is the length corresponding to the selected section of the
waveguide image used in the analysis in units of cm. This resulted in the propagation loss
of Waveguide 4 at 4050 nm to be calculated as 0.46 dB/cm using the scattering imaging
method. This shows that Waveguide 4 is low loss. The reliability of this technique
deteriorates when the signal to noise ratio is small, which is the case when the scattering
losses are low, as is the case with this experiment. Consequently, the values calculated
here should be interpreted as an upper-bound of the propagation waveguide losses.
In summary, the value of the waveguide loss for the waveguide with the optimum
inscription parameters for lasing was investigated using three methods. Direct
measurement of the total waveguide loss at the pump wavelength gave a value of
0.4 dB/cm and 0.9 dB/cm at RT and 77K respectively. The Findlay-Clay method was
used to calculate the in-situ total waveguide loss at the signal wavelength. This method
found the total loss of the waveguide to be 0.14 dB/cm at 77 K. Imaging of the scattering
loss at 4050 nm found the total waveguide loss to be 0.46 dB/cm at RT. From these
results, waveguide loss at room temperature is in agreement from both the input/output
measurement at the pump wavelength and the scattering loss measurement at close to the
lasing wavelength to be around 0.4 dB/cm. At 77 K, the CW operating temperature of the
laser, there is disagreement but the Findlay Clay analysis does not have a sufficient
number of data points to be considered accurate. Thus a longer sample and application of
the destructive cutback method is needed for a more accurate loss value. From the results
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presented here, the losses are < 1 dB/cm. These losses are much higher than those of
SM28 fibre, but the gain per unit length of Fr:ZnSe is typically greater than 20 dB/cm,
making the waveguide loss sufficiently low for effective laser operation. Propagation
losses of the Fe:ZnSe waveguides are comparable with previous demonstrations of ULI
passive waveguide devices at 4 μm [184, 185].
6.4. Bulk Fe:ZnSe Laser
Bulk laser operation of Fe:ZnSe was investigated so that a direct comparison could be
made with the work in ULI inscribed Fe:ZnSe waveguide lasers. Many examples of
Fe:ZnSe bulk lasers have been demonstrated before, most notably the first one by Adams
[170] and the current power scaling records for CW and pulsed operation [70]. However,
the cavity configurations were not identical to those used in the waveguide experiments.
A key difference is that the power scaling demonstrations mitigate loss from Fresnel
reflections by implementing AR coatings on the end facets or implementing a Brewster
cut crystal geometry. From this experiment, we wanted to get an in house measurement
of the free running laser spectra since this has previously been commonly omitted [70,
173, 181, 182, 186]. Papers that have included a free running laser spectrum have found
the emission to be made up a broadband of spikes spanning a range of around 50 – 100 nm
[180, 187]. This broad spectral emission was not observed in the Fe:ZnSe waveguide
laser demonstration. An example of this is given in Figure 6.16:
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Figure 6.16. Emission spectrum of diffusion doped polycrystalline Fe:ZnSe bulk laser,
red line. Insert shows an expanded view of the laser emission. Emission cross-section is
shown by the black dotted line. This graph has been reproduced from Evans et al. [180].
The experimental setup for the bulk laser used the same optical components as those of
the waveguide laser operation demonstrated in section 6.3.2 for consistency of results. A
diagram of the bulk laser cavity is given in Figure 6.17. An extended cavity with intra
cavity lenses was implemented. The pump mirror was a flat mirror AR coated for
2.94 μm, the pump wavelength, and 99.9 % reflected at the signal wavelength. A 35 mm
E coated lens was used to couple the pump light into the waveguides. The sample was
mounted in the cryostat using the method implemented in the passive waveguide
characterisation section. The windows of the cryostat were CaF2 disks, 25.4 mm in
diameter and 4 mm thick. Once the vacuum in the cryostat had been formed, the liquid
nitrogen was poured into the top of the cryostat. The liquid nitrogen was toped up as and
when required. The output of the waveguide was collimated with an E coated CaF2 50
mm lens. For the output coupler, a flat 90% mirror was used for the investigation. The
unabsorbed pump light was blocked by a reflective longpass 3000 nm filter. To convert
the waveguide cavity, as discussed in the previous section, into a bulk laser, the two intra
cavity lenses were translated so that their focus moved from the end facets to the centre
of the Fe:ZnSe sample. The Fe:ZnSe sample was translated horizontally, so that the pump
and signal pass through to an unmodified section of the sample. The sample was not
140

translated in depth because there was a gradient in the dopant concentration. Lasing at the
same depth below the top of the sample in the bulk and waveguide case ,maintained a
uniform doping concentration between the two experiments. Uneven doping
concentrations can be an issue with diffusion doping of ions into a host [116].

Figure 6.17. Fe:ZnSe bulk laser cavity for CW operation. L1 is a non AR coated CaF2
lens used for collimation of the pump laser. L2 is a 35 mm focal length AR coated CaF2
lens. W1 and W2 are non-coated CaF2 flat windows. L3 is a 45 mm focal length AR coated
CaF2 lens. F2 and F3 size is the same as the focal lengths of lens L2 and L3 respectively.
For CW laser operation, the Fe:ZnSe sample was cooled to 77 K using liquid nitrogen.
Bulk laser operation was investigated with a 90% reflective output coupler at the signal
wavelength. The input vs. output characterisation of the bulk laser is given in Figure 6.18.
The laser results for the best Fe:ZnSe waveguide with the 90% output coupler are
included in the figure for comparison, full details of which are given in Section 6.3.2. The
bulk laser was found to emit a maximum output power of 49 mW when pumped with 908
mW at 2940 nm. The output power is believed to be pump limited because there is no
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observed thermal rollover [58]. The bulk laser reached laser threshold at 340 mW of pump
power and had a slope efficiency of 8.1%.
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Figure 6.18. Output power of Fe:ZnSe bulk laser black triangles and waveguide laser red
squares. For both cases the laser had a 90% reflective output coupler at the signal
wavelength. The pump power has been reduced by the first Fresnel reflection on the input
facet.
Comparing the output power performance of the waveguide and bulk Fe:ZnSe lasers can
help improve the knowledge of both systems by examining their differences. In terms of
power performance there are two key differences between the laser types. The first is the
slope efficiency of the bulk laser is higher than that of the waveguide laser, 8.1%
compared with 6.7% respectively. This is expected because the waveguide will induce
some coupling loss and since it is a leaky mode will fundamentally have some
propagation loss in addition to any scattering loss from the ULI fabrication process [58,
89]. However, by implementating waveguide geometry the pump power required to reach
laser threshold is reduced, in this case to 45% of that needed for the bulk cavity. This
result makes the waveguide lasers more suitable for compact low power applications.
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The mode field diameter of the Fe:ZnSe laser was imaged with a Mid-IR camera (FLIR
SC7000) to compare the mode quality of both cavity configurations. This measurement
was performed with both lasers lasing from the 17.6% Fresnel reflection of the end facet
when pumped with 908 mW. The MFD was imaged on to a Mid-IR camera using a 50
mm AR coated CaF2 lens. The MFD of the bulk and waveguide laser are given in Figure
6.19. The MFD of the Bulk laser signal mode was found to have a FWHM of 45.65 μm
and 53.7 μm in the x-axis and z-axis. This is 25% and 74% greater than the MFD of the
waveguide laser in the z and x axis respectively. From this result, the lower threshold of
the waveguide laser is attributed to the tighter confinement facilitated by the waveguide
implementation.

Figure 6.19.(a) Pump mode of bulk laser cavity. (b) Pump mode image of waveguide
laser. (c) Waveguide laser mode image at 4122 nm imaged at end facet when lasing from
Fresnel reflection at output facet. (d) Bulk laser output mode centered at 4123 nm lasing
from Fresnel reflection at output facet.
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The spectral emissions of the bulk laser were also investigated for comparison with the
waveguide laser. The wavelength spectra of the waveguide and bulk laser were measured
with a monochromator (Zolix Omni-λ 300), and this device has a resolution of 0.4 nm.
For this measurement, the maximum available pump power 908 mW was used. The
normalised spectra of the bulk and waveguide laser are given in Figure 6.20:
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Figure 6.20. Normalised wavelength spectra of Fe:ZnSe lasers. The resolution of the
spectra are 0.4 nm. Red dotted line is a bulk cavity configuration. Black solid line is a
waveguide cavity configuration.
The bulk emission consisted of multiple peaks spanning 50 nm, the largest centred at
4123 nm. This result is in agreement with the work previously carried out in a bulk
Fe:ZnSe laser by Evans et al. [180]. The waveguide laser was found to emit at a central
wavelength of 4122 nm with a FWHM of 6 nm, which is considerably narrower than that
demonstrated in bulk. It has been found experimentally that the spectral linewidth of the
Cr and Fe doped ULI depressed cladding waveguide lasers are considerably narrower
than their typically bulk counterparts [15, 58].
A recent paper by Stites et al. [116] has demonstrated free running TM:II-VI lasers with
a single emission line of sub 140 pm linewidth. The laser crystals are treated with a hot
isostatic pressing (HIP) process. The process heats the sample to 1050 ° C at a pressure
of 300000 PSI. This method differs from the low pressures used in post growth diffusion
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doping of polycrystalline ZnSe which has been used in previous laser reports[15-17]. The
HIP process can be applied to post growth diffusion samples and also used to dope
polycrystalline ZnSe. Both processes resulted in narrow linewidth free running laser
sources. The line narrowing of treated samples is attributed to the increase in grain size
of ZnSe [117] and removing crystal defects [118]. From the narrowed linewidth observed
in single mode Cr:ZnSe, Cr:ZnS and Fe:ZnSe waveguide lasers, it is has been proposed
that a similar effect to HIP is being induced in the irradiated area by the ULI process. ULI
involves creating a plasma at the focus of the inscription beam, which is believed to
remove defects in the host Cr/Fe:ZnSe/ZnS [119].
The performance of the waveguide laser was compared with that of a bulk laser using a
90% reflective output coupler. The bulk laser design was found to be more efficient. This
is due to the loss induced by the waveguide from scattering losses, as discussed in Section
6.3.3. However, the waveguide cavity was found to reduce the lasing threshold of the
laser by 44% compared with the bulk system using the same intra cavity optics. This is
because of the tighter confinement, increased overlap and interaction length between the
pump and signal in the waveguide. This result is important for future low power
applications, and could open the possibility of direct diode pumping.
6.5. Conclusion
The first demonstration of an Fe:ZnSe waveguide laser has been presented. The
waveguide structure was an annular depressed cladding structure fabricated by ULI. The
inscribed waveguides were found to have low propagation losses of <1 dB/cm at the
lasing wavelength. The waveguide laser emitted a maximum output power of 76 mW,
which was limited by the available pump power of 906 mW at wavelength of 2940 nm.
The tighter confinement of the pump and laser signal beams by the waveguide resulted in
a low laser threshold of 154 mW, which is a 44% reduction compared with an otherwise
identical bulk system with a laser threshold of 274 mW. A narrow spectral linewidth of
6 nm was demonstrated by the waveguide laser. To the best of the author’s knowledge,
this is the narrowest linewidth demonstrated in any free running Fe:ZnSe laser.
Demonstration of an Fe:ZnSe laser in a guided wave configuration will enable the
creation of a compact, all solid state laser system for LIDAR and use in defence
applications.

145

This work is a result of close collaboration between HWU and WPAFB, funded by
EOARD, and resulted in a conference paper at CLEO15 [188] and a journal paper in
Applied Physics [51].
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7. Conclusions and Future Work
7.1. Conclusions
The work presented in this thesis is focused on the development of guided wave laser
technology in TM:II-VI semiconductors. Chapters 3 and 4 focused on the development
of Cr:ZnSe waveguide lasers to produce widely tuneable and modelocked laser sources.
In Chapter 5, ULI waveguide fabrication in Cr:ZnS is investigated. This was successful
and lead to the first waveguide laser in Cr:ZnS. The aim of this work was to enable further
power scaling of lasers in the 2 - 3 μm spectral band. Chapter 6 investigates the suitability
of Fe:ZnSe for ULI waveguide fabrication and lasers demonstrating with the aim of
producing a high brightness laser sources in the 3.7 - 5 μm spectral band. The following
paragraphs provide a summary of each chapter.
Chapter 3 examines the integration of Cr:ZnSe waveguides with wavelength tuning
elements to produce a widely tuneable Cr:ZnSe waveguide laser. Tuning with a
diffraction grating in a Littman-Metcalf configured cavity demonstrated a narrow
linewidth of 53 pm. The tuning range of this laser was 2077 - 2777 nm with output powers
of more than 15 mW available across the full range. Computer modelling of the laser
showed the optical loss of the grating, particularly at longer wavelengths, was limiting
the tuning range. The grating was replaced with a Si prism. This resulted in a CW tuning
range increasing to 2080 - 2883 nm. This resulted in a tuneable bandwidth of 39 THz
which is the widest range demonstrated by a Mid-IR waveguide laser.
Chapter 4 advances the number of future applications available to compact TM:II-VI
lasers by demonstrating modelocked waveguide lasers in Cr:ZnSe. The laser was
passively modelocked using a SESAM. Initial investigations demonstrated the suitability
of the depressed cladding waveguide and SESAM to produce a CW modelocked laser.
However, this was only detected on a RF spectrum analyser, an autocorrelation trace
required pulses with larger pulse energy. Thus the system was power scaled with a 20 W
pump source. CW modelocking was demonstrated with a PRF of 308 MHz and an
average power of 85 mW when pumped with 5 W. This laser was autocorrelated,
demonstrated a pulse width of 982 fs, assuming a sech2 pulse shape. The next step of the
investigation was increasing the PRF to over 1 GHz. The laser was shortened to have a
calculated PRF of 1.03 GHz from the cavity length. Modelocking was confirmed at 1.03
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GHz by measuring an autocorrelation of the pulse. This resulted in the fastest PRF laser
demonstrated in the modelocked Cr:ZnSe laser family.
Chapter 5 investigates a potential alternative to a ZnSe laser host, ZnS. This material has
improved thermal characteristics over ZnSe and as such presents a path for further power
scaling. Fabrication of depressed cladding waveguides in Cr:ZnS was demonstrated with
prorogation losses of 2.6 dB/cm. These waveguides were assembled into a monolithic
laser cavity by butt coupling an input and output coupler to the end facets. Free running
CW laser operation was demonstrated with pump limited output powers of 97 mW at
2333 nm.
Chapter 6 transfers the knowledge of waveguide fabrication discovered in Cr:ZnSe and
Cr:ZnS to the 3.7 - 5 μm wavelength band with a Fe:ZnSe waveguide laser. Firstly, lowloss laser waveguide parameters were investigated in Fe:ZnSe. The passive
characterisation found the waveguide propagation losses to be as low as 0.4 dB/cm, this
is much lower than those demonstrated in other ULI cladding waveguides in Cr:ZnSe and
Cr:ZnS [53, 58]. The low loss waveguides were inserted inside a cryostat for CW laser
operation. Free running CW laser operation with a Fe:ZnSe waveguide laser was
demonstrated. An output power of 76 mW was produced at 4122 nm with a pump power
of 908 mW. This work highlights the operational wavelength versatility of ULI fabricated
depressed cladding waveguides.
7.2. Future Work
7.2.1. Monolithic Wavelength Tuned Waveguide Laser
The ZnSe waveguide lasers demonstrated in this thesis used extended cavity designs.
Future work should investigate replacing these with monolithic designs. This will reduce
the total cavity size and improve cavity robustness.
In Chapter 3, free space methods of wavelength tuning Cr:ZnSe waveguide lasers were
demonstrated. Incorporating a fully monolithic tuning method is the next stage of this
work. Bragg gratings in guided wave form are an effective method of wavelength
selection. Bragg gratings have been demonstrated in ULI single line and multiscan
waveguides operating at telecoms wavelengths [189, 190]. However, once fabricated, the
Bragg wavelength is fixed. There is the possibility to temperature tune the Bragg peak,
but this is limited to small tuning ranges. One technique of extending the tuning range
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would be to inscribe a Bragg grating in an electro-optic material such as Lithium Niobate
or Strontium Barium Niobate. Applying an electric field across the waveguide with the
addition of a Bragg grating will change the peak of the Bragg reflection. Thus, placing
this inside a Cr:ZnSe laser resonator as a feedback mechanism will create a monolithic
tuning element. A diagram of the proposed device is given in Figure 7.1:

Figure 7.1. Schematic of electro-optic tuned Bragg grating for monolithic wavelength
tuning of Cr:ZnSe waveguide lasers.
The electro-optic substrate recommended for this application is Strontium Barium
Niobate (SBN). SBN is chosen over the more commonly implemented Lithium Niobate
as it has larger electro-optic coefficients which will allow for greater tuning ranges. The
r33 coefficient of SBN:75 is 844 pm/V [191] compared with the 31 pm/V in Lithium
Niobate [192]. Initial work in ULI fabrication, characterisation of waveguides in SBN at
Mid-IR wavelengths and the effect of an electric-field are detailed in Appendix Section 1.
An alternative method of implementing tuneable Bragg grating is to use a photorefractive
material. The materials are used for other applications such as data storage because of the
relatively long timescales involved in the process [193]. We propose forming a Bragg
grating in a prefabricated ULI waveguide by using two interfering laser beams. This will
allow the creation of a tuneable Bragg grating because the grating period is proportional
to the angle between the interfering green laser beams. This has been implemented at
1550 nm in a thin film waveguide as shown in Figure 7.2. Doping of SBN with Cerium
(Ce) forms an effective photorefractive material. ULI waveguides compatible with a
Cr:ZnSe waveguide resonator have been fabricated in Ce:SBN:61, as detailed in
Appendix Section 1. Laser tuning is still to be investigated.
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Figure 7.2. Holographically recorded reflection filters in LiNbO3:Ti:Cu channel
waveguides. (a)Geometry for recording and read-out of the grating, and (b)typical
transmission spectrum T(λ) of a 15 mm-long filter. The c-axis referred to in the report is
the z-axis in this schematic. These figures have be reproduced from Gunter and Huignard
[193].
7.2.2. Monolithic Dispersion Compensated Modelocked Waveguide Laser
In Chapter 4, modelocked Cr:ZnSe waveguide lasers were investigated. However,
dispersion compensation was not implemented. To generate ultrashort pulses, it is
paramount that the cavity round trip time of all the modelocked pulses frequency
components are the same. Thus there is no phase change of each frequency component
with respect to each other after one round trip of the cavity. If there is a phase change of
some of the frequency components, they will not constructively interfere with the other
components. This will limit the bandwidth of the system and lead to pulse width
broadening. In most bulk laser cavities, this problem can be resolved by the simple
addition of a Brewster cut prism pair. This system allows positive and negative group
velocity dispersion (GVD) compensation by changing the distance between the prism
pair. Tolstik et al. [194] used a YAG prism pair to demonstrate a CW modelocked Cr:ZnS
laser with a pulse width of 41 fs and a pulse repetition frequency (PRF) of 108 MHz. A
schematic of the laser cavity used by Tolstik is given in Figure 7.3. The disadvantage of
GVD compensation from prism pairs is the requirement for free space beam propagation
which is not compatible with compact monoclinic laser cavities.
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Figure 7.3. Schematic of CW modelocked Cr:ZnS bulk laser operating with a pulse width
of 41 fs at a PRF for 108 MHz. FL is the pump focusing lens (f= 40 mm), M2 and M3 are
HR dielectric mirrors, CM is a concave chirped mirror, GSA is a graphene-based
saturable absorber mirror, DC is the YAG prism pair and OC is the output coupler. This
diagram has been reproduced from Tolstik et al. [194].
Chirped or dispersive cavity mirrors are one alternative method of GVD compensating
which is compatible with a monolithic laser cavity. These mirrors use Bragg stacks to
phase shift some frequency more than others, thus allowing for GVD compensation.
These mirrors are limited in the bandwidth of frequencies in which they can be used.
Many high quality, low loss and large bandwidth GVD mirrors have been developed for
Ti:Sapphire lasers, but they are not as well developed for the 1.9 - 3.4 μm range needed
to use the full bandwidth of Cr:ZnSe. The GVD compensation of the mirrors is also set
at fabrication and does not allow for any optimisation once fabricated.
A small gap between an uncoated waveguide end facet and a plain mirror can create
negative GVD by forming a Gires-Tournois interferometer [195]. Lagatsky et al. [127]
demonstrated the effectiveness of the method with a 15 GHz fundamentally CW modelocked Ytterbium doped glass waveguide laser. Lagatsky showed that tuneable GVD
control can be achieved in a quasi-monolithic flat mirror butt coupled waveguide laser by
adjusting the gap between one of the mirrors and the waveguide end facet. Figure 7.4
shows a diagram of a modelocked Ytterbium doped bismuthate glass waveguide laser that
has been demonstrated by Lancaster et al. [196] using the Lagatsky dispersion control
method.
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Figure 7.4. Diagram of CW modelocked Ytterbium doped bismuthate glass waveguide
laser with GVD compensation from adjusting the gap Δx.
This method has been found to be very effective in the demonstration of compact CW
modelocked lasers. One issue, however, is the gap must be controlled to a precision of a
few microns and, because of this gap, the laser is no longer a truly monolithic system.
This means that it is not an “assemble and forget” system, thus the main advantage of
using a monolithic waveguide laser cavity is lost.
A different approach to GVD compensation in Cr:ZnSe/ZnS modelocked lasers is using
CaF2 waveguides. At the peak of Cr:ZnSe emission cross-section, 2.45 μm, CaF2 is an
anomalously dispersive material and ZnSe is a normally dispersive media. Thus, by
inserting a sufficient length of CaF2 inside the cavity, we can compensate for GVD
induced by the Cr:ZnSe/ZnS waveguide. In order to do this and still have a fully
monolithic laser system, the waveguides must be fabricated in CaF2 with mode field
diameters (MFD) that are similar to those of the current ultrafast waveguides in
Cr:ZnSe/ZnS which have an MFD of around 50 μm [53, 58]. This may be achievable by
developing depressed cladding waveguides in CaF2 fabricated by ultrafast laser
inscription. The advantage of using ULI over the more common lithographic methods is
the ability to fabricate fully 3D structures and the low index contrasts of negative index
change. Using this method will facilitate larger single mode MFDs needed for efficient
butt-coupling into the Cr:ZnSe waveguides. Once low loss single mode waveguide ULI
fabrication parameters are developed, the CaF2 waveguide will be placed inside the
Cr:ZnSe/ZnS waveguide laser as shown in Figure 7.5:

152

Figure 7.5. Schematic of cavity design for a monolithic passively modelocked Cr:ZnSe
waveguide laser. GVD control is managed with a ULI inscribed waveguide in CaF2.
Passive modelocking is achieved using a SESAM or multilayer layer graphene saturable
absorber.
Assuming the modelocked Cr:ZnSe (217.8 fs2/mm) laser operates at the peak of the
emission cross-section (2.45 μm) the CaF2 (-51.7 fs2/mm) waveguide would need to be
4.2 times longer than the Cr:ZnSe waveguide. This would lead to a CaF2 waveguide of
25 mm if we use a 6 mm Cr:ZnSe waveguide consistent with the modelocking work
discussed in Chapter 4. It can be beneficial to operate a modelocked laser in the soliton
modelocked regime. This is achieved by a slightly anomalous GVD cavity, by increasing
the length of the CaF2. Using the proposed Cr:ZnSe and CaF2 waveguides will lead to a
modelocked laser with a fundamental PRF of 3 GHz. Post waveguide fabrication
adjustment of the negative GVD of the CaF2 waveguide can be accurately adjusted by
polishing the end facet of the sample. This makes the CaF2 an attractive and cost effective
alternative to the use of chirped mirrors in monolithic modelocked waveguide laser
systems. An initial demonstration of Mid-IR depressed cladding waveguides fabricated
in CaF2 by ULI is given in Appendix, Section 2.
7.2.3. Monolithic Optical pumping of TM:II-VI Waveguide Laser
The TM:II-VI waveguide lasers demonstrated in this thesis were pumped by collimated
fibre lasers. Future work should investigate replacing these with monolithic designs. This
will reduce the total cavity size and improve cavity robustness.
For optical pumping of Cr:ZnSe Tm:fibre lasers an attractive source due to the high power
CW sources that are commercially available [24]. If the MFD of the fibre is matched to
that of the waveguide the fibre can be directly but coupled to the end facet of the
waveguide. Further reduction in cavity component can be implemented by directly
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coating the waveguide endfacets with the input and output coupler refelctivities. A
diagram of the proposed fully monothic laser design is given in Figure 7.6:

Figure 7.6. Proposed design of fully monolithic Cr:ZnSe waveguide laser system.
A gradient-index (GRIN) lens is butt coupled to the end facet of the waveguide output to
produce a collimated laser output. This example couple be added to the delivery head of
current Tm:Fibre lasers and would only add a few centimetres is length. Thus facilitating
an compact 2 – 3 μm laser system capable of outputting watt level CW powers.
This fully monolithic laser design could also be implemented as a pump source for
Fe:ZnSe waveguide lasers. A diagram of the proposed setup is given in Figure 7.7:

Figure 7.7. Proposed design of fully monolithic Fe:ZnSe waveguide lasers system.
There is an added complication in this laser’s system because of Fe:ZnSe’s short
upperstate life time of 0.57 μm at room temperature [70]. For CW operation a cooling
system would also need to be incorporated, however room temperature would be
possible with pulsed pumping [182].
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Appendix
1. ULI Waveguide Inscription in Strontium Barium Niobate
1.1. Introduction
Inscription parameters for the fabrication of depressed cladding waveguides were
investigated at Heriot-Watt University in close collaboration with Dr. Gary Cook from
WPAFB. Dr. Cook spent six weeks working in the laboratory at Heriot-Watt University
with our research team developing the waveguides.
Strontium Barium Niobate (SBN) is in many ways an excellent material to use in
photonics because of its nonlinear, electro optic and photorefractive properties. This
investigation focused on its electro optic and photorefractive features. The main reason
for developing waveguides in SBN is to develop non mechanical phase modulators and
wavelength tuning elements for transition metal doped ZnSe waveguide lasers. SBN is
available in different Strontium (Sr) and Barium (Ba) ratios: the two most common are
Sr0.61Ba0.39Nb2O6 (SBN:61) and Sr0.75Ba0.25Nb2O6 (SBN:75). Both types are evaluated in
this investigation to assess their suitability for wavelength tuning elements in Cr:ZnSe
laser resonators. All the SBN:61 and SBN:75 used in this investigation was purchased
from Altechna and fabricated using the Stepanov technique [1].
1.2. Waveguide Fabrication in SBN:61
Initially, ULI in SBN:61 was investigated with a range of single line modification
elements. The SBN:61 samples were not poled before this test. The inscription beam was
incident parallel to the c-axis of the SBN:61 crystal to allow access to the strongest electro
optic coefficient, as shown in Figure 1:
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Figure 1: Schematic of multiscan and depressed cladding waveguides
fabricated using ULI in SBN:61 with crystal axis given.
The range of inscription parameters investigated are given in Table 1.
SBN single element ULI modification parameter scan
Inscription laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal

Laser PRF & pulse width

100 kHz at 1.1 ps, 200 kHz at 447 fs, 500
kHz at 359 fs & 1 MHz at 373 fs

Pulse energy

0.05 to 2.5 μJ

Inscription lens

0.4 & 0.68 NA

Inscription depth below sample surface

200 μm

Sample translation speed

3, 5 & 10 mm∙s-1

Table 1:Inscription parameters investigated in single scans of non -poled
SBN:61 with inscription beam parallel to the c -axis.
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Imaging the end facet of the sample with a transmission microscope can give a lot of
information of the delta n induced by the inscription process, as shown in Figure 2.

Figure 2:Transmission microscope image of single line modification elements
in SBN:61 with a range of laser PRF and inscription lenses. (a) 1 MHz with
0.4 NA from left to right there are banks of 3 lines with 10, 5 and 3 mm∙s -1
translation speeds respectively. The inscription pulse energy of each bank
from left to right is 0.05 to 0.25 μJ increasing in 0.05 μJ steps. (b) 500 kHz
with 0.4 NA using the same parameter pattern as (a) , but with pulse energies
of 0.1 to 0.8 μJ. (c) 500 kHz with 0.68 NA parameter pattern as (a) but with
pulse energies of 0.2 to 0.8 μJ. (e) 100 kHz 0.68 NA parameter pattern same
as (a), but with pulse energies of 0.25 to 1.75 μJ. (e) 200 kHz 0.68 NA
parameter pattern same as (a), but with pulse energies of 0.5 to 2.5 μJ.
From Figure 2 (b), 500 kHz 0.4 NA, it can be seen that the modified regions are brighter
than the surrounding unmodified region. This indicates that an increase in refractive index
has been induced. This type of modification, Type I, can be used to build up a waveguide
core with a square cross-section. This is achieved by passing the sample through the focus
of the inscription beam multiple times with a small lateral offset to form a multiscan
waveguide, as shown in Figure 1. The multiscan method has proven to be very effective
in fused silica and Yb:Bismuthate glass because of its single mode operation with MFDs
in the 5 - 10 μm range, which is well matched to SMF 28 fibre when guiding 1.5 μm light
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[2]. Propagation losses at 1.5 μm of less than 1 dB/cm can be easily achieved with this
method. The MFD of Type I waveguides, single element and multiscan, are often in the
few to 20 μm range, which might not provide efficient coupling when compared with
Cr:ZnSe waveguides, which are around 60 μm. From Figure 2 (e), 100 kHz 0.68 NA, the
black lines show clear Type II modification, which is a localised reduction in refractive
index. Using these elements and arranging multiple of them in an annular pattern may
produce an effective depressed cladding waveguide. The parameters investigated in
Figure 2 (c) & (b), 500 kHz and 200 kHz with 0.68 NA respectively, show the transition
from Type I modification to Type II. This investigation has shown that SBN:61 is a
promising material for both increased and decreased in Δn waveguides. This adaptability
will be very useful for future applications.
From the promising single line scans, multiscan waveguide fabrication was investigated.
However, before the inscription step the SBN:61 samples were electrically poled to create
a single ferroelectric domain. The sample was heated in a pottery furnace from room
temperature to 150 0C at a rate of 50 0C per hour. The furnace was then held at 150 0C for
15 minutes, during which a 1 kV DC electric field (5000 V/cm) was applied across the caxis. The sample was then left to cool with the voltage still applied to force all the domains
to be in the same direction.
From the single element modification investigation, no clear path for which type of
waveguide to investigate was found. It was therefore decided to investigate multiscan
waveguides and depressed cladding waveguides, as shown in Figure 1. The inscription
parameters used for the depressed cladding waveguides are given below in Table 2:
SBN:61 depressed cladding waveguides ULI parameters
Laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal

Laser PRF & pulse width

100 kHz at 1.1 ps

Pulse energy

1 μJ

Inscription lens

0.68 NA

Inscription depth below sample surface

250 μm

Sample translation speed

10 mm∙s-1

Waveguide diameter

50 , 75 & 100 μm

Number of elements

Equal to the diameter in μm
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Table 2: Inscription parameters used in investigation of SBN:61 depressed
cladding waveguides.
The effect of inscription depth was investigated by inscribing the waveguides with the
centre of the waveguide at 250 and 700 μm below the samples surface. Figure 3 below
shows a transmission microscope image of the cladding waveguides inscribed at different
depths:

Figure 3: Pre-poled SBN:61 depressed cladding waveguides. The inscription
laser was operated at 100 kHz with a pulse energy of 1 μJ, and a 0.68 NA lens
was used to focus the light into the positive c -axis. (a) Inscription depth was
700 μm from surface of the sample. (b) Inscription depth was 250 μm from
surface of the sample.
It’s very clear from comparing Figure 3 (a) and (b) that there is a large modification
dependence on inscription depth. The waveguides inscribed at 700 μm were barely
visible. It’s also worth noting that the modification at the top and bottom of the waveguide
inscribed at a depth of 250 μm is different. This presents some challenges in creating a
symmetrical waveguide in the vertical axis. Never the less, the 250 μm depth waveguides
appeared viable for testing the guiding properties of SBN:61 cladding waveguides.
Multiscan waveguides were investigated using the parameters given in Table 3:
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SBN:61 depressed cladding waveguides’ ULI parameters
Laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal

Laser PRF & pulse width

500 kHz at 359 fs

Pulse energy

0.3 to 0.5 μJ in steps of 0.1 μJ

Inscription lens

0.40 NA

Inscription depth below sample surface

200 μm

Sample translation speed

10 mm∙s-1

Number of elements

1 to 31 in steps of 10

Space between elements

1 μm

Table 3: ULI parameters used for the fabrication of multiscan waveguides in
pro-poled SBN: 61. The inscription beam was parallel to the c -axis of the
crystal.
A transmission microscope image of the multiscan waveguides inscribed using a pulse
energy of 0.3 μJ is given in Figure 4:

Figure 4: Transmission microscope image of SBN:61 waveguides. The
inscription laser was operated at 500 kHz with a pulse energy of 0.3 μJ and
the 0.4 NA lens was used to focus the laser beam on to the sample. (a)
Multiscan waveguides with 31, 21, 11 and 1 elements respectively from left
to right. The spacing between each element was 1 μm and the waveguides
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were inscribed at a depth of 200 μm. (b) Depressed cladding waveguides with
diameters 50, 75 and 100 μm respectively from left to right. The number of
elements making up the cladding waveguides is equal to their diameter in μm.
From Figure 4, it can be seen that the waveguides guide light in the modified core which
is expected for an increase in the refractive index. Interestingly, there is the gap between
the waveguides and above each waveguide, which also appears to be guiding light. This
would suggest that there is also a reduction in the refractive index by the laser. Similar
results have been found with multiscan waveguides in GLS glass. This effect can be due
to the moving of material in the modified region. With a densification of material in the
modified area leading to an increase in refractive index and a reduction of refractive index
from the surrounding region. To investigate this further, depressed cladding waveguides
were inscribed using the same laser parameters as those of the multiscan waveguide.
Figure 4 (b) shows depressed cladding waveguides fabricated using a laser PRF of 500
kHz, pulse width of 359 fs and a pulse energy of 0.3 μm. It can be seen from this figure
that the cladding waveguides are guiding light in the central unmodified region, therefore
a positive and negative change in refractive index is being induced with this set of
inscription laser parameters.
1.3. Waveguide Fabrication in Ce Doped SBN:61
Doping SBN:61 with Ce greatly increases the photorefractive properties of SBN [3].
Photorefractive materials have been proposed for a number of different applications, most
notably data storage because of the relatively long time scales involved in the process [4].
In this application, it could be used to form a Bragg grating in the waveguide by using
two intersecting green laser beams. This would allow a tuneable Bragg grating to be
created with the grating period proportional to the angle between the intersecting green
laser beams. Figure 5, taken from Ref. [4], shows how this is implemented at 1550 nm:
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Figure 5: Holographically recorded reflection filters in LiNbO 3 :Ti:Cu
channel waveguides.(a) Geometry for recording and re ad-out of the grating,
and (b) typical transmission spectrum T(λ) of a 15 mm-long filter. The c-axis
referred to in the report is the z-axis in this schematic.
Cladding waveguides fabricated at 100 kHz with 0.68 NA were investigated using the
parameters developed in SBN: 61, given in Table 2 . On inspection of the end facet with
a transmission microscope, the waveguides were all found to be over exposed, caused by
using too large a pulse energy, as shown in Figure 6:

Figure 6: Ce:SBN61 depressed cladding waveguides inscribed using 100 kHz,
0.68 NA, 1 μJ and 10 mms -1 . Inscription beam was parallel to an a-axis of the
crystal.
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There are two initial thoughts as to what could be the reason for the discrepancy in
inscription ‘recipes’ between SBN:61 and Ce:SBN:61. Cr dopant in ZnSe has been shown
to drastically change the inscription ‘recipe’ of ZnSe [5]. The reason for this is that there
is a small linear absorption of the Cr at 1047 nm which is the emission wavelength of the
inscription laser. This absorption reduces the amount of modification for a given pulse
energy which is not observed, thus it is not the Ce ions that are causing the difference in
ULI parameters. A more likely reason for the increased inscription sensitivity is thought
to be associated with the change in the effective polarisation properties of the inscription
process with respect to the crystal c-axis. Previous inscriptions have been designed to
produce waveguides where access to the r33 coefficient is possible (polarisation
propagation issues aside). This meant we had to create waveguides with the crystal c-axis
perpendicular to the waveguide direction. In order to minimise the external voltage
needed to modulate the refractive index of the waveguides, the crystals were cut with the
c-axis in the thinnest dimension, which, in turn, meant writing the waveguides through
the crystal c-face. In this orientation, linearly polarised inscription light experiences
progressive radial birefringence for all optical vectors in the a-c crystal plane with a
resolved component along the c-axis. This creates a radially dependent progressive phase
retardation for opposite segments of the focused light cone, while not introducing any
phase delay for the remaining orthogonal segments of the focused inscription light. Figure
7 illustrates this concept. The presence of this type of radial and directionally dependent
birefringence will cause the focal spot to become distorted, resulting in a reduction of the
focused intensity compared with identically focused light in the absence of any such phase
distortion. Conversely, the use of horizontally polarised light, where the polarisation
vector is perpendicular to the crystal c-axis, does not create any radial dependent
birefringence, and so the focal spot is likely to be much smaller than in the previous case,
with a corresponding increase in the apparent inscription sensitivity.
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Figure 7: – Birefringence issues with focusing in SBN. Focusing along the caxis causes tilting of the polarisation vector for light a-c plane (left), while
the polarisation vector always remains in the a-a plane when focusing along
the a-axis with the input polarisation perpendicular to the crystal c-axis
(right). The two a-axes have been distinguished with a’ symbol in the lefthand image, for clarity. This diagram has been provided by Dr. G. Cook.
The birefringence issue was confirmed by inscribing parallel to an a-axis of non-doped
SBN:61. Inscription in parallel to the a-axis of SBN:61 was then used to optimise the
inscription ‘recipe’ for Ce:SBN:61. The reason for using SBN:61 to develop the
parameters was the higher cost and reduced availability of Ce:SBN:61. The parameter
range found to give viable depressed cladding waveguides in Ce:SBN:61 is given in Table
4 below:
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SBN:61 Depressed cladding waveguides’ ULI parameters
Laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal

Laser PRF & pulse width

100 kHz at 1.1 ps

Pulse energy

0.3 to 0.35 μJ for top of waveguide
0.35 to 0.4 μJ for bottom of waveguide

Inscription lens

0.68 NA

Inscription depth below sample surface

250 μm

Sample translation speed

10 mm∙s-1

Waveguide diameter

30, 40, 50 , 60 & 75 μm

Number of elements

Equal to the diameter in μm and it multiplied
by 3/5

Table 4: Inscription parameters for Ce:SBN:61 depressed cladding
waveguides. Note the change in modification with depth is compensated for
by reducing the pulse energy for the top half of the waveguide.
To reduce the difference in modification element height with depth, the tops of the
waveguides were inscribed with less pulse energy than the bottom of the waveguides, this
is discussed further in the SBN:75 section of this report. A transmission microscope
image of Ce:SBN:61 waveguides is given in Figure 8:

Figure 8: Transmission microscope image of depressed cladding waveguide s
in Ce:SBN:61. The inscription laser was parallel to the a -axis of the crystal.
Inscription parameters were 100 kHz, 1.1 ps, 0.3 μJ for top half, 0.35 μJ for
bottom half, a number of elements are equal in diameter in μm multiplied by
3/5 and 0.68 NA lens. The waveguides had a diameter of 30, 40, 50, 60 & 75
μm respectively, as seen from left to right in the figure.
Depressed cladding waveguides have been fabricated and are ready for use in
applications. The first will be to insert the waveguide inside an extended cavity Cr:ZnSe
laser resonator to use as a wavelength tuning element. This is achieved with a tuneable
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Bragg grating created by interfering green laser beams inside the photorefractive
Ce:SBN:61 waveguide. Our research group at Heriot-Watt University does not have a
high power green laser with a long coherence length that is suitable, so the sample was
sent to WPAFB for this experiment to be carried out there. This experiment is currently
being set up by S. McDaniel and Dr. G. Cook with initial results expected in the near
future.
1.4. Waveguide Fabrication in SBN:75
Sr0.75Ba0.25Nb2O6 (SBN:75) r33 electro optic coefficient is 1340 pm/V, which is ≈ 6 times
that of SBN:61. However, SBN:75 has a low Curie temperature of 56 0C which might
make it unsuitable for applications in warm environments. It’s also more challenging to
manufacture single crystal SBN:75 than SBN:61. This has a knock on effect in that our
supplier (altechna.com) has a four to six week lead time for ordering SBN:75. That’s why
SBN:61 was investigated before starting this investigation. A summary of the material
properties of SBN:75 and SBN:61 for comparison purposes is given in Table 5 below:
Strontium Barium Niobate Material Parameters
Material parameters

SBN:61

SBN:75

Electro optic coefficients

r33 = 235 pm/V

r33 = 1340 pm/V

Curie temperature

80 0C

56 0C

Pyroelectric coefficient

0.065 μC per cm2K

0.28 μC per cm2K

Table 5: SBN Material properties (source Altechna.com).
The SBN:75 samples used in this investigation had dimensions of 10 x 10 x 2 mm with
the c-axis along the 2 mm length. Before any laser inscription the samples were poled in
the furnace at Heriot-Watt, the samples were heated to 100 0C at a rate of 50 0C/hour, then
held at 100 0 C for 30 minutes before being allowed to passively cool to room temperature.
Once the sample reached 100 0 C, a voltage of 1kV was applied across the c-axis to pole
the ferroelectric domains. The voltage was left on until the sample returned to room
temperature. The electrodes (silver paint) on the positive and negative c-axis surfaces
were removed with acetone before inscription.
In order to access the strongest electro optic coefficient of SBN:75 (r33), the inscription
laser beam was incident on the sample parallel to the c-axis. This is the same geometry
as discussed in the SBN:61 waveguide fabrication, Section 1.2 of this report, for which a
schematic is give in Figure 1. Depressed cladding waveguides were fabricated in SBN:75
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with the same parameters used in SBN:61, and given in Table 2. The ULI parameters
used for cladding waveguides in SBN:61, 100 kHz PRF and 0.68 NA lens were found to
induce larger amounts of modification than expected in SBN:75. Figure 9 (b) shows the
modification induced using the same ULI parameters as SBN:61. In order to find more
optimum inscription pulse energy for SBN:75, a set of 50 μm diameter depressed cladding
waveguides were inscribed with a range of pulse energies, 0.2, 0.3 and 0.4 μJ, as shown
in Figure 9 (c).

Figure 9: Transmission microscope images of SBN end facets. (a) SBN:61
with waveguides of diameters 50, 75 and 100 μm from left to right
respectively. (b) SBN:75 with waveguides of diameter 50, 75 and 100 μm from
left to right respectively.(c) SBN:75 with waveguides that are 50 μm in
diameter. Pulses energy of 0.2, 0.3 and 0.4 μJ were used for inscription from
left to right respectively.
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From Figure 9 (c), it is clear that the optimum pulse energy needed for fabricating
cladding waveguides in SBN:75 is between 0.3 and 0. 4 μJ. There is, however, still a clear
difference in the waveguides between the modification at the top of the waveguide and
the bottom. This is more apparent with the 100 μm waveguides, but is still visible in the
50 μm guides. To counter this effect, the pulse energy was reduced for the top half of the
waveguide compared with the bottom elements. The exact amount of compensation
needed was not known, so this was investigated with a parameter scan, as shown in Figure
10:

Figure 10: Depressed cladding waveguides fabricated at a depth of 250 μm
in SBN:75 using a 100 kHz PRF, 1.1 ps pulse width, and a 0.68 NA lens. (a)
0.4 μJ of pulse energy is used to fabricate all elements that make up the
waveguide. (b) 0.45 μJ pulse energies are used to fabricate the elements in
the bottom half of the waveguides, and 0.4 μJ for the elements in the top half.
The laser parameters used, with the exception of pulse energy, were the same as for the
100 kHz depressed cladding waveguides inscribed in SBN:61, and given in Table 2. From
our earlier work in SBN, it was clear that larger waveguides will need more compensation
than smaller ones, thus a wider range of waveguide diameters was investigated. Figure
10 (a) shows depressed cladding waveguides, with diameters from 50 to 150 μm. All
elements were inscribed with a pulse energy of 0.4 μJ. This run was used as a control
sample to compare the compensated waveguides too. A range of pulse energies was
investigated, the optimum of which, for the 75 μm waveguide, was 0.45 μJ for the bottom
half of the waveguide and 0.4 μJ for the top half, as shown in Figure 10 (b). It can be
noted that, for the 125 and 150 μm dimeter waveguides, a higher inscription energy is
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needed for the bottom to make the modification more even. Nevertheless, compensating
with different inscription powers appears to be an effective way of countering the depth
dependence in the modification of SBN when inscribing along the c-axis of the crystal.
The waveguide has now been sufficiently developed to investigate the guiding properties
at different wavelengths.

1.5. Passive Guiding Properties of SBN at Telecoms Wavelengths
The passive guiding properties of the SBN:61 waveguides were investigated at 1550 nm.
A 1550 nm fibre laser light was coupled into the waveguides by butt coupling a SMF-28
fibre to the end facet of the waveguide. The waveguide was found to guide 1550 nm fibre
laser light, however it was difficult to couple the light into the waveguide, and there was
a large difference in the amount of light exiting each waveguide. One reason for this could
be a large numerical aperture (NA) mismatch between the fibre and the SBN:61
waveguides. To check this, the NA of the waveguides was measured at 1550 nm. The
beam profiles of the SBN:61 waveguides in the far field and their corresponding NA are
given in Figure 11:
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Figure 11: Far field images of SBN:61 ULI fabricated waveguides at 1550
nm. The cladding waveguides were inscribed with a laser repetition rate of
100 kHz, pulse energy of 1 μm and a lens with 0.68 NA.
The NA of SMF-28 at 1550 nm is 0.14, which is much larger than any of the SBN
waveguides. To get an accurate loss measurement, the output of the SM-28 fibre was
collimated with a 0.25 NA lens and focused on to the end facet of the waveguide with a
0.07 NA lens. This lens has a larger NA than the waveguides, but is more comparable
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than the SMF-28. Using this method, the lowest loss of 0.08 dB/cm was measured with
the 75 μm diameter depressed cladding waveguide inscribed with a laser at 100 kHz. A
more typical value for the rest of the waveguides was found to be 0.3 dB/cm. This is a
very impressive result for a ULI waveguide loss, which is typically around 1 dB/cm in
ZnSe cladding waveguides [6, 7]. To confirm this measurement, we used a different
method of propagation loss analysis. This method images the sample from above to
directly detect the scattering loss. This method is a common technique used by Dr. G.
Cook at AFRL and detailed for Fe:ZnSe in the paper by Lancaster et al. [8]. This method
gives a typical loss of 2.5 dB/cm. The reason for the discrepancy was thought to be mode
striping at the input of the waveguides. To remove this effect from the propagation loss
calculation, the start of the waveguide was removed from the modelling, resulting in
losses that agree with the first method. The waveguide loss being very low at 1550 nm is
very promising for future work in the Mid-IR since the scattering loss is proportional to
1/λ4.
The guiding properties of SBN:75 depressed cladding waveguides fabricated with a
modelocked laser operating at 100 kHz with a 0.68 NA lens, inscribed with reduced
inscription pulse energy, were visually very similar to SBN:61. The waveguides were
also very similar to the SBN:61 equivalent in terms of beam quality at 1550 nm. It was
therefore surprising to learn that the SBN:75 cladding waveguides only propagated
linearly polarised light that was parallel to the c-axis (i.e. vertically polarised light). The
SBN:75 cladding waveguides did not support the propagation of horizontally polarised
light. The scattering losses of the waveguides were investigated by imaging the scattering
of the light as it propagates along the waveguide. At 1550 nm, no scattering was observed
along the SBN:75 waveguides, suggesting a very low scattering loss. However,
calculation of the propagation losses from this method needs some measurable loss above
the noise floor to give accurate results. A comparison of 50 μm diameter cladding
waveguides guiding 1550 nm light in SBN:61 and SBN:75 is shown in Figure 12:
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Figure 12: Exterior scattering comparison for SBN61 (top) and SBN75
(bottom) 50 μm waveguides at 1550 nm. Scattering is clearly visible for the
SBN61 waveguide, but not in the equivalent waveguide in SBN75. This
diagram was provided by Dr. G. Cook.
A graph showing the normalised scattering loss for each curve of each waveguide is given
in Figure 13. This graph and the calculation of the losses from the images were completed
by Sean McDaniel at AFRL.

Figure 13: Local scattering intensity comparison for SBN61 a nd SBN75 50
μm waveguides at 1550 nm. Scattering is clearly negligible for SBN75 and no
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discernible slope in the scattered light intensity with distance is apparent.
This diagram was provided by S. McDaniel.
1.6. Effect of ULI on the Electro Optic Properties of SBN
The main reason for developing SBN waveguides is to use them as phase modulators and
Mid-IR laser tuning elements. The effect of ULI on material properties is not fully
understood because of the many different nonlinear processes involved. It cannot
therefore be assumed that the electro optic properties of SBN will be retained in the
modified region. To investigate this, one simple method is to insert the SBN waveguides
into one arm of a Mach-Zender interferometer, as shown in Figure 14:

Figure 14: Mach-Zender interferometer with SBN waveguide forming a delay
line in one of the arms.
The phase delay induced by applying an electric field to the SBN can be monitored by
the change in the inference pattern at the output of the interferometer. To make monitoring
the fringes by human eye possible, a HeNe laser, emitting 633 nm, was used.
The full wave voltage, corresponding to the field required to induce a 2π (whole fringe in
the Mach-Zender interferometer) is given by Equation 1:
𝑉2𝜋 =

2𝑑 𝜆
𝐿 𝑟𝑒𝑓𝑓 𝑛3

Equation 1
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where d is the crystal thickness along the c-axis (2 mm), L is the optical path length (10
mm), λ is the laser wavelength (632.8 nm) and n is the refractive index (2.3103 for light
polarised parallel to the crystal a-axis, 2.2817 for light polarised parallel to the crystal caxis, both at 632.8 nm). reff is the effective electro optic coefficient, which depends on the
crystal orientation, the direction of the applied electric field and the direction of the optical
polarisation with respect to the crystal orientation. The effective electro optic coefficient
is described by the tensor sum given in Equation 2:
𝑟𝑒𝑓𝑓 = 𝑒̇ 𝜀̈ 𝑟⃛ 𝐸̇
Equation 2
where e is the unit vector for the optical polarisation, ε is the dielectric permittivity tensor,
r is the electro optic tensor and E is the applied field unit vector. The superscript dots
represent the rank of the individual tensors, . = vector, .. = second rank tensor, … = third
rank tensor. For waveguides along one of the a-axes with the applied electric field along
the c-axis, the effective electro optic coefficients equate to 𝑟𝑒𝑓𝑓 = 𝜀𝑐 𝑟33 for light polarised
parallel to the crystal c-axis, and to 𝑟𝑒𝑓𝑓 = 𝜀𝑎 𝑟23 for light polarised parallel to the crystal
a-axis orthogonal to the waveguide direction. The electro optic coefficients for SBN61
(Sr0.61Ba0.39Nb2O6) are:
r13 = r23 = 55 pm/V
r42 = r51 = 80 pm/V
r33 = 225 pm/V
This gives fullwave voltages, for a 2 mm thick c-axis orientation, of 95.13 V and 373.21
V for light polarised parallel to the c-axis and orthogonal to the c-axis, respectively.
Having established the linear electro optic r13 and r33 coefficients for our material, the
electro optic properties of the three types of waveguides written in the same sample of
SBN: 61 were measured. These are shown in figures 16 to 25, and the majority of these
measurements were made by Dr. G. Cook. It was noted that Type I modification generated
strong guiding immediately above and below the targeted inscription region, the electro
optic properties of these regions were also measured, defined as Regions A and B,
depicting the targeted inscription region and the adjacent guiding regions respectively.
These are shown in Figure 15:
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Figure 15: Defined regions for the Type I modification. Region A - targeted
inscription region. Region B – induced guiding regions immediately above
and below the targeted inscription region. Region C – area of induced
photorefractivity.
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Figure 16: Measured linear electro optic response in bulk SBN:61. In this
sample, vertical polarisation accesses the r 33 coefficient, while horizontal
polarisation accesses the r 13 coefficient. The r 42 coefficient is inaccessible
for this geometry. Graph provided by Dr. G. Cook.

Figure 17: Measured linear electro optic response for single stripe Type I
waveguides in SBN61. Graph provided by Dr. G. Cook.
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Figure 18: Measured linear electro optic response for 11 stripe Type I
waveguides in SBN61. Graph provided by Dr. G. Cook.

Figure 19: Measured linear electro optic response for 21 stripe Type I
waveguides in SBN61. Graph provided by Dr. G. Cook.
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Figure 20: Measured linear electro optic response for 50 μm Type I cladding
waveguides in SBN:61. Graph provided by Dr. G. Cook.

Figure 21: Measured linear electro optic response for 75 μm Type I cladding
waveguides in SBN:61. Graph provided by Dr. G. Cook.
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Figure 22: Measured linear electro optic response for 100 μm Type I cladding
waveguides in SBN61. Graph provided by Dr. G. Cook.

Figure 23: Measured linear electro optic response for 50 μm Type II cladding
waveguides in SBN61. Graph provided by Dr. G. Cook.
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Figure 24: Measured linear electro optic response for 75 μm Type II cladding
waveguides in SBN61. Graph provide by Dr . G. Cook.

Figure 25: Measured linear electro optic response for 100 μm Type II
cladding waveguides in SBN61. Graph provided by Dr. G. Cook.
Each of the three types of modification had distinct characteristics in terms of their
polarisation properties. However, all of the inscription types, including the anomalous
Type I Region B guides, demonstrated strong electro optic properties which generally
followed the electro optic response noted earlier in bulk material. This was a very
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important result, since it clearly demonstrated the ability of SBN:61 to retain its electro
optic properties after the ULI procedure had been accomplished. The only caveat to this
result is that the waveguides needed to be relatively large to match the electro optic
response of the bulk crystal. If the guide regions were made too small, the electro optic
response became progressively nonlinear with the applied field, as if the guide walls
presented a physical boundary to the distortion of the electron orbitals that give rise to the
linear electro optic effect. This was particular noticeable with the Type II cladding
waveguides, which showed a progressive deviation compared with the bulk field induced
birefringence. However, the 100 μm diameter Type II cladding waveguide behaved
identically to bulk SBN:61. If small diameter waveguides were required, this might
present a significant problem. However, since the waveguide numerical apertures are
relatively large, the single mode diameter in the Mid-IR is likely to be around 100 μm
diameter (or larger), meaning the electro optic properties of these waveguides are likely
to be the same as the bulk material.

Although the electro optic properties seem to be suitable for device fabrication, care must
be taken in selecting the appropriate waveguide type for the intended laser use. This is
because the polarised light propagation properties of the waveguides vary considerably.
Most of the SBN waveguides only propagate one linear polarisation state, which
introduces two primary considerations. If the propagated polarisation does not correspond
to the state required to access the largest electro optic coefficient, the device electro optic
response will be small. Use of a polarisation dependent waveguides in a laser resonator
that contains a non-polarization preserving waveguide element (including most Cr:ZnSe
and Fe:ZnSe waveguides) will result in a 50% optical loss per round trip pass through the
resonator, which is unacceptable. If a polarised SBN waveguide must be used,
polarisation preserving waveguides need to be developed in Cr:ZnSe and Fe:ZnSe. This
is not necessarily a challenge, but will require further development of the current
technology.
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Table 6 summarises the polarisation properties of the individual waveguide types:

Waveguide type

Polarisation guiding

Accessible
coefficients

1, Region A

Guides horizontally polarised light only r13 only.
(polarised parallel to the c-axis).

1, Region B

Guides vertically polarised light only r33 only.
(polarised parallel to the c-axis).

1, Cladding

Guides only vertically polarised light r33 only.
(polarised parallel to the c-axis). Larger
diameter guides may weakly guide
horizontally polarised light.

2, Cladding

Vertical (polarised parallel to the c-axis)
and horizontal (polarised parallel to the aaxis) guiding possible. Guide diameter
needs to be ≥ 100 μm in diameter to avoid
non linearity for EO effect for vertically
polarised light. Horizontally polarised
light appears to be unaffected by the guide
diameter.
Note: Although both polarisation states are
guided, vertical input polarization is
depolarised on exit, while horizontal
polarisation is preserved.

EO

r33 (light polarized
long the c-axis);
r13
(r23)
(light
polarized along the
a-axis).
Note: in principal the r42
(r51) coefficients are
accessible if the field is
applied along the crystal
a-axis.

Table 6: Polarisation dependence of waveguides in SBN:61. For these
characteristics, the crystal c-axis is perpendicular to the waveguides and the
field is applied along the c-axis. Vertical polarisation is defined here as being
parallel to the c-axis orientation, while horizontal polarisation is defined as
being parallel to the a-axis orientation.
The Type II cladding waveguides seem to offer the greatest compatibility with existing
Cr:ZnSe and Fe:ZnSe waveguide lasers. However, if a polarised laser is used, then Type
I Region B waveguides would be preferred. Type II cladding could also be used with
horizontally polarised light, since this is preserved on propagation through the waveguide,
but this would give access only to the small r13 coefficient. It is interesting to note that the
depolarisation of vertically polarised light on passage through the Type II waveguides
does not seem to affect the apparent electro optic properties. This is unexpected, most
likely the depolarisation occurs only towards the end of the waveguide, perhaps through
a defect or local strain. Reversing the direction of the beam propagation through the
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waveguide would provide a definitive confirmation, since the apparent electro optic
properties may be different in each direction; if any depolarisation occurred first, then
only part of the resulting optical field would be able to interact with the larger r33
coefficient.
The SBN:75 depressed cladding waveguides, inscribed at 100 kHz with a 0.68 NA lens,
electro optic (EO) properties were also investigated. The SBM:75 was inserted into the
Mach-Zender interferometer and then poled on the rig, with a standard hair dryer, at
around 100 oC. Initial measurements of the EO properties were lower than expected, and
so the waveguide was re-poled. The bulk EO properties were found to be r33 = 900 pm/V
and r13 = 106 pm/V. The values are within the range normally expected for SBN:75 but
with a slightly higher r13 coefficient. These results were constant throughout the sample
inside and outside the waveguides. However, some of the higher power written
waveguides had slightly lower EO properties than the bulk of around 10%. Unlike
SBN61, no clamping of the EO coefficients was observed, even for the smallest
waveguide. Both SBN substrates showed some degree of photorefractivity, but this was
most noticeable within SBN:75, and caused disruption of the transmitted HeNe laser
beam quality while also introducing significant cylindrical lensing in the bulk SBN75.
Neither of these issues associated with photorefractivity was expected to be a problem in
the IR since photorefractivity requires photoionisation of absorbing centres, which is
unlikely with the relatively low photon energies encountered in the IR compared with
using visible light [4].
It was found that ULI waveguides in SBN retain their electro optic properties. From an
electro optic point of view, the ULI waveguide fabrication method is suitable for creating
electro optic modulators in a non free space component format. Additionally, there is
interest in the discovery of the photorefractive properties induced by the ULI process.
This does not affect applications in the Mid-IR, but could be very useful for creating
devices in the visible wavelength range.
1.7. Mid-IR Waveguides in SBN
The passive guiding properties of the SBN waveguides at 1550 nm and the electro optic
properties at 633 nm have been discussed earlier in this report. Both of these
investigations have shown SBN to be suitable for its desired application, but the
waveguides. ability to support the Mid-IR wavelengths of a Cr:ZnSe laser has not yet

201

been demonstrated. In this section, the guiding properties of the SBN waveguides at
2.45 μm are discussed. A Cr:ZnSe waveguide laser was used as the signal source for this
work. The Cr:ZnSe waveguide laser used had its emission peak at 2.45 μm. A 50 mm
CaF2 lens was used to couple the Cr:ZnSe laser beam into the SBN waveguides, and a
Mid-IR camera was used to image the end facet of the waveguide. A schematic of the set
up is given in Figure 26:

Figure 26: Schematic of experimental set up used to investigate the Mid -IR
guiding properties of SBN waveguides with an applied electric field. L1 -L4
are AR coated CaF 2 lenses with a focal length of 50 mm, L5 has a focal length
of 20 mm. M1 is HR-coated for the Tm:fibre pump source and M3 is HRcoated for the signal output of a Cr:ZnSe laser. M4 is a gold mirror. Note the
SBN was coated on the top and bottom surfaces with silver paint to act as
electrical contacts.
The modified region of the multiscan waveguides inscribed at 500 kHz with 0.4 NA lens
were not found to guide 2.45 μm light. The most likely reason for this is the mode field
diameter of the waveguides was too small. The areas above and below the multiscan
waveguide, Region B, Figure 15, were found to guide 2.45 μm light. However, on
application of the electric field, the waveguide output was found to heavily distort and
move. The reason for this is thought to be strain induced guiding created from the
piezoelectric effect induced by the applied electric field. This makes Type I waveguides
unlikely to be suitable for our intended future applications. It may be possible to
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compensate for the strain effect by inscribing a ‘sandwich’ waveguide in which the
‘bread’ is multiscan and the ‘filling’ is unmodified material. This idea is supported in that
the 500 kHz 0.4 NA cladding waveguide does guide the Mid-IR light of the Cr:ZnSe
laser. The depressed cladding waveguides inscribed at 100 kHz with a 0.68 NA lens in
SBN:61 are found to guide 2.45 μm light. Applying a positive electric field was found to
increase the NA of the waveguide. As the electric field was further increased, it reached
a point at which a single mode waveguide would become multimode. Mode images of
the end facet of the SBN:61 cladding waveguide with and without an applied electric field
are shown in Figure 27. The 75 μm diameter waveguide clearly shows the transition from
single mode at V = 0 to Multimode at V = + 1400 V.

Figure 27: Electro optic mode control at 2.4 μm of cladding waveguides
inscribed in SBN:61. The electric field is applied along the c -axis of the
crystal.
The cladding waveguides were inscribed at 100 kHz with a 0.68 NA lens in SBN: 75
Mid-IR guiding properties were also investigated using the same methods as SBN:61.
The waveguide did not propagate horizontally polarised light, and only propagated
vertically polarised light (in the direction of the c-axis). This is in agreement with what
was observed at 1550 nm. The effect of applying a positive electric field to the positive
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c-axis face of the SBN:75 sample was found to be the same as SBN:61. Application of a
negative field was also investigated. It was found that doing this reduced the NA of the
waveguide and meant that a multimode waveguide could be changed to operate in single
mode, as shown in Figure 28 with the 75 μm diameter waveguide.

Figure 28:Electro optic mode control at 2.4 μm of cladding waveguides
inscribed in SBN:75.(a) microscope image of 50 μm diameter waveguide
inscribed in SBN:75 with a PRF of 100 kHz, 0.68 NA lens and a pulse energy
of 0.3 μW.
These results mean that the refractive index of the modified elements are not changed
with applied electric field. Applying a positive electric field increases the refractive index
of the non-modified bulk SBN in the centre of the waveguide. The opposite is true of an
application of a negative electric field. Initially, it was thought that applying a small
electric field that does not induce a multimode operation could be used to improve
coupling efficiency. The implication for inserting a SBN device, with ULI Bragg gratings
inside the waveguide, into a Cr:ZnSe laser resonator is that it is likely to require a
multimode operation to allow for reasonable wavelength tuning ranges. For applications
requiring a single mode output, a MOPA system would be needed with a multimode
wavelength tuneable oscillator and a single mode waveguide amplifier.
The ability to control the output mode of a waveguide could be very useful for many
different applications. These include the ability to controllably couple light between a
single mode waveguide and a cluster of single mode waveguides for phase-couple
applications. It is also possible to extract information on the refractive index change the
204

ULI has induced in the SBN by examining the point at which different waveguide
diameters change from single to multimode application. Measuring the refractive index
change by ULI is often very difficult using other methods because of the small change
induced, typically of order 10-3. Repeating these results over a number of wavelengths
will allow the extraction of the dispersion characteristics of the cladding. Knowing this
could allow for accurate dispersion control in a modelocked Cr:ZnSe and Fe:ZnSe laser.
1.8. Conclusions
These results are a big step forward in the development of a non-free space component
tuneable laser emitting in the atmospheric transition window. It has been found that
fabrication of depressed cladding waveguides in SBN are capable of guiding Mid-IR
light, something which has not previously been demonstrated. Initial measurements of
propagation loss of SBN:75 cladding waveguides suggest the losses are much less than 1
dB/cm, which is suitable for inserting into Cr:ZnSe or Fe:ZnSe laser resonators. The
electro optic properties of the bulk SBN are maintained after the inscription process,
making the material suitable for its intended applications. The waveguide diameters and
NA of the SBN depressed cladding waveguides are similar to those of ULI fabricated
waveguides in Cr:ZnSe and Fe:ZnSe [6, 7]. This will facilitate efficient butt coupling
between ZnSe and SBN waveguides inside a laser resonator, allowing for the creation of
a compact tuneable laser system. An example of what such a cavity might look like is
given in Figure 29:

Figure 29: Schematic for Cr:ZnSe waveguide laser with SBN waveguide
tuning element.
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2. ULI Waveguide Inscription in Calcium Fluoride
2.1. Calcium Fluoride Waveguide Fabrication
There had been no reports of ULI modification in CaF2, so an initial laser parameter scan
was performed. Polycrystalline CaF2 was used in this investigation, specifically UVpolished grade, sourced from Crystran Ltd. In order to investigate the effect of
femtosecond laser pulses on the refractive index of CaF2, a range of single line scans with
different laser parameters was used. The inscription parameters investigated are given in
Table 7:
CaF2 single line modification parameter range investigated
Inscription laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal, vertical and circular

Laser pulse width

370 fs

Laser PRF

500 kHz

Inscription lens

0.4 NA

Pulse energy

40 to 840 nJ

Sample translation speed 1 to 25 mm∙s-1
Table 7: Ultrafast laser inscription parameters investigated in single-line
modification of CaF2.
The end facet of the sample was imaged with a transmission microscope to get an
indication of any permanent refractive index modification and whether it was Type I
(increase in n) or Type II (reduction in n). A transmission microscope image of single
line scan in CaF2 is shown in Figure 30:

Figure 30: Transmission microscope image of end facet of single line scans
in CaF 2 . The modification elements shown were fabricated with pulse
energies of 220 nJ.
From this figure it can be seen that the modification elements are anti guiding. thus could
be suitable for Type II or depressed cladding waveguides [9]. The feasibility of depressed
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cladding waveguides was investigated over that of Type II to facilitate effective
integration with the current Cr:ZnS/ZnSe depressed cladding waveguide laser sources [6,
10]. A wide range of parameters was investigated for waveguide fabrication in CaF2
waveguides at a depth of 250 μm below the surface of the sample. A list of the parameters
investigated is given in Table 8:
CaF2 Cladding Waveguides Inscription Parameters
Laser

IMRA 400 μJewel

Laser wavelength

1047 nm

Laser polarisation

Horizontal

Laser pulse width

370 fs

Laser PRF

500 kHz

Inscription lens

0.4 NA

Pulse energy

40 to 300 nJ

Sample translation speed

10 to 25 mm∙s-1

Waveguide diameter

20 to 120 μm

Number of elements per waveguide

20 to 90

Table 8: Range of inscription parameters investigated in the fabrication of
CaF2 waveguides.
The pulse energy of the laser was reduced to below 220 nJ to stop the sample from
cracking during the initial inscription step and the subsequent polishing stage. It was
found that pulse energy of less than 140 nJ did not modify the CaF2. From this, the
waveguides parameters were optimised within this pulse energy envelope of
140 – 220 nJ. A transmission microscope image of CaF2 depressed cladding waveguides
is shown in Figure 31:

Figure 31: Transmission microscope image of CaF 2 cladding waveguides. The
diameters of the waveguides from left to right are 65, 75, 85 and 95 μm.
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2.2. Calcium Fluoride Waveguide Characterisation
These waveguides need to have efficient coupling with Cr:ZnSe waveguides, so a
Cr:ZnSe waveguide laser was used to characterise the insertion losses of the CaF2
waveguides. A schematic of the Cr:ZnSe waveguide laser signal source and the coupling
setup used for testing the CaF2 is shown in Figure 32:

Figure 32: Schematic of CaF 2 waveguide characterisation setup used for
insertion loss measurement with Cr:ZnSe as the signal source. L1 to L5 are
AR-coated CaF 2 Lenses with 50 mm focal lengths.
The insertion loss measurement of the CaF2 waveguides was found to give a result of < 1
dB/cm when tested at 2.45 µm. This is promising for future integration in a Cr:ZnSe
resonator.
The output mode of the waveguides was imaged with a Flur Mid-IR camera. A typical
mode image is shown in Figure 33. It was found that waveguides of 75 μm in diameter or
less were single mode at 2.45 µm from near field imaging.
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Figure 33: Mode image of CaF 2 waveguide laser guide the signal of the
Cr:ZnSe waveguide laser emitting at 2.45 μm. The inscription parameters of
the waveguide with diameter 75 μm, number of elements 45, inscription speed
10 mm∙s -1 , pulse energy 0.2 μJ, NA of inscription lens 0.68 and horizontal
inscription laser polarisation.
2.3. Conclusion
The work in ULI fabricated waveguides in CaF2 has been successful with low insertion
loss and MFDs comparable to those of Cr:ZnSe waveguide lasers. The next stage for this
work will be to insert the CaF2 waveguides into a Cr:ZnSe laser resonator and investigate
the effect on laser performance. Further investigation into the suitability for dispersion
compensation in a modelocked Cr:ZnSe waveguide laser is needed.
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