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Abstract

This research project entitled “cerium lasers: ultraviolet, ultrafast, and ultracool” was in-
troduced at the MQ Photonics Research Centre in Macquarie University with the aim of
advancing ultrafast ultraviolet lasers based on Ce:LiCAF. This resulted in a new mode-
locking scheme for Ce:LiCAF lasers, a modified cross-correlation technique to measure the
duration of the generated pulses, and characterisation of the spectral behaviour of the laser
system.

Combining a synchronous pumping scheme with Kerr-lens mode-locking led to the first
hybrid mode-locking scheme within a Ce:LiCAF laser. Compared with previous results,
the addition of this latter mode-locking mechanism decreased the generated pulse duration
by more than a factor of 60, from 6 ps to 91fs. This duration was measured by modifying
asynchronous cross-correlation with a simple microscope cover-slip time reference introduced
into half of the reference beam profile, dubbed split-beam asynchronous cross-correlation.
This new approach determines the measurement time-scale more quickly, on the order of
10%, reducing uncertainty. The intra-cavity dispersion of the Ce:LiCAF laser was calculated,
and measured experimentally, which enabled Kerr-lens mode-locking. The phenomenon
of dispersion tuning was characterised and utilised to determine the amount of intra-cavity
dispersion, and as a guide for identifying the zero point, at which there is minimal tuning.
Additional dispersive elements were used to dispersion-tune over a range of more than 5 nm
in the region of 290 nm.

The slope efficiency of the hybrid-mode-locked Ce:LiCAF laser was measured to be 9%,
with a threshold of 1.0 W. A low-transmission plane output coupler was used to achieve
this, which also consolidated the output power from the previous four beams, via a near-
Brewster’s-angle plate output coupler, into a single beam for the first time. The low threshold
achieved using this output coupler enabled the first demonstration of un-chopped operation
from the mode-locked Ce:LiCAF laser.
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Introduction

Since the first construction and operation of a laser in 1960, by Theodore H. Maiman at Hughes
Research Laboratories [[1], a myriad of gain media and techniques for manipulating laser light
have been discovered and investigated. Over the last six decades manufacturing methods
have improved via advances in numerous fields of science and technology. Consequentially,
generation of almost any desired electromagnetic wave is technically acheivable, continuous-
wave or pulsed. While this is a thrilling prospect, some spectral regions are still challenging
to reach with established laser technologies, which may be restrictive due to cost, power
efficiency, size, robustness, and simplicity. Improving any of these characteristics for any
optical system makes it more accessible to researchers across the globe, potentially providing
knock-on effects to countless fields of science and technology. Progress via nuance and detail

will pave the way for major discoveries.

Besides power output, lasers can essentially be divided into two categories: those which
generate a continuous-wave (CW) of radiation, and those which generate pulses. This thesis
focusses on the latter, particularly pulses on the order of femtoseconds (1 fs = 10712 s). Fem-
tosecond pulses, also known as ultrafast pulses, are immensely useful in many fields. These
phenomenally brief bursts of light are generally useful for one of two reasons. Firstly, the
narrow time window in which they interact with matter permits ultrafast temporal character-
isation of the materials which they are made to illuminate. Secondly, the high peak power
of femtosecond pulses, which can reach levels of 10PW (10'® W). The most popular and
influential laser medium for generating these pulses is titanium-doped sapphire (Ti:sapphire).

The success of Ti:sapphire can be attributed to the immense range of wavelengths that it
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is capable of generating (bandwidth ~ 650 — 1100 nm) since a very broad bandwidth laser
gain is required to directly generate femtosecond pulses. Ultrafast pulse generation outside
this region of the spectrum, however, often requires expensive, complicated, and inefficient
systems which are out of reach of many researchers. This is particularly true for shorter
wavelengths, for which there are very few solid-state laser media that provide a cost-effective
solution. Figure [I.1] indicates a variety of broad-bandwidth solid-state laser media, with
their potential bandwidth-limited pulse duration. Note the top two, Ce:LiCAF and Ce:LiLuF,

which are the two most prominent media for cerium lasers, which will now be discussed.

Figure 1.1: Comparison of ultrafast solid-state laser media, from [2]. Note the short 5 fs
duration for Ce:LiCAF (determined using a narrower gain bandwidth than has been achieved).

Ultraviolet Cerium Lasers

The deep-ultraviolet (DUV) region is a prime example that is highly sought after, but in which
itis difficult to produce ultrafast pulses. DUV light is valuable in numerous applications often
because of its short wavelength, or interaction with transparent material, discussed in more
detail in the following sections. Many of the methods of generating ultrafast pulses in this
region actually begin from a Ti:sapphire laser, but there is a far simpler approach to accessing
this region: cerium-doped fluoride lasers. They have been described as a Ti:sapphire in
the UV [3] due to the comparable frequency bandwidth to Ti:sapphire and thus comparable
bandwidth-limited pulse (figures [1.2]and [I.3)). Cerium-doped fluoride has the advantage of
a higher cross section, a lower quantum defect, and a shorter single cycle limit compared
to Ti:sapphire in the IR, but it has a shorter upper-state lifetime, which is detrimental. The
most prominent of the Ce-doped lasers is Ce:LiCaAlF¢ (Ce:LiCAF) due to its robustness,
efficiency, and bandwidth; Ce:LiCAF has a maximum gain peak at 290 nm.



Figure 1.2: The bandwidth of Ce:LiCAF compared to Ti:sapphire from [4]. The cross
sections have been translated to show relative bandwidth.

Figure 1.3: Comparison of theoretically achievable pulse durations of Ce:LiCAF and
Ti:sapphire based on the full potential gain bandwidth, and the pulse duration if the pulses
were to be subsequently compressed to their single cycle limits, from [4]].
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One of the most attractive traits of Ce:LiCAF lasers, their potential efficiency, is partly
because they can be pumped by the frequency quadrupled output of Neodymium based lasers
(discussed in chapter [3). Frequency conversion is significantly more simple and efficient to
achieve using these fixed wavelength lasers, as opposed to a tunable laser such as Ti:sapphire.
Neodymium based lasers are an industry standard for producing both ultrafast picosecond
pulses and nanosecond pulses, since they are solid state, highly efficient, and easily pumped
by laser diodes. However, they do not have the gain bandwidth required for generating
femtosecond pulses or wavelength tuning over a wide range. Frequency conversion of
Nd-lasers is therefore a simple and efficient route to generating ultrafast DUV pulses with
high power. By using this powerful starting point to pump a Ce:LiCAF laser, wavelength
tuning or shorter pulse durations can then be achieved. In summary, Ti:sapphire has been a
monumentally influential laser medium for science and manufacturing. As a similarly robust
medium, cerium-doped fluorides have the potential to make the UV region more accessible
to researchers by simplifying the route to generating femtosecond pulses and/or tunable laser
light in the UV.

1.1 Applications of Ultrafast UV pulses

Ultrafast UV pulses are required for many fields in science and industry, and sometimes
desired but not utilised because of a greater cost and lack of reliability compared to their IR
counterparts. These applications include, but are not limited to: machining, fabrication within
transparent materials, pump-probe spectroscopy, laser-induced breakdown spectroscopy, co-

herent control, frequency combs, and high harmonic generation.

1.1.1 Materials Processing
Machining

UV pulses are commonly used to machine metals via ablation, as shorter wavelengths may
be more tightly focussed for higher precision drilling and manufacturing on a smaller scale,
compared with longer wavelengths. Additionally, the high energy of UV photons is well
suited to metallic materials, which are more absorbant at these short wavelengths compared
to their visible or infra-red counterparts. A particularly common wavelength to use for
this task is 266 nm, generated by frequency quadrupled Neodymium-based solid-state lasers,
using pulses on the order of nanoseconds. Generating ns pulses is simpler and cheaper than
generating ultrafast pulses. However, using ultrafast pulses produces significantly higher
quality cuts [5]. The higher intensity of ultrafast pulses reduces the threshold of laser fluence
required for laser-induced breakdown [6]]. Thus machining with femtosecond pulses, rather

than with nanosecond ones, can be performed using a lower pulse energy. Additionally,
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the femtosecond pulse duration is on a much shorter timescale than thermal diffusion of its
absorbed energy; heating via a femtosecond pulse is well confined to the target region. This
reduces collateral damage to surrounding areas for a more controlled cut; various differences

between using long or short pulses are shown in figure [I.4]

Figure 1.4: Comparison between two regimes of ablation, using ns pulses (left) and fs pulses
(right). From [7], taken from [8} 9].

Machining techniques using ultrafast pulses continue to be refined. For example, bursts of
ultrafast pulses with repetition rates over 1 GHz have been shown to have several significant
advantages compared with using 1 kHz pulse trains [10]. This is largely because material
removal and heat diffusion occurs on a nanosecond timescale [[11]]. A train of femtosecond
laser pulses with a high repetition rate can ablate and eject material from a target region
before the heat from previous pulses diffuses into the surrounding material. This approach is
more precise compared with only using femtosecond pulses; it further minimises collateral
damage because subsequent laser pulses may impart momentum unto the ablated material,
thereby ejecting it from the target region. In addition to quality of cut, the threshold pulse
energy is further reduced as well, as the target volume accumulates heat more quickly during
a burst. Ultrafast Ce:LiCAF lasers have been operated at repetition rates of over 1 GHz [12],
and can be amplified to high powers, making them a potentially suitable candidate for reliable
and precise ultrafast machining.

Direct-write waveguides

Over two decades ago, femtosecond pulses were first used to write waveguides in glass, when
they were strongly focussed into bulk materials that were transparent at the laser wavelength
[13]. Since then, the physics behind fabrication within transparent materials has been studied
and the direct-write technique is routinely performed by tightly focussed femtosecond pulses

[14]. These are usually generated from a Ti:sapphire laser, at IR wavelengths. Fabrication



6 Introduction

of Bragg gratings, and other geometrically complicated structures have also become well
established by this technique, via careful control of the focussing geometry. The physical
mechanisms of material modification are now well understood, as well as the effect of various
pulse parameters including duration, repetition rate, and focussing. For example, using high
repetition rates (MHz) utilises cumulative heating, whereas low repetition rates (kHz) are
more reliant on stochastic processes. Much more recently, the effect of wavelength choice
on refractive index modification has been studied. In bulk UV grade fused silica, which is
transparent to both IR and UV pulses, it was found that the change in refractive index An was
more significant when using UV pulses than IR ones; lower pulse energies at 343 nm were
required to produce the same An compared to using pulses at 800 nm [[15]]. The authors later
explored the physical mechanisms and found that the UV written waveguides could be less
lossy because the various mechanisms for refractive index change (multi-photon ionisation,
avalanche ionisation, tunnel ionisation, impact ionisation) are affected by the wavelength of
radiation [[16]. If using femtosecond pulses at a shorter wavelengths is a superior approach to

direct-write waveguides, ultrafast Ce:LiCAF lasers could be the ideal tool to generate them.

1.1.2 Ultrafast Spectroscopy & Control

The UV region is home to a great number of spectral lines corresponding to electronic
transitions in atoms and molecules. Ultrafast lasers have the capability to provide insight into
(and control) extremely fast biological, chemical, and physical processes that involve these
transitions. The aim of this section is not to elaborate on the plethora of methods and materials
surrounding ultrafast spectroscopy and control, but to provide a brief glimpse into some of
the processes that ultrafast lasers shed light on, and the tools that make this possible. One
of the basic underlying concepts of ultrafast spectroscopy is pump-probe measurements; in
which two temporally synchronised laser pulses are directed at a target, with a delay between
their arrival times. The first pulse usually has a high energy compared to the second (pump)
and is used to trigger the process that is to be characterised. The second pulse is used to probe
the interaction as it unfolds, by varying the delay between the two pulses. Multiple probings
are necessary to establish reliable results using this method, which is a core technique of

ultrafast spectroscopy.

Biological Material

In regards to biology, the 200-300 nm region of the spectrum is readily absorbed by many
aromatic molecules, and contains the peak absorption of DNA and RNA (260 nm) [17].
Absorption of DUV light by these molecules is particularly significant to photodamage.
Studying the ultrafast dynamics of nucleic acids uracil and thymine (components of RNA
and DNA, respectively) is therefore valuable to human health [18]]. This has been performed

using transient absorption spectroscopy; measurement of the shape and intensity of the
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transient absorption spectrum is used to characterise the vibrational and electronic excited
state dynamics of these nucleobases in aqueous solutions [[19]. To conduct these experiments,
one group used probe pulses of sub-9 fs duration in the spectral range 255-290 nm, generated
by frequency converting a Ti:sapphire laser. This range partially overlaps with the tuning

range of Ce:LiCAF, which could be used in its place.

Coherent Control

Over the last few decades, controlling extremely fast chemical, physical, and quantum pro-
cesses using ultrafast pulses of light has become a reality via coherent control [20-23]]. In the
field of chemistry, this has been useful for improving the efficiency of synthesizing chemicals,
and reducing undesirable by-products [24]. The overlaying concept is quite simple, for this
application. Photochemical reactions are induced by ultrafast optical pulses, for which there
is an optimal pulse(s) that will influence the reaction in a particular way. Parameters of the
pulse include temporal shape, wavelength (e.g. UV), intensity, and number of pulses (i.e.
pump-probe), each with different parameters. By tailoring the properties of these ultrafast
pulses of light to a specific reaction, the possible pathways that the reaction could take (re-
action channels) can be controlled. This process has been referred to as automated coherent
control, because the optimal pulse parameters are not well-known, so the tailoring process
requires a feedback loop for real-time optimisation. Experimental demonstrations of this
technique have utilised powerful optical tools, aided by computers, to shape the temporal
profile of regular optical pulses [25]. The basic layout for the pulse shaping process is shown
below, in figure[I.5] A computer-controlled mask component with a fast response time (e.g.
acousto-optic modulators, spatial light modulators, and phase modulators) is placed in the
Fourier plane to manipulate the spectral components of the input pulse, which have been

spatially dispersed by the grating.

GRATING LENS MASK LENS GRATING

Figure 1.5: Basic layout of a Fourier transform femtosecond pulse shaping system, from [235]].
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The photochemical reactions to which the pulse is tailored are often optimal for short
input pulse durations less than 100 fs; shorter pulses are also advantageous since they possess
a broad spectral bandwidth, which allows for more flexibility in the shaping process. Since
the shaping process only manipulates the input pulse, it is also necessary to begin with an
ultrafast pulse that lies within the optimal wavelength range. In the UV, ultrafast cerium
lasers could become the most convenient tool for coherent control, as they cover a range of

over 50 nm (280 nm-333 nm) and have the potential to generate pulses of less than 10 fs.

Breakdown Spectroscopy

Femtosecond laser-induced breakdown spectroscopy is a destructive technique for analysing
material composition. Femtosecond laser pulses with high energy are focussed onto the
unknown material, which produce a plume of plasma via ablation. Inside the plasma, the
atoms and molecules that comprise the unknown material are breaking apart, which emits
light with corresponding spectral features that can be used to identify the composition of the
material. This has significant real-world applications and is being developed for the process
of recycling post-consumer plastics [26], which needs to be identified prior to being sorted.
An optical solution in this area is ideal for time-efficiency, and this spectroscopic method has
shown exceptional accuracy. As discussed in the previous section, UV lasers are well suited
to the ablation processes that are utilised in this spectroscopic method, so there may be some

benefit to using an ultrafast Ce:LiCAF laser over alternatives.

Frequency Combs

The spectral characteristics of any ultrafast laser (via mode-locking, discussed in detail [2])
allow them to be used as optical frequency combs (OFCs). OFCs have been demonstrated
over a wide range of the spectrum, from microwave radiation to the extreme-ultraviolet
[27, 28], but some regions require more elaborate schemes to reach than others. The OFC is
made up by the immense number of longitudinal modes (narrow spectral lines) that comprise
the broad bandwidth output of these lasers. In the frequency domain, these spectral lines
are equidistant, separated by the inverse of the round-trip time of the laser cavity (commonly
20 MHz-100 GHz). With stabilisation of the laser cavity, and therefore the longitudinal modes
that comprise the OFC, the generated frequencies and their spacings can be used as a reference
in a myriad of applications that require precise knowledge of time and/or frequency. These
include all-optical atomic clocks, absolute optical frequency measurements, coherent control,
chemical and gas sensing, metrology, instrument calibration, communication, ranging, and
microwave generation [29]]. Of these, coherent control and chemical and gas sensing may
require UV wavelengths.
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1.1.3 High Harmonic Generation

Harmonic generation in a gas or plasma is an effective method of producing light from
extreme ultraviolet (XUV) to X-ray wavelengths (less than 10 nm) for many applications in
science and industry [30-33]]. Harmonic generation in gas was discovered less than a decade
after the first laser, using a ruby laser to generate its third-harmonic at 231 nm [34]]. The
development of harmonic generation accelerated with the availability of short-pulse excimer
lasers [35]], since the process relies on exposing atoms or ions to an intense driving laser
field. High harmonic generation (HHG) refers to harmonic generation of much higher orders,
above the fifth harmonic. It was first observed in 1987 [36], using picosecond UV pulses
from an excimer laser to generate harmonics with wavelengths as short as 14.6 nm. This
corresponds to the seventeenth harmonic. The laser light was strongly focused into various
gases: He, Ne, Ar, Kr, Xe, which are still in use today. HHG was shown to be highly
promising for attosecond pulse generation in the 1990s [37, 38] which resulted in significant

effort to improve methods of generation [39-42].

Both the efficiency and maximum photon energy of HHG are highly dependent on the
wavelength of the driving laser field [43]]. The intensity of HHG has been measured in several
cases [31,[32] to be proportional to wavelength at about I o« 17 to =7, Thus the efficiency is
much higher for shorter wavelengths ie UV radiation. However, the maximum photon energy
scales quadratically with the wavelength of the driving laser, given by E. ~ I,,+3.17U, where
Up IL/li is the average quiver (ponderomotive) energy of an electron, for a driving laser of
intensity Iy, and wavelength Ay, [44]. Therefore, it was thought for a certain intensity, shorter

driving wavelengths yield a lower maximum photon energy.

Recently, interest in using ultrafast UV lasers instead of mid-IR ones for HHG has
once more been sparked when a comparison was made between a Ti:sapphire laser and its
frequency converted output at shorter wavelengths [45]]. As expected from previous research,
the efficiency of HHG was much higher using the frequency converted intense UV pulses
instead of near-IR. However, it was found that for UV pulses, the maximum photon energy
can actually increase when using a multiply ionised plasma instead of a weakly ionised gas
as the medium for HHG. This unexpected property is shown in figure [I.6] as dashed lines,

with an increasing upconverted photon energy for shorter wavelengths.

Another aspect of performing HHG by using a short wavelength laser driving field, as
opposed to a long wavelength one, is the bandwidth and chirp of the HHG output. Using UV
pulses results in less bandwidth and chirp; although the bandwidth-limited pulse duration is
longer via UV pulses, the reduced dispersion corresponds to less chirp and ultimately the pulse
duration may in fact be shorter (without dispersion compensation). This can be seen as both
an advantage and a disadvantage, since the limited bandwidth via the UV reduces the need for
pulse compression, but also increases the compressible pulse duration. Pulse compression
of XUV light in this region is still challenging and often greatly increases losses. There
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Figure 1.6: Increasing photon energy for shorter wavelengths (dashed lines) when using
multiply ionised plasma (ions), taken from [45]]. Lo 1s the coherence length of the driving
laser field, and the circles indicate experimental data.

are numerous methods in development, such as chirped mirrors, gratings, monochromators,
transmission filters, and conical diffraction [46-51]. Therefore, it is less complex and more
efficient to directly generate near bandwidth-limited pulses than it is to generate a chirped
pulse that requires compression. Using short wavelengths for HHG may potentially negate
the need for compression altogether, particularly if the system is in a vacuum.

Research surrounding HHG with UV driving lasers has only scratched the surface, as
most groups choose to pursue longer wavelength driving lasers in the strive for higher energy
photons. The high cost and complexity of generating intense UV pulses to drive HHG
make the short wavelength side of HHG research impossible for many labs, and generally
less desirable. This has resulted in significantly limited research using shorter wavelengths
for HHG, rather than longer ones [52]. As a result of using less efficient IR radiation for
HHG, the driving pulses are necessarily more energetic. Hence, generation of the IR driving
pulses requires a significant amplification stage, such as a regenerative amplifier; the pulse
repetition frequency (PRF) of these systems is often much lower than that of the seed laser
being amplified (of order 10 Hz-1 kHz compared to 80 MHz). Using low PRF:s for the driving
pulses restricts the PRF of the high-harmonic pulses that are generated and limits the amount
of data that can be collected from attosecond experiments. On the other end of the spectrum,
using a driving pulse with a short wavelength (e.g. UV) enables more efficient HHG which
can be performed with lower pulse energies, permitting the use of higher PRFs and simpler
amplification stages. Cerium lasers have the potential to generate intense pulses and high
PRFs in the UV (which can be subsequently amplified) with simplicity and efficiency over
current popular methods. Directly generating the necessary driving pulses with ultrafast
Ce:LiCAF lasers, which has the shortest wavelength of today’s optically pumped solid-state

laser media, may spark new and improved methods of HHG.



1.1 Applications of Ultrafast UV pulses 11

Figure 1.7: Wavelength dependence of pulse duration and transform limit for HHG, from
[45]. A: comparison of generated pulse duration (upper lines) and transform-limited pulse
duration (lower lines). B: temporal pulse profile of HHG using UV and IR driving lasers. C:
pulse duration and depiction of chirp.
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1.2 Structure of this Thesis

In the following chapters of this thesis, the theory and history that contributed to the de-
velopment of the first hybrid mode-locked Ce:LiCAF laser is documented. In chapter [2]
the theory surrounding active and passive mode-locking mechanisms in ultrafast lasers that
utilise dispersion compensation and pulse compression is detailed. Additionally, the chal-
lenges and drawbacks of measurement techniques that seek to characterise these pulses are
examined, particularly for UV wavelengths. In chapter [3| various techniques for obtaining
ultrafast UV pulses are compared, and the challenges and aspects of frequency conversion in
non-linear crystals is discussed. A history of cerium lasers is also presented, with a focus
on Ce:LiCAF lasers, which delves into previously achieved results of active mode-locking
and CW operation. Chapter[d]includes the design and tools of operation for the experimental
Ce:LiCAF laser system. The primary results are presented there, with a broad view of the
hybrid mode-locked Ce:LiCAF laser’s operating characteristics. Chapter [5] details the spec-
tral output of the Ce:LiCAF laser, and the tools and techniques that were used to manage
the chromatic dispersion within the cavity. Chapter [6] presents a modified characterisation
technique, an altered form of asynchronous cross-correlation, which was used to measure
the pulse duration of the Ce:LiCAF laser and characterise stability. To conclude, chapter
summarises the most significant findings presented within this thesis, the implications for
them are analysed, and the future of research in the field of ultrafast Ce:LiCAF lasers is

discussed.



Pulsed Lasers

There are a variety of mechanisms to force a laser cavity to generate a pulse of light, rather
than a continuous stream of photons. These can essentially be divided into two different
categories for initiating a pulse: switching, and mode-locking. Switching is generally slower
and used to produce relatively long pulses with a duration from several hundred picoseconds
up to microseconds, with repetition rates up to 100 kHz. Mode-locking can yield much
shorter pulses from several femtoseconds to tens of picoseconds, usually having a cavity
much longer than a switched laser (e.g. of order 1 m versus several centimetres). The
repetition rate of mode-locked lasers can range between tens of kHz using extremely long
fiber lasers, to hundreds of GHz by resonating multiple pulses. Combining one of these
fundamental pulsing schemes with external amplifiers can yield extremely high peak powers

and pulse energies.

2.1 Q-Switching & Gain Switching

Rapid switching of laser operation can be performed by either modulating the power input
to the gain medium (gain-switching) or modulating the loss of the cavity (Q-switching). The
term Q-switching arises from the quality factor (Q-factor) of an oscillator/resonator, which
represents the level of damping present within the system. A high Q-factor equates to low
damping, and thus low losses. These two means of switching are basically direct opposites,
the more prevalent of the two being Q-switching since it typically produces higher energy

pulses with greater control. However, the similarity of the pulse output between these two
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Figure 2.1: Gain depletion and pulse formation in a Q-switched laser [S3].

lasers (high pulse energy and low repetition rate) makes Q-switched lasers an ideal optical
pump for a gain-switched laser. The main advantage of using a Q-switched laser as a pump is
that the Q-switched pulse is typically shorter than the upper level lifetime of the gain switched

laser medium.

The principle of Q-switching is to pump the gain medium while there is an attenuator
present in the cavity, minimally to achieve population inversion or maximally to saturate ab-
sorption entirely; approaching 100% inversion. When the cavity is in a high loss configuration
(low-Q) and round-trip gain < 1, spontaneous emission occurs according to the upper-state
lifetime of the material but the lasing threshold is not surpassed; there is insufficient feedback
from the laser cavity because stimulated emission is supressed by resonator loss. Once the
cavity is switched to a low loss configuration (high-Q) and round-trip gain > 1, the cavity
mode builds up from spontaneous emission. The power within the cavity begins to increase
exponentially via stimulated emission, until the gain approaches saturation after which the
remaining gain is depleted. This results in a pulse on the order of a few hundred picoseconds

to microseconds.
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Q-switching can be performed passively or actively. Passive methods require a saturable
absorber that provides sufficient loss to prevent laser operation while the population inversion
increases via continuous pumping. The upper-state population then surpasses a threshold
(gain>1) at which there is sufficient lasing to saturate the absorber, and the cavity mode builds
up to deplete the gain. The saturable absorber then recovers, and the process is repeated.
An example saturable absorber used for this type of laser is Cr:YAG, within 1064 nm lasers.
The advantage of passive Q-switching is simplicity, no external controller is required. The
disadvantage is that the pulse duration and energy are practically fixed; increasing the pump
power merely increases the repetition rate as the threshold is overcome more quickly and the
pulse forms faster. It is therefore imporant to consider the response time, recovery time, and

absorption of the saturable absorber when constructing passively Q-switched lasers.

Figure 2.2: The first Q-switched laser created in 1961 [54]].

Active Q-switching is often achieved using either an acousto-optic or electro-optic mod-
ulator. The first Q-switched laser utilised a Kerr cell in a ruby laser to rotate the polarisation
by 90 degrees to quench laser action. This is shown in figure [2.2] Another example, a well
known electro-optic modulator, the Pockels cell, will also act as a wave plate in the presence
of an electric field. Placing this within a laser cavity, and combining it with a polariser is
a sufficient Q-switch. The cavity has a high Q-factor when the Pockels cell is deactivated,
since it does not alter polarisation. When the Pockels cell is activated, a double-pass through
the cell rotates polarisation by 90°, so that light passing through the polariser is attenuated
after a round-trip. By modulating the Pockels cell at a few kHz, Q-switching is achieved. The
acousto-optic modulator functions very similarly, by deflecting the luminescence to prevent
lasing. A popular example is a piezo-electric crystal that is subject to a modulated voltage,
which forms a diffraction grating and deflects the beam. When there is no voltage present,
the luminescence transmits and the laser mode builds up.

The pulse duration of Q-switched and gain switched lasers is highly dependent on the
cavity round-trip time, and the upper-state population provided by pumping. Shorter cavities
and upper-state lifetimes result in a faster build-up of the cavity mode, which depletes the
gain more quickly so the generated pulse has a shorter duration. Cavities with a length on the
order of 100 pm can yield pulse durations as short as tens of picoseconds [S5)]. To generate
shorter pulses than these requires different techniques altogether.
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2.2 Mode-Locking

Pulses from switched lasers are akin to a burst of amplified spontaneous emission, the
longitudinal modes of Q-switched lasers therefore have a random phase relationship. When
the longitudinal modes of a laser resonate with a fixed phase relationship, an ultrashort pulse
may form within the cavity. This can be visualised as a beat frequency between different
frequencies of light, as the superposition of modes forms a pulse of light. Figure [2.3] taken
from [56] shows this visualisation using just three different frequencies w,, wg+1, and wy2
that are equally spaced in the frequency domain, as the modes of a laser cavity would be. The
superposition of these three frequencies, the equivalent of the combined electric field, and
their carrier envelope is also plotted. They are in phase at¢# = 0, for which there is a noticeable
peak in the carrier envelope of the superimposed electric field. This is the mechanism under
which ultrashort pulses form.

In reality, there are usually far more than three modes within a cavity. The mode spacing
of a laser cavity is Av = ¢/2L, so for N modes, the bandwidth is NAv. For a cavity that is
2 m long with a gain bandwidth of 1 nm at 1064 nm, there are approximately 3500 available
modes. Additionally, the amplitude of the modes are seldom equal. Figure[2.4|shows several
examples of carrier envelopes as the phases and amplitudes of the locked frequencies are
altered.

Random phases produce a periodic signal but there is no significant peak that equates
to a single pulse. Using random amplitudes that are in phase produces a discernible pulse,
albeit with additional features corresponding to subsidiary peaks. Increasing the number
of modes decreases the presence of the subsidiary peaks, resulting in a smoother primary
pulse. Applying a Gaussian envelope to the amplitudes of the modes results in the smoothest
temporal profile for the pulse envelope. In reality, this tends to happen anyway as a result of
a non-uniform gain profile. Therefore the gain bandwidth is often quoted at its full width half
maximum (FWHM), as is the pulse duration. Modelling the gain profile as a Gaussian also
simplifies the mathematics of calculations, for example, Fourier analysis to convert between
frequency-time domains.

Increasing the frequency range over which the modes oscillate may also decrease the
temporal duration of the pulse. Indeed, the minimum pulse duration (FWHM) of a mode-

locked laser 7, is inversely proportional to the bandwidth [57]:

0.441
T =
P NAy

assuming the temporal profile of the pulse is Gaussian. For a soliton pulse, the numerator

2.1)

becomes 0.315 relating to a sech? temporal shape. For the previous example of a gain
bandwidth of 1 nm at 1064 nm, this equates to a minimum pulse duration 7, ~ 1.7 ps. This
assumes perfect phase between the modes, which is generally not the case since dispersion

shifts the phase of each mode differently. This is discussed in more detail in section [2.3]
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Figure 2.3: Mode-locking of three equally spaced frequencies, in phase at ¢ = 0, from [56].
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Figure 2.5: The essential elements of a mode-locked laser resonator [38]].

Initiating mode-locking in a laser requires modulation of gain or loss shown in figure
2.5 similar to Q-switching, but usually significantly faster. The various mechanisms of
modulation are categorised as being passive or active, and are detailed below. The length
of the cavity also tends to be much longer than Q-switched lasers, since the pulse repetition
frequency (PRF) of a mode-locked laser depends on the round-trip time of the cavity, based
on group velocity v, (PRF = v, /2L). The PRF of mode-locked lasers is often on the order
of 100 MHz, with cavity lengths of 1-2 m. This requires modulation that also occurs on these
time scales.

Using a cavity dumping mechanism will decrease the overall repetition rate of the output,
but generally increases the pulse energy. The principle is to let a mode-locked pulse form in a
resonator with a switchable output coupler. The pulse increases in energy until the roundtrip
losses outweigh the gain, after which the switch is activated and the pulse is emitted. It was

utilised in the 1970s to increase the pulse energy of dye lasers [S9].

Passive Mode-Locking

There are two primary means of mode-locking a laser resonator: passively, or actively. Passive
techniques utilise a saturable absorber (or a mechanism for saturable loss) within a laser cavity
that increases loss for low intensity light (sometimes decreases gain). Saturable absorber
dyes were first researched and developed in the mid-1960s [60]. The first demonstrations
of mode-locking did not yield a pulse train of stable amplitude. In fact, the envelope of
the mode-locked pulse train was modulated on the timescale of a Q-switched laser. As
the mechanism responsible was indeed Q-switching, the phenomenon was referred to as
Q-switched mode-locking. Mode-locking with a stable pulse train was subsequently referred
to as mode-locked CW.

The saturable absorber is a passive element, that exhibits lower losses for high intensity
incident light. This has the effect of suppressing CW operation of a laser cavity, while
promoting more intense pulses to resonate. The relaxation time of the saturable absorber is
a factor, but mode-locking is achievable whether they are fast or slow [61} 62].
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The passive mode-locking process generally produces the shortest pulses since the re-
sponse time of the switch, such as a saturable absorber, can be rapid. Figure [2.6] depicts
how the loss decreases rapidly for an ultrashort pulse, which corresponds to increased gain
for the high intensity pulse. The initiation of the mode-locking itself occurs due to noise
fluctuations, the most intense of which is then amplified to become the dominant resonating

pulse.

Figure 2.6: Passive mode-locking invoked via a saturable absorber [58]].

Nowadays, a common saturable absorber for passively mode-locking lasers is the semi-
conductor saturable absorber mirror (SESAM). Invented in the 1990s [63]], SESAMSs are an
effective and simple saturable absorber that require little maintenance, and are easily replaced.
They are often used in neodymium lasers, such as mode-locking Nd:Y VO, or Q-switching
Nd:YAG. The former of these gain media has a larger bandwidth, capable of generating
pulses as short as 5-10 ps, and is therefore more suited to mode-locked operation whereas the
latter is commonly used for Q-switched operation.

Kerr-lens mode-locking (KLM) is an elegant passive technique that exploits the non-linear
Kerr effect. This is an effect that relies on a high peak power pulse, in a Gaussian transverse
mode, which self focuses due to a non-linear refractive index change An = nyI (where [ is
the optical intensity). It is highly suited to ultrafast lasers with large gain bandwidths such
as Ti:sapphire, or Ce:LiCAF, which are capable of easily generating pulses with durations of
less than 100 fs.

Figure 2.7: A Kerr-lens with a hard aperture that transmits intense pulses while increasing
loss for low intensity light [S8].
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To create a saturable absorber using KLLM requires a hard or soft aperture, to respectively
reduce the loss or increase the gain provided to a resonating pulse compared to continuous-
wave. Simple examples of this are a pinhole (hard), or a smaller pump focus (soft) that
matches the KLM cavity mode better compared with the CW mode. Figure[2.7|depicts a hard
aperture adjacent to the Kerr-lens, which exhibits almost no losses for an intense pulse while
blocking a fraction of the low intensity light. Inside a laser cavity, the Kerr-lens would ideally
also be the gain medium, particularly given that there is usually a small waist in the gain
medium, thereby maximising the Kerr effect. Although the optical Kerr effect predates KLM
by several decades [64], KLM was dubbed magic mode-locking as it was not thoroughly
understood to be the mechanism of self mode-locking in Ti:sapphire lasers [65]. However, it
was later explained and techniques for engineering KLLM lasers began to improve [66, 67].

The aforementioned techniques can be used simultaneously within a laser resonator
without disrupting each other. For example, a SESAM and KLM; The SESAM provides
more reliable self-starting operation, while KLM improves ultrashort pulse generation by
producing shorter pulses. Increasing the power output from such a laser can be done simply
and effectively without modifying a laser resonator, using extra-cavity amplifiers, which often
require the pulses to be stretched in time prior to amplification to reduce intensity and avoid

damage to optics [68]].

Active Mode-Locking

Active mode-locking techniques require modulation of the gain or loss, and tend to result
in longer pulse durations than passive techniques. This is because, as shown in 2.8] the
modulation originates from an external modulator which is often driven by a sinusoidal
waveform. Unlike passive modulators, the modulation does not depend on the laser pulse,
so there is no mechanism to produce pulses that are significantly shorter than the window of
modulation. The frequency of modulation must also be matched to the round-trip time of
the cavity for stable operation, unlike passive mode-locking which needs no external control.
Devices such as acousto-optic and electro-optic modulators can be used to actively mode-lock
lasers by modulating the loss of the laser resonator at a frequency matched to the round trip

time (or a rational harmonic) of the resonating pulse.

Figure 2.8: Active mode-locking caused by modulation of loss [S8]].



22 Pulsed Lasers

Active Mode-Locking by Synchronous Pumping

Synchronous pumping is a means of achieving active mode-locking, that does not necessarily
require electronic controllers, initiated by modulation of the gain. It was introduced in
dye lasers of the 1970s [69] and developed theoretically and experimentally well into the
1980s [70, 71]. It provides a simple mechanism for mode-locking and potentially increases
efficiency, if the gain decays quickly over time, since the resonating pulse is driven towards

maximal gain.

Figure 2.9: Synchronously pumped gain variation, from [12]. The arrows represent the
resonating pulse inside a laser cavity being pumped; the red arrows indicate a second pulse.

When a mode-locked laser is used as a pump laser, the output of the laser being pumped
will be mode-locked if the ratio of the two lasers’ cavity length is a rational number, as
shown in figure 2.9] Choosing a cavity length that is a particular rational harmonic of the
synchronous pump laser is an effective method of increasing the PRF of the laser being
pumped. For example, the 3™ harmonic is arranged by setting the laser cavity length to be
one third of the pump laser’s; a single pulse is resonating but the output PRF is triple that
of the pump laser. While fundamental mode-locking refers to the case of a single pulse
resonating within a laser cavity, harmonic mode-locking is a phenomenon whereby multiple
pulses resonate within a laser cavity, effectively increasing its repetition rate. For example,
the 5/2 harmonic is arranged for a cavity length that is 0.4 times the length of the pump laser,
which causes two pulses to resonate for an output PRF that is five times that of the pump
laser. Of course, the pulse energy in this arrangement is lower for fixed average power, and

the average gain:loss ratio is lower.
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In the past, both dye lasers and Ti:sapphire lasers have been mode-locked by synchonous
pumping, each with a different level of sensitivity to variations in cavity length. This was
attributed to the upper-state lifetime of the gain medium, which differs by orders of magnitude
(Ti:sapphire ~3.2 ps, dye laser ~3 ns) and influences the amplitude of the gain modulation.
One author described the effect of synchronously pumping a Ti:sapphire laser as filtering
the gain spikes of pump pulses [72], resulting in very little modulation of the gain. For a
dye laser, the gain may decay entirely in between pump pulses, resulting in a more stringent
requirement for matching the cavity length of the dye laser to its synchronous pump laser.

Driftinstability of synchronously pumped mode-locked dye lasers was studied extensively,
with detrimental effects surrounding cavity length jitter on the order of 1 pm [[73]. This limited
their operational stability due to cavity length fluctuation from environmental vibrations. This
sensitivity was so severe, that a number of groups worked to stabilise the output using active
and passive techniques. Active techniques were often implemented by maintaining maximum
power, minimum pulse duration, or a fixed oscillation wavelength [74-76l]. Passive techniques
often relied on forcing a low energy satellite pulse to resonate within the cavity just ahead
of the main pulse (e.g. by using a coupled cavity of slightly shorter length [[77, [78]], or a
modified end-mirror [79]) to overpower the effect of spontaneous emission and provide gain
to the leading edge of the main pulse. While these techniques are useful, they inevitably add

complexity to the system.

Figure 2.10: Drift instabilities of a synchronously pumped dye laser, from [73]].

The detuning effect is not symmetrical; a positive cavity length mismatch has a greater
range of stability [[/0]. This is due to the asymmetry of the gain profile, for which there
is a steep incline created by the arrival of a pump pulse, followed by a relatively gradual
decline that results from relaxation. Figure indicates how this affects mode-locking.
Shortening the cavity from synchronism to the pump rapidly disturbs the otherwise short
pulses and causes multi-pulsing or much longer pulses. This is due to the resonating pulse
being forced towards the steep gain incline, which results in a large gain differential over the
length of the pulse. Increasing the cavity length results in a more gradual reduction of peak

power as the gain declines more gradually after the arrival of a pump pulse. Relatively small
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cavity length mismatches cause the resonating pulse to reformat on each round trip. If the
cavity is too short, the tail end of the pulse is amplified more than the front; conversely, if the
cavity is too long, the front end is amplified more than the tail. For example, a +70 pm cavity
length mismatch requires the peak of the resonating pulse to shift by 0.23 ps to maintain
synchronicity. Since the gain modulation is small for positive mismatch, the pulse must be

relatively long compared to this shift.

Hybrid Mode-Locking

Active and passive techniques of mode-locking can be implemented simultaneously, which
is referred to as hybrid mode-locking. For example, synchronous pumping may be used in
conjunction with KLM. In this case, mode-locking is initiated by gain modulation from the
synchronous pump, and ultrashort pulses are maintained by the non-linear effect of Kerr-
lensing, combined with a hard or soft aperture. While it is advantageous to have self-starting
mode-locking by synchronous pumping, detuning the cavity length from synchronicity may
still have a detrimental effect on the nature of mode-locking. The modulation strength of
the gain (or loss) plays a significant role, determined by the upper-state lifetime of the gain
medium, in the case of synchronous pumping. For example, early researchers of hybrid-
mode-locked Ti:sapphire lasers (which has weak modulation) could significantly mismatch
the cavity length (1.5 mm) without losing hybrid mode-locking [72]]. Another group found
that the synchronicity between the pump laser and Ti:sapphire laser ceased when an absorbed
pump power threshold of 2.5 W was surpassed [80]. The maximum allowable detuning of
cavity length was also found to increase with pump power, as the passive mode-locking
effects of KLM take hold: self-phase modulation in conjuction with net anomalous intra-
cavity dispersion promote a single intense pulse via gain guiding or implementation of a hard
aperture.

More recent studies into the behaviour of hybrid-mode-locked lasers as they are subject
to detuning have revealed several states of mode-locking [81]. Indeed, in the case of weak
modulation, there is a particularly stable asynchronous mode-locking (ASM) state that exists
for significant detuning. In ASM, mode-locking is initiated by the modulation introduced by
an active mechanism (such as synchronous pumping) but it is the saturable loss of the passive
mechanism (such as KLM) that maintains it and permits an increased level of detuning, as
was found with Ti:sapphire lasers. For increased modulation strength, the permissible range
of cavity lengths for ASM diminishes. This is shown in figure[2.T1] The synchronous states
of mode-locking shown here (short, short with oscillation, and long with high chirp) take
over from ASM, for increased modulation strength.

The short state represents minimal detuning, where the PRF of the laser closely matches
the modulation frequency. In this case, the resonating pulse reforms (shifts slightly) each

round trip to maintain synchronicity, but it is relatively stable. Likewise, the long pulse
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Figure 2.11: Hybrid mode-locking states for various modulation strength M (modulation of
gain or loss) and detuning df (from synchronicity to round trip time) from [81]].

Figure 2.12: Ultrashort pulses with oscillation via hybrid mode-locking due to a cavity length
mismatch , from [81]]. Each stage corresponds to approximately 100 additional round-trips.
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state is relatively stable, and less affected by the passive KLM mechanism. On the other
hand, the short pulse state with oscillation exists between the two of these, and is depicted in
figure[2.12] The black line depicts the modulation of loss used in some active mode-locking
schemes. The blue line depicts the ultrashort pulse formed by hybrid mode-locking, which
encounters more loss as it drifts further from synchronicity. In this case, the dominant pulse
drifts away from synchronicity faster than it can reform, and is superceded by a pulse with
closer temporal overlap to gain modulation. This state, and indeed the transition between

each of the mode-locking states, is to be considered unstable.

While detuning an actively mode-locked laser from synchronicity to the mode-locking
mechanism may potentially be useful as a tool to control the output pulse duration, it is an extra
complexity that can introduce undesirable instability, particularly on the transition between
each of the mode-locking states. For a hybrid mode-locked laser, such as the cerium laser
that this thesis focuses on, the short pulse regime and the transition to a state of oscillation
is of particular importance. Oscillation can arise simply from detuning of the cavity length,
causing the resonating pulse to decline and a new pulse to form; this complicates aspects of
laser operation such as efficiency, non-linear effects, characterisation of pulse duration, and

the potential for synchronisation to another laser.

2.3 Dispersion Management

In a medium with a high refractive index, light effectively travels more slowly due to phase
delays caused by atoms and molecules. Chromatic dispersion is a well known phenomenon
in which the phase velocity of light in a medium is dependent on the light’s wavelength, along
with the refractive index n. Mathematically, that is to say that n = n(4). Notation using
angular frequency w = 27rv and wavenumber k = 27n/A simplifies mathematics, k = k(w).
Note that A here is the vacuum wavelength of light. The Taylor series expansion of k is given
by equation [2.2] The first term is simply a common phase shift so does not affect the pulse
shape. The second term is a time delay that also does not affect pulse shape, but contains the
inverse group velocity. The third term contains the inverse group velocity dispersion (GVD),

which is the greatest contributor to dispersion.
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where wy is the central angular frequency

GVD and third order GVD (TOGVD) of a known material may be calculated simply by
using the material’s Sellmeier equations (to calculate (1)) and equation [2.3]and
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where c is the speed of light.

A pulse of light that propagates through a dispersive medium will broaden in time as the
frequencies that comprise it effectively travel slower or faster than the central frequency. This
produces a frequency dependent phase delay across the spectrum of the pulse, and results
in a chirped pulse, shown in figure 2.13] The level of chirp is reasonably predictable when
propagating through a known distance of a known material. Group delay dispersion (GDD) is
the term that describes the dispersive effect, and is simply the GVD of the material multiplied

by distance of propagation.
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Figure 2.13: The amplitude envelope and electric field of a chirped optical pulse formed by
positive material dispersion [82].

In relation to laser cavities, especially mode-locked ones which are affected by the phase
relationship between longitudinal modes, chromatic dispersion plays an important role; it can
be a hindrance to generating ultrashort pulses, but sometimes a useful mechanism as well. It
is more often a hinderance since mode-locked lasers are usually desired for their ultrashort
pulse capabilities and chromatic dispersion that is not compensated for causes pulses to
temporally broaden, and become chirped. A chirped pulse of light can be engineered using
dispersion to be positively or negatively chirped, or to be unchirped (bandwidth-limited). To
produce a relatively unchirped pulse, the overall GDD affecting the pulse during its generation
must be balanced to be zero. Higher orders of dispersion, the next most significant being
third-order dispersion (TOD, which is to TOGVD as GDD is to GVD), are more challenging

to compensate for whilst balancing GDD. Common methods of pulse compression include
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prism or grating pairs, and chirped mirrors, all of which are capable of balancing GDD
and TOD at certain wavelengths. However, grating pairs and chirped mirrors introduce
high losses for some regions, such as the UV, so may not be useable for intra-cavity pulse
compression. Dispersion management inside a laser cavity is vital for generating the shortest
possible pulses using KLM, which requires high peak powers and relies on a delicate balance
between spectral broadening via self-phase modulation (which introduces a chirp onto the
resonating pulse) and dispersion compensation which in-turn affects Kerr-lensing. A small

amount of anomalous dispersion is necessary to balance these effectively.

Prism pairs were first used to compensate dispersion in 1984 [83]], and rapidly studied
and utilised thereafter 84} [85]. While the prism material itself introduces normal (positive)
dispersion, a pair of prisms can result in net anomalous (negative) dispersion by causing
different wavlengths of light to pass through different amounts of material in the second
prism. Normally, shorter wavelengths refract more than longer wavelengths, causing them to
propagate through less material in the second prism. Hence, shorter wavelengths encounter
less material dispersion than longer ones, which can be visualised by them traversing the
prism pair arrangement more quickly than longer wavelengths. Normally, material dispersion
causese longer wavelengths to propagate more quickly, so the prism pair can be used to

compensate for dispersion from various sources i.e. the optical components of a laser cavity.

During the 1990s, prism pairs were crucial to the rapid inception of Ti:sapphire as
the dominant ultrafast laser [65) 66]. They were widely used for intra-cavity dispersion
compensation, reducing pulse durations and increasing intensity to the point that enabled
KLM. The standard configuration for a general prism pair within a laser cavity is shown in
figure2.14](adapted from [86]) which is followed by a plane mirror as a retro-reflector. While
this is for a general case, the cut angle @ can be fixed for a Brewster’s-cut pair, and the prisms

set to the angle of minimum deviation whereby 6y = 63.

When adjusting an intra-cavity prism pair, the two most significant variables are usually
the separation and insertion. With respect to the above notation, the geometry of a particular
prism pair arrangement can be summarised by equations[2.5/and[2.6] The term L is the prism
separation (the distance between faces) and Ly describes the propagation distance through

the prism material (which is akin to insertion).

L=—
cos 03

(2.5)

sin

L, = (t - stan63) (2.6)

cos 61

The GDD of a single pass through this general prism pair, using the variables depicted in
figure[2.14] is given by equation[2.7] derived in [86] using finite ray-tracing. The first and third
terms govern how the GDD is affected by material dispersion. The middle term represents
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Figure 2.14: A simplified diagram of a prism pair in parallel face configuration used for
intra-cavity dispersion control, adapted from [86].

how separation between the prisms governs GDD, and it is strictly negative; for prisms with
normal material dispersion, increasing their separation will strictly increase the anomalous
dispersion that they introduce into a propagating pulse. The derivative of the GDD term,
with respect to w, is the TOD that is introduced by the pair, and shown in equation[2.8] These
analytical expressions can be used to accurately and precisely calculate the GDD and TOD
of a prism pair with any prism angle « and any incident angle 6 in a parallel configuration.

In the UV, prism pairs cut at Brewster’s angle exhibit very low losses compared to chirped
mirrors, which are currently limited to a reflectivity of 92% [87]. Brewster’s-cut prisms are
therefore the ideal starting point for intra-cavity dispersion mangement inside a UV laser.

Hence, these equations are utilised in chapter [5]for a cerium laser in order to invoke KLM.
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2.4 Ultrashort Pulse Characterisation

To measure the duration of ultrashort pulses on this timescale (femtoseconds or picoseconds)
usually requires a probe that is equally as short, or ideally shorter than the pulse. Often, the
pulse itself is used as such a probe, which is referred to as autocorrelation. This involves
splitting the laser beam into two arms, and then recombining them, usually by focussing them
to a common spot inside a medium with a non-linear response, with a detector behind it (e.g.
photodiode or power meter). One of the arms has a mechanical delay line that is used to
sweep the pulse from one arm through the pulse from the other arm. When the pulses overlap,
the non-linear response of the medium is at its maximum, and there is a peak (or trough) in
the detected signal. The An example of a non-linear reponse is two-photon absorption (TPA)
which is present in many materials [88]; overlapped pulses increase absorption, thereby
creating a trough in the signal as the delay line sweeps the pulses through one another. If the
shape of the pulse is known (e.g. sech? or Gaussian) and the pulses are stable and consistent,
then the pulse duration can be determined from the autocorrelation trace. The trace itself
represents the convolution of the test pulse with the reference pulse, which in this case is the
same thing. To retrieve a pulse duration under these circumstances, one must simply perform

a deconvolution based on an assumed pulse shape.
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Figure 2.15: Optical layout of MesaPhotonics FROG system, from [89].

While autocorrelation provides the pulse duration and some (but not all) information
regarding the temporal shape of the pulse, it does not retrieve the spectral phase; in other
words, it alone cannot be used to determine the chirp of a pulse. This capability divides
ultrashort pulse characterisation into two distinct groups: those with no phase retrieval, and
those that provide information about the spectral phase. Ascertaining the phase relationship
of the pulse bandwidth is useful in determining the compressibility of an ultrashort pulse by
providing a time-bandwidth product as a measure of how close the pulse is to being transform-
limited. Perhaps the most popular technique to do this is frequency resolved optical gating
(FROG); a well established method of retrieving the phase of ultrashort pulses since 1991
[90, 91]. It has been used to characterise pulses with a duration of less than 5 fs [92]. FROG
is almost as simple as a standard autocorrelation and commercial FROG system are readily
available; for example in this thesis FROG systems from MesaPhotonics have been used: the
FROG layout shown in figure[2.15] As with autocorrelation, a digital translation stage is used
as an optical delay line for the two pulse trains. In this type of FROG system, the non-linear
response medium is a phase-matching crystal used for second-harmonic generation (SHG).
The primary difference between this technique and autocorrelation using TPA is that both
signal and detector contain spectral information that is used to determine the level of chirp.

In some cases, for which the pulse energy is too low, or there are no non-linear me-
dia available for autocorrelation, cross-correlation can be performed using a synchronised
auxiliary probe laser. The most similar form of cross-correlation compared to the afore-
mentioned techniques is cross-correlation frequency resolved optical gating (X-FROG) [93].
An example of the X-FROG layout is shown in figure [2.16] This method requires a train of

reference laser pulses to be synchronised to the test pulses, and frequency mixed (sum or
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difference) to generate a signal. In many cases, synchronisation is automatic because both
sets of pulses originate from the same laser cavity, and merely have different temporal and
spectral properties; it is therefore useful if the spectral region of the test pulses preclude
simpler techniques. Compared with SHG FROG, X-FROG also has the advantageous capa-
bility of maximising the signal, using high-energy reference pulses in the frequency mixing
stage to maximise depletion of the test pulse energy. For sufficently high test pulse energies,
x® methods of gating can also be used in FROG, other than frequency mixing, such as
polarisation (PG-FROG) or self-diffraction.

Figure 2.16: Optical layout of MesaPhotonics XFROG system, from [89].

The data that is retrieved from FROG techniques using a spectrometer is in the form
of a spectrogram, which is a three dimensional array of time, frequency (wavelength), and
intensity. This is shown in figure for three examples of simple pulse chirp; indicating
the effect of GDD (b) and TOD (c) on a transform-limited pulse. While an autocorrelation
would only retrieve a symmetrical result for the temporal intensity, more advanced FROG
techniques can retrieve a more accurate result of temporal intensity, in addition to the spectral

intensity and phase.
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Figure 2.17: Examples of temporal pulse profiles and their corresponding spectral phase
profile for: (a) flat phase; (b) quadratic phase; (c) cubic phase, adapted from [94]].

Aside from FROG, interferometric techniques can also be used for phase retrieval; a
popular method in this group is spectral phase interferometry for direct electric field recon-
struction (SPIDER). The basic principle relies on non-linear phase-matching the test pulse
and a time-delayed duplicate with a highly chirped pulse (usually produced using another
copy of the test pulse) [94]. Each test pulse undergoes frequency mixing with the chirped
pulse to generate two pulses with different spectra; once these are filtered and received by
a spectrometer, an interferogram is received. A reconstruction algorithm is then used to
retrieve the spectral phase. A few examples of interferograms using SPIDER (simulated) are
shown in figure alongside equivalent SHG FROG spectrograms.
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Unfortunately, the common characterisation techniques discussed above are blind to
unstable or multiple pulsing [95]. The nonrandom pulse train in figure [2.18] shows the
expected results of characterising a highly stable mode-locked laser (nonrandom train) in
terms of intensity and phase in the temporal and spectral domains. Unfortunately, when
attempting to characterise random trains of pulses, SPIDER and SHG FROG fail to resolve
the detailed structure of the pulse train. In particular, SPIDER retrieves almost no information
about the intensity or spectral phase of the random pulse trains, whilst FROG may at least
indicate the test pulse is unstable. As a comparison, the results from two variants of FROG
(PG-FROG and X-FROG) are shown in figure 2.19] using the same random pulse trains.
Clearly, these methods retrieve significantly more detail regarding intensity and phase, with
results that match the actual pulses more closely. This is primarily the result of using a
separate reference pulse, that is stable, to probe the test pulse. In many circumstances, these
more advanced FROG variants provide ample information in order to stabilise a laser pulse
train. However, in some cases, the reference pulses must come from an auxiliary reference
laser that is synchronised with the test laser’s pulse train. Synchronising an external laser
to a random train of pulses, which exhibit instability or multi-pulsing, is often impossible;

techniques that are simpler and less demanding are to be desired.

Figure 2.18: Simulated measurement of pulse duration for decreasingly stable pulse trains,
using multi-shot techniques SPIDER and SHG FROG, from [96]. Red curves indicate
intensity, blue is phase, green is spectrum, purple is spectral phase.
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Figure 2.19: Simulated measurement of pulse duration for decreasingly stable pulse trains,
using multi-shot techniques PG-FROG and X-FROG, from [96]. The same random trains
were used as in figure 2.18] Red curves indicate intensity, blue is phase, green is spectrum,
purple is spectral phase.

The characterisation technique that this thesis focuses on is asynchronous cross-correlation;
itis presented in detail in chapter[6] This technique was refined to measure shorter pulse dura-
tions than previously, and does not require a synchronised reference laser. It is therefore ideal
method for characterising the mode-locking stability of an experimental laser system, such
as our cerium laser. In comparison, X-FROG would require careful control and knowledge

of the relative timing between the cerium laser pulse and the reference laser pulse.
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Ultraviolet Pulse Generation

Possibly the most well-known direct generated ultraviolet (UV) pulses are from excimer
lasers, also called exciplex lasers. These are gas lasers that can produce powerful pulses with
joule-level energies. They are arguably the most historically important UV lasers ever, being
an effective driver of change on this planet by improving the semiconductor manufacturing
industry and thus catalysing the most recent wide-scale revolution in the history of our species:
computers. Their utilisation for this task was dicussed in the early 1980s [97] using XeCl and
KrF, operating at 308 nm and 248 nm respectively. Their efficacy for lithography was due to
their short wavelength and power output. These lasers eventually achieved pulse durations as
short as 300 fs, limited by their bandwidth, and are still in use today. However, they are also

limited by their size, cost, and robustness.

Today, there are numerous methods of generating UV pulses, each with their distinct
advantages and disadvantages that restrict the range of applications for which they can be
utilised. This chapter will discuss the most robust solid-state methods of generating high
repetition rate, tunable deep-UV (DUV) pulses and CW radiation. These methods can be
separated into two different categories: frequency conversion, and direct generation. The
efficiency of these two approaches for accessing the DUV varies depending on the desired
pulse characterstics. There are always trade-offs, particularly pulse duration, efficiency,
tunability, and complexity. It will be shown that cerium based lasers have the potential to be

the ideal tool for accessing the DUV region since they deal with all of these issues.
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3.1 Non-Linear Frequency Conversion

Ultraviolet laser light was first generated in 1961 [98], almost immediately after the first laser
was demonstrated. This was done by frequency doubling a ruby laser in quartz; frequency
doubling is still among the most prominent methods of UV pulse generation to this day. Non-
linear frequency conversion is the general term for this process, utilised to generate different
wavelengths of light from the original laser beam, or beams. This encapsulates frequency
doubling, sum frequency mixing (SFM) and difference frequency mixing (DFM). This is a
particularly useful technique for accessing regions of the electro-magnetic spectrum for which
there are no available laser gain media. The most common form of non-linear frequency
conversion is harmonic generation, which is widely used to produce photons that are the sum
of the frequency of the original photons i.e. two photons are annihilated in the creation of
a new photon with their combined energy. This method requires a birefringent non-linear
crystal, such as beta barium borate (BBO) or lithium triborate (LBO). While propagating in
the crystal, orthogonally polarised beams (ie ordinary and extraordinary polarisation relative
to the optical axis) can have equal refractive indices. Thus the input and output radiation are
made to have closely matched, or equal, refractive indices. This process is generally tuned
for optimal frequency conversion via crystal angle and/or temperature. Frequency doubling,
also known as second harmonic generation, is generally the most simple and efficient type of
harmonic generation because it requires a single input laser beam, that does not need to be

overlapped with another.

Dye Lasers

In the 1970s, research based on ultrafast dye lasers rose to prominence; they are an important
historical stepping stone in the story of ultrafast lasers. A great number of different dyes
were discovered, and found to lase directly (with appropriate pumping) from the UV to the
near infra-red (NIR) [99]]. The primary advantage of dye lasers is their broad bandwidth,
for tunability and femtosecond pulse generation. Direct laser action as low as 311 nm was
achieved via tuning, from a 2,2"-dimethyl-p-terphenyl dye laser, which was pumped by a
248 nm KrF excimer laser. However, generation of shorter wavelengths (such as those at
which Ce:LiCAF operates) required frequency doubling [100]. This was often performed
intra-cavity, making use of the high power that is favoured by this non-linear process [101].
While they cover a wide range of wavelengths, the most detrimental aspects of dye lasers are
their operating complexity, toxic materials, and degradation. These often necessitate careful
protective equipment, a steady flow of dye solution (to allow recovery from triplet states), and
regular replacement of the dye. Hence, dye lasers have been mostly superceded by solid-state

lasers.
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Neodymium Lasers

Infrared lasers that operate around wavelengths of 1 um can easily be frequency doubled
twice (fourth harmonic) as a simple and robust means of producing high power UV light.
Neodymium-based diode-pumped solid-state (DPSS) lasers are effective for this task, as they
can easily produce average powers of over 100 W, and be passively mode-locked simply
using a SESAM. Q-switched Nd:YAG is often doubled twice, first in LBO and then BBO
1064 — 532 — 266 nm for high energy nanosecond pulses. YVOy is the preferred laser
host medium for mode-locked Nd lasers as this material has slightly more bandwidth and can
therefore be modelocked to generate 10 ps pulses at 266 nm. These lasers are commercially
available for scientific and industrial applications, even at high repetition rates. For example,
Photonics Industries International, INC. now offer a DPSS laser system that produces a 3 W
average power, 15 ps, 80 MHz pulse train at 266 nm. This is capable of pumping a Ce:LiCAF
laser, in fact its output is almost identical to the fourth harmonic stage that is used in this
thesis. These Nd-based DPSS lasers are robust, but their bandwidth-limited pulse duration
of 5 ps is restrictive, and it is seldom reached.

Fibre Lasers

Fibre lasers also offer a robust means of generating ultrafast IR pulse trains [102] that
can be frequency quadrupled to produce average powers over 1 W in the ultraviolet [103]
104]. Recently a fibre laser system was demonstrated, achieving 4.6 W of average power at
258 nm. The laser was operated at 796 kHz, generating 150 fs pulses that could potentially be
compressed to 40 fs [105]. The fiber laser itself was chirped-pulse amplified, operating at a
centre wavelength of 1032 nm. The frequency quadrupling step to 258 nm was performed in
a 0.1 mm long BBO crystal, which had water-cooled sapphire windows bonded to both faces.
Despite the additional thermal management, the authors reported significantly reduced beam

quality for higher average powers due to thermal effects.

Non-Linear Phase-Matching Crystals

Non-linear optical crystals for frequency doubling to UV 532 — 266 nm at high average
powers vary primarily in terms of their efficiency, and robustness. There is a set of crystals
that can operate with high efficiency (over 70%), which include ADP, KDP, and DKDP,
that are desirable for inertial confinement fusion [106} [107]. The system design using these
crystals is of a signficantly greater scale and much lower repetition rate than common mode-
locked lasers, usually only of order several pulses per day. They are generally only suitable
for high peak powers at low average powers, and as such will not be extensively discussed
here. Instead, we discuss borate crystals that are efficient for different reasons, particularly

their non-linear coefficient d.g [pm/V] and high average power operation.
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Frequency conversion from 532 nm to 266 nm and similar regions is still challenging
at high average powers as each non-linear crystal comes with its own set of issues. The
choice is therefore heavily dependent on the intended application, by assessing the trade-off
of issues for the required optical output, which is generally the desired power. The crystals
that are most effective at high-power frequency conversion have practical issues that must be
considered, which includes beam walk-off, thermal effects, and hygroscopy. Beam walk-off
refers to the angle difference (poynting vector) between the input and generated beams, which
can reduce beam quality and conversion efficiency. A summary of some noteable non-linear

crystals is shown in table [3.1] including somewhat newer ones.

Table 3.1: The type 1 phase-matching parameters for frequency doubling 532 — 266 nm
from [108, [109]; deg is the non-linear coefficient; ayy is the absorption at 266 nm; p is the
walk-off angle; acceptance refers to the angular tolerance of phase-matching.

Crystal Cutoff [nm] deg [pm/V] ayv [cm™!] p [mrad] Acceptance [mrad-cm]

BBO 180 1.75 <0.17 85 0.19
CLBO 180 0.76 - 33 0.47
KABO 180 0.26 0.10 50.5 0.3
KBBF 160 0.39 0.11 52.8 0.3
RBBF 170 0.34 0.62 56.5 0.28

The most efficient high power crystal with the highest deg is BBO, despite the large walk-
off that it exhibits, which can be dealt with by using a line focus. As much as 14 W of 266 nm
light has been generated in BBO, but with moderate PRFs of 100 kHz using 10 ns long pulses
[110]. At high PRFs of 80 MHz, 2.9 W of 266 nm light has been generated in BBO [108]]. It
is only slightly hygroscopic, so it can be used at room temperature or slightly heated to negate
the degradation due to humidity. However, thermal effects inhibit the generation of higher
powers for high PRF. This is due to absorption and colour centre formation leading to thermal
lensing and thus beam degradation. However, the primary limiter of high power generation
is thermal dephasing which reduces the efficiency of frequency conversion. Higher PRFs
exacerbate thermal effects, because the pulse repetition period is less than the timescale
on which heat diffusion occurs. Non-linear absorption of the second and fourth harmonic
generation (532 nm and 266 nm) is the most significant contributor to heat deposition. Non-
linear absorption can be reduced by heating the BBO crystal to 100-200°C thereby reducing
thermal issues for high power generation at higher PRFs or CW operation [108, [111} [112]].
A method of countering thermal effects is to use a tight focussing geometry perpendicular to
the walk-off plane, such that the generated 266 nm light quickly shifts away from the 532 nm
pump to distribute heat accumulation [113]. Heat management and higher quality BBO
manufacturing, including fluxless growth, is still underway to take this all-round efficient
crystal to higher power for high PRFs [105].

CLBO is a viable alternative, as it exhibits very little absorption and thus fewer thermal
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issues. The walk off angle is small, and it has a wide acceptance angle. As much as 28.4 W
of 266 nm light has been generated using CLBO using a PRF of 10kHz [114]. It is almost
an ideal solution to high power 266 nm generation. However, it is highly hygroscopic, and
as such requires additional engineering effort to prevent it from rapidly deteriorating. It
is therefore seldom used in commercial systems but is sufficient for impermanent use, in
research for example, and may simply require an elegantly engineered approach for industrial

applications.

The several other non-linear crystals mentioned above are relatively new, being recently
discovered and researched. They are therefore more scarce, but have shown to be effective at
high power generation without hygroscopic effects. For example, NaSr3;Be3;B3;09F4 (NSBBF)
was recently discovered in 2017 [115]] and shown to be efficient at 10 Hz. The development
of nonlinear crystals for frequency conversion into the UV is important for many industrial
manufacturing and commercially available scientific tools. Due to such high demand, it is
a world-wide effort and is likely to significantly improve over the coming decades. This
overview is therefore nowhere near exaustive as there are numerous other developments in

growing crystals [116, [117].

Ultrafast Non-Linear Frequency Conversion

Tunable and ultrashort pulses are desirable in the UV, as described in the introduction. This
is achievable by frequency converting a broad-bandwidth tunable IR source. For example,
Ti:sapphire lasers are routinely used to generate few femtosecond pulses, and are converted
to the UV using a frequency tripling stage - sum frequency of the fundamental and second
harmonic. The acceptance bandwidth of the nonlinear crystal (e.g. in table [3.1I)) becomes
significantly more important for this process, since the phase matching limits the conversion
process. Efficient frequency conversion of femtosecond pulses becomes more complex when
dealing with the very broad bandwidths that are necessary to support pulse durations of
several femtoseconds, such as with Ti:sapphire lasers [118]. This can be done by spatial
dispersion (spatial chirp) of the input pulse prior to frequency conversion, so that the phase
matching is more closely satsified. This essentially increases the acceptance bandwidth by a
factor of 10-100.

For example, a prism pair can spatially separate the wavelengths/frequencies of a pulse
prior to frequency conversion. The pulse frequencies are then ideally at the precise angle at
which they would be phase matched in a narrow bandwidth scenario. This process is referred
to as achromatic phase matching [[119,[120] and is shown in figure This is one stage of
the harmonic frequency conversion process, since for Ti:sapphire pulses frequency tripling

is required.
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Figure 3.1: Taken from [121]. (a) Phase matching scheme for efficient broad bandwidth
second harmonic generation by increasing the acceptance bandwidth. Fused silica prisms
are used to spatially disperse visible light, which is frequency converted in BBO, after which
the spatial dispersion is compensated for by CaF; prisms. (b) Wavelength dependent internal
crystal angle for phase matching (dashed line) and the effective angular dispersion that the
scheme achieves inside the BBO crystal (solid line).

Achromatic phase matching is efficient enough such that a broad bandwidth, and thus
femtosecond pulse duration, can be maintained during conversion into the UV region. Ef-
ficiencies can reach 20%, and tuning from 275 to 335 nm has been demonstrated for pulses
shorter than 10 fs [[121]]. However, the optical system required to achieve this was significantly
more complex than the single achromatic frequency conversion stage depicted in figure [3.1]
Firstly, a non-collinear optical parametric amplifier (NOPA) was used prior to SHG, pumped
by a kilohertz chirped-pulse regenerative amplifier Ti:sapphire system, to generate visible
pulses. This is a system that is, itself, quite complex. Secondly, achromatic phase matching
for higher orders of dispersion was managed using a deformable mirror and required digital
computer control to achieve the aforementioned pulse durations. After all this, albeit for
an impressive result, additional optics are still necessary for reducing pulse durations by

compensating for higher orders of dispersion affecting the UV output pulses.

Non-Linear Frequency Conversion in Gas

Harmonic generation in gas has been useful in generating ultrashort pulses, discussed in the
introduction under high harmonic generation. Since only odd harmonics are achievable with
this method, frequency tripling of Ti:sapphire is suitable. A new record ultrashort pulse
duration of 1.9 fs has been achieved recently, with a bandwidth spanning the deep UV from
210 to 340 nm [122]]. A laser-microfabricated gas cell with a variable gas pressure was used,
for optimising the efficiency. This process still has the need for dispersion management as
the impressive result was obtained with the optical system in vacuum to avoid UV pulse
dispersion, for which compensation would be required for simply propagating in air. The

pulse energy was 150 nJ, but the repetition rate is not mentioned; this process exhibits issues
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for MHz level PRFs.

Similarly, gas-filled fibres have been used for frequency conversion from high intensity
NIR pulses to DUV light. Optical fibres offer a robust solution and the strong and extended
confinement of high intensity pulses can be subject to soliton dynamics, which can be used
to obtain widely tunable DUV pulses via supercontinuum generation. Nearly a decade ago, a
hollow-core argon-filled photonic crystal fibre (PCF) was used to produce tunable output from
200-320 nm [123]]. The conversion efficiency was no more than 8%, but others theorised that
conversion efficiencies of up to 20% could be possible at vacuum UV (VUV) wavelengths
[124]]. Further research into the interaction of intense optical pulses in hollow-core PCFs led
to the development of wide ranging physical processes including: soliton compression down
to few-cycle pulses, tunability over the DUV region, soliton-plasma interactions, and Raman
frequency combs [125]. Most recently, large hollow core fibres without microstructures were
used for frequency conversion, generating pulses in a wide region from 100 to 400 nm, with
high energies of up to 16 pJ by injection of 400 pJ, 26 fs pulses from a Ti:sapphire laser
system [[126]. While these systems utilise the elegance of an optical fibre, they still require a

gas cell with variable pressure, and a high power laser system as a starting point.

Cerium Lasers: an Alternative Strategy Based on Nonlinear Frequency Conversion of

a Pump Laser followed by direct generation in the UV

The simple solution to generating ultrashort and/or tunable pulses in a region such as the UV
is to generate it via a laser that operates at a broad bandwidth directly in that region. Cerium
lasers can perform this task exceptionally well in the UV and will be discussed in detail in
the following sections. They offer highly efficient laser action over a broad bandwidth, and
come with all the advantages that solid-state laser systems offer. This includes long material
lifetimes, simple construction, and compactness, whilst operating directly in the UV to avoid
complex and less efficient frequency conversion schemes.

Although the fourth-harmonic of neodymium lasers is a convenient pumping tool for a
cerium laser, the simplest and thus most desirable approach may be to generate pump light
directly from a diode laser. Since 2009, blue and green diode lasers such as gallium nitride
(GaN) have been used to directly pump Ti:sapphire thus eliminating the need for a frequency
doubled Nd-based laser for small Ti:sapphire systems [127H132]. Shorter wavelengths are
more challenging to generate using diode technology, although the 315-400 nm region has
been reached. Most recently, a DUV laser diode operating at a record short wavelength
of 271.8 nm has been successfully demonstrated using aluminium gallium nitride (AlGaN)
[133]]. Pulse durations of 50ns at a repetition frequency of 2kHz were produced, with a
bandwidth of about 0.4 nm. It is shown in the next section that this wavelength is well suited
for pumping the Ce:LiCAF gain medium. This advancement is highly promising for the

future of Ce:LiCAF lasers, if the power output of this new class of laser diode increases in
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the same manner as blue-green diodes did.

The route to tunable UV light using frequency tripled Ti:sapphire versus a Ce:LiCAF
laser is visualised in figure[3.2] The choice of starting from near-IR diode lasers is a common
preference because of their high power and efficiency, despite the increased complexity. This
is advantageous because of the remarkable maturity of DPSS lasers in the 1.06 pm region.
Indeed, Nd-based DPSS laser systems which contain additional optics for 2" or 4™ harmonic
frequency conversion are commercially available at high power and repetition rates (e.g.
266 nm, 3W, 100 MHz - Photonics Industries). The comparison between Ti:sapphire and
Ce:LiCAF then differs by the number of frequency conversion stages that require active
adjustment when wavelength tuning is necessary. In the Ce:LiCAF approach, tuning the
wavelength output is performed at the last stage of generation, and thus only the laser
requires active adjustment. This differs from wavelength tuning in a frequency tripled
Ti:sapphire system, for which two additional adjustments are necessary; the 2" and 3™
harmonic frequency conversion stages of the Ti:sapphire approach also need to be tuned, in
addition to the laser itself.

In addition to the simplified system arrangement, the efficiency of the Ce:LiCAF ap-
proaches in figure [3.2] is also significant. Not only are there are fewer conversion stages
required, which would otherwise reduce the system’s overall efficiency, but the quantum
effeciency of Ce:LiCAF is also higher. The quantum efficiency of Ce:LiCAF is > 90% [134],
while for Ti:sapphire it is approximately 70% [135]].

Nd:solid state laser pumping Diode laser pumping
Near-IR Near-IR Blue/green DUV
diode lasers diode lasers diode lasers diode lasers
} } } }
Nd laser Nd laser Ti:sapphire Ce:LiICAF
{ { { {
2" harmonic 2" harmonic 2" harmonic [0AY
}
Ti:sapphire 4™ harmonic 3" harmonic
| | |
2" harmonic Ce:1.iCAF 16A% &
g
| | <
3" harmonic uv §
| <
uv

Figure 3.2: The route to tunable UV laser light, inspired by [4]. The coloured text represents
a stage which requires active adjustment to wavelength tune the UV output.
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3.2 Cerium Lasers

Cerium doping for potential ultraviolet laser gain media based on the 5d — 4f transition
was first published by Elias et al. over 45 years ago [[136]. A host of LaF3 was doped with
trivalent cerium ions Ce** with conncentrations from 0.01% to 100%. Fluorescence was
observed over a wide range between 270 - 450 nm for 100% doping, when pumped with a
250 nm light source via synchrontron radiation. Although laser action was not immediately
demonstrated, the discovery of fluorescence in this desirable region led to the development
of cerium doped scintillators [137H139]. It was clear that this broad bandwidth of optical
emission was promising for potential directly-emitting ultraviolet lasers, as discussed by Elias
etal. inthe 1973 report. This sparked numerous studies and the search for appropriate doping

concentrations into suitable host materials began [[140].

Fluorescence at shorter wavelengths of 172 nm was also observed in 1976 using neo-
dymium as a dopant, which seemed promising [141,/142]. Lasing was reported in two highly
cited reports, but not repeated since [143] [144]. The role of excited state absorption (ESA)
was found to prevent lasing [145]]. The effort to develop potential VUV solid-state sources
continues with studies conducting into the viability of Nd-doping in LiCAF and LiSAF
[146, [147]. The search and refinement of prospective hosts for Ce** was also hindered by
ESA, which prevented laser action in many cases such as Ce:YAG. The formation of colour
centres (CC), also known as photochromic centres or solarization, was the other significant
factor in preventing lasing [[148]. These two factors were the most prevalent inhibitors in the

search for better Ce** gain media.

The laser action of Ce** doped gain media in fluoride hosts, which are the most practical
host materials reported to date, is based on the 5d-4f transitions and shown in figure for
Ce’* ions inside a host material. The free-ion spectrum was studied extensively by Lang in
1936 [[149]. The ground configuration of Ce®* consists of a xenon-like core of 54 electrons,
over which a valence shell contains one 4f electron. The 4f level is split by the spin orbit
interaction into °F; /2 and %F5 /2 levels, which are separated by 2,253 cm~!. The 5d energy
level is also split by spin orbit interactions into *Ds /2 and ’Ds /2, energy levels at 49,737
and 52,226cm™!, while the 6s level is located at 86,600cm™'. The large spatial extent
of the 5d wavefunction results in domination of the crystal field interaction, over the spin
orbit interaction. This splits the 5d configuration into 4 or 5 broad Stark levels, which are
each separated by 5,000cm™!. The laser transition, 5d — 4f, exhibits a large energy level
difference of between 20,000 and 30,000 cm~!. This results in high quantum efficiences of
over 90% [134], which arise from a low probablity of non-radiative decay via multi-phonon

emission [[150]].
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Figure 3.3: Typical energy level structure of cerium doped fluorides from [151]].

Figure [3.3|shows the two primary loss mechanisms of cerium-doped fluorides, which are
excited state absorption (ESA) and colour centre formation (CC), solarization. ESA describes
the transition of an electron into the conduction band by excitation, which in the case of optical
pumping is typically a second photon interacting quickly after an initial excitation photon.
The formation of a CC may occur when the relaxation of an electron from the conduction
band results in it being trapped at a lattice defect or impurity site [151]. The CC may then
be excited back into the conduction band, or return to the ground level after relaxation.
These mechanisms divert the pump or laser photons away from potential laser transitions to
undesirable lattice interactions, and thus reduce the available gain or increase loss. While
ESA is difficult to avoid in some materials, CC lifetimes depend on impurity trap depth and
temperature, so they may be thermally deactivated. Alternative approaches to reducing the
formation of CCs in some host materials include codoping with a charge compensating ions

[152] or via bleaching using an antisolarant pump beam at a longer wavelength [[153]].

Despite the problematic loss mechanisms mentioned above, the first demonstration of
laser action using a cerium ion was achieved less than a decade after it was considered, in
1979 by Ehrlich et al. [154)]. This established a new record for the shortest wavelength
generated by an optically pumped solid-state laser. The authors used LiYF4 (YLF) as the
host medium to produce 325.5 nm radiation, pumped by a 249 nm KrF excimer laser. This
record was quickly surpassed in 1980 by the same group [155], generating 286 nm radiation
with a LaF3; host, and the same pump source. This was a considerable milestone, but the
performance of these lasers was limited by both ESA and solarization which resulted in
efficiencies of less than 1%. With the search for more suitable host crystals underway, Owen

et al. [156] established selection criteria for potential hosts for trivalent lanthanide ions:
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(1) Excited-state absorption is likely to occur if the sum of the energy of the probe
beam and the energy of the zero phonon fluorescence level is equal to the energy
of a normal absorption band. Thus, in order to avoid excited-state absorption,
twice the expected laser frequency should correspond to an energy for which
there is no normal absorption. (2) Host materials should be selected with large
band gaps, and the impurity ion groundstate energy should be low relative to the
conduction band energy. This restricts consideration to fluorides and possibly
some oxides and chlorides. (3) Many electron atoms ought to be avoided since
the abundance of excited states increases the possibility of absorption compared

to that of an ion with a single electron outside the core.

For over a decade, numerous studies to counter ESA and CC losses were conducted, and
new host media investigated, but there were was no significant improvement in the efficiency
of cerium gain media [157-162]. In the late 1980s and early 1990s, two new host materials
were developed that found huge success in generating near-IR light with Cr** chromium-
doping [163H165]. These are lithium strontium hexafluoroaluminate (LiSrAlFg shortened to
LiSAF), and lithium calcium hexafluoroaluminate (LiCaAlFg shortened to LiCAF). These
lasers have improved significantly over the last 30 years to become efficient and reliable
sources of femtosecond pulses in the near-IR [166-168]]. They were shown to be successful
Kerr-lens mode-locked (KLM) lasers [169]. Soon after they were initially developed, the host
media were tested with Ce* ions [134] which sparked a resurgence of interest UV solid-state
lasers. A flurry of research and new host materials subsequently arose over the next few
years, as efficient cerium lasers were finally developed.

The first demonstration of a Ce:LiCAF laser was by Dubinskii ef al. in 1993 [[170]. A
high quality crystal was used, grown using the Bridgman-Stockbarger technique, a technique
that is still in use for refining the quality of Ce:LiCAF for high efficiency operation [171]. A
Ce:LiSAF laser was also demonstrated in 1994 by Marshall ez al. [172]], which was slightly
favoured as the manufacturing processes was more established at the time. Within a year, a
more efficient room-temperature Ce:YLF laser was demonstrated [[173], and the Dubinskii
group also demonstrated a Ce:LiLuF, (LiLuF) laser [174].

This first demonstration of Ce:LiCAF showed promise with low ESA and an almost non-
existent presence of solarization. The absorption peak of Ce:LiCAF (as well as Ce:LiSAF)
between 260-270 nm was of particular importance, as it corresponds to the fourth-harmonic
of Nd lasers which had become widely available over the last decade. The pump sources for
cerium lasers became more refined between 1995 and 2005. The development of efficient,
robust, and tunable UV sources was driven by the desire for atmospheric sensing, specifically
laser radar systems for ozone detection [175, [176]. The use of these new media for pulse
amplification became highly attractive and well established over this time. The use of
Ce:LiCAF for pulse amplification will be discussed in detail in section[3.3.2]



48 Ultraviolet Pulse Generation

Figure 3.4: Absorption and emission spectra (left and right, respectively) comparison of
cerium doped materials, and potential pumping wavelengths, from [151].

Of all the potential Ce** gain media in figure there are three that stand above the rest
when it comes to efficient operation: LiCAF, LiSAF, and LiLuF. The third of these, LiLuF,
operates at significantly higher efficiency than its isomorph, YLF, as it has roughly twice the
quantum yield. It is also in a different spectral region from the first two, LiICAF and LiSAF.
These two hosts exhibit remarkably similar absorption and emission peaks when doped with

Ce>* ions, and are both well suited to frequency-quadrupled Nd lasers. A significant review
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of prospective cerium-doped media was published in 2004 [[151] that noted that the three
aformentioned hosts are effectively the only viable successors for the future of cerium lasers
and amplifiers. Figure [3.5]shows the power output of these three fluoride host media: LiLuF,
LiSAF, and LiCAF, over a significant portion of their potential tuning range [[177, [178].

Figure 3.5: Tuning ranges achieved for Ce:LiCAF, Ce:LiLuF, and Ce:LiSAF under ns pulse
pumping at kHz pulse repetition frequencies, from [151]].

The tuning range of LiSAF in figure [3.5] is a very small portion of its potential. Its
range of fluorescence (283-313 nm) is almost as wide as LiICAF (280-316 nm). This reduced
range in figure [3.5]is partly due to poor efficiency from higher ESA in Ce:LiSAF. However,
solarization was shown to be the most significant factor in reduced efficiency for LiSAF. This
has been approached with an anti solarant pump beam (e.g. pumping at 532 nm in addition to
the 266 nm pump) to annihilate colour centres in Ce:LiSAF. Slope efficiency was increased
from 30% to 47% with an additional 532 nm anti-solarant pump laser to bleach colour centres
[153,179], at the cost of of complexity.

Co-doping has also been a successful approach to reducing solarization. The beneficial
effects of Yb>* and Lu®* ions on the broad-band properties and gain from cerium doped
YLuPO, and its isomorph LiYLuF4 have been shown [180]. In Ce:LiSAF, co-doping 2%
Na* led to an increase of slope efficiency from 17% to 33%. Similarly, in Ce:LiLuF, co-
doping with 1% Yb>* increased slope efficiency from approximately 50% to 62% [[152, [181].
Co-doping of 2% Yb** in Ce:KY3F|( even enabled the first reported case of laser action
using this gain medium, with an output observed at 362 nm [[182].

Mixed crystal structures have been useful to improve growing methods or optical proper-
ties of fluoride laser crystals like Ce:LiLuF and Ce:LiCAF. For example, mixing LiCAF and
LiSAF for the mixed crystal Ce:LiSry3Cag,AlFg (Ce:LiSCAF) was developed to harness
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the faster growth of LiSAF without significantly compromising the advantageous optical and
thermal properties that LiCAF affords [183]. The elemental mixture was varied to optimise
these crystals’ characteristics, arriving at the 80:20 ratio. Conveniently, Ce:LiSCAF also
possess a higher absorption coeflicient than Ce:LiCAF or Ce:LiSAF, including at 266 nm.
Theoretically, it also spans a greater wavelength tuning range [184]. However, to date, laser

operation has not been experimentally demonstrated.

The prospect of upconversion pumping to obtain UV luminescence from the 5d — 4 f
transition in rare earth ions (such as cerium) has been considered for multiple host media.
Techniques to achieve this include ESA, TPA, and stepwise sensitisation. For cerium-
doped media, the most successful of these is stepwise sensitisation, enabled via co-doping
Ce:LiY3Lug7Fs with Pr3* ions [183], and pumping with two different wavelengths of
radiation. The energy of each wavelength is absorbed by Pr** ions in a stepwise manner,
which then transfers to a nearby Ce3* ion, which allows stimulated emission to occur on
the 5d — 4f transition of Ce**. In 2016, gain was observed using upconversion pumping
in Ce:LiY3Lug7Fs [186], which has a less convenient pump wavelength compared with
Ce:LiCAF, generally requiring either another cerium laser or a Raman frequency converter
for pumping. However, the upconversion pumping scheme used by the authors still required
frequency conversion from 1064 nm to 266 nm and an additional dye laser operating at
595 nm (pumped at 532 nm) to pump the Pr** ions at 266 nm and 595 nm. On the other hand,
a major benefit of upconversion pumping is reduced ESA, since the excitation of Ce** ions
by 266 nm radiation is negligible in this particular host medium, but the gain remains low
due to excited-state photoionisation by Pr’* ions, which makes lasing a challenge. A more
direct approach to pumping, starting with industry-standard IR laser diodes, has also been
considered [[187]. In 2013, the BaY,Fg host and dopants Yb>* + Pr** + Ce3* was shown to
luminesce in the 250 —550 nm region. It was pumped by three different laser diodes operating
at 808 nm, 840 nm, and 960 nm with a combined power of 5 W [188]]. The authors posulated
that efficiency can be improved with futher investigation of the excitation dynamics. In time,
advances in the field of upconversion pumping by optimisation of ion content and pumping
parameters may yield a slightly more convenient and effective approach to UV lasers, if lasing
is possible using a simplified pumping scheme.

In recent years, the electronic band structures of LiCAF and LiSAF were compared
via ab initio calculations; density functional theory, and local density approximation using
optimised lattice constants [189]. When compared with LiCAF, it was determined that ESA
and solarization are more pronounced in LiSAF because of the shorter 5d conduction band
distance, combined with the difficulty of growing high-purity crystals. In contrast, Ce:LiCAF
crystals can be grown with high purity and physical size, which exhibit nearly no photoinduced
degradation of laser function, and have a high saturation fluence [3]. The damage threshold
of Ce:LiCAF is also likely higher, as it is with Cr:LiCAF, in terms of both fluence and

irradiance for high powers and ultrashort pulses [190]. The non-linear Kerr refractive index
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of LiCAF is modest in the IR and changes positively, which is a necessary feature for KLM; it
is expected to be considerably higher in the UV over the bandwidth of Ce:LiCAF [191}192].
All of this makes Ce:LiCAF the superior gain medium in the 290 nm region. It is currently
the most practical avenue for experimental ultrafast and CW UV laser development, and the
ideal candidate for an all-solid-state high power femtosecond UV MOPA.

3.3 Ce:LiCAF Lasers

3.3.1 Gain Switched

As mentioned in the previous section, the first Ce:LiCAF laser was demonstrated by Dubinskii
et al. in 1993 [[170]. The all-solid-state system was composed of a frequency quadrupled
neodymium pump laser and a relatively long gain-switched Ce:LiCAF cavity that allowed for
the pump light to be inserted into the gain medium quasi-longitudinally. The Ce:LiCAF laser
cavity was comprised of two curved mirrors with a radius of curvature of 30 cm, separated
by 21 cm, for non-selective experiments. They had high reflectance between 280-300 nm,
and about 0.4% transmittance. The group used a 4 mm long crystal with a diameter of 5 mm
doped with 0.6 at.% Ce3*, and were able to grow a 20 mm long, 6 mm diameter cylindrical
boule with 0.9 at.% Ce>* ion doping by the Bridgman-Stockbarger technique. Due to optical
quality considerations of early growth technology, the active medium was set at an arbitrary
angle relative to the crystallographic axes of LiCAF. This was compensated for by rotating the
polarisation of the pump beam for maximum absorption, but hindered the system’s efficiency.
The 266 nm pump pulses, doubled from 532 nm using DKDP, provided pulse energies of up
to 3 mJ with a FWHM of 16 ns at a PRF of 12.5 Hz. Using this, the Ce:LiCAF laser produced
0.15mJ, 10ns pulses with a slope efficiency of 8.7% at 288 nm, using an output coupler
mirror with 68% transmission. Tuning between in the range 281-297 nm was achieved using
an intracavity prism, and plane parallel cavity mirrors. The group observed no evidence
of colour centre formation, and demonstrated Ce:LiCAF to be a robust and efficient gain
medium despite the limitations imposed by the manufacturing quality of crystals and UV
mirrors at the time.

The unpolarised spectroscopic characteristics of Ce:LiCAF are shown in figure[3.6|which
shows two of the common absorption peaks that are shared by Ce** doped colquiriites (near
190 nm and 270 nm). The other commonality between the spectra for these media is the
two-peaked emission spectrum, which occurs due to the split ground state (’F; /2 and 2Fs /2)
at which the 5d-4f transitions terminate. This presents differently for fluorescence and gain,
as the figure shows. The gain bandwidth closely matches the 280-316 nm tuning range that is
achieved by future laser results, but the fluorescence is much broader and extends to longer
wavelengths. While these unpolarised data are useful, the birefringent aspect of LiCAF

(which is uniaxial) lends it to different behaviour for polarised radiation.
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Figure 3.6: (a) The nonpolarised absorption spectrum of 2.3 mm Ce:LiCAF sample with
doping concentration of 0.1% (b) the nonpolarized fluorescence spectrum of Ce:LiCAF
(C = 0.9 at.%); (c) single-pass small-signal gain dependence of the probe-beam wavelength
for a Ce:LiCAF sample (0.9 at.%, the thickness is 2.3 mm). From [193]].

Figure 3.7: Absorption and emission spectra of Ce:LiCAF for 7 and o polarisations from
[172].

The polarised spectroscopic properties of Ce:LiCAF (shown in figure note that the
extent and profile of these spectra are affected by doping concentration and impurities, hence
often differ in some way) were measured and studied by Marshall et al. using high quality
crystals grown by the Czochralski technique [172]]. The group cut a range of high quality
samples from the initial 20 mm length and 10 mm of large boules (100 mm long with a 20 mm
diameter) with cerium concentrations of 0.5 to 1 mol.%, and demonstrated record efficiency.
Using a two-mirror cavity each with a 10 mm radius of curvature (ROC), a 50% transmissive

output coupler was used to generate slope efficiencies of up to 21% at a similarly low PRF
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of 10 Hz. The short upper state lifetime of 25 + 2 ns was measured, which is comparable to
a dye laser. The small signal gain was also investigated for 7 and o polarisation of the pump
and probe beams, from which the absorption and emission cross sections were determined.
Although the absorption cross section for a o polarised pump is higher, it was found that ESA
is less pronounced for & polarised light, since higher gain was achieved when using pump-
probe beams that were both m polarised. The various cross-sections that were determined by

the group are shown in table [3.2]

Table 3.2: Cross-sections of Ce:LiCAF, from [172]].

266 nm Wavelength 290 nm Wavelength
Parameter n Polarised o Polarised n Polarised o Polarised
Absorption, oags (10718 cm?) 7.5 5.8 - -
Emission, ogy (10718 cm?) - - 9.6 6.2
ESA, ogsa (10718 cm?) 5.5 9.9 3.6 2.2
Gain, ogm — 0gsa (10718 cm?) - - 6.0 4.0

Shortly after the spectroscopic insight provided by Marshall’s group, Pinto et al. demon-
strated improved laser cavity designs that favoured m polarisation by utilising Ce:LiCAF
crystals cut at Brewster’s angle for & polarised radiation. The cavity was composed of a plane
output coupler with high transmittance of 85% separated by 7 cm from the HR back mirror
with a 2m ROC, to achieve slope efficiencies up to 39% and pulse energies over 10 mJ. The
laser was also prism tuned over a wide range of 281-315 nm, but still operated at a PRF of
10 Hz.

The drive for a higher repetition rate from gain-switched Ce:LiCAF lasers was pushed
partly by the desire for increased data acquisition in atmospheric monitoring applications,
such as laser induced fluorescence monitoring of OH radicals in the troposphere [194].
Petersen et al. made significant progress in this regard, by using a 10 kHz Nd:Y VO, laser
to longitudinally pump a Ce:LiCAF cavity that was composed of two 10 cm ROC mirrors
to form a 6 cm long cavity; one an HR mirror, and the other an output coupler. The group
achieved a 350 mW power output, slope efficiency of 28%, and tuning range of 289-312 nm
with a Brewster’s angle prism. They also found that the high repetition rate did not affect
colour centre formation.

Shortly after the first high PRF gain-switched Ce:LiCAF lasers, a different pump source
was utilised by McGonigle ef al. [178]], in the form of a copper vapour laser (CVL). Like
the previous neodymium pump lasers, CVLs are capable of PRFs on the order of kHz, with
high average powers on the order of tens of Watts. The CVL fundamental lines are 511 and
578 nm; using sum frequency generation (SFG) or frequency doubling yields three possible
wavelengths: 255, 271, and 289 nm. The latter two of these are well suited to the absorption

of the most prominent cerium gain media, specifically Ce:LiCAF/LiCAF and Ce:LiLuF
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respectively. As shown in figure the authors used SFG to convert the 25 mm diameter
output beam from a 1 m long CVL laser to 271 nm, and then quasi-longitudinally pump a
Ce:LiCAF laser cavity that was composed of a 9 mm long crystal, a flat output coupler, and
an HR mirror with ROC 250 mm. This system operated at a PRF of 7kHz and a central
wavelength of 288.5 nm, achieving a slope efficiency of 32% and maximum output power of
530 mW (limited by the available pump power), and a wide tuning range of 280.5-316 nm.

The pulse duration was also measured to be 2.9 ns.

Figure 3.8: Copper-vapour laser pumped Ce:LiCAF laser optical arrangement, from [[178]].
The arrangment for sum-frequency mixing the 511 nm and 578 nm outputs of a copper vapour
to generate the 271 nm pump wavelength is also included.

Shorter pulse durations from gain-switched Ce:LiCAF lasers were achieved by Liu et
al. [193], by using short cavities with a low-Q, and self-injection seeding. The authors
demonstrated 600 ps pulses with a 1.5cm long cavity composed of plane mirrors, one of
which was an 80% transmissive output coupler; the system was pumped by 10 ns long pulses.
The group later reduced the pulse duration to 150 ps by using shorter pump pulses that were
75 ps long, and a 70% transmissive output coupler [[195]. This was measured using a streak
camera, shown in figure [3.9] which stood as the shortest recorded pulse from a Ce:LiCAF
laser for 10 years.

More recently, through theoretical evaluation, shorter pulse durations from gain-switched
Ce:LiCAF lasers have been found to be achievable using even shorter cavities of only 2 mm
in length [196]. This was determined via the rate equations for gain-switched operation,
comparing different geometries and pump fluences, and their effect on the output pulse
properties. The authors determined pulse durations as low as 31.5 ps could potentially be
generated from a 2mm long Fabry-Perot cavity with a 70% transmissive output coupler

containing a 1 mm long Ce:LiCAF crystal.
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Figure 3.9: Streak camera image of the long-held record-breaking 150 ps long Ce:LiCAF
laser pulse from [193], achieved using a 70% transmissive output coupler and 75 ps long
pump pulses.

After the experimental advances around pulse duration, power, and PRF, research into
Ce:LiCAF lasers turned to the miniaturisation of the optical system, as a whole, that was
required for generating Ce:LiCAF laser light. Neodymium lasers are compact compared to
excimer and copper-vapour lasers, even with an external non-linear frequency quadrupling
stage; one approach to reducing the footprint of this system was achieved through a novel
method of frequency doubling from 532 nm to 266 nm inside the laser cavity itself [197].
This method involved the usual two mirror cavity, longitudinally pumped, with a BBO
crystal positioned between the input coupler and Ce:LiCAF crystal, thereby avoiding multiple
additional lenses and mirrors that are usually required for prior frequency quadrupling. As a
side note, a Ce:LiLuF laser was constructed in a similar fashion, pumped by an intra-cavity
Ce:LiCAF crystal [198]]. Aside from this novel approach, passively Q-switched neodymium
lasers based on microchips enabled significant minimisation, as they were merged with
frequency doubling to directly generate 532 nm radiation [[199,200]. This resultsed in a more
compact pump system overall, shown in figure [3.10] as only the second frequency doubling

stage (using CLBO) needed to be constructed.
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Figure 3.10: Miniature pump and Ce:LiCAF laser, from .

In2012, Le et al. published the results of a Ce:LiCAF whispering gallery mode resonator;
a 4pm thick disk of 2-3 mm diameter pumped via the top face [201]]. The schematic, which
used a prism as an output coupler, and the spectral output is shown in figure[3.11] The group
reported an approximate pump threshold of only 1.6pJ and an effective slope efficiency of
25%, for a broad bandwidth over 280-330 nm. However, such a broad bandwidth that extends
past the previously measured gain profile is questionable for a laser that has no mode-locking
mechanism in a spectral region that is prone to increased scattering losses. The reported
lasing may therefore simply be fluorescence; no additional results have been published to
date.

Figure 3.11: Whispering-gallery-mode Ce:LiCAF laser a) schematic, b) spectral characteri-
sation for a range of pump energies, from [201].



3.3 Ce:LiCAF Lasers 57

Most recently, a Littrow grating has been used, replacing one of two cavity mirrors, as
the tuning mechanism in place of the more commonly used Brewster’s angle prism [202].
The quasi-longitudinally pumped laser cavity is shown in figure[3.12] which generated pulses
as short as 450 ps without the grating. With the grating in place, wavelength tuning from
281 nm to 299 nm was demonstrated with spectral linewidths as narrow as 0.17 nm. With

efficiencies of 8-10%, this simple configuration is well-suited to remote sensing applications.

Figure 3.12: Grating tuned Ce:LiCAF laser from [202], which achieved tuning from 281 nm
to 299 nm and a linewidth as narrow as 0.17 nm, and efficiencies of 8-10%.

3.3.2 Pulse Amplification

Cerium gain media are ideal for amplification of UV pulses; in particular, Ce:LiCAF is well-
suited to this role due to its high damage threshold, saturation fluence, and gain cross section.
There are several prominent publications that experimentally demonstrate its capability for
this task, published in the late 1990s and early 2000s [203, 204]. The experimental multi-
pass amplification systems were capable of amplifying nanosecond pulses, generated directly
from a gain-switched Ce:LiCAF laser, as well as femtosecond pulses (frequency tripled
Ti:sapphire) that were temporally broadened via chirped pulse amplification. Unfortunately,
the regenerative amplifier arrangement that is often used for Ti:sapphire systems is not well
suited to Ce:LiCAF, due to the short upper-state lifetime which results in a rapid decay of
gain, hence the use of a multi-pass design that quickly consumes the available gain before it
decays.

Figure [3.13] shows a nanosecond pulsed system; a Ce:LiCAF master oscillator power
amplifier (MOPA) developed by Liu er al. in 1998 [203]. A frequency-quadrupled Q-
switched Nd:YAG pump laser delievered 10 ns pulses at 266 nm of up to 15 mJ energy to a

1.5cm long Ce:LiCAF cavity (same as in previous section) that was composed of a plane
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HR mirror and an 80% transmissive plane output coupler. This generated 1 mJ pulses that
were 600 ps in duration, used as seed pulses for a double-pass amplifier at a PRF of 1 Hz.
The seed pulses were amplified to 4 mJ in the double-pass amplifier, with a minimum pulse
duration of 0.9ns. A tuning range of 282-314 nm was achieved from the MOPA, which
was also extended further into the DUV region via sum frequency mixing with the 1064 nm
fundamental of the Nd:YAG pump laser. The extended range covered 223-232 nm, yielding
0.5 mJ pulses that were 1.0ns long.

Figure 3.13: A Ce:LiCAF master oscillator pulse amplifier (MOPA) from [203]].

To better accomodate the geometry of multi-pass and multi-pump-beam amplifier designs,
larger Ce:LiCAF (as well as Ce:LiSCAF) crystals were grown using the Czochralski technique
[205-208]]. The size of Ce:LiCAF boules increased over several years, with a particular focus
on minimising defects to improve yield, from useable crystals that were 15 mm in diameter
and 10 mm length to Brewster-cut crystals with dimensions 1 x 2 x 2cm? [3]. This crystal
size was used in the amplifier stage of a MOPA which took advantage of the large aperture
of the crystal by utilising four pump beams, shown in figure [3.14] Pulses that were 3 ns long

were amplified from 13 mJ to 98 mJ via the bow-tie double-pass arrangment.
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Figure 3.14: A high pulse energy MOPA using a large Ce:LiCAF crystal, from [3]].

Figure 3.15: A chirped-pulse amplifier using Ce:LiCAF to amplify Ti:sapphire frequency-
converted pulses, from [204].



60 Ultraviolet Pulse Generation

In addition to MOPAs, chirped pulse amplification (CPA) using Ce:LiCAF was demon-
strated in 2001 by Liu e al. [204, 209], using the arrangement shown in figure @ The
authors injected the frequency tripled output a 1 kHz Ti:sapphire regenerative amplifier sys-
tem into an 8-pass prism stretcher to increase the pulse duration by over an order of magnitude,
from 210 fs to 2.6 ps. This 1 kHz system was then reduced to 10 Hz via a pulse-picking shut-
ter, so as to be synchronised with the four-pass amplification stage, which was pumped at
10Hz. A gain of 370 was achieved, increasing the energy of the 290 nm pulses from 33 pJ to
6 mJ. After a compression stage to reduce the pulse duration to as low as 115 fs, the pulses
retained up to 3.5 mJ of their energy. This amplifier was pumped using 100 mJ 266 nm pulses.
Without CPA, the authors achieved a 60 dB gain by seeding the 4-pass amplifier with 200 fs
pulses, increasing their energy from 200 pJ to 54 pJ; a pump pulse energy of 15 mJ was used
to achieve this.

More recently, a different growth method was used for manufacturing Ce:LiCAF crystals
intended for amplification. The micro-pulling-down method is significantly faster and more
cost-effective than the aforementioned Czochralski and Bridgman-Stockbarger techniques
[210]]. Its applicability was demonstrated in a femtosecond pulse amplification without any
prior chirping. Figure shows a cross-section of the side-pumping arrangement that
uses a cylindrically-cut crystal of length 30 mm and diameter 2 mm. This crystal geometry
effectively utilises the shape of crystal growth, while the use of side-pumping redistributes
fluence to minimise pump-induced damage. The authors achieved a net gain of 4, increasing
the energy of 40 pJ, 150fs long pulses to 160 pJ that were 180 fs long. Further research
into the efficiency of Ce:LiCAF amplification is still being conducted, via creative methods
of maximising pump energy absorbed by the crystal [211]. The arrangement of [3.16b] is
particularly elegant for use in a two-pump system, using a Ce:LiCAF crystal that is cut for

total internal reflection (TIR) of the pump beams.

(a) Four-beam pumping. (b) Two-beam TIR pumping.

Figure 3.16: Optimised side-pumping configurations for a Ce:LiCAF amplifier, from [211]].



3.3 Ce:LiCAF Lasers 61

3.3.3 Mode-Locked & CW

The first demonstration of mode-locked and CW output from a Ce:LiCAF laser came in 2009,
by Granados Mateo et. al. [212,213]] using the same cavity for both modes of operation.
Mode-locking was achieved actively by synchronous pumping, while CW operation was
set up by significant detuning away from synchronicity to the pump laser. This resulted in
slightly modulated output due to the pulsed pump source. Their experimental setup is shown
in figure which used an external frequency quadrupling stage to convert the 1064 nm
pulse train of a mode-locked pump laser to 266 nm; this was injected into the cavity through
a dichroic mirror (transmissive at 266 nm, and HR at 290 nm) to longitudinally pump a short
Brewster-cut Ce:LiCAF crystal that was located between two curved mirrors. The three-
mirror cavity was composed of two curved mirrors, M1 and M2, with ROC 10cm and 5 cm,
respectively, and a plane mirror M3 that could easily be translated to maintain synchronicity
to the pump. The three miror cavity allowed for two aspects of operation. Firstly, the short
cavity arm resulted in a small mode size within the crystal; this effectively increased the
pump intensity hence population inversion, thereby countering high losses from fluorsence.
Secondly, the Brewster-cut crystal reduced round-trip losses, but introduced astigmatism in
the cavity mode; the folded cavity arrangement compensates for astigmatism to achieve a

stable cavity. This is presented in more detail in the next chapter.

Figure 3.17: First mode-locked Ce:LiCAF laser, from [212], which uses three high reflectivity
cavity mirrors (M1, M2, M3) and a near-Brewster’s angle output coupler (OC). Included in
the diagram is the frequency-quadrupling stage of the synchronous pump laser.

Using a near-Brewster’s angle output coupler (OC), the authors generated up to 52 mW
of average power during mode-locked operation, contained in the four-beam output of the
plate; the corresponding slope efficiency was 13%. Upon detuning of the cavity length, the
power decreased gradually down to approximately half the maximum for a detuning of more
than 0.5 mm; this is shown in figure Note the asymmetry around Ax = 0 mm, caused
by temporally asymmetric gain as a result of synchronous pumping. This gain profile is also

presented in more detail in the next chapter.
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Figure 3.18: Power output of Ce:LiCAF laser versus cavity length detuning from synchronic-
ity to the pump laser, from [213].

Figure 3.19: Mode-locking and CW output characteristics, affected by cavity length detuning
from the first harmonic, from [213]]. Note that the pump pulse train was chopped to produce
a burst of approximately 100 ps.
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While the output power for moderate detuning (+1 mm) is equivalent to that achieved for
CW operation, the laser itself is still mode-locked, albeit less stable. The stability for several
cavity lengths is shown in figure [3.19} note that the top-hat profile arises from the use of a
chopper acting upon the pump laser to reduce thermal effects, the open cycle of this is shown.
The mode-locked pulses of the pump and Ce:LiCAF laser were recorded on a photodiode, as
well as fluorescence from the crystal. As the laser is detuned the envelope of pulses becomes
modulated on the order of tens of kHz. For significant detuning, the mode-locked pulses

subside as CW operation (with slight modulation) dominates.

For zero detuning, the shortest pulse duration that was measured was 6 ps, via asyn-
chronous cross-correlation (see chapter [6). The chirp of these pulses was not determined
from this method, but the cross-correlation trace of the intensity of the pulse is shown in
figure The time-averaged spectrum that was recorded for this duration of pulse (figure
[3.20b) had a bandwidth of over 2 nm, which is sufficient to support sub-100 fs pulse durations
for a carrier wavelength of 290 nm. The authors summised that this pulse was therefore far

from being transform-limited.

(a) Measurement of a 6 ps pulse from the first (b) Spectrum (time-averaged) of the first mode-
mode-locked Ce:LiCAF laser, from [214]. locked Ce:LiCAF laser, from [212].

Figure 3.20: Pulse duration measurement by asynchronous cross-correlation with a
Ti:sapphire reference laser, and output spectrum of the first mode-locked Ce:LiCAF laser
developed by Granados Mateo et al [212]].

Pulse broadening and sensitive variation of the output spectrum due to cavity length
detuning was observed during the initial characterisation of a mode-locked Ce:LiCAF laser,
shown in figures [3.21)and [3.22] The variation of spectrum has been identified as dispersion
tuning, which is discussed in detail for this laser in chapter [5] The efficiency of this laser
has been significantly increased since these results were recorded, as well as the pump power

used, so the spectral features presented later on differ in bandwidth and tuning range.
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Figure 3.21: Sensitivity of mode-locked Ce:LiCAF laser output pulse duration with cavity
length variation, from [213]].

Figure 3.22: Variation of mode-locked Ce:LiCAF laser spectral output with cavity length
detuning (Ax), from [213]].
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After the success of achieving the first demonstration of mode-locking and CW operation
using Ce:LiCAF, Wellmann ef al. made several improvments to the same optical system. The
efficiency of the laser was improved by using higher quality mirrors, and optimised to reduce
round-trip losses, including switching the input coupling mirror [4]. A slope efficiency of
20% with maximum output powers up to 384 mW were achieved by optimising the output
coupling of the laser with a near-Brewster’s angle fused-silica plate [4}, 215]. Tuning was
also demonstrated from 286 to 295 nm. The dynamics of the laser, subject to cavity length
detuning, were also explored extensively [12], particularly for rational harmonics with the
synchronous pump laser; for example, the second harmonic where the Ce:LiCAF laser is half
the length of the pump laser, which doubles the effective PRF. Several rational harmonics
were demonstrated, including the 14/5 harmonic; the Ce:LiCAF laser cavity length was set to
5/14 of the pump laser, which caused 14 pulses to resonate for an ultimate PRF of 1.1 GHz.

This is the highest repetition rate ever achieved from a Ce:LiCAF laser.

Figure 3.23: Linewidth-narrowed continuous-wave Ce:LiCAF laser, from [216]. A near-
Brewster’s angled rotated MgF, waveplate provided birefringent tuning and an additional
etalon could be inserted for further linewidth narrowing.

In addition to rational harmonics, the avoidance of harmonics was also analysed, referred
to as asynchronous pumping. In regards to the Ce:LiCAF laser, it was found that the optimal
cavity length for CW operation under asynchronous pumping was 0.3964 that of the pump
laser’s cavity length. This resulted in minimal modulation of output power; less than 1%
modulation was measured for frequencies below 1 GHz, and 4% on faster timescales. The
linewidth of this laser was also narrowed using a 250 pm thick birefringent MgF, plate as
a near-Brewster’s angle output coupler [216], reducing the linewidth from 0.2 nm down to
14 pm, for a 13 nm tuning rage from 284.5 to 297.5nm. A 3 mm etalon was then combined
with a 6 mm MgF, tuning plate to reduce the linewidth further to only 0.75 pm, which
corresponds to 13 longitudinal modes. The laser cavity for this arrangement is shown in
figure The measurement itself was potentially limited by the finesse of equipment, as
a high finesse is challenging in the UV. However, it was noted that single longitudinal mode

(SLM) operation is unlikely to become operational using a mode-locked pump source, due
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to the modulation of gain that arises from pump pulses and the short upper-state lifetime of
Ce:LiCAF.

Progress towards SLM in a CW Ce:LiCAF laser relies on having a CW pumping scheme
that eliminates modulation of gain. Such a system has been demonstrated with moderate
success [217]. The layout of the pump system and Ce:LiCAF laser is shown in figure[3.24] A
commercial CW laser was used to inject 532 nm radiation into a home-built resonant doubling
ring; frequency doubling to 266 nm was performed in a BBO crystal. This pump system was
capable of generating up to 2 W of 266 nm radiation, limited by thermal effects in the BBO.
The Ce:LiCAF laser was composed of the same 3-mirror cavity and Brewster-cut crystal that
was previously used in the pulse-pumped variant, except that the Ce:LiCAF itself was used
as an output coupler by rotating it away from Brewster’s angle. A threshold of 1.5W was
measured, despite the theoretical value being closer to 1 W. For 1.9 W of pump power, a
maximum output power of 6 mW was generated, at 289.9 nm with a linewidth of 0.1 nm; and
several minutes of stable operation was achieved. It was concluded that thermal variations
in the system were the primary limitation of stability. Although the stability was an issue,
this was the first demonstration of CW-pumped Ce:LiCAF and CW Ce:LiCAF operation
without the use of a chopper in the pump system, and is therefore a significant milestone that
will contribute to future developments that work to stabilise the pump and laser system by

managing thermal effects in both.

Figure 3.24: Pump layout (left) for CW-pumping a CW Ce:LiCAF laser (right) from [217]].
The pump laser is composed of a CW laser operating at 532 nm that is frequency doubled
inside a ring cavity to generate 266 nm radiation. This is injected through a dichroic into a
three-mirror Ce:LiCAF laser cavity, which utilised the Brewster’s cut Ce:LiCAF crystal as
an output coupler via angle detuning.



Hybrid-Mode-Locked Ce:Li1CAF Laser

The previous chapter introduced many aspects of the operation of cerium lasers, which have
developed initially as gain-switched resonators; after three decades, they were actively mode-
locked, and CW operation was also demonstrated [212, 213]]. In this chapter, the Ce:LiCAF
laser that was used in this thesis is presented in detail; its continued development is the
primary aim of this research project. The cavity arrangement was introduced in the previous
chapter as the first Ce:LiCAF laser to be mode-locked and operated CW. Mode-locking was
achieved actively by using a synchronous pumping scheme, while CW operation (with slight
modulation of power) was achieved via asynchronous pumping, by detuning the Ce:LiCAF
laser cavity length sufficiently far away from synchronicity to the pump laser. The same
synchronous pumping scheme was used again here as an active mode-locking mechanism,
but various alterations and additions to the pump laser system and Ce:LiCAF laser cavity
have improved its operation.

This chapter introduces the first demonstration of hybrid-mode-locking in our Ce:LiCAF
laser, and covers several important aspects of its operation. The cavity design is presented
first, followed by a detailed layout of the pumping scheme, characterisation of the various
cavity elements, as well as the mode-locking characteristics and power output. Hybrid-
mode-locking was established by the combination of the active and passive mode-locking
mechanisms of synchronous pumping and Kerr-lens mode-locking (KLM), respectively. This
scheme was used to generate the shortest pulses ever from a Ce:LiCAF laser, and still had
the advantage of being self-starting, via synchronous pumping. In our laser, KLM was

enabled via dispersion management of the laser cavity, performed using an intra-cavity prism
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pair (details of dispersion are presented in chapter [5). The intra-cavity prism pair allowed
the net chromatic dispersion within the cavity to be reduced to an anomalous value close
to zero. By combining these prisms with an extra-cavity prism pair that compensated for
dispersion outside the laser cavity, the pulse duration from the system was further reduced.
We measured pulses with a duration of less than 100 fs (see chapter [6] for methodology and
details of pulse duration) which is a 60-fold reduction from 6 ps that was achieved without
this scheme of hybrid-mode-locking. Previously, experiments have also required the use of
a chopper that reduces the pump laser system to short bursts ever few milliseconds, in order
to minimise the detrimental thermal effects that are encountered whilst frequency doubling
a high-powered laser beam in BBO. For the first time, our mode-locked Ce:LiCAF laser has
been operated without the use of this chopper, owing to reduced losses within the laser cavity,
and careful management of laser power within the frequency doubling BBO crystal. Previous
experiments also utilised a near-Brewster’s angle window as an output coupler (made of
fused silica) which was replaced by a plane mirror. This consolidated the laser output into
a single beam for the first time (previously four beams). It also removed the additional
chromatic dispersion and resonator losses that were encountered by propagation through
fused silica. Respectively, these are advantageous for ultrafast pulse generation, and lowering
the threshold; minimising dispersion and losses was crucial for un-chopped operation of our
hybrid-mode-locked Ce:LiCAF laser.

4.1 Cerium Laser Design

Our laser was initially designed for minimal round-trip losses [4]], which has resulted in the
use of a Ce:LiCAF crystal cut at Brewster’s angle, and as few mirrors as possible. This also
simplifies the design of the cavity geometry, but the Ce:LiCAF crystal geometry must be
taken into consideration. Because of the obliqueness of the Brewster’s angle cut, the laser
cavity mode propagates differently when it enters the Ce:LiCAF crystal; the two transverse
planes of the beam differ upon reaching the crystal, since they were circular and are being
projected onto the crystal surface at an angle. In other words, the radius of a beam that is
focussed into the crystal is different in the horizontal (tangential) and vertical (sagittal) plane
once it enters the crystal. The altered beam size affects the focussing geometry, and causes
one axis to reach a focus faster than the other, referred to as astigmatism, and can result in an
unstable laser cavity. However, compensating for the astigmatism introduced by the crystal
is quite simple. Compensating the astigmatism of Gaussian beams was first discussed in
the late 60s [218]]. For z-fold and 3-mirror cavities like ours, the astigmatism can be well
compensated for at a specific location in the cavity via adjustment of the fold angle of a

concave mirror [219], which is denoted by «.
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Figure 4.1: The free-running Ce:LiCAF laser cavity (not to scale).

The basic layout of the cavity is shown in figure 4.1} which includes a 1.4 mm long
Ce:LiCAF crystal between the two curved cavity mirrors. This crystal was cut at Brewster’s
angle to minimise reflection losses. The c-axis was chosen to be in the horizontal (tangential)
plane and perpendicular to the direction of propagation, to minimise ESA of the pump and
maximise laser gain. The first mirror M; was a dichroic input coupler with T>90% at the
266 nm pump wavelength and R>99.5% at the 290 nm laser wavelength; it had a ROC of
50 mm. The second mirror M; was an HR (R~99.8%) folding mirror with an ROC of 100 mm.
For the end mirror M3, we used two different plane mirrors for the experiments in this thesis;
an HR mirror (Rx99.8%) and an OPC (T=1.5%). The HR end mirror, as well as M| and
M,, were coated by Advanced Thin Films (ATF) while the OPC was coated by LAYERTEC.
The HR variant of the end mirror was useful for initial alignment and when high intra-cavity
powers were needed, such as the spectral characterisation in chapter [5§| However, only the
plane OPC was used for the results presented in this chapter.

Note that the reflectivities of the cavity mirrors and Ce:LiCAF crystal were measured
previously, using the cavity-ringdown method. This involved an auxiliary gain-switched
Ce:LiCAF laser that generated sub-nanosecond pulses at a relatively low repetition rate of
1 kHz. These pulses were coupled into the cavity of our mode-locked Ce:LiCAF laser setup
with an additional HR mirror (whilst it was switched off) via the small transmissivity of the
HR end mirror. The pulse then resonated within the well-aligned cavity and its energy decayed
exponentially, according to the round-trip loss. Detection of the residual transmission loss
from one of cavity elements, by directing a PMT toward the Ce:LiCAF crystal or a mirror,
resulted in a direct measurement of exponential decay of the pulse energy. From this slope,
the round-trip loss was determined, and the loss of each individual element was determined
by comparing the round-trip loss of the cavity with and without the element.

Since our Ce:LiCAF laser cavity was synchronously pumped, the total cavity length
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had to match a rational harmonic of the pump laser. For the majority of this work, the
fundamental harmonic was chosen, requiring a total cavity length of approximately 1.90 m.
This corresponds to a mode-locked train of pulses at a repetition rate of 78.8 MHz, for a
cavity round-trip time of 12.7ns. In order to match the cavity length of the Ce:LiCAF laser
to that of the pump, the end mirror M3 was placed on a high-precision translation stage.

To determine the appropriate folding angle, we used equation {.1| which is adapted
from [219]. The left-hand set of brackets describes the difference in path length through
the Brewster’s angle material (Ce:LiCAF crystal) in the two orthogonal planes, which is
dependent on the length and refractive index of the material. The right-hand set of brackets
describes the difference in focal length that arises due to reflection from the cavity mirror
M,, which is placed at an oblique fold angle. Note that the two terms in the first set of
brackets are the effective propagation distance within the crystal in the sagittal and tangential
planes, respectively. This effective distance is only related to the transverse spatial properties
of the propagating Guassian beam; they are actually less than the crystal length itself. The
coefficient (L.) is the length of the crystal, measured perpendicular to the surfaces. This
is the value used in equation [4.1] but differs from the physical distance that the laser beam

traverses, subsequently referred to as (L. pr).

(ch/nZ +1/n = LNn? + 1/n4) — (ffcosf— f -cosf) =0 4.1)

Equation can be rearranged and solved for 8 using the quadratic equation, shown in
equation [4.2] We take the positive result +4/ for calculating arccos, and this determines the

folding angle a = 26 for which the astigmatism is compensated.

—-B+VB2+4
0 = arccos (%) 4.2)
2 2
where B:&- V2 +1 _\/n +1
f n? n*

For a crystal length L, = 1.4 mm, and refractive index of LiCAF at 290nm n = 1.404,
the fold angle is @ = 26 = 12.6°. This result is used in aligning the laser cavity, as well as the
forthcoming modelling, which utilised ray transfer matrices to calculate various parameters
of the stable laser cavity mode.

Modelling the Gaussian cavity mode of our laser was performed simply, using standard
ray transfer matrices (ABCD matrices) and the complex Gaussian beam parameter g. Ray
transfer matrix analysis using ray transfer matrices is a well known method, used to determine
how a Gaussian beam propagates through various optical elements. These are basic 2 x 2
matrices that represent common elements such as transparent plates and curved surfaces,

lenses, curved mirrors, and propagation through free space. Propagation through multiple
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elements can be represented by multiplying several ray transfer matrices, opposite to the
order of propagation. Multiplication combines the matrices of all elements and reduces them
to a 2 X 2 matrix; a procedure that is simpler to perform numerically. The matrices that
correspond to a complete round trip for our laser cavity, in the sagittal and tangential plane,

are shown in equations 4.3]and [4.4] starting with propagation towards the Ce:LiCAF crystal

from M.

(A, B 1 ol |1 2L 1 0

T, =" Tf| = ! (4.3)
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In the above equation, fy; = 25 mm and fy, = 50 mm refer to the focal lengths of the
curved cavity mirrors M| and M», n refers to the refractive index of Ce:LiCAF, and L. the
length of the Ce:LiCAF crystal (measured perpendicular to surfaces). The length L; is the
distance between M, and the crystal, while L3 is the distance between M and the crystal,
and L is the distance from M; to M3. Note that synchronous pumping necessitates a total
cavity length that matches the pump laser, as shown in equation §.5] where F ~ 78.8 MHz.
This ultimately results in a cavity length of approximately 1.9 m, of which the short arm is

only 0.1 m.

Liotal = 2 (L1 +Lr+ L3+ Lc,pL) X C/F (4.5)

Now, we turn to introduce the complex g parameter, which is a complex term that is
commonly used to describe the propagation of a Gaussian beam. As a function of propagation
distance z, g(z) can be written in terms of the radius of curvature R(z) and waist size w(z)
of the Gaussian beam, shown in equation @ where A is the wavelength of radiation and 7 is

the refractive index of the medium.

[ S
q(z) R 7n(w(2))?

(4.6)

Note that at the location of a beam waist, g will be purely imaginary since the radius of
curvature is infinite (R(0) = co) and the real term is therefore zero. Thus the waist size of a

beam propagating in free space can be determined using equation
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wo = /%m(@ 4.7)

The g parameter is transformed by ray transfer matrices simply, according to equation

4.8
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_Cq+D

’

q

(4.8)

For the laser cavity to be stable, it must be the case that ¢’ = g after one complete round-
trip. In other words, the Gaussian beam must remain unchanged after each round-trip. With
this condition in mind, solving equation for g yields equation where we choose +./
for convenience. If this round-trip condition is not satisfied, then the laser cavity is therefore
not stable.

2
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If the cavity is determined to be stable, then the waist size and radius of curvature of the
Gaussian laser mode can be determined for any position in the cavity, by applying the ray
transfer matrices of the appropriate optical elements to g. The real and imaginary components
of g then provide the radius of curvature and waist size, respectively.

For the chosen mirrors and cavity geometry, which has a predetermined optimal folding
angle due to astigmatism and a fixed cavity length due to synchronous pumping, there is only
one variable parameter: the distance between the curved mirrors M; and M;. Using this as
the independent variable, there were only three dependent variables of interest for our laser
cavity: the waist size at the focal position between the curved mirrors, its position relative to
these mirrors, and finally the waist size at the end mirror M3.

The purpose of folding the cavity is to ensure that the stability range of the sagittal
and tangential planes overlap; so the cavity is stable in both planes. Figure #.2] shows the
calculated focal waist size between M; and M, for distances between M and M, that result
in a stable laser cavity, using the ray transfer matrices above. As the figure shows, stability
overlap in both planes has been reasonably satisfied, hence astigmatism has been adeqately
compensated. The distance between M| and M, should be set to approximately 101.5 mm,
the centre of the stability range, to minimise the sensitivity of the cavity to slight changes in
the M| < M, distance. The centre of the stability range yields a waist size of approximately
8 pm (radius) in each plane and there is approximately 1.4 mm of leeway of M| <> M,. For
a waist size of at least 6 pm, there is only approximately 1 mm of leeway.

The focal position between M; and M, was also calculated, relative to the distance from
M;, and is shown in figure [B} For these calculations, it is assumed that the foci of the two

planes are equidistant from the centre of the crystal, which is reasonable as the focal waist
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Figure 4.2: Calculated waist size of the waist located between M| and M; as a function of
M; &< M; separation (M, < M3y distance was calculated from an overall cavity length of
approximately 1.9 m). Note that the waist size is given as the equivalent waist in air.
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Figure 4.3: Calculated position of the waist between M| and M; as a function of M; <
M, separation, relative to the mirror M| (M, < M3 distance was calculated from an overall
cavity length of approximately 1.9 m).
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Figure 4.4: Calculated size of the waist located at M3 as a function of M < M, separation.

should certainly be positioned to be within the Ce:LiCAF gain medium. The plot indicates
that there is very little change in focal position as a function of M| < M;. Therefore, the
Ce:LiCAF crystal is ideally placed approximately 49.6 mm from M;, and the position of
the pump focus should be adjusted to match it. Based on the insignificant variation of the
distance between M and the focal position, optimisation of M| < M; should be performed by
only adjusting the position of My, since the distance between M; and the Ce:LiCAF crystal
is practically fixed. While the waist sizes for each plane are very similar, their locations
unavoidably differ due to refraction as the beam enters the gain medium at Brewster’s angle,
since we used an asymmetric three mirror cavity. This would not be the case for the more

usual four mirror cavity, which is symmetrical.

There is a second focus at the end mirror of our laser cavity, the size of which is shown
in figure [@ Unlike the focus at the Ce:LiCAF crystal, between M| and M,, the waist at
M3 varies more asymmetrically; it is smaller if the mirrors M| and M, are positioned further
apart, and larger if they are closer together, eventually diverging as the edge of stability is
reached. At the centre of the stability range, this waist size is approximately 0.4 mm; two
orders of magnitude larger than the focal waist in the gain medium. Over the centre 1 mm of

the stability range, this waist size varies by less than 0.2 mm.
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4.2 Pump Source
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Figure 4.5: Schematic of frequency quadrupled pump laser and hybrid-mode-locked
Ce:LiCAF laser. DMI: dichroic mirrors (HR/AR for 532/1064 nm). HWP: half-wave
plate. POL: Brewster’s angle thin film polariser. CYL1: focussing cylindrical lenses. DM2:
dichroic mirrors (HR/AR for 266/532nm). CYL2: collimating cylindrical lenses. AP:
aperture. F: focussing lens.

The frequency quadrupled output of a mode-locked Nd:Y VO, laser was used to pump our
Ce:LiCAF laser, using a home-built frequency conversion stage to convert picosecond laser
pulses from 1064 nm to 266 nm. The pump laser (Photonics Industries PS-1064-25) was a
passively mode-locked MOPA capable of generating average powers of 25 W, composed of
ultrafast pulses 20 ps long, at a PRF of approximately 78 MHz. Using a spherical plano-
convex lens (f = 8.cm), the vertically polarised 1064 nm radiation was focused to a 60 pm
waist in an LBO crystal, which was setup for type-I non-critical phase-matching. The crystal
was inside a temperature controlled oven with 0.1 °C resolution; the oven was set to 152.4 °C,
although the internal crystal temperature may differ due to poor thermal insulation.

Note that the 1064 nm beam was chopped using a 1:12 duty cycle at approximately
150 Hz, prior to entering the LBO crystal, to avoid thermal issues in the second frequency
doubling stage. The optical power presented in this chapter refers to the average power during
the burst, when the chopper was open.

After the LBO crystal, the second harmonic was collimated using an AR-coated spherical
plano-convex lens (f = 8cm). Dichroic mirrors (DM1) were used to separate the second
harmonic from the fundamental wavelength. They had a combined transmittance of 99% for
the 1064 nm radiation, and a combined reflectivity of 98% for the 532 nm radiation. An AR-
coated half-wave plate (HWP) and Brewster’s angle thin-film polariser (POL) were placed
after the first dichroic mirror to be used as a variable attenuator for the 532 nm radiation.
The second HWP, after POL, was used to rotate the polarisation of the 532 nm beam from
horizontal to vertical for the frequency quadrupling stage. The LBO frequency doubling
stage generated up to 16 W of 532 nm radiation, measured from the reflection off POL, which

corresponds to a conversion efficiency of approximately 60%.
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The 532 nm radiation was shaped using two AR-coated cylindrical lenses (CYL1), with
focal lengths of 300 mm and 100 mm (in order of propagation) to produce an elliptical
horizontal line focus that was approximately 180 12 um in size. This focal shape was chosen
to avoid poor beam quality associated with walk-off in the BBO crystal, which exhibits a high
level of walk-off. This beam was frequency doubled inside a BBO crystal (NewlightPhotonics
5x 5 x 7mm? AR-coated for 5328266 nm on both sides) for type-I critical phase-matching,
which generated 266 nm, pulses approximately 13 ps in duration. The BBO crystal was held
in a temperature controlled mount that was set to 90 °C to avoid hygroscopic effects. This
high temperature was also used to slightly reduce TPA of the generated beam [108]], which
contributes to thermal dephasing and lensing effects under high power.

The generated 266 nm radiation was separated from the 532 nm using four dichroic mirrors
(DM2) that transmitted the 532 nm beam and reflected the 266 nm. The combined reflectivity
of the DM2 mirrors was <0.2% at 532 nm. The reflectivity at 266 nm degraded over several
months, accompanied by observable coating damage to the front side surface. The power
loss due to this was approximately 10-20% per degraded optical element. This was rectified
by rotating each mirror to use an undamaged region of the HR coating.

After the BBO and the second DM2, two AR-coated cylindrical lenses (CYL2), with
focal lengths 10 cm and 30 cm, were used to shape the cylindrical 266 nm beam to a circular
focus at a beam-cleaning aperture (AP). This focussing geometry permitted control of the
beam waist inside the Ce:LiCAF cavity simply by adjusting the distance between the last
two DM2 mirrors. Another HWP-POL combination was placed between CYL2, where the
beam diameter was still relatively large to minimise coating damage. This was used to rotate
the polarisation of the 266 nm radiation from vertical to horizontal, and continuously vary
the power of the 266 nm pump beam, which exceeded 5 W under optimal conditions. This
corresponds to an infrared-to-UV conversion efficiency of approximately 20%. The stability
of the 266 nm pulse train is shown in figure 4.6

An AR-coated lens (F) with a focal length of 75.6 mm was used to focus the 266 nm beam
into the laser cavity, through dichroic cavity mirror M1, which had a transmittance of >90%.
The other two cavity mirrors (M2, M3) were an HR mirror and an OPC, respectively. The
focal waist of the pump beam at the position of the Ce:LiCAF crystal was imaged (figure 4.7)
using a plano-convex lens with a focal length of 35 mm and a charge-coupled device (CCD).
This was done to optimise pumping efficiency, by matching the waist size of the pump focus
to the Ce:LiCAF laser mode (mode-matching; calculations presented in the next section).
The M-squared value of the 266 nm beam was estimated to be in the range of 2-10, based
on a number of knife-edge measurements. Note that the prisms depicted in figure 4.5] were
neglected in the previous simplified model, because they were placed close to M3 where the
beam is reasonably collimated and therefore have an insignificant effect on the alignment of
the short arm of the cavity. After the first intra-cavity prism, angular dispersion separated

the pump beam from the laser cavity mode, causing the pump beam to narrowly miss the
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second prism and exit the cavity. A high reflector (HR) was placed in the path of the pump
to recycle it back into the Ce:LiCAF crystal, thereby increasing the absorption of the average

power from the pump beam from approximately 70% to 90%.
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Figure 4.6: The 266 nm pump pulse train during the open chop cycle. Top trace: one
complete chopper opening with approximately 40,000 pulses. Bottom trace: small pulse

section showing relatively stability from pulse to pulse over 700 ns.

Figure 4.7: The 266 nm pump focal waist, imaged using a 35 mm plano-convex lens and a
UV sensitive CCD detector, in the absence of the laser crystal. The 1/e? beam diameter was

calculated by the D40 method.
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Simulated Gain Modulation

The transverse spatial distribution of the gain is governed by the shape of the pump beam,
which was a reasonably circular Gaussian (figure [4.7). However, in the axis of propagation,
the gain is non-uniform. Firstly, the energy of the pump is depleted as it propagates through
the Ce:LiCAF crystal, via absorption; the gain varies along the z-axis. Secondly, using
synchronous pumping causes the gain profile to also vary with time. When the intra-cavity

laser pulse drifts in time due to slight asynchronism, it encounters a different level of gain.
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Figure 4.8: Left: theoretical gain modulation of our Ce:LiCAF laser towards the steady-state.
Right: steady-state gain step used in modeling, centered on the peak of the arriving pump
pulse. Depletion of gain due to lasing has not been included, only fluorescence.

The undepleted gain step that is introduced by pumping a Ce:LiCAF crystal, due to its
short upper-state lifetime of 25 ns [172]], was modelled simply for 13 ps pump pulses at a
repetition rate of 78 MHz (inter-pulse period of 12.6 ns). The Ce:LiCAF crystal was treated
as a point, as opposed to a medium with finite length. This is a reasonable assumption,
since the crystal length is less than half the 4 mm physical length of the 13 ps pump pulse
(FWHM). Therefore, while the longitudinal gain profile within the crystal is approximately an
exponential due to absorption, the total gain can be represented by this simplified model, the
results of which are shown in figure 4.8] While the calculation was performed numerically,
this is essentially an analytical model that increases by integration of the Gaussian profile of
the pump pulses, and decreases due to exponential decay. Once an equilibrium is reached,
the gain has a modulation of 20%. It is also at a maximum after the pump pulse has been
absorbed, which means that for a well-matched cavity length to the synchronous pump, the
resonating pulse will likely encounter the pump pulse just outside the crystal, not within it.
Note that if this were not the case, the interaction of the pump pulse and the resonating laser
pulse could otherwise be a significant factor in Kerr-lensing, due to cross-phase modulation
between the two pulses. For very slight detuning of cavity length (<10 pm) theory suggests
that the resonating pulse will reform each round trip, as there is differential gain between its
leading and trailing edge. Based on the temporal gain (right-hand side of figure [4.8) the pulse

could encounter steep or shallow differential gain, depending on the direction of detuning.
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4.3 Initial Characterisation

The evolution of characterisation for our Ce:LiCAF laser was discussed in chapter[3] Since
the laser’s initial construction and characterisation by Eduardo Granados Mateo [213]], there
have been several changes to the elements which comprise the cavity. Firstly, we used a
slightly longer laser crystal (1.40 + 0.01 mm instead of 1.25 mm) which slightly inceases the
single pass absorption at the expense of scattering losses. Secondly, and more importantly,
the three Melles-Griot cavity mirrors that Granados Mateo used (M, M3, M3) were replaced
by Barbara Wellman [4]. The new mirrors were coated by Advanced Thin Films (ATF)
and reduced the round-trip loss by almost 1%. The measurements presented in this chapter
include a new plane output coupling mirror as M3 (instead of an HR mirror) in place of the
near-Brewster’s angle plate that was used as an output coupler in the experiments conducted
by the aforementioned authors. This new OPC has two distinct advantages for an ultrafast
oscillator. It consolidates the laser output into a single beam, compared to the four beams
that are produced by a standard Brewster’s plate. Additionally, it introduces significantly less
chromatic dispersion to the cavity, which is also invariable; although the output coupling
loss is adjustable using Brewster’s plate, doing so also alters the dispersion, so our plane
mirror OPC simplifies two contributing factors to the generation of ultrafast pulses: power

and dispersion. The latter of these is discussed in depth in chapter 5

Plane Mirror Output Coupler

We elected for an OPC transmission that was relatively low, 1-2% compared to 2.5% that
generated optimal power output with a Brewster’s plate [4]. This was done for two reasons;
firstly to reduce the threshold, since it was unclear whether the lasing threshold could be
reached with the additional losses of an intra-cavity prism pair, and secondly to maximise the
intra-cavity power. Increasing the intra-cavity power allowed us to invoke the essential non-
linear effects that comprise the soliton-like Kerr-lens mode-locking processes of femtosecond
oscillators. The low threshold, in addition to surpassing threshold with an intra-cavity prism
pair, allowed us to reduce pump power enough for the first demonstration of an un-chopped
mode-locked Ce:LiCAF laser (section[d.5). The reflectivity curves for the plane mirror OPCs
are shown in figure 4.9] and indicate less than 0.2% variation over the 285-295 nm region in
which Ce:LiCAF has its primary gain peak.

The transmission loss of the OPC was measured using a Cary5000 UV-vis-NIR spec-
trophotometer, which is shown in figure Each line represents the measurement of an
individual mirror, and variation is primarily due to the alignment of the mirror to the probe
beam within the spectrophotometer. Based on these results, T = 1.5 + 0.1%. Knowledge of
the transmission through this OPC allows us to accurately determine the average intra-cavity
power, which is approximately a factor of 66x the power output measured from the laser.

This can be used to calculate power and pulse energy inside the cavity.
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Figure 4.9: Calculated reflectivity of our output coupling plane mirror from Layertec, with
respect to unpolarised light at 0° angle of incidence.
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Figure 4.10: Transmission of plane mirror OPC, measured using a Cary5000 UV-vis-NIR
spectrophotometer (each line represents the measurement of an individual mirror).
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Alignment and Maintenance

Initial arrangement of the laser cavity was performed by setting the distance between the two
curved mirrors (M and M) to 101-102 mm, measured simply using a ruler, and angling the
long arm of the cavity to 12.6° using lines marked out using a protractor. The longitudinal
focal position of the pump beam was set to 50 mm from M by translating the focussing lens,
whilst observing ablation caused by the focal spot (significantly attenuated). The Ce:LiCAF
crystal was positioned at the same location and set at Brewster’s angle using the angle of the
reflected pump beam. The transverse position of the pump beam on all three cavity mirrors
was observable via scattering or transmission losses; fluorescence losses by propagation
through the substrate of the input coupler M, transmission losses through M, (fluorescence
was observed on a small piece of paper positioned behind M,), and scattering losses on the
cavity-side surface of M3. It was important to position the pump beam at the centre of each
cavity mirror for alignment without prisms, and then optimise the alignment of the cavity
mirrors to match the position of the laser cavity mode to that of the pump. Coarse alignment
was performed by observing the position of the laser cavity mode on M; and M3 which
was observable due to scatttering losses on the surface of each mirror. Fine alignment was
performed using a photodiode and power meter to maximise power output, on both a fast and

slow timescale.

The intra-cavity prisms were inserted into the cavity and aligned, after transverse trans-
lation of the end mirror M3. Setting the prism angle was done in a similar fashion to the
Brewster’s-cut Ce:LiCAF crystal, by adjusting their rotation based on the angle of the re-
flected pump beam. The insertion of the second prism was increased to allow the pump
beam to direct the pump beam to M3, which was adjusted to overlap the input pump beam
and return pump beam on M;. Once the laser was operational, the approximate position of
the laser beam through the prisms could be identified by observation of fluorescence within
the material, and scattering on the surfaces. Fine adjustment of the prism pair rotation was
then performed by monitoring the spectral output of the laser, which could be tuned via the
horizontal angle of M3. When misaligning M3, optimal prism alignment resulted in minimal
spectral tuning, while severe prism misalignment resulted in continuous tuning over a wide
range of wavelengths. The output power was also monitored by a power meter, as it should

be maximal for optimally aligned Brewster’s-cut prisms.

Aside from alignment optimisation, maintaining the power and efficiency of both the
laser and its pump system was necessary. Cleaning of the cavity mirrors and un-enclosed
pump system elements was performed regularly, using ethanol as a solvent, by firmly wiping
optical tissue over each mirror, followed by realignment (if necessary) and optimisation for
power output. In order to minimise air flow and dust deposition, the optical table was partially
covered. In addition to cleanliness, maintaining a consistent temperature for the pump laser

was essential in maximising its output power. This required a fixed temperature for both
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the chiller unit (22°) and the air conditioning system (22°), as the temperature affects the
wavelength of the diode lasers that power the pump laser resonator itself (and thus absorption
by the gain medium Nd:YVO,). Finally, to isolate the system from noise vibration, a floating
table was used, and the conduits between the chiller unit and the pump laser were surrounded
by foam. Unfortunately, suppression of vibration through the conduits seemed to have only
a marginal effect, suggesting that the most significant source of vibration that remained was

from sound, air flow, or water flow.

Mode-Locking

The majority of experiments using our Ce:LiCAF laser were performed while a chopper was
used to chop the infrared beam of the pump laser at approximately a 1:12 duty cycle; it was
operated at a frequency of 150 Hz for which it had an opening time of approximately 500 ps.
In this thesis, the values of power output are compensated for this duty cycle, multiplied by
13, except for section|4.5|in which the chopper was not used. A single opening of the chopper
can be seen in figure B.11] which was recorded during mode-locked operation as seen in the
expanded view. The Ce:LiCAF laser power builds up quickly and is well stabilised after
a short period of less than 25 ps, which corresponds to 2000 round-trips. This means that
slow measurements (e.g. average power measured with a thermal power meter) accurately
represent the performance of the laser during the burst.

The envelope of the open chop cycle sometimes had a slight decline or incline, which can
be the result of various transient thermal effects occuring in the pump stage. The envelope
was also affected by imperfect alignment of the laser cavity mode, which presents as a severe,
albeit stable, decline or incline at any time during the open cycle. The variation in figure[4.11]
is standard for a reasonably well-aligned cavity and pump arrangement. It was recorded for
a cavity length position for which the Ce:LiCAF laser produces its maximum output power.
However, this cavity length was not optimal for ultrashort pulses, in fact, it required slight
detuning away from synchronicity between the laser and the pump. For maximum power
output, the cavity was made approximately 20 pm longer than the defined Ax = 0, which
was defined by the cavity length that resulted in synchronously pumped mode-locking and
generated the shortest measured pulses at approximately 290 nm.

The power output and stability of our Ce:LiCAF laser output around Ax = 0 varied
significantly, which is to say over a few pm of cavity length around the first harmonic of
synchronous mode-locking. This is shown in figure which shows the open chop-cycle,
also recorded on a photodiode. Here, the downward slope may be the result of thermally
affected pump power or pointing angle. This slope has negligible bearing on the presence of
modulation, since the modulation occurs regardless of quality of alignment. The frequency
of modulation tends to increase (bottom left in figure i.12)) for shorter cavity lengths in the

mode-locking region. While this semi-stable power output of our Ce:LiCAF laser is an issue,
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Figure 4.11: Ce:LiCAF laser mode-locked operation during one opening of the chopper,
recorded on a photodiode.

the solution may simply require a more mechanically robust laser cavity and pump system
to reduce variation in cavity length, or alternatively, active stabilisation of the Ce:LiCAF
laser cavity length. While these are feasible, they are beyond the scope of this thesis. The
modulation may correspond to mode-locking instability caused by synchronous pumping,
which was also observed in dye lasers on a timescale of kHz to MHz. This frequency varied
with cavity length, as does the wavelength due to dispersion tuning which is also present in
synchronously pumped dye lasers. See chapter[2]for background regarding dispersion tuning,
and chapter [5] for a detailed analysis of the dispersion tuning present in our Ce:LiCAF laser.
Essentially, chromatic dispersion in an actively mode-locked laser resonator (such as ours)
can translate a change in cavity length to a shift in wavelength to maintain synchronicity.
Due tp dispersion tuning (the details of which are presented in chapter [5] the cavity length
range that supports short pulses via synchronous mode-locking increases with the amount
of dispersion, so reducing dispersion in our laser (which is necessary for KLM) reduces the
acceptable cavity length for active mode-locking and exacerbates the sensitivity of cavity
length to vibrations.

The semi-stable modulation of output power can be characterised more simply by a
reduction of average power. This was measured using a standard thermal power meter, which
has a slow response time. These results are shown in figure d.13] for which the cavity length
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position of Ax = 0 refers approximately to the centre of the dispersion tuning range; that is
the cavity length of synchronicity between the pump and the Ce:LiCAF laser for the peak
wavelength of Ce:LiCAF, and is therefore the optimal cavity length for generating ultrashort

pulses.
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Figure 4.12: Modulation of Ce:LiCAF laser output, as measured on a photodiode.
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Figure 4.13: Power output (corrected for chopper duty cycle) over the range of negative
dispersion tuning when using an intracavity prism pair.
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4.4 Slope Efficiency

The slope efficiency of a laser is measured by varying the input pump power and measuring
the laser’s output power; it is defined by the slope of output power to input power, only in
the region for which the laser is above threshold. The output power of the Ce:LiCAF laser
was measured using a power meter placed immediately after the plane mirror OPC (M3) and
the pump power was measured using the same power meter, prior to being focussed into the
gain medium. The pump power was varied with the combination of a HWP and thin-film
Brewster’s angle polariser, which acted as a continously variable attenuator. The recorded
pump power does not account for intermediate losses from one HR mirror, an AR-coated
focussing lens, and the dichroic cavity mirror M1; transmission loss from these elements is
estimated to be 10%. The duty cycle of the chopper, on the other hand, has been accounted
for, so these results a representative of power during the burst. The slope efficiency results
are shown in figure 4.14]to compare the power output of operation with and without a pair of
intra-cavity prisms that are utilised in the coming sections. These data were both recorded
for a cavity length slightly longer than Ax = 0, to generate maximum power, as mentioned

above.

Although the prisms were cut so that the intra-cavity beam would be incident at Brewster’s

angle, losses were still introduced due to slight misalignment, absorption, and primarily
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Figure 4.14: Comparison of slope efficiency and pump threshold for the Ce:LiCAF with and
without an intracavity prism pair cut at Brewster’s angle for 290 nm light, made from UV
grade fused silica. A plane output coupler was used.
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scattering; UV wavelengths are particularly prone to scattering. The total round-trip loss
that the prisms introduce was calculated to be approximately 2.2% using the measured slope
efficiency of the laser with and without prisms. The simplified equation for this calculation
is shown in equation [4.10} adapted from [220]; na and n is the slope efficiency with and
without prisms, respectively; Lopc is the 1.5% transmission from the OPC; L, is the 2.5%
round-trip loss without prisms; and Ly is the round-trip loss introduced by the prism pair.

n _ Lopc+Li+La _ La

o =14 (4.10)
nA Lopc + L; Lopc + L;

The underlying assumption for this calculation is that all other variables remain fixed and
the previously measured 2.5% round-trip loss has not increased. This is reasonably valid
owing to the presence of a well-aligned HR mirror used to reflect the pump beam that misses
the second intra-cavity prism (due to a larger angle of refraction from the first prism) and
double-pass pump the Ce:LiCAF crystal, which matches the pumping arrangement of the
prismless cavity. All other optical elements were identical between these measurements, and

it is assumed that the scattering losses of the OPC are similar to that of the HR end-mirror.

4.5 Un-Chopped Operation

Operating our Ce:LiCAF laser un-chopped required a few key changes to the pump stage,
but was made possible by the choice of a low transmission output coupler that resulted in
a low threshold. In the first frequency doubling stage, the LBO temperature was reduced
from 152.4 °C to 148.6 °C to compensate for the increased heat deposition from the 1064 nm
IR beam. Since LBO is thermomechanically robust, this was the only alteration necessary
to generate unchopped 532 nm green light. Thermal effects in the next frequency doubling
stage, specifically in the BBO crystal, limit the 266 nm power that our pump stage is capable
of. To reduce this issue, the 532 nm radiation was attenuated using a half-wave plate and thin
film polariser at Brewster’s angle. This allowed for continuous adjustment of input power
to the BBO crystal, to establish a balance between power and stability; approximately 50%
of the 16 W of 532 nm radiation was used, while the waste 8 W was monitored on a power
meter for changes. Although our system can generate over 2 W of 266 nm radiation with more
532 nm power, operating well above the 50% mark caused the 266 nm power to drop to 1 W
within 5 minutes. Additionally, the beam pointing angle of the 266 nm beam exhibited some
walk-off due to thermal effects in the BBO. This limited the reliable 266 nm pump power to
1.2-1.3 W, whilst maintaining reasonably stable delivery of the pump radiaton.

The un-chopped Ce:LiCAF laser was initially operated without the use of the intra-cavity
prism pair, since this increases the threshold. The slope efficiency in this case was recorded,
and is shown in figure4.15] While the gradient is neat and linear, the slope efficiency itself is

3% lower than in un-chopped case. Although unlikely to be the primary cause, this difference
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could be affected by laser operation during the time it takes for the chopper to block and
unblock the pump beam. However, the increased threshold indicates that it is more likely to
be operating with lower efficiency; possibly due to slight misalignment, decreased stability
of the pump, and increased thermal lensing within the Ce:LiCAF crystal. While it is not
included in the figure (since it was achieved separately), over 80 mW was generated by the
mode-locked Ce:LiCAF laser, but this declined in less than a minute. At a reduced pump
power of 0.9 W, a power output of 40 mW could be maintained for tens of minutes, likely
due to the improved pointing stability of the pump beam that was observed. The laser’s poor
power stability is almost certainly to be solely caused by thermal issues in the pump stage,
specifically pointing angle stability of the pump beam, which were possibly combined with
thermal lens effects in the Ce:LiCAF crystal itself. Although cooling the crystal mount to
22°C (from 27°C at thermal equilibrium) was tested, it had no noticeable effect on the power
stability; however, the top and bottom surfaces of the crystal have a small contact area to the
mount (or indeed any cooling element) so cooling may not have a significant effect on the
gain volume.

Un-chopped operation was also demonstrated whilst the intra-cavity prisms were in the
same position that recorded a minimum pulse duration previously. A slope efficiency was not
recorded simply because the pump power was set to its stable limit of 1.2-1.3 W, and would
therefore be unreliable (the laser was running just above threshold; an insufficient range of
pump power was available to accurately determine a slope efficiency). A reasonably stable
output power of 10-20mW was achieved from the Ce:LiCAF laser in this configuration,
which is consistent with the power recorded with the chopper runing; although, stability
was much better with reduced pumping for the lower loss (prism-less) cavity. The output
power also varied on a kHz time-scale in the same manner as presented in chapter 4] section
M.3] over the range of dispersion tuning, likely an effect of cavity length variation under our

synchronous pumping regime.
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Figure 4.15: Slope efficiency of our Ce:LiCAF cavity, recorded during un-chopped operation.
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4.6 Discussion

In this chapter, the first hybrid-mode-locked Ce:LiCAF laser was presented. This is the first
time that Kerr-lensing has been utilised in the mode-locking of a Ce:LiCAF laser; KLM
provided a passive contribution to mode-locking, while synchronous pumping provided the
active contribution. In addition to hybrid-mode-locking, this is the first time that un-chopped
operation of a mode-locked Ce:LiCAF laser has been demonstrated. This was the result of
minimising thermal issues in the pump system by reducing the thermal load on the BBO
crystal, and reducing the threshold of the laser cavity by replacing the near-Brewster’s plate
output coupler with a plane-mirror OPC. Owing to the new OPC, this is the first time that
the mode-locked Ce:LiCAF laser has generated a single output beam, and the highest power
within an individual beam ever recorded for such a laser. A portion of the findings within
this chapter were published as conference proceedings and are presented in appendix [Al
While this is a promising step forward for CW and mode-locked Ce:LiCAF lasers, several
unresolved issues are still present in the current oscillator and pump configuration. These
issues are mostly related to the cavity length requirement of synchronous pumping. The cavity
length requirement is more sensitive when the dispersion is reduced, which is necessary for
Kerr-lensing to take place; ergo, implementing KLLM in a hybrid-mode-locking scheme can
exacerbate issues associated with variation of the cavity length (i.e. vibration) unless active

stabilisation of the cavity length is employed.

Stability

Technical issues limit the stability of the output power and pulse duration produced by the
Ce:LiCAF laser. Modulation of the output power occurs on a kHz time-scale for cavity
lengths that satisfy synchronicity, with a frequency that is lower for a cavity length that is
central to this range. The dynamics here are not fully understood, and may simply be the
result of vibrations within some component of the optical system, which includes elements
internal to the pump laser which has vibrations from the water cooling system. However, the
intra-cavity pulse duration likely plays a significant role in the dynamics of mode-locking
within the synchronous-asynchronous transition. Longer pulses encounter a greater gain
differential over their length than shorter pulses, which may cause sufficiently long pulses to
shift in time more readily, while shorter ones decay as a new pulse is formed. In turn, this
may be causing modulation of the pulse energy.

The maximum power of the Ce:LiCAF laser was recorded for a longer cavity length than
precise synchronicity, but this longer cavity length produces pulses that are much longer, of
order 100 ps [212]. The fact that there is no visible modulation is likely because the mode-
locking becomes somewhat insensitive to slight variation of cavity length and are therefore
more stable. For cavity lengths that satisfy synchronicity precisely (at which KLM can be

invoked) there is considerable interplay between pulse duration and pulse energy, since they
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both contribute to Kerr-lensing, which then affects the stability of the laser cavity mode.
Ultimately, since all of these mechanisms are linked, they are simultaneously destabilised by

cavity length drift and vibration.

Astigmatic Kerr-Lensing in a Gain Medium

The astigmatic nature of our Ce:LiCAF cavity may have a significant effect on Kerr-lensing,
and the stability of the laser cavity mode. Relative to the axis of propagation, the sagittal and
tangential focal positions are separated by approximately 0.4 mm. Also in this axis, the gain
profile decays exponentially as the pump is absorbed according to e~ “4*. Hence, the pulse
energy (and therefore peak power) at each of these positions is different, as it has encountered
a different level of amplification. Travelling from M; to the crystal, the sagittal focus is
present first, with the least pulse energy. Secondly, the tangential focus has a higher pulse
energy. Thirdly, on the second pass through the crystal, the tangential focus occurs again with
an even higher pulse energy. Fourthly, and lastly, the sagittal focus occurs with the highest
pulse energy. Since the gain medium is also a significant contributor to dispersion, the pulse
duration will also differ between these focal positions, in addition to the pulse energy.

The magnitude of lensing is inherently different in each direction of propagation. This is
normal; Ti:sapphire lasers may operate with significantly different pulse energies with respect
to each direction of propagation through the crystal. This means that the cavity mode has a
transverse profile that is different depending on the direction of travel within the resonator.
However, our cavity is also astigmatic, which means that instead of just two different lenses
(forwards and backwards), there are effectively four lenses. Since the Kerr-lensing is governed
by peak power density, the first lens in the Ce:LiCAF crystal (e.g. sagittal focal position) will
affect the beam size (and therefore the magnitude of Kerr-lensing) at the second lens.

Normally, KM cavities are symmetric and are therefore not inherently astigmatic. How-
ever, since these cavities usually have a gain medium at Brewster’s angle, the elliptical focus
results in astigmatism introduced by the Kerr-lens itself. In our cavity, the combination of
astigmatic Kerr-lensing in combination with the pre-existing astigmatism may compound for
even stronger self-focussing. This may affect cavity stability, hence the semi-stable operation
in pulse duration and energy. From [221], “we believe symmetric resonators to be more
suitable than asymmetric ones for KLM with a hard aperture”. A possible solution to exper-
imentally analyse astigmatism and Kerr-lensing in our hybrid-mode-locked Ce:LiCAF laser
would be to assess the relative mode-clipping for the tangential and sagittal planes, in the
region where the beam is most astigmatic. A slit may be more effective than a circular aper-
ture, since lensing can increase the beam waist in one plane but not the other. Alternatively,
using a CW pump laser and modifying the cavity geometry to be symmetric and minimally
astigmatic would permit experiments that focus solely on KLM. In these experiments, it is

estimated from equation4.11|that the focal length of the generated Kerr-lens was on the order
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of 1-10 mm (assuming an intra-cavity peak power of 100 kW) which is exceedingly short.
For comparison, the Ti:sapphire presented later in this thesis (chapter|[6) had a Kerr-lens focal
length of approximately 15 cm. This indicates that the Kerr-lens is of a sufficient magnitude

and may even be affecting the stability of the cavity mode.
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Chapter Summary

In this chapter, the design and modelling of a 3-mirror hybrid-mode-locked Ce:LiCAF laser
was presented, as well as the layout of the pump laser system required to power it; a mode-
locked Nd:YVOy laser operating at 78 MHz with an external frequency quadrupling stage.
The characteristics of the Ce:LiCAF laser’s power output were documented, in terms of
maximum output, efficiency, and stability at cavity lengths close to synchronicity to the
pump laser. Without intra-cavity prisms, 234 mW output power and a 14% slope efficiency
was achieved while introducing a prism pair into the cavity reduced this to 116 mW and a
9% slope efficiency (corrected for chopper duty cycle). However, these results correspond to
a slightly longer cavity length than is synchronous to the pump laser. The output power was
found to decrease by up to approximately 50% in the cavity length region of synchronicity and
the pulse energy became unstable, oscillating on a kHz time-scale. Note that the details of
the Ce:LiCAF laser’s spectral output are presented in chapter [5|and the pulse characteristics
in chapter|[6] and are both relevant to the stability of the laser. The slope efficiency of 11% for
un-chopped operation was also presented (without prisms) with a power output of 50 mW. For
a mode-locked Ce:LiCAF laser, this is the first demonstration of stable operation without the
use of a chopper and the highest average power output achieved in a single beam. Un-chopped

operation was also achieved using the intra-cavity prisms, for output powers of 10-20 mW.
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Chromatic dispersion often has a detrimental affect on mode-locked lasers and the pulses of
light that they generate. To prevent significant broadening of pulses propagating outside the
cavity, low or negative dispersion mirrors are used to compensate for normal dispersion from
optics and air, to keep it around zero. However, management of the intra-cavity dispersion
is slightly more complicated for passively mode-locked lasers that have the potential for
Kerr-lensing because of the interplay between self-phase modulation (SPM) and anomalous
dispersion. These mode-locked lasers require management of group delay dispersion (GDD)
to generate pulses on the order of 100fs. Shorter pulses, on the order of 10 fs and below,
require a more rigorous analysis that compensates higher orders, most significantly third
order dispersion (TOD), to sustain the broad bandwidth that is necessary to support such
short pulses. A more detailed description of these mode-locking dynamics are presented
in chapter This chapter covers the tools and techniques that were used to manage the
dispersion of the hybrid-mode-locked Ce:LiCAF laser that is the focus of this thesis.

5.1 Theoretical Intra-Cavity Dispersion

Every optical element in the Ce:LiCAF laser contributes some amount of dispersion, but the
most significant contributors are air and the laser crystal itself. Therefore, even when the
cavity is considered to be empty, without Brewster’s windows or prisms, it has a significant
amount of dispersion. To quantify this, the refractive indices of air [222]] and undoped LiCAF

[223]] were calculated using their respective Sellmeier equations (as a function of wavelength).
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From this, the GDD and TOD were determined as a function of wavelength. These values

are likely to be reasonably valid, but high precision is not assumed, because of variable

factors that affect these refractive indices, which include humidity of air, temperature, and

dopants in the LiCAF crystal (such as Ce**). The theoretical background for calculating

GDD and TOD from refractive index is presented in chapter[2] Their estimated values for the

Ce:LiCAF laser are presented in figure 5.1 For comparison, the GDD of the plane mirror
output coupler (OPC) is shown in figure [5.2} note that the positive gradient at 290 nm with

respect to wavelength corresponds to an anomalous value of TOD ~ —110fs?.
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Figure 5.1: Theoretical round-trip dispersion contribution from air and LiCAF.

Figure 5.2: GDD of plane OPC, as calculated by Layertec.
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Unfortunately the dispersion characteristics of the two curved mirrors, M| and My,
were unavailable, and challenging to measure; however, they are likely to be similar to the
OPC. The combined dispersion of air, LICAF and the OPC is shown in figure [5.3] It was
determined via tracing the theoretical plot, hence the slight wobble of the round-trip TOD
near the wavelength of 302 nm. The dispersion contribution from the OPC almost flattens
the GDD curve at 290 nm, which corresponds to the trough seen in the TOD. Despite this
slight alteration to GDD, dispersion is still dominated by the contribution of Ce:LiCAF and
a long propagation distance through air, which cannot be ignored for UV wavelengths. It
is later shown that if the intra-cavity prism pair is arranged to reduce round-trip GDD to a
negative value close to zero (required for KLM) there is a high amount of negative TOD.
This compounds with the negative TOD contribution of the OPC, which is detrimental to
generating ultrafast pulses with a broad bandwidth. Although the dispersion characteristics
of M| and M, are unknown, they are HR mirrors so may have dispersion properties that
are similar to the OPC, such as a relatively low contribution to GDD but a significant TOD
contribution. The result would be a complex TOD curve, with respect to wavelength, and

therefore challenging to compensate for accurately over the bandwidth of Ce:LiCAF.
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Figure 5.3: Combined theoretical round-trip dispersion of air, LICAF, and the OPC.

5.2 Dispersion Tuning

Mode-locked lasers with significant chromatic dispersion and temporally modulated gain or
loss can be wavelength-tuned by varying the cavity length. This occurs because synchronism
between the modulation frequency and the cavity repetition rate must be maintained. For
a fixed modulation frequency, changing the cavity length changes the group velocity that is
necessary for synchronism. Due to the high chromatic dispersion, the lasing wavelength shifts
to match the required group velocity for synchronism. Alternatively, the wavelength can be
tuned by varying the modulation frequency of a fixed cavity length laser. This mechanism
is known as dispersion tuning and was discovered in 1977 using a fibre Raman oscillator

[224], which dispersion-tuned to maintain temporal overlap between the pump and Stokes
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signal. It was further improved upon in 1996, using an erbium-doped fibre ring laser [225] to
produce more stable pulses via dispersion, self-phase modulation, and amplitude modulation.
Nowadays, lasers that are designed for dispersion tuning use a grating pair or similar optical

element with immense chromatic dispersion, combined with the aforementioned modulation.

Dispersion-Tuned Ce:LiCAF Laser

Ultraviolet light typically encounters much higher chromatic dispersion in materials (in-
cluding air) compared with longer wavelengths. In our Ce:LiCAF laser, the gain is also
modulated because we are using a pump laser that is mode-locked with a fixed repetition
rate, and Ce:LiCAF has a short upper-state lifetime of just 25ns. This modulation and the
high dispersion is sufficient to cause dispersion tuning. However, the modulation of gain
does not prevent laser action that isn’t synchronous with the pump laser; the Ce:LiCAF laser
operates in the CW regime outside of the mode-locking region. Therefore, the range of
wavelengths over which the laser may be dispersion-tuned is limited by the range over which
synchronous mode-locking produces short pulses. This range is affected by several factors
including gain, loss, modulation amplitude, chromatic dispersion, and non-linear effects.
Modelling the tuning characteristics in a dispersion-tuned laser requires knowledge of all of
these [226,227]]. In addition, these properties must be stable for modelling to be valid. While
this is relatively simple to achieve for the commonly used fibre lasers, the performance in
our Ce:LiCAF laser varies from day to day; most significantly due to changes in the ratio
of gain:loss via pump power, crystal position, dust, and misalignment, but also non-linear
effects under hybrid mode-locking, which is not insignificant. We also lack some dispersion
information for the cavity, such as for the curved mirrors M; and M;. All of this makes
it challenging to compare a comprehensive model to experimental results. However, the
amount of GDD can be calculated simply and approximately compared to the rate at which
the laser tunes.

To characterise the nature of dispersion tuning in our Ce:LiCAF laser, its output spectrum
was measured over the tuning range using an Ocean Optics HR4000 ultraviolet fibre-fed
spectrometer, which has a wavelength resolution of 0.03nm. The schematic for this is
shown in figure [5.4] Four amounts of dispersion were tested. The spectrum for an empty
cavity without an output coupler was measured via the reflected beam from the Ce:LiCAF
crystal. By inserting two different thickness UV-grade fused silica Brewster’s windows into
the cavity, the dispersion was increased, using each of them and then both of them. They
were approximately 4.0 mm and 7.2 mm in length when positioned at Brewster’s angle (54.5°)
thereby increasing the GDD inside the cavity by 1300 fs> and 2400 fs?, respectively. Note that
an HR plane mirror was used instead of the OPC in order to compensate for the additional
losses of the Brewster’s windows. In this case, the small reflection from the Brewster’s

window faces was used to monitor the laser performance.
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Spectrometer

Figure 5.4: Schematic for measuring dispersion tuning with a fibre-fed spectrometer.

To measure the longitudinal position of the end mirror M3 with a higher resolution than
is indicated on the translation stage micrometer (10 pm) a rod was attached to the end of
the micrometer, and a protractor placed behind it. Using this setup, increments of 0.5° on
the protractor corresponded to approximately 0.7 um of translation. These measurements
were performed by hand, and required careful and fine adjustment of the micrometer to avoid
backlash. Variation in the viewing angle for reading the rod position on the protractor may
have also contributed a parallax error, which, if read at an angle, could introduce a slight curve
in the results. Therefore, the uncertainty of the end mirror position is at least comparable to
the 0.7 pm resolution of these measurements. In addition to the human element of uncertainty,
variation in the cavity length due to drift of the translation stage and various other elements
was an issue, which necessitated rapid data collection. On a faster timescale, vibration could
also cause the cavity length to change and thus shift the wavelength. To reduce this effect,
data were recorded by averaging 3-5 spectra, each of which was captured using an integration

time of 40-200 ms, adjusted for signal-to-noise and to avoid saturation.

5.2.1 First Harmonic

Figures [5.5] [5.6] and [5.8]show the dispersion tuning of our Ce:LiCAF laser operating at
the first harmonic. The dispersion tuning covers 15-70 pm of cavity length range, which is
affected by increased dispersion from the Brewster’s windows. Just outside this range is a
mode-locked state that is further detuned from synchronism to the pump, generating longer
pulses with less stability. On the edge of the dispersion tuning region, both states appear
to oscillate, since two spectral peaks are present: the dispersion-tuned peak and the peak at

approximately 290 nm (the gain peak of Ce:LiCAF).
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Figure 5.5: Dispersion tuning at the first harmonic without a Brewster’s window. Increments
of 0.7 pm.
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Figure 5.6: Dispersion tuning at the first harmonic using a 4 mm Brewster’s plate to provide
additional intra-cavity dispersion, GDD ~ 1300 fs?. Increments of 0.7 pm.
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Figure 5.7: Dispersion tuning at the first harmonic using a 7 mm Brewster’s plate to provide
additional intra-cavity dispersion, GDD =~ 2400 fs>. Note that the curve of this data is unlikely
to be real, and could just be an artifact of the data collection method. Increments of 0.7 pm.
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Figure 5.8: Dispersion tuning at the first harmonic using both 4 mm and 7 mm Brewster’s
plates to provide additional intra-cavity dispersion, GDD ~ 3700fs?. Note, increments of
5 pm were used for fast data collection.
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5.2.2 Third Harmonic

Dispersion tuning was also characterised with the Ce:LiCAF cavity set to the third harmonic;
the length of the cavity was reduced to one third of the pump laser cavity length by reposi-
tioning the end mirror M3 and adjusting the position of the folding mirror M, to form a stable
cavity. Compared to the first harmonic cavity arrangement, the round-trip dispersion contri-
bution from air is one third but the mirrors and crystal are the same. The round-trip GDD
without Brewster’s windows is therefore reduced from approximately 600 fs? to 400 fs”. This
reduces the rate of tuning with respect to cavity length. The spectral data is shown in figures
[5.10L[5.11} and[5.12] There is approximately 3-30 pm of cavity length ranges over which
dispersion tuning is present, which is lower than the ranges recorded for the first harmonic.

This is partly due to the lower dispersion, which causes the wavelength shift of dispersion
tuning to become more sensitive to cavity length changes. Another factor is the ratio of gain
to loss; the loss is approximately the same, but the average available gain per round-trip is
lower for the third harmonic than it is for the first, since gain has declined due to depletion
and fluorescence on the two subsequent passes through the Ce:LiCAF crystal, before the
next pump pulse arrives. This affects mode competition at the edge of dispersion tuning,
at wavelengths which are detuned from the gain peak of Ce:LiCAF. This was confirmed by
the increase and decrease of tuning range with variation of pump power. Due to day-to-day
changes in pump power or cavity alignment, characterisation of cavity length range versus

power would not be consistent, but would be an important aspect of a comprehensive model.
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Figure 5.9: Dispersion tuning at the third harmonic without a Brewster’s window. Increments
of 0.7 pm.
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Figure 5.10: Dispersion tuning at the third harmonic using a 4 mm Brewster’s plate to provide
additional intra-cavity dispersion, GDD ~ 1300 fs>. Increments of 0.7 pm.
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Figure 5.11: Dispersion tuning at the third harmonic using a 7 mm Brewster’s plate to provide
additional intra-cavity dispersion, GDD ~ 2400 fs>. Increments of 0.7 pm.
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Figure 5.12: Dispersion tuning at the third harmonic using both 4 mm and 7 mm Brewster’s
plates to provide additional intra-cavity dispersion, GDD ~ 3700 fs2. Increments of 0.7 pm.

Bandwidth

Aside from the cavity length range, the dispersion tuning in our Ce:LiCAF laser can be
described by two features: bandwidth, and sensitivity of the wavelength tuning to change
in cavity length. The bandwidth is governed by dispersion and power. Higher dispersion
or lower power reduces the laser bandwidth. Conversely, the potential bandwidth can be
increased by reducing the dispersion. The bandwidth for the centre of the dispersion tuning
range in the first and third harmonic arrangements is shown in figures [5.13] and [5.14] and
summarised in table For both harmonics, increasing dispersion (with Brewster’s plates)
reduces the bandwidth; the gain profile narrows as synchronicity between longitudinal modes
and the pump laser PRF decreases. However, the bandwidth for the third harmonic is also
less than that for the first harmonic, despite the fact that there is less dispersion (less air)
within the cavity at the third harmonic. The lower average available gain that is present for

the third harmonic reduces the number of longitudinal modes that encounter net gain.

Table 5.1: Bandwidth at the centre of dispersion tuning (FWHM).

Brewster’s Plate  First Harmonic [nm] Third Harmonic [nm]

None 0.80 0.45
4 mm 0.46 0.23
7 mm 0.30 0.13

4 mm + 7 mm 0.27 0.11




5.2 Dispersion Tuning 101

1 ———}—— —t
No plate
0.8 I 4 mm Plate 1
i —— 7 mm Plate 1
75} B -
E i 4 and 7 mm Plates ]
o 4 4
) 0.6 i ]
= L _
o i _
204 1 1
St o .
o L _
Z i _
02 + 1
0 + P . . :
289.5 290 290.5 291 291.5

Wavelength [nm]

Figure 5.13: First harmonic bandwidth near the centre of dispersion tuning using Brewster’s
plates. The spectra position on the horizontal axis have been slightly shifted by <0.5 nm to
improve the visual overlap.
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Figure 5.14: Third harmonic bandwidth near the centre of dispersion tuning using Brewster’s
plates. The spectra position on the horizontal axis have been slightly shifted by <0.6 nm to
improve the visual overlap.
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Group Delay Dispersion

The sensitivity of the laser wavelength to changes in cavity length is primarily governed by
the GDD of the cavity. To compare the theoretical quantity of GDD within the cavity to the
sensitivity of dispersion tuning, the gradient of wavelength versus cavity length detuning are
first determined. These slopes are represented visually in figures [5.15|and [5.16] which show
the peak wavelength within the dispersion tuning range and the corresponding line of best fit.
The end mirror position was adjusted to centre on a wavelength near to the centre of the four
tuning ranges. However, the absolute mirror position for each of these varied by up to 7 mm
for the first harmonic, and 5 mm for the third; the addition of a Brewster’s plate increases the
optical path length of the cavity, and the length must be decreased to suite. Most of this data
appears to closely fit a straight line which implies that the third order dispersion (TOD) is not
a significant factor in dispersion tuning over this range, and it cannot be estimated accurately
from these results.

The reduced tuning range of the third harmonic compared to the first harmonic is expected,
as discussed above. However, there is also a degree of blue-shifting that appears with
the added Brewster’s plates; in most cases (particularly for the first harmonic) additional
plates consistently shifts the tuning range to shorter wavelengths. This could be caused
by the rotation of the inserted plates; when one or two of the Brewster’s windows were
used to increase dispersion, one of the windows was offset from Brewster’s angle to generate
sufficient output power for measuring the laser spectrum. Since Brewster’s angle is dependent
on wavelength (governed by refractive indices), loss introduced by rotation of the plates will
also be dependent on wavelength. The two options for offsetting the rotation from Brewster’s

angle at 290 nm will result in higher losses for either shorter or longer wavelengths.
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Figure 5.15: First harmonic dispersion tuning peak wavelengths, approximately relative to
the centre of the range of tuning.
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Figure 5.16: Third harmonic dispersion tuning peak wavelengths, approximately relative to
the centre of the range of tuning.
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5.2.3 Comparison to Theory

The theoretical GDD of air and LiCAF (section [5.1)) were combined with the GDD of fused
silica, which was similarly calculated using its Sellmeier equation, as determined by Malitson
[228]]. This produced a theoretical quantity of GDD without including the cavity mirrors;
this is justified since the cavity mirrors are likely to have a negligible contribution to GDD
compared to the additional Brewster’s plates. The dispersion tuning slopes of wavelength
versus end mirror position were converted from group delay per wavelength shift [pm/nm]
or [fs/nm] to the commonly used unit of GDD [fs2] for a centre wavelength of 290 nm. This

was done using:

dt da 2 dx 4

GbDD=— —=-+ — . — 5.1

di dw ¢ da 2rmc -1

where c is the speed of light, Ag is the centre wavelength, dz is the group delay, and dA/dx is
the measured dispersion tuning slopes in figures [5.15]and [5.16] A comparison between the

GDD determined from dispersion tuning and the theoretical value is summarised in figures

B.17and 5.18
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Figure 5.17: Comparison of intra-cavity GDD of the Ce:LiCAF laser at the first harmonic,
estimated from dispersion tuning, compared to theoretical calculation of air and LiCAF
(mirrors are neglected).

There is a clear difference between the theoretical and estimated GDD; the theoretical
GDD is higher, with a gradient of 0.84 and 0.82 for the first and third harmonic, respectively.

This could be the result of neglecting higher orders of dispersion and over-simplifying the
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Figure 5.18: Comparison of intra-cavity GDD of the Ce:LiCAF laser at the third harmonic,
estimated from dispersion tuning, compared to theoretical calculation of air and LiCAF
(mirrors are neglected).

effect that GDD has on the sensitivity of dispersion tuning. The latter of these could be
determined through a comprehensive model which may simply reveal that the oscillating
wavelength is pulled towards the 290 nm peak of Ce:LiCAF; this would reduce the sensitivity
of dispersion tuning and thus the estimated GDD. On the other hand, there is certainly
some intra-cavity dispersion that has gone unaccounted for in the theoretical calculation of
GDD presented here, due to the omission of the contribution from the cavity mirrors. More
significantly, the Sellmeier equations that were used to calculate the contribution from air,
LiCAF, and fused silica may not accurately match our experiment conditions. The refractive
index of air varies with temperature and humidity; the cerium dopant in Ce:LiCAF may affect
the refractive index of LiCAF; and the Malitson’s Sellmeier equations for fused silica were
developed 55 years ago - manufacturing differences between our fused silica samples and
those used by Malitson may be significant in the UV. The grade of the fused silica is also

unknown.

The individual GDD contribution from each Brewster’s plate could also be different, due
to manufacturing differences, or due to imprecise calculation of the path length, which is
affected by the rotation of the plate itself (the plates were assumed to be at Brewster’s angle).
This is supported by the similar pattern that the data points follow in each figure. This pattern
is less prominent for the first harmonic, since the contribution from air decreases the relative

contribution from the fused silica. Based on this pattern, the GDD contribution from the
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4 mm plate may have been underestimated, while the contribution from the 7 mm plate may
have been overestimated. The last detail of these figures, the y-intercept, increases for the
first harmonic data, yet it is expected to be zero. This may be indicative of more complicated
mechanisms, or simply arise from inaccuracy, since the only experimental difference is the
distance of air that contributes to cavity GDD. Increasing the theoretical GDD of air would
horizontally shift the data in both figures, however each have a positive and negative intercept,
so this alone does not explain the non-zero intercept. A more comprehensive model may
explain the discrepencies in this data, but was not required in hybrid-mode-locking of our
Ce:LiCAF laser, so the sensitivity of dispersion tuning was used only to estimate the GDD

of the cavity.

5.3 Intra-Cavity Prism Pair

To generate the shortest possible pulses using the passive Kerr effects (lensing and SPM) that
comprise the quasi-soliton KLM scheme (discussed in chapter[2)), a slightly negative value of
GDD is required. Since our empty Ce:LiCAF laser has a GDD in the range of 600-700 fs,
additional elements would need to provide at least 700-800 fs> of anomalous dispersion to
over-compensate for the GDD of the cavity and facilitate KLM. Ideally, the chosen elements
would negate the TOD of the cavity as well, and not introduce a high amount of unnecessary
TOD, whether it is normal or anomalous. Unfortunately, the optical components that are
commonly used for precise dispersion management, such as chirped mirrors and gratings,
have excessively high losses at the UV wavelengths that our laser operates. This prohibits their
implementation in a mode-locked or CW Ce:LiCAF laser, which already has a high threshold,
as they increase the pump power requirement. Until the ratio of loss to negative GDD is
reduced (to provide dispersion compensation with minimal losses), these elements will only
be useable external to the laser cavity. Hence, inside the cavity, dispersion compensation was
only possible using the simple, low loss solution of a prism pair cut such that the laser cavity
mode enters and exits at Brewster’s angle, as is already the case with the Ce:LiCAF crystal
itself.

In some cases, prism pairs can be used to compensate for TOD as well as GDD [229,230],
depending on the material and centre wavelength of light being used. If compensation of the
intra-cavity TOD used a prism pair is impossible, it is still somewhat beneficial to choose
a prism material that minimises it. In our Ce:LiCAF laser, we assumed a Brewster’s angle
geometry, so the only variable in choosing a prism pair was the material. The chosen
material had to be highly transmissive in the 280-316 nm region, and within budget. From
these criteria, three options arise: magnesium fluoride (MgF,), calcium fluoride (CaF,), and
UV-grade fused silica (UVFS/fused quartz/amorphous silicon dioxide/Si0;). We purchased
a standard off-the-shelf UVFS prism pair from Lambda Research Optics, cut at Brewster’s

angle for 800 nm light (an apex angle of 69.1°) since it was the quickest and cheapest option
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we found with the best surface quality. A surface flatness of A/8 @633 nm was specified for
a scratch-dig of 10-5, compared to typical scratch-dig specifications of 40-20 or 60-40 for
scientific research applications (lower is better). The surface quality is more significant in the
ultraviolet region than the near-IR, as shorter wavelengths exhibit increased scattering losses.
Therefore, minimising the scratch-dig rating of our intra-cavity prism pair was important to
maintain low round-trip loss, and ensure the system was still capable of surpassing the lasing
threshold. While the losses introduced by the off-the-shelf prism pair were sufficiently low,
reducing them further was important to reduce the threshold lower, and achieve un-chopped
operation of our entire system (presented in chapter [4). Hence, we elected to also purchase
a custom pair of prisms from Uni Optics, cut for Brewster’s angle at 290 nm (an apex angle
of 67.7°) with a specified scratch-dig of 10-5. The previous prisms were still used in an
extra-cavity role, to compensate for the chirp introduced by transmission through the OPC,
and also the small spatial chirp that arises due to the position of the intra-cavity prism pair.
The slight difference in their apex angle adds either temporal or spatial chirp, but this is likely
to be negligible.

Assuming a prism pair that is cut for Brewster’s angle is actually to be placed at the
necessary angle (for minimal losses), the positioning of these prisms relies on only two
variables. Firstly, the distance between the prisms; increasing only this factor introduces
more anomalous dispersion (as long as the material is normally dispersive). Secondly, the
propagation distance of the laser beam through the prism material, also referred to as the
insertion of the prisms; the material will introduce normal dispersion for a standard prism
pair. The theoretical equations for the GDD and TOD of such a prism pair are presented
in chapter 2] These were used to calculate a map of the dispersion that is introduced via
a double-pass through our custom-cut intra-cavity prism pair; the map is shown in figure
[5.19] On the horizontal axis, L represents the prism separation, and on the vertical axis,
L, is the propagation distance through the prism material. Both the GDD and TOD are
shown; the solid lines represent the zero value, and each dashed line (parallel with the solid
lines) indicates a step of -1000 fs? or -1000 fs?, respectively. Based on this information, and
the previous estimates of the empty cavity’s GDD (600 fs?) and TOD (50 fs?), there is no
possible arrangement that can compensate for both GDD and TOD. Since achieving slightly
anomalous GDD is a requirement, our solution necessarily introduces additional anomalous
TOD. To minimise this, the least possible insertion (described by L,) was used that still
resulted in compensation of GDD. This resulted in a separation of approximately 7 cm for
our fused silica prism pair.

Maps were also plotted to assess CaF, and MgF, as prospects for compensating TOD
and GDD. Unfortunately at UV wavelengths, TOD is so severe that an excessive amount of
anomalous TOD is still introduced; the only noteable difference for these two materials is that
a larger prism separation would be required to compensate for GDD. These materials are also

far more expensive than fused silica, and for these reasons, they were not chosen. Besides



108 Intra-Cavity Dispersion Management
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Figure 5.19: Parametric plot of theoretical intra-cavity GDD and TOD compensation for a
range of prism pair geometries. Calculated for UV-grade fused silica prisms, cut at Brewster’s
angle for a wavelength of 290 nm.

choice of material, the only other variables of the theoretical equations presented previously
are the apex angle of the prism, and the rotation of the prism pair. Similar to material choice,
the TOD is too severe to gain anything significant from altering these, and doing so provides

only the disadvantage of increasing loss by aligning the prisms away from Brewster’s angle.

5.3.1 Optimisation

While the undesired anomalous TOD increases the minimum possible pulse duration of our
Ce:LiCAF laser, it does not preclude KLLM altogether; some anomalous GDD is sufficient.
This GDD can be arranged by careful placement of the prism pair, inititially using the map
of figure [5.19] - a minimum value of Ly ~ 4 mm was achieved by reducing insertion of the
prisms until the laser power started to decline. For this level of insertion, the shortest prism
separation that was used to compensate for the cavity GDD was 7cm. This was arrived at
experimentally by utilising the nature of dispersion tuning within our cavity. A positive value
of GDD, which is the case without prisms (section [5.2), causes the laser to generate longer
wavelengths for a longer cavity. In contrast to this, using the prism pair to overcompensate
for normal GDD results in a net GDD that is negative. Dispersion tuning then operates in
the opposite direction; the laser generates shorter wavelengths for a longer cavity. This is
shown in figure for which the prism pair was separated by L = 10cm. This amount
of anomalous GDD resulted in hybrid mode-locking of our Ce:LiCAF laser, and generated
pulse durations of order 150-200 fs.
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Figure 5.20: Dispersion tuning using an intra-cavity prism pair set up for negative GDD;
overcompensating for intra-cavity dispersion. Estimated net GDD ~ —1300 fs?.
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Figure 5.21: Dispersion tuning eliminated using intra-cavity prism pair. The estimated GDD
is therefore zero.
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Reducing dispersion to a value closer to zero was performed by reducing the separation
of the prisms, or increasing their insertion for finer adjustments that avoid altering the
transverse position of the output beam on the OPC. By monitoring the direction and sensitivity
of dispersion tuning via regular cavity length adjustment (which was also necessary after
adjusting the prism pair), the GDD was reduced to an anomalous amount closer to zero.
This method was used to generate the shortest pulses, by simultaneous monitoring of the
state of hybrid mode-locking. It was necessary to begin this process from the anomalous
regime (more separation) as this is required for the passive aspect of our hybrid mode-locking
scheme. When the net GDD of the cavity is close to zero, the direction of dispersion tuning
becomes difficult to identify, as shown in figure [5.21] for which an end mirror position
of approximately 9 pm corresponds to what was otherwise the centre of dispersion tuning
(synchonicity to the pump laser). In this regime, via hybrid mode-locking, the cavity length
requirement for synchronicity to the pump laser is more sensitive compared to operation with
a significant amount of anomalous GDD. Changes on the order of 1 pm affect mode-locking
more severely near to zero net GDD, since the laser can no longer simply shift wavelength

via dispersion tuning to compensate.

The optimal cavity length of figure that was for synchronous pumping, resulted in
a laser bandwidth that was exceptionally broad. The broadest recorded spectrum that was
achieved using this method is shown in figure [5.22] which shows a FWHM bandwidth of
almost 5nm around a centre wavelength of 290 nm. It was recorded with an integration
time of 300 ms, with no averaging. The significant amount of noise is caused by a lack of
averaging, combined with a reduced signal; the peak counts are reduced as the bandwidth is

much wider at the synchronous cavity length.

Unfortunately, it is likely that the spectra was recorded with an integration time longer
than fast time-scale variation of the wavelength, so does not represent the bandwidth of a
single resonating pulse. This could be caused by rapid dispersion tuning that occurrs due
to variation of the cavity via vibration of the cavity mirrors. Additionally, as the range of
cavity lengths is reduced, mode competition may become more prevalent at the centre of
what is (or was) the dispersion tuning region, so this broad bandwidth could be attributed
to more than just a single dispersion tuning peak. In theory, a bandwidth of this magnitude
is capable of supporting transform-limited pulse durations of less than 20fs. In reality,
higher orders of dispersion would increase the pulse duration, particularly TOD, but these
were not controllable with the currently available equipment. Pulse durations this short
(in the region of 100 fs) cannot be determined simply using a photodiode; a more complex
measurement technique is required, such as cross-correlation, which is presented in the next
chapter. Nevertheless, this method of monitoring dispersion tuning while adjusting prism
insertion was used effectively to control the net intra-cavity GDD and generate the shortest

ever pulses from a Ce:LiCAF laser.
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Figure 5.22: A broad free-running Ce:LiCAF bandwidth recorded using a prism pair for
intra-cavity dispersion compensation.

Chapter Summary

In this chapter, the theoretical dispersion of our 3-mirror Ce:LiCAF laser cavity was calcu-
lated; air and the gain medium were assumed to be the most significant contributors to GDD,
introducing approximately 600 fs? of round-trip GDD; and 150 fs?> of TOD, but this was likely
to be significantly affected by the mirrors, as indicated by the high TOD introduced by the
OPC. The nature of dispersion tuning in the Ce:LiCAF laser was also characterised in detail
at the first and third harmonic of the pump laser’s PRF, with increasing amounts of dispersion
introduced by Brewster’s windows. The empty cavity was capable of over 5 nm of spectral
tuning by a cavity length change of 10 pm. Experimental results were compared to theory to
enable estimation of the cavity dispersion by measuring the sensitivity of dispersion tuning.
To enable dispersion compensation, the theoretical anomalous dispersion that an intra-cavity
fused silica prism pair provides was determined for a range of geometries. Fine tuning the
level of dispersion compensation inside the cavity was shown to be experimentally achievable
simply by monitoring the sensitivity of dispersion tuning while adjusting the geometry of the
prism pair. A prism separation of 7 cm was found to be optimal, resulting in a net round-trip

GDD close to zero and minimimal anomalous TOD (which was over-compensated for).
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Femtosecond Ce:LiCAF Laser Operation

and Characterisation

The performance of our hybrid-mode-locked Ce:LiCAF laser that was achieved in the previous
chapters was characterised using multiple tools that include a power meter, photodiode, and
spectrometer. These are basic tools for experimental laser physics so they are very common,
and commercially available. To measure the pulse duration of an ultrafast laser requires
different tools; a probe that is as short as the laser pulse itself, or ideally much shorter. A
brief overview of the most common methods of ultrafast pulse characterisation were presented
in chapter 2] However, the characterisation of our sub-100 fs UV pulses is more complicated
because of their spectral region and low energy. Measuring the pulse duration of weak
ultrafast ultraviolet pulses is challenging primarily because the most standard techniques are
currently unusable; autocorrelation, FROG, and SPIDER commonly rely on SHG using a
non-linear crystal. The transparency range of known nonlinear crystals is restrictive, and
does not extend to the second harmonic (145 nm) of the deep ultraviolet region (290 nm)
in which Ce:LiCAF lasers operate; the shortest transparency cut-off is KBBF at 160 nm.
Phase matching these wavelengths is also a challenge. Therefore, since there are currently no
crystals that are capable of generating the second harmonic of Ce:LiCAF laser light, which is
necessary for the aforementioned standard autocorrelation methods, we must consider other
methods.

Some ultrafast pulse characterisation techniques that do not rely on phase-matching, such

as autocorrelation via two-photon absorption (TPA), polarisation-gating, self-diffraction,
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transient-grating, and 3-photon fluorescence have the potential to measure the duration of
ultrafast pulses in the UV [94] 231-233]. However, these require higher energy pulses
compared with )((2) based methods, at least on the order of several tens of nJ, whereas our
pulses are typically 3-4 nJ. These methods often exploit y®) nonlinear interactions, which
rely on more powerful electric fields than our laser is currently capable of generating, and are
therefore unusable. Therefore, the low energy of our UV pulses limit the available techniques
to y» based processes.

On the other hand, in recent years, TPA has been combined with the conduction of elec-
trons (as opposed to attenuation of optical power) to provide a robust means of measuring
pulse durations in the DUV, even for low energy pulses such as ours [234]. The characterisa-
tion device exploits TPA in sapphire to create a conductive channel between two electrodes,
which is then detected as a voltage; the traditional autocorrelation technique is used to retrieve
a pulse profile. Unfortunately, the TPA coeflicient of sapphire declines severely at around
280 nm, which is the lower limit of the gain cross-section for Ce:LiCAF. Therefore, a different
material would be necessary to utilise this simple autocorrelator.

The ideal technique to characterise our Ce:LiCAF laser pulses is X-FROG (see chapter 2))
because it not only provides pulse duration, but also spectral phase; it is also highly effective
at retrieving this information from extremely low energy pulses. The primary issue with
X-FROG, with respect to our laser, is synchronisation to a probe laser. The pump laser,
while somewhat synchronised to the Ce:LiCAF laser, generates pulses that are far too long
(13-20 ps) for deconvolution to accurately retrieve the Ce:LiCAF laser pulse duration, and
so they are unusable. Therefore, for X-FROG, the auxiliary reference laser would need to be
synchronised to our test laser. To achieve this is non-trivial, because synchronisation of two
lasers requires that both lasers are reasonably stable. As chapter 4| shows, the pulse energy
of our Ce:LiCAF laser fluctuates over the cavity length range of synchronous mode-locking,
and as we will see in this chapter, it is possible that the pulse duration is also semi-stable. The
efficacy of synchronisation under these conditions is questionable, and if it were achieved, the
timing stability could be affected. Regardless of these issues, the presence of the chopper in
our system, reducing the Ce:LiCAF laser to 500 ps bursts every 6.7 ms, makes synchronisation
impossible altogether. While synchronisation of the reference laser to an un-chopped portion
of the pump laser was considered and has been performed previously [89]], the timing jitter
between the pump and the reference pulses was on the order of 100fs, which does not
include jitter between the pump and the Ce:LiCAF laser pulses, which would introduce
significant uncertainty. To characterise our laser using standard X-FROG therefore relies on
several system improvements to sychronise the reference laser to the Ce:LiCAF laser; most
importantly: stability of un-chopped pump power and pointing angle, mechanically stable
mounting of Ce:LiCAF cavity elements, and reduced environmental vibrations via a different
chiller and fully enclosed table.

The characterisation method that was used previously, for measuring the pulse duration



6.1 Asynchronous Cross-Correlation 115

of our Ce:LiCAF laser is asynchronous cross-correlation [214]. It employs a reference laser
to operate freely with a pulse repetition frequency very close to the laser to be characterised.
This method is capable of characterising weak pulses, as well as multipulsing, and unsta-
ble operation. Since our Ce:LiCAF laser was developed from a state of multiple, unstable,
ultrafast pulses to semi-stable operation, this method was ideal; it did not require synchroni-
sation, which would be impossible to implement with a laser exhibiting unstable operation
or multipulsing, and the technique also allowed the pulse shape to be monitored whilst it was
improved. Stability monitoring was a crucial aspect of adjusting the factors that contribute to
KLM, so this technique was essential in establishing KLM in combination with synchronous

pumping for our hybrid mode-locking scheme.

6.1 Asynchronous Cross-Correlation

Previous asynchronous cross-correlation experiments that measured the pulse duration of
the first synchronously mode-locked Ce:LiCAF laser used the following probe laser; a KLM
Ti:sapphire laser with an adjustable PRF which was capable of 15 fs pulse durations. This
short duration is effectively a Dirac delta function compared to the 6 ps Ce:LiCAF pulse du-
ration that was measured. The asynchronous cross-correlation principle is simple, and yields
an effective cross-correlation trace, albeit without phase-retrieval; a probe laser frequency
mixed with the test laser in a phase-matching material. The two lasers must be at a slightly
different cavity length, and thus pulse repetition frequency (PRF) for effective results. As
shown in figure 6.1} the frequency mixed signal pulses at the beat frequency between the two
lasers. By detecting the mixed signal, and measuring the beat frequency, the time axis can

be scaled to determine the pulse duration of the test pulse.

Figure 6.1: Asynchronous test and probe laser pulse trains, and the corresponding (expanded)
cross-correlation, from [214].
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The change in relative delay between the two pulse trains is given by equation where
the DUV laser PRF f, >> Af the difference in PRF of the two lasers (beat frequency). The
change in relative delay corresponds to the sampling resolution of the cross-correlation. With
blue pulses generated at time intervals of 1/ fj, the measured cross-correlation is expanded
with respect to the time axis by a factor of fy/Af. For example, for fy = 78 MHz and
Af = 50Hz, a time-scale magnification of 1.56 x 10° is obtained; individual blue pulses
are generated every 12.7ns, with a change in relative delay of At = 8.2fs between each
pulse. Using this calibration factor, we can convert the envelope of blue pulses to a cross-
correlation, and from there retrieve the DUV pulse shape. The duration of the reference
pulse and temporal walk off caused by GVD in the frequency mixing crystal may need to be

accounted for when deconvolving the cross-correlation during the retrieval process.

___AF L Af
Cfo(fo+Af) T f2

The uncertainty of this method was optimal (+10%) for a beat frequency in the range

At 6.1)

of 200Hz - 3kHz in [214] when measuring pulses of approximately 20 ps duration. This
range was high enough to prevent the slow fluctuation of A f (50 Hz) between the two lasers
from affecting the measurement; reducing the beat frequency below this would dramatically
increase the uncertainty of A f and therefore the uncertainty of the measured pulse duration.
On the other side of this range, increasing A f higher than 3 kHz by detuning cavity length
reduced the sampling, and so the measurement eventually succumbed to signal-to-noise at
a beat frequency of 20 kHz. However, using this method to measure pulse durations on the
order of 100 fs requires a low beat frequency (50-500 Hz) to even provide sufficient sampling
from which a pulse duration is retrieved. Increasing sampling to even higher rates (lower A f)
is also valuable to resolve the temporal shape of the pulse, in addition to the duration itself.
However, since lowering A f increases its uncertainty exponentially, we used an alternative
technique to determine A f during the cross-correlation pulse. This used a simple microscope
coverslip as a fixed time reference, which is detailed in the coming sections. This method
provided a reliable time reference, and made direct measurement of the beat frequency

redundant.

6.2 Experimental Setup

The setup is shown in figure[6.2] As areference laser, we used a similar homebuilt Ti:sapphire
system to generate 808 nm pulses that were 60-100 fs long (varied from day-to-day, usually at
75 fs) with a PRF of 78 MHz and an average power of 400 mW. The OPC of the Ti:sapphire
laser was mounted on a high precision manual translation stage, to closely match its cavity
length to the Ce:LiCAF laser. The generated 808 nm pulses were characterised by diverting

a portion of power in the output beam into a Mesa Photonics FROGscan system operating at
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1 Hz, and were found to be very close to transform limited. The pulse duration was monitored
regularly, especially during measurement of the Ce:LiCAF pulses, as it is necessary for
deconvolution of the cross-correlation trace.

The dispersion within the cavity was varied between approximately -100 fs> and -2000 fs?,
which is necessary for KLLM; the shortest pulses were obtained for the lowest quantity
of dispersion that still facilitated KLM. To compensate for chromatic dispersion that was
encountered by the output pulse, such as the OPC material itself, and the spatial chirp that the
intra-cavity prism pairs introduced in the beam due to their location with respect to the OPC,
an extra-cavity prism pairs was used to mirror the intra-cavity ones. Their geometry was
optimised, fine adjustments were made via the insertion of the second prism, until the shortest
pulses were observed from asynchronous cross-correlation. A half-wave-plate (HWP) was
positioned after this arrangement to rotate the polarisation of the 290 nm from horizontal to

vertical, which was necessary for phase-matching in the frequency mixing stage.
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Figure 6.2: Schematic of split-beam asynchronous cross-correlation, including the test laser.
The inset indicates how a cover slip that is partially inserted into the reference beam can be
used to split it into two halves which have a fixed relative temporal delay.

The reference and test laser pulses were combined in a MesaPhotonics X-FROG system
(switched off) which is simplified in figure[6.2] by two folding mirrors, an OAM, and a BBO.
The X-FROG system was composed of several broad-band mirrors that had a reflectivity
of 90% for 290 nm wavelengths, and 99% for 808 nm. The 290 nm beam was reflected
five times before entering the BBO, which reduced the power of the inserted beam to 60%.
This attenuated power was still more than adequate, since we used a highly sensitive photo-
multiplier tube (PMT: Hamamatsu H10721-110) to detect the frequency mixed signal, in
place of a high resolution spectrometer used for X-FROG. Its responsivity curve is shown
in figure[6.3] In terms of group-delay dispersion (GDD), these broad-band mirrors typically

contribute less than 100 fs? each. Five reflections of this order of magnitude, for a total of
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Figure 6.3: Responsivity of PMT used for detection; Hamamatsu H10721-110.

500 fs2, would stretch a 100 fs bandwidth-limited pulse to 101 fs, or a 60 fs pulse to 64 fs.
The FROG system that was used to characterise the 808 nm reference pulses used the same
mirrors, so pulse stretching is accounted for. Stretching of the 290 nm pulses is minimised
by the extra-cavity prism pair which compensates for all extra-cavity GDD, as they are
optimised for minimum pulse duration. However, since the precise dispersion contribution
of these mirrors is unknown, their effect on third-order dispersion (TOD) is also unknown.

The 808 nm and 290 nm beams were focussed non-collinearly at a small angle into a
30 um long BBO crystal cut at 34.3°. Spatial overlap within the BBO was performed by
eye and using a 50 micron pinhole (a component of the X-FROG system) while temporal
overlap is not necessary due to our asynchronous approach. The phase matching conditions
for difference frequency generation between 290 nm and 808 nm radiation in BBO are listed
in appendix B} The difference frequency generation of these wavelengths produces 452 nm
radiation, which is in proximity to the peak sensitivity of the PMT. The overlap of the two
beams was optimised by maximising the PMT signal (set gain of 0.8 V) as monitored on a
oscilloscope (LeCroy WaveMaster 8620A - 6 GHz @ 20GS/s). For a thin crystal such as ours,
temporal walk-off during the frequency mixing process between the reference and test laser
pulses only becomes significant for pulse durations on the order of 10 fs [235H237]. This is
advantageous, as the walk-off could therefore be neglected in the deconvolution process.

To provide a time reference (details in section [6.3)) a microscope cover slip was inserted
into half of the reference beam. This is depicted in figure [6.2] by CS. The result is that
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each reference pulse is split into two halves; one half is delayed by the additional optical
path length that is introduced by propagation through the cover slip glass (commonly a
borosilicate). While splitting the beam shape may pose an issue for characterisation of the
spatial properties of the beam (across the transverse profile of the beam) these experiments
serve only to characterise the longitudinal profile (pulse duration) so it may be neglected.
Furthermore, since the 808 nm reference beam and 290 nm test beam encounter the same
focussing mirror, the focal waist will be larger for the longer wavelength radiation, so even if

any spatial chirp is present it should not significantly affect the measurement result.

6.3 Split-Beam Time Reference

The microscope cover slips that were used to delay approximately half of the Ti:sapphire
reference pulse train can be defined by their relative time delay Af, which depends on
the material, as At = dAn,/c where d is the coverslip thickness, An, is the difference in
group velocity between the coverslip material and air, and c is the phase velocity of light
in vacuum. The split-beam technique allows a single pulse (from our Ce:LiCAF laser) to
be asynchronously cross-correlated with a pair of reference pulses that are separated by a
known time delay. The time delay introduced by the cover slip was measured using the
autocorrelation measurement of a commercial MesaPhotonics FROG system. This is shown
in figure[6.4] for a type 4 cover slip, manually using the software’s cursors to measure the time
interval between the two peaks. The calibration of the time-scale for this measurement was
predefined by the FROG system.

Figure 6.4: Autocorrelation measurement within MesaPhotonics software (red line) with a
time delay dt measured using cursors. The units of time are in femtoseconds.
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A summary of the three varieties of cover slips used to create a referenceable time delay
is shown in table[6.1] Using several different delays allowed us to confirm the validity of this

technique, and assess its accuracy.

Table 6.1: The three different cover slips used to create a relative time delay in approximately
half of the Ti:sapphire reference beam, by splitting it into two. Note that the group index of
borosilicate glass at 808 nm is approximately 1.526.

Type Typical thickness [pm] Time delay [fs] Thickness [pm]

1 130 - 160 260 + 10 150 +5

2 190 — 250 335+ 10 190 + 5

4 430 — 640 950 + 30 550 +5
Curve Fitting

The measured autocorrelation in figure 6.4 shows a smooth temporal profile that is character-
istic of this type of measurement. This trace is easily analysed to determine the time delay,
which was performed using the software’s built in cursors; the relative time delay of each
cover slip is shown in table[6.1] Unlike the autocorrelation trace, the raw data (DFG) of our
asynchronous cross-correlation is not smooth; it is composed of individual peaks (pulses)
that vary in amplitude (energy). The envelope of these pulses are the cross-correlation on a
magnified timescale. Using the split-beam time reference allows us to determine the level
of magnification. The distance between the envelope’s peaks is the time delay introduced
by the microscope cover slip, but to process this data and accurately retrieve a measurement
of pulse duration warrants the use of a fitted function to map out of the envelope and set
the time scale. The raw data was initially smoothed using the Hilbert transform function in
MATLAB. The fitted function that was then fitted to the envelope of the raw data, shown
below in equation [6.2]

[ (x—b1)2
y=ajexp|—
Cl

Where a, b, and ¢ correspond to the amplitude, time offset, and width of each pulse

2

2
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envelope, respectively. The time axis can be calibrated by the distance between the two
peaks:

M
by — b

while the convolved duration of each pulse (FWHM from [238]]) was determined from:

AT
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The deconvolution was then performed simply using 712 = /tiz — 72 and the final
pulse duration was the average of this result. Two examples of the raw data, smoothed data
(envelope), and fitted curve are shown in figures[6.5]and [6.6] The amplitudes of each cross-
correlation peak typically are not equal, as their amplitudes are sensitive to the microscope
cover-slip’s insertion into the beam. The width of each peak is typically not equal either; in
part, this is the result of variation in the beat frequency. Higher sampling than is shown in
figure[6.5| would require a lower beat frequency, which is difficult to maintain due to drifts in
alignment. For example, to achieve A f = 10 + 1 Hz would require a cavity length stability of
just 23 nm (for both lasers).

For efficiency in ascertaining the pulse duration using the fitted function, combined with
a statistical approach that validates the measurement (which necessarily uses a large quantity
of data) a script was written using MATLAB to process a number of individually recorded
oscilloscope traces (see appendix [C). Each trace included the double Gaussian-like envelope
that is characteristic of the split-beam asynchronous cross-correlation method, composed of
a number of individual cross-correlation pulse peaks.

The properties of each fit were stored in a data array, in order to concatenate groups of
data that were recorded. However, a small percentage of traces contained less then three pulse
peaks, did not match the expected envelope shape, or were captured in error due to a spike in
electrical noise. To avoid removing these data manually, certain results were removed from
the large data set used to obtain an accurate measurement. Those that yielded complex values
for the fitted function were removed, and those that had a beat frequency that significantly
deviated from the average, from a single run of measurements, were also removed. The
threshold for removal by beat frequency was set to 30, thrice the standard deviation, to

minimise the number of real data that may be removed by the automated selection process.
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Figure 6.5: Asynchronous cross correlation using a type 4 cover slip as a time reference,
where Ar = 950 + 30fs; Af ~ 130Hz. The corresponding average deconvolved pulse

duration is 150 fs.
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Figure 6.6: Asynchronous cross correlation using a type 1 cover slip as a time reference,
where At = 260 + 10fs; Af ~ 350Hz. The corresponding average deconvolved pulse

duration is 89 fs.
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6.4 Pulse Shape and Duration

The pulse duration of our Ce:LiCAF laser without dispersion compensation (i.e. no intra-
cavity prisms) was previously characterised as a function of cavity length by Granados Mateo
(details in chapter [3). The duration of those pulses were as low as 6 ps, for a well-matched,
synchronous cavity. This increased only by a factor of 2 over the 30 pm cavity length range
that yielded ultrashort pulses, with the shortest pulse duration at the centre of the matched
cavity length range (the centre of dispersion tuning). While the pulse duration was recorded,
the temporal profile of the pulse was not. Here we show that when synchronous pumping is
the sole mechanism for mode-locking, the pulse’s temporal shape is generally not smooth,

even for well matched cavity lengths.

Apart from pulse duration, the spectral features of our Ce:LiCAF laser are also dependent
on cavity length, which includes dispersion tuning over the synchronous mode-locking region.
This feature was documented by Granados Mateo but not identified (chapter[3). More detailed
analyses of this tuning mechanism were presented in chapter[5| Here, in terms of the output
pulse’s temporal profile, we examine the mode-locking characteristics of the Ce:LiCAF
laser under three circumstances. Firstly, when there is no dispersion compensation present.
Secondly, when there is a prism pair used to introduce anomalous dispersion in the cavity.
Thirdly, when the prism pair is combined with a hard aperture to promote an intense pulse.
Details of the dispersion management achieved using the prism pair is also presented in
chapter[5]

6.4.1 Without Prisms

The pulse duration was measured over the dispersion tuning range, which exhibited the
shortest pulse duration for the centre of this range, where the gain peak of Ce:LiCAF is a
maximum. The pulses in this region are not temporally smooth, but consist of many random
peaks that follow an overall Gaussian envelope. The individual peaks arise from noise in the
cavity, which coincidentally resonate with the time varying gain provided by synchronous

pumping. Therefore only the peaks that are synchronous with the pump laser are amplified.

There were two cavity lengths of interest. Firstly, the centre of dispersion tuning which
was defined as Ax = 0, which resulted in a lower output power was lower over a few pm in the
dispersion tuning region. Secondly, a longer cavity length (by approximately 20 pm) which

produced the highest power output.
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Figure 6.7: Visualisation of pulse duration and shape versus cavity length. Blue: raw
cross-correlation data, green: smoothed data via Hilbert transform.
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Figure shows data recorded using cross-correlation with an auxiliary probe laser in
increments of 5 pum (more detail in chapter [6). Note that the narrow peaks of the raw data
(blue) represent individual pulses that are generated by frequency mixing, and the temporal
profile of the measured pulse is defined by the envelope of these peaks. To visualise the
measured pulse shape, the raw data was smoothed via Hilbert transform using the envelope
function in MATLAB. This is shown in green, and is merely a visualisation, since the raw
data represents a single measurement recorded in approximately 2 ps. Averaging multiple
sweeps can excessively smooth the raw data, which hides the mode-locking behaviour of the
laser over the <200 round-trips seen here. By considering both the raw data and the smooth
data, it is clear that the pulse duration is shortest, on the order of <10 ps, at Ax = 0. A longer
cavity length of Ax = 10 pm, the position at which maximum power is generated, results in
a higher pulse energy but a longer pulse duration. The temporal profile at this cavity length
is also affected, and exhibits more variation when compared with the data for Ax = 0. The
Ax = 10 pm data were recorded just beyond the cavity length range that results in dispersion
tuning, which is 10-15 pm long. Figure [6.8] shows a compressed view of the pulse shape at
Ax = 0, which has a reasonably well-defined temporal profile, with some asymmetry and
variation. The pulse duration is approximately 8 ps, which is reasonably consistent with

previous measured conducted by Granados Mateo.
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Figure 6.8: Pulse duration measurement of mode-locked Ce:LiCAF laser (via synchronous
pumping only) for zero cavity length detuning, measured via asynchronous cross-correlation.
This is the zero cavity length position of figure @
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6.4.2 With Prisms

To evoke the passive Kerr-lensing effect in our Ce:LiCAF laser crystal, the dispersion inside
the cavity must be reduced to an amount that is close to zero, but slightly anomalous.
Intra-cavity prisms were used to achieve this, for which the basic dispersion theory was
discussed in section[2.3] Chapter|[5|provides a more detailed analysis of the dispersion for our
Ce:LiCAF laser cavity, with and without prisms. The shortest pulse duration was recorded
with a prism separation of only 7 cm; for reference, the long arm of the cavity is 180 cm
long. Increasing the prism separation also increases the minimum pulse duration, but does
not significantly alter the shape of the pulse itself, provided that the net dispersion of the
cavity is anomalous and hybrid-mode-locking can be established. When this mode-locking
scheme is used, the temporal pulse profile is well-defined, and closely matches a Gaussian
envelope. This is indicated in figure [6.9] which includes an approximate timescale as a
guideline (its uncertainty increases for these shorter timescales). The prism separation for
this pulse was 12 cm, which corresponds to a GDD of approximately -1300 fs?; the pulse
duration was approximately 150 fs (FWHM). When the prisms were brought closer together
to a separation of 7 cm, reducing the anomalous dispersion close to zero, the pulse duration

decreased to approximately 100 fs.
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Figure 6.9: Hybrid mode-locking characteristics; a smooth temporal pulse profile, with an
approximately Gaussian envelope.
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Kerr-Lensing

The Kerr-lens within our Ce:LiCAF crystal is formed when an intense light pulse propagates
through it. However, this effect can be insufficient to maintain passive mode-locking without
an additional element. By introducing a variable aperture to an appropriate section of the
laser cavity, usually near the position of a waist, the low-intensity light that does not evoke
significant Kerr-lensing encounters increased loss; intense pulses encounter relatively higher
gain. This is generally referred to as hard-aperture KLM, when the Kerr effect is the sole
mode-locking mechanism. In our case, the aperture position was chosen to be between the
Ce:LiCAF crystal and the input coupling mirror M, approximately 2 cm from the Ce:LiCAF
crystal. The circular aperture was reduced to a diameter of 1-3 mm and its transverse position
was adjusted until there was only one resonating pulse detected by cross-correlation with the
probe laser. The regular operation of our Ce:LiCAF laser operating well above threshold
in the anomalous regime is shown in figure [6.10] Each peak is Gaussian-shaped as seen
previously in figure [6.9] and covers a time-scale that matches the pulse duration set by
active mode-locking alone (synchronous pumping). The aperture was then closed and its
positioning optimised; its effect on mode-locking is shown in figure [6.11] which shows a
single, isolated pulse detected in the same time-scale of active mode-locking (i.e. when

driven by the synchronous pump).
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Figure 6.10: Mode-locking characteristics without a hard aperture; semi-stable multi-pulsing
within the longer envelope of mode-locked operation without dispersion management.
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Figure 6.11: Mode-locking characteristics with a hard aperture; an isolated pulse with a
duration less than 500 fs.

For characterisation, the Ce:LiCAF test laser was setup for minimum pulse duration, with
the chopper in operation, and hybrid mode-locking in action. Within a 20 minute time-frame,
over 600 asynchronous cross-correlation traces were recorded by saving data off each trigger
event. Each coverslip was used in turn, and the beat frequency was allowed to drift freely
below 500 Hz.

The efficacy of the hard-aperture in isolating a single resonating pulse within our laser
cavity was sufficient for long term operation, which was mostly limited by the instability
of the pump pointing angle, which affected pumping efficiency, as well as pump power as
the pump beam was slightly clipped by the aperture itself. However, the single pulses were
regular enough to peform hundreds of cross-correlation scans in quick succession, in order
to ascertain the pulse duration. Only a few percent (always <10%) of these scans were not
used for this measurement, as they were extreme outliers or the curve fitting routine did not
converge. Figure [6.12] shows the simplified statistical result that was obtained from over
600 sweeps using this method, in which less than 3% of the data were deemed as outliers.
The average and standard deviation of this data is 9115 fs, which was the minimum pulse
duration that was recorded, with a data set that was sufficiently large for a valid result. These
data were recorded with the chopper in operation, so each sweep/count is from a separate

chopper opening (~40,000 round-trips).
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Figure 6.12: Histogram of more than 600 Ce:LiCAF laser pulse duration measurements,
recorded during chopped operation.

The pulse duration was also recorded without the chopper in operation, in the same
manner as above. The statistical result of over 200 measurements is shown in figure [6.13]
which has an average and standard deviation of 106+13 fs. Interestingly, the pulse stability
significantly improved during un-chopped operation, so much so, that the aperture was not
necessary to isolate a single pulse to resonate. This may have been due to the combination of
soft-aperture affects caused by the spatial properties of the pump (soft-aperture KLM), and
the lower pump power (compared with un-chopped results) that reduces intra-cavity power

and therefore the occurrence of secondary pulses.

! /\
] \
il / \ |
L N

40 60 80 100 120 140
Pulse Duration [fs]

Counts

Figure 6.13: Histogram of more than 200 pulse duration measurements, conducted during
un-chopped operation of the Ce:LiCAF laser.
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6.5 Limitations and Uncertainty Analysis

Figure [6.14] shows the range of measurements that were recorded, which are coloured by the

beat frequency that was determined by their individual fitted function according to:

foAt
Af =
/ by, — by

(6.5)

The average of these data was presented in chapter[d]to be 91 fs, in addition to a simplified
histogram (with a standard deviation of 15 fs) that was determined by averaging the retrieved
pulse duration of each asynchronous cross-correlation peak. The average and standard
deviation of the results obtained using each cover slip were almost identical, and were all
within a range of 3 fs, which supports the validity of our measurement technique. They are
reasonable well clustered around the average, with a small percentage of outliers from the
cluster. Less than 3% of the recorded data were rejected by the fitting routine. There appears
to be no systematic variation of measured pulse duration with beat frequency, suggesting that
even relatively undersampled measurements (such as in figure [6.6) appear to retrieve a valid

pulse duration.
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Figure 6.14: Deconvolved pulse duration of first and second pulses in asynchronous cross
correlation using the double pulses from the Ti:sapphire laser as a time reference.
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Figure 6.15: Deconvolved pulse duration of first and second pulses in asynchronous cross
correlation using the double pulses from the Ti:sapphire laser as a time reference.

Figure [6.15] shows approximately 250 data that were collected while the chopper was not
in use. A type 4 cover slip was used and a rejection rate of less than 10% was obtained for
the fitted functions; these are both likely to be the result of reduced stability that is caused by
issues related to the increased thermal load without the chopper. The average was determined
to be 106 fs with a standard deviation of 13 fs. The increased average is unsurprising, as
there were several alterations that had to be made before switching off the chopper, to counter
the increased thermal effects. These include switching the pump laser off and on again,
changing the temperature of the LBO crystal used to generate 532 nm radiation, adjusting the
attenuation of the 532 nm beam via a HWP, optimising the angle of the BBO crystal used to
generate 266 nm radiation, and realign this beam into the Ce:LiCAF cavity via two turning
mirrors. As such, the chopped and un-chopped sets of data were recorded approximately
30 minutes apart. Compared to the data recorded with the chopper running, there is slightly
tighter clustering around the average. However, this may simply be the result of a lower
sample size.

The most useful advantage of the asynchronous cross-correlation method, in regard to
characterisation of our hybrid mode-locked laser, was certainly the capability to determine the
stability of the laser, and presence of multi-pulsing. This aspect was crucial to achieving and
identifying the contribution of KLM to the mode-locking scheme. However, this technique
is not without issue.

There are multiple sources of uncertainty that affect the measurement of pulse duration
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by split-beam asynchronous cross correlation, aside from the quality of the fitting routine
which was checked manually for several traces before parsing through several hundred. These
errors are largely associated with the variation of properties of the test and reference pulses.
In particular, their timing, their energy, and their duration. All of these influence the cross-
correlation trace. The most likely causes of variation for these parameters are presented
below, but to identify the most significant contributor may necessitate further experiments.

Firstly, the beat frequency is constantly varying. The cavity length of both the reference
laser and the test laser are changing as a result of vibrations, and drift due to the translation
stages, bending of the optical table, and ambient temperature changes. A linear change in
the beat frequency on the timescale of 1 ps, which is comparable to the duration of a single
dual-peak cross correlation trace can cause the width of each Gaussian envelope (peak) to
differ from one another. If the beat frequency decreases (dAf/dt < 0) then the second peak
will appear to be wider, and conversely narrow if it increases. If there is a turning point
in the beat frequency (d’Af/dr> < 0 or d?Af/dr> > 0) then both peaks will appear to be
wider, or narrower, with respect to their separation. In other words, between the peaks that
are separated by a known time reference, the two pulse trains are sweeping through each
other faster or slower. This would ultimately affect the retrieved pulse duration, and may be
the most significant factor in the variation of our pulse duration measurements. To ensure
the time-base of the cross-correlation is linear, the Ti:sapphire and Ce:LiCAF laser cavity
lengths would need stability on the order of tens of nanometres over a time-span on the order
of microseconds.

Secondly, and similarly, timing jitter can originate from optical elements that are external
to each laser cavity, which may also be vibrating in a significant manner. Timing jitter between
the reference and test pulses affects the energy of the frequency mixed pulses generated by
cross-correlation; the two pulses mix differently when they have an unexpected timing jitter,
thereby altering the amplitude of the detected pulse peak and the corresponding envelope.
This may also have an effect similar to the variation in beat frequency. In an attempt to reduce
these issues, the system was isolated from vibration by using an air-floated table, moving the
noisy chiller unit farther away, and adding coverings to the open-air laser cavities, but these
did not have a measurable effect.

Finally, real variation and semi-stable operation of the reference and test laser pulse
duration may be affecting the retrieved pulse duration, since they both affect the width of the
Gaussian envelope. One possiblity for variation in the pulse duration, is a slightly unstable
laser cavity, caused by the Kerr-lens; varying the distance between the curved mirrors may
remedy this, but since this alters the cavity length (and thus synchronous mode-locking) fine-
tuning the mirror separation to improve KLM is very time consuming. Alternatively, this
could be caused by the semi-stable pulse energy that was detected from the Ce:LiCAF laser
over the range of synchronous mode-locking. Stabilisation of timing jitter, power, pulse-to-

pulse amplitude variation could be possible with active stabilisation of the Ce:LiCAF laser’s
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cavity length, or by switching to a CW pumping scheme, but the latter of these is currently a
challenge.

The uncertainty that is associated with our asynchronous cross-correlation measurements
is not necessarily a limitation, since it only arises because the cross-correlation traces are
not time-integrated over several milliseconds (which standard autocorrelation techniques
require). We may actually be characterising fast variation in the pulse duration, which would
provide more insight, and is therefore not a limitation. On the other hand, if we are simply
characterising the variation of beat frequency or timing jitter, an individual trace is insufficient
to retrieve a pulse duration. In our case, accurate determination of the pulse duration required
a statistically significant number of measurements to be accurate. Therefore, integration
may or may not be a limitation, depending on the cause of variation in the pulse duration
measurement. A more mechanically stable laser and characterisation system may significantly
reduce uncertainty to an extent that a single trace is an accurate measurement.

Another limitation is complexity, since there are several components that need to be
operated and aligned. Firstly, an auxiliary mode-locked laser with a known/measured pulse
duration that can be operated close to a harmonic of the test laser. In our case, a commercial
FROG system was used to determine the pulse duration. Secondly, a non-linear phase-
matching crystal (ideally very short) in which the reference and test laser pulses are frequency
mixed, which requires precise alignment. This crystal can also a more significant issue
for pulses supported by much broader bandwidths that are comparable to the acceptance
bandwidth for phase matching. Lastly, a highly sensitive PMT combined with a reasonably
fast oscilloscope. The combination of all of these elements can be costly and challenging to
align whilst maintaining stable operation.

The final limitation of our approach is that it does not include phase retreival, so the
chirp of a pulse is not determined. This is due to the use of a single, high sensitivity PMT,
which was the equipment available. Modifications to the method are detailed in the next
chapter, and provide a simple arrangement for phase retrieval using split-beam asynchronous

cross-correlation.

6.6 Pulse Timing & Semi-Synchronous Cross-Correlation

The presence of synchronous pumping imposes precise conditions of cavity length. Variation
in the cavity length of the Ce:LiCAF laser or the pump laser affects the pulse duration
and spectrum of the mode-locked operation. Without active cavity length stabilisation,
synchronicity between the ultrashort intra-cavity pulse and the arriving pump will always
drift or walk-off in time, since it is likely that the upper-state lifetime of Ce:LiCAF is too short
for asynchronicity to be permitted, as is the case with synchronously pumped Ti:sapphire
lasers. If the cavity length is detuned by 1 pm, each round trip causes the pulse to acquire

an additional time offset from the pump of approximately 3.3 fs. After 15000 round trips
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(200 ps) the pulse trains would have drifted apart by 50ps. If the pulse reformation did
not occur, and the Ce:LiCAF laser were capable of completely asynchronous mode-locked
operation (like synchronously pumped Ti:sapphire lasers) the beat frequency between the
intra-cavity pulses and the pump pulses would be 20 Hz. However, 3.3 fs of drift per round-
trip is short for a 100 fs, pulse, so the pulse could quite easily reform on each round-trip,
if the detuning is small enough. This may result in a small amount of dispersion tuning to
accomodate for the different group velocity requirement of the changed PRF; in which case,
the operating bandwidth may be restricited to accomodate the dispersion tuning, and the
minimum achievable pulse duration is longer as a result.

In our Ce:LiCAF laser, the gain modulation is not temporally symmetric, as shown earlier
in chapter [ figure The gain is higher for a slightly longer cavity length than a shorter
one. This will result in behaviour that is different for a shorter cavity length than a longer
one, which is often the case. However, this gain profile is a simplified presentation of the
dynamics that may be occurring, since the pump pulse is counter-propagating. The pump
pulse is effectively 4 mm long, more than double the length of the crystal. If the laser and
pump pulses encounter each other inside the Ce:LiCAF crystal, this would mean that the
resonating pulse would be on or near the steep slope of the simplified temporal gain profile.
While this could influence Kerr-lensing as cross-phase modulation may become significant,
the peak power of the pump pulse is only of the order of 1% of the resonating pulse (1 kW
compared to 100 kW; note that this an estimate with significant uncertainty due to unstable
pulse energies) so it seems unlikely. Therefore, the differential gain and cavity length stability
may play the most significant roles in the timing walk-off of the two pulses.

In an actively mode-locked laser, like a synchronously pumped one, cavity length variation
affects the steady-state properties of the resonating pulse. As shown in chapter [2| small
variations <1 pm from the synchronous cavity length can simply cause the pulse to reform
each round-trip; higher gain is encountered on either the leading or the trailing edge of the
pulse, so it is constantly shifting. Larger variation causes the resonating pulse to drift away
from the modulation of active mode-locking faster than pulse shifting can occur; a new pulse
forms regularly, to maintain synchronicity. To determine the regime in which our laser is
operating is challenging, and requires high temporal precision of the resonating pulse timing
over a relatively long time-scale.

To measure the timing walk-off between the pump pulse and the resonating pulse, two
photodiodes were used; one to monitor the 266 nm pulse train (THORLABS DET10A with
a 1 ns rise/fall time) in place of the pump-recyling HR mirror after the prism pair (shown in
figure [6.2)) and one to monitor the output of the 290 nm pulse train (ALPHALAS UPD-50-
UP with a 50 ps rise/fall time). The results are shown in figure [6.16] The red trace is the
measurement uncertainty (pump-pump timing difference) which was determined by splitting
the pump beam between the two photodiodes. This measurement uncertainty also closely

matches measurements without the use of an intra-cavity aperture, for which a group of pulses
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are resonating; individual pulses within the group are not resolved by the photodiode, but their
envelope was stable to within the measurement uncertainty. The blue trace was measured
when using an intra-cavity aperture for hybrid mode-locking. In this case there was only a

single pulse resonating in the cavity, which was confirmed by simultaneous cross-correlation.
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Figure 6.16: Timing walk-off between the laser and pump pulse. Red: measurement un-
certainty, blue: walk-off of a single, resonating laser pulse. The figure on the right shows
walk-off for approximately 30,000 round-trips (left and right are the same data on two different
timescales).

Note that the timing difference shown in the figure has been centred on zero, to make the
results visually comparable. The laser pulse actually propagates through the long arm of the
cavity 300-500 ps behind the pump pulse; the average timing difference of several thousand
pulses was measured to be 370+50ps. This pulse delay is a combination of two things.
Firstly, the laser pulse counter-propagates through the Ce:LiCAF crystal, so travels 100 mm
(334 ps) before being reflected to travel in the same direction as the pump pulse. This occurs
because there is higher gain for a pulse that returns to the gain medium quickly, rather than
propagating through the long arm of the cavity first, at which point the population inversion
has decayed more. Secondly, the undepleted gain reaches a maximum after the pump pulse
has been completely absorbed, approximately 21 ps after the peak of the pump pulse. The
combined delay of these two factors is 355 ps, which is in good agreement with the measured
value.

The variation in timing difference depicted in figure [6.16] shows that the isolated laser
pulse drifts more than a group of pulses. This implies that there is a larger temporal walk-off
of the laser pulse when there is only one resonating pulse, as opposed to several bunched
pulses. The fact there is a single pulse, confirmed by cross-correlation, indicates that the
laser is likely to be operating in the regime in which the pulse is constantly shifting on each
round-trip. In this case, the walk-off could be higher because there is no gain competition

with a secondary pulse(s), since there is only one pulse. Conversely, if a group of short
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pulses (=100 fs) are resonating within an envelope (=10 ps) then the unresolved pulse timing
(i.e. figure[6.16) will be more consistent, since each short pulse is regularly drifting and
competing for gain. When hybrid mode-locking is utilised, there is only a single pulse
resonating, and it is less likely that drift of the pulse timing will result in a secondary pulse
forming, because of the hard-aperture that increases loss for less intense pulses. Since cavity
length variation effectively prevents laser oscillation that is truly steady-state, it is possible
that the combination of timing walk-off and preferential gain laser pulse is causing this single
laser pulse to drift forwards and backwards while constantly being reshaped.

To further characterise pulse timing, a semi-synchronous cross-correlation of the hybrid-
mode-locked Ce:LiCAF laser was performed. The cavity length was set to the edge of the
dispersion tuning range, for which the spectrum (as measured on a spectrometer with a 40 ms
integration time) resembles a superposition of the dispersion tuning peak and the spectrum
outside of the dispersion tuning range, which generally results in long pulses on the order of
50 ps. In figure the peaks of the semi-synchronous cross-correlation represent every
time the Ce:LiCAF laser pulse is overlapped with the reference pulse (which is synchronised
to the timing of the pump pulse). There appears to be a correlation between the pulse timing
in the Ce:LiCAF laser and the modulation of pulse energy, suggesting that pulse timing drift is
a significant factor for modulation of pulse energy. Using the split-beam approach permitted
measurement of a 150 Hz beat frequency, which corresponds to a cavity mismatch to the

pump laser of +7.5 pm. The pulse duration was approximately 150 fs, as the cavity was set
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Figure 6.17: Comparison of Ce:LiCAF laser pulse energy during one chopper opening
and relative timing to the arrival of pump pulses, measured via semi-synchronous cross-
correlation (reference laser synchronised to pump laser). The Ce:LiCAF laser cavity length
was approximately 7.5 pm longer than synchronicity to the pump. Note that the irregularity
of semi-synchronous cross-correlation measurements is likely due to instability of the beat
frequency.
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up with additional anomalous dispersion to allow for dispersion tuning, so this mismatch is
consistent with the expected amount. The polarity of the beat frequency did not change from
peak to peak (determined by uneven peaks of split-beam cross-correlation) which confirms
that the Ce:LiCAF laser pulses swept through the reference pulses in the same direction every
time. These data therefore imply that the resonating pulse is reforming every few thousand
round trips (for reference, 50 ps = 4000 round trips) which is to be expected from hybrid-
mode-locked lasers on the synchronous-asynchronous transition [81]. If we neglect pulse
shifting (power shifting towards the leading side of the resonating pulse) then the resonating
pulse is therefore limited to a timing offset of approximately 100 ps away from the optimum;
encorporating shifting would reduce this value. This is in reasonable agreement with the

timing walk-off measured via the unresolved pulse (using photodiodes).

As a comparison to laser behaviour on the synchronous-asynchronous transition, the
cavity length of the Ce:LiCAF was shortened, to a length that was closer to the centre of
dispersion tuning; the result is shown in figure[6.18] While there are clearly more occurrences
of the pulse timing matching the pump laser, the beat frequency and its polarity was not
consistent, but was generally below 100 Hz. It is possible that these particular data recorded
fluctuation of pulse timing close to the synchronous cavity length, for which the polarity of
beat frequency may change often. Alternatively, or additionally, new pulses could be forming
more rapidly due to the steeper gain edge that is encountered for a negative cavity length

mismatch.
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Figure 6.18: Comparison of Ce:LiCAF laser pulse energy during one chopper opening
and relative timing to the arrival of pump pulses, measured via semi-synchronous cross-
correlation (reference laser synchronised to pump laser). The Ce:LiCAF laser cavity length
was set close to synchronicity to the pump. Note that the irregularity of semi-synchronous
cross-correlation measurements is likely due to instability of the beat frequency.
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Chapter Summary

In this chapter, the ultrafast pulse characterisation technique of asynchronous cross-correlation
was introduced before presenting the modified version that was developed in this thesis, which
includes a beam-splitting time reference in the form of a microscope cover slip. This enabled
a time reference that was much faster than the beat frequency of the test and reference lasers;
on the order of 1 ps compared to 1 ms. The curve fitting routine that is necessary to process
the raw data from this technique was outlined, with visual examples of the collected data. A
large set of data consisting of over 600 measurements were presented and analysed to assess
sources of uncertainty using this technique. These measurements produced a new shortest
pulse record for Ce:LiCAF lasers, at 91+15 fs for chopped operation and 106+13 fs for un-
chopped. The temporal shape of the Ce:LiCAF laser pulses for active mode-locking versus
hybrid mode-locking were also compared and found to be significantly more consistent for
the latter, more closely matching a Gaussian profile. Finally, the pulse timing between pump
pulses and resonating laser pulses was measured using photodiodes, in addition to using a fur-
ther modified form of asynchronous cross-correlation, semi-synchronous cross-correlation.
The result of these measurements indicated that the pulse energy instability that is exhibited
by the hybrid-mode-locked Ce:LiCAF is linked to pulse timing walk-off, and therefore cavity

length variations and vibrations.
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Conclusion

The aim of this research project originally titled “cerium lasers: ultraviolet, ultrafast, and
ultracool” was the continued development of ultrafast Ce:LiCAF lasers by the MQ Photonics
Research Centre. This was achieved experimentally by following a research pathway similar
to that of the first Kerr-lens mode-locked (KLM) Ti:sapphire lasers, for which prism pairs
were utilised to compensate for intra-cavity chromatic dispersion, and ultimately generate
mode-locked pulses on the order of 60 fs. On the other hand, the development of mode-locked
Ce:LiCAF lasers has been much more gradual than Ti:sapphire, despite the fact that they were
discovered within a decade of each other, and have a comparable spectral bandwidth. This is
primarily because of the short upper-state lifetime of Ce:LiCAF, the scarcity of high-powered
pump sources, and the increased losses introduced by optical elements for UV wavelengths.
Despite these issues, development of cerium lasers continues toward their ultimate ultrafast
potential, alongside parallel progress in fields that are working to develop better pump sources,

and UV optics with lower losses, that will enable research breakthroughs in the future.

The achievements presented in this thesis act as a stepping stone towards the prospect
of Ce:LiCAF lasers replacing more complex frequency converted laser systems that initially
generate radiation at IR wavelengths. Whether the Ce:LiCAF laser will be a viable tool for
several industrial and scientific applications, instead of using more complex systems, is a
question that will continue to be asked as Ce:LiCAF lasers, and the elements which support

them, continue to improve.
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7.1 Summary of Results

Plane Output Coupler & Un-chopped Operation

The success of the work presented in this thesis can be attributed to several alterations that
were made to the original layout of the first mode-locked Ce:LiCAF laser. The first of these
was the alteration of a simple but vital component: the output coupler (OPC). This part is not
to be overlooked; without it, the most significant achievements presented in this thesis would
have been more challenging or impossible. The switch from a near-Brewster’s angle window
acting as an OPC to a low transmission plane mirror made the prospect of KLM within the
cavity simpler in two regards. Firstly, the intra-cavity group-delay dispersion (GDD) was
decreased by a factor of 2; dispersion was also no longer a variable linked to the angle of the
OPC. Secondly, the power generated by the laser cavity was consolidated from 4 beams into
1, thereby increasing the efficiency of power generation, which was useful for characterisation
of the pulse duration. A relatively low transmission of 1.5% was measured, which reduced
the threshold of the original power-optimised 3-mirror cavity (without prisms) from 1.37 W
to 0.55 W.

This low threshold also enabled, to the best of our knowledge, the first stable operation of
an un-chopped mode-locked Ce:LiCAF laser. Although output powers of over 80 mW from
the Ce:LiCAF laser (at its first harmonic with the pump laser) were achieved by pushing the
pump laser system to its thermal limits, this was not maintainable, owing primarily to thermal
dephasing and lensing in the BBO crystal. During more stable operation of the pump system,
a slope efficiency of 11% was achieved without prisms for a threshold of 0.6 W, similar to
that of chopped operation. With the intra-cavity prism pair in place, a slope efficiency of
9% was measured (chopped) for a threshold of only 1.0 W, which allowed for un-chopped

operation just above threshold.

Dispersion Tuning

The presence of dispersion tuning in our Ce:LiCAF laser was identified as a byproduct of
a synchronous pumping scheme combined with the short upper-state lifetime of Ce:LiCAF.
The nature of dispersion tuning was characterised by measuring the spectrum of the laser
output as a function of cavity length. This was performed for the first and third harmonic
(relative to the pump laser) with, and without, additional GDD introduced by Brewster’s
windows. For a higher GDD, it was found that the tuning sensitivity and bandwidth generally
decrease. The gain within the laser was also found to generally increase the bandwidth and
tuning range. At the first harmonic (which has higher gain than the third harmonic), over
5 nm of tuning range was demonstrated around the 290 nm gain peak. Using two Brewster’s
plates to increase dispersion, the bandwidth (FWHM) was reduced from 0.8 to 0.27 nm at

the first harmonic and from 0.45 to 0.11 nm at the third harmonic. These were performed
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in the regime of normal dispersion, with synchronous pumping as the only mode-locking

mechanism.

The spectral characterisation of the Ce:LiCAF laser yielded a reasonably accurate relation
between dispersion measured by tuning, and the theoretical intra-cavity dispersion, and
therefore the means to estimate the intra-cavity dispersion based on the sensitivity dispersion
tuning. When using an intra-cavity prism pair to reverse the polarity of dispersion, thus
entering the anomalous regime, the presence of dispersion tuning was also used practically,
to identify when the intra-cavity dispersion was close to zero. Approaching zero dispersion
from the anomalous regime resulted in a significant increase in bandwidth; up to 5 nm of
bandwidth was recorded using this method, which corresponds to a potential bandwidth-
limited pulse duration of only 20 fs. However, this bandwidth may have been increased due

to time-integration of a rapidly-shifting bandwidth that was actually narrower.

Hybrid Mode-Locking & Split-Beam Asynchronous Cross-Correlation

The pre-existing synchronous pumping scheme was combined with KLM to form a hybrid
mode-locking scheme, which was used to generate sub-100fs pulses from our Ce:LiCAF
laser. To the best of the author’s knowledge, these are the shortest pulses ever generated
using the Ce:LiCAF gain medium. Since KLM relies on a slightly anomalous net round-
trip dispersion, the practical approach of estimating GDD (particularly the zero-value) using
dispersion tuning was a vital tool to achieving this result. However, even more vital was
the measurement technique that was used to stabilise KLM as well as measure the pulse
duration, which has been termed as split-beam asynchronous cross-correlation. This new
approach to asynchronous sampling, which splits the probe pulses in half with a fixed time
delay, suffers significantly less from uncertainty than the standard approach, since the time
reference occurs much faster, on the order of 10* (e.g. 500ns compared with 10 ms); less
time elapses between the two points that comprise a time reference, so the beat frequency
has less time to fluctuate, and the uncertainty that arises from it is lower. Using a sample
size of over 600 and 200, respectively, a shortest pulse duration of 91 + 15fs (chopped)
and 106 = 13 fs (un-chopped) was measured using this technique and a tailored curve-fitting
script. Stabilisation of hybrid mode-locking was essential in reaching this stage, for which
almost every oscilloscope trace that was triggered resulted in a measurement. Asynchronous
cross-correlation was used to monitor stability and the presence of multi-pulsing from our
Ce:LiCAF laser, while multiple variables were adjusted to optimise it; these include pump
power, cavity length, and intra-cavity aperture diameter. Fine adjustment of the synchronous
cavity length was also performed whilst monitoring the output spectrum that was affected
by dispersion tuning. It was only through these controls that the combination of active and

passive mode-locking schemes reached a stable solution.
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Table 7.1: Summary of laser parameters for our Ce:LiCAF laser. Note that the peak power
has been estimated under the hybrid-mode-locking conditions of the shortest pulse durations;
it has significant uncertainty due to unstable pulse energies that were measured for this case.

Parameter Chopped  Un-chopped

Threshold [W] 1.0 1.0

Slope efficiency [%] 9 N/A

Maximum power output [mW] 116 10-20 (limited by pump power)
Minimum pulse duration [fs] 91 106

Estimated peak power [kW] 1.5 1.5

7.2 Implications of the Work

The bandwidth of Ce:LiCAF has the potential to support sub-5 fs pulses, and since the carrier
frequency at its maximum gain peak 290 nm is approximately three times higher compared
with Ti:sapphire lasers, the single cycle limit (970 as) is correspondingly three times shorter.
The results of this thesis have shown that hybrid-mode-locked Ce:LiCAF lasers are capable
of sub-100 fs pulse durations using only a prism pair to manage dispersion. In order to unlock
the full potential of the gain medium and generate the shortest possible pulses, higher orders
of dispersion must be controlled precisely. However, these pulse durations may already
suffice for some applications, such as ultrafast spectroscopy and direct-write waveguides.
The presence of dispersion tuning in our Ce:LiCAF laser could also be utilised for simple
and rapid wavelength tuning, which may be useful for applications such as spectral optical
coherence tomography that can be performed with a wavelength-swept laser. Amplifying
the output of our laser could also enable applications that demand more intense pulses.
The introduction described how high-harmonic generation (HHG) is more efficient when
driven by radiation of a shorter wavelength. Since Ce:LiCAF lasers generate the shortest
wavelength of any optically-pumped solid-state laser medium, a multi-pass amplification
system following a hybrid-mode-locked Ce:LiCAF laser could be an efficient starting point
for HHG at multi-MHz PRFs.

The performance of the Ce:LiCAF laser running continuously was limited by the pump
laser system, specifically thermal effects in the BBO crystal that restricted power. Increasing
the power of the Ce:LiCAF laser therefore relies on either modifying the frequency doubling
stage (532nm to 266 nm) or choosing a different pump source entirely. The ideal pump
source for a KLM Ce:LiCAF laser would generate CW radiation, thus making KLLM the sole
mode-locking mechanism. Replacing the mode-locked pump source with a CW alternative
would not only remove the cavity length requirement of the Ce:LiCAF laser, but it may also
reduce the minimum pulse duration that can be achieved with the current resonator design,
since the presence of dispersion tuning restricts the spectral bandwidth. The advantages of

CW pumping are therefore the potential for shorter pulses and a less restrictive cavity length,
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but these are accompanied by the disadvantages of a higher threshold (since the intra-cavity
pulse is no longer matched to a gain peak) and a more complex pump system; frequency
conversion of CW radiation to 266 nm is not feasible without additional elements such as
an optical parametric oscillator (OPO) or multiple phase-matching crystals. On the other
hand, OPOs that are used for frequency conversion of CW Ti:sapphire lasers require the
added complexity of tuning, so the overall system may be simpler than Ti:sapphire-based
alternatives in regards to active elements. In addition to KLM, the use of arobust CW pumping
scheme would also be beneficial for CW output from the Ce:LiCAF laser and its potential
for single longitudinal mode operation. Recent advances in DUV diode lasers indicate that
generating pump radiation may even be possible without any frequency conversion at all; the
development of a diode laser at 271.8 nm is close to the same peak in absorption cross-section

that the 266 nm sources utilise.

7.3 Future Work

The work in this thesis and the resultant hybrid-mode-locked Ce:LiCAF laser enable a variety
of potential avenues for research and development. Firstly, the effect of active stabilisation
could be explored; directly synchronising the generated Ce:LiCAF laser pulses to the pump
pulses, or locking the spectral output from the Ce:LiCAF laser are two viable options to
perform this task. Combining this with improved characterisation of the pulse timing (in
relation to shift, drift, and new pulses forming) could be used to determine the requirement
for cavity length stability; whether or not active stabilisation of the cavity length significantly
improves the stability of pulse energy is an important question. Secondly, a standard X-FROG
measurement would necessitate direct synchronisation between the Ce:LiCAF laser and the
Ti:sapphire reference laser; the effect of pulse timing between pump pulses and the resonating
pulse inside the Ce:LiCAF laser could also be explored if all three lasers were synchronised.
For example, synchronising the Ce:LiCAF laser to the Ti:sapphire laser to the Nd:YVO4
pump laser, with a delay line to manipulate the time offset between the Ce:LiCAF and pump
laser pulses. Thirdly, as an alternative approach to measuring pulse chirp, the asynchronous
cross-correlation approach developed in this thesis could be adapted to include phase retrieval.
Fourthly, and perhaps most importantly in regards to the viability of CW and mode-locked
Ce:LiCAF lasers, both the pump system and Ce:LiCAF laser cavity would benefit from
several redesigns to accomodate higher average powers for stable operation without the use
of a chopper. Lastly, the management of higher orders of intra-cavity dispersion is essential to
reach the shortest pulse duration that Ce:LiCAF is capable of; it is also the most challenging
at the time of writing, since common approaches to this task are accompanied by high losses

in the UV region.
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Measuring Pulse Timing

In regards to measuring the relative pulse timing between the Ce:LiCAF and pump laser,
improving the resolution of data can be achieved using a faster photodiode and oscilloscope.
The data presented in this thesis (figure [6.16])) was recorded using a photodiode with a 50 ps
rise time (ALPHALAS UPD-50-UP) attached to a 6 GHz oscilloscope (LeCroy WaveMaster
8620A) which has a sampling rate of 20GS/s. However, photodiodes with faster responses
are available, with rise times as low as 10 ps. Additionally, oscilloscopes as fast as 110 GHz,
with sampling rates of 256GS/s are also available (the Keysight Technologies Infinitum UXR-
Series). Improving resolution beyond this is challenging without alternative methods. Cross-
correlation between the Ce:LiCAF and pump laser, for example, may provide resolution on
the order of 1 ps using the variation of pulse energy in the frequency mixed signal. However,
recording reliable data using this approach may necessitate a significantly more stable laser
output (specifically pulse energy) which could require stabilisation of several elements; for

example, pump beam point angle, and Ce:LiCAF laser cavity length.

Spectral Stabilisation of Cavity Length

Active stabilisation of cavity length relies on locking the output power, spectrum, or pulse
duration/timing. Of these, the pulse timing and spectrum are the most sensitive to cavity
length variation and are therefore the best choice. Locking the spectral output of the Ce:LiCAF
laser to the centre of the dispersion tuning range results in a relatively simple arrangement for
this task, and is depicted in figure The output beam from the laser is spectrally dispersed
using a prism or grating, and incident upon two photodiodes (PD) that are positioned to detect
two different wavelengths. As the cavity length changes and the spectrum shifts, the signal
that each PD receives becomes unbalanced. A standard feedback loop using a PID locking
box (e.g. LaseLock) can be used to counter changes in the cavity length by controlling the
displacement of a mirror-mounted piezoelectric crystal. The advantage of this approach is
that it only requires the output of the Ce:LiCAF laser; it also locks the wavelength which
may be useful. A potential disadvantage is the response time, since it takes more time for the
wavelength to shift than it does for the pulse timing to drift (the latter governs the former) but

this may not be a significant issue.

290 nm Spectrum Error Signal
From
O PD PD
Ce:LiCAF \ PD
LASER PID
PD

Cavity Length Control > >

Z,WI Y Lengti LorTo Wavelength Cavity Length
(piezo)

Figure 7.1: Active stabilisation of synchronously pumped Ce:LiCAF laser, utilising disper-
sion tuning. PD: photodiode; PID: stabilisation regulator, e.g. LaseLock.
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Balanced Cross-Correlation

A potentially more precise method of active cavity length stabilisation may be synchronisation
of the intracavity pulse to the pump pulse. With this aim in mind, the simplest concept to
perform exactly this task is a balanced cross-correlation system to synchronise the intracavity
290 nm pulses to the 266 nm pulses via a feedback loop to the Ce:LiCAF laser cavity length.
This would necessarily utilise DFG between the two pulses (since SFG is not feasible)
and detecting the DFG signal in the feedback loop. However, this can prove to be an
expensive method of stabilisation via synchronisation, due to the wavelength of the DFG
signal. Detectors would need to be responsive in the 1.7-5.3pm. There are also very
few nonlinear frequency conversion crystals that are transmissive for all three of the mixed
wavelengths; BBO declines significantly for wavelengths past 3 um. The peak power of
both the Ce:LiCAF and pump laser pulses are also both lower than the reference laser, so
the resulting DFG signal would be relatively weak. One way to mitigate these issues is to
synchronise the 290 nm pulses to the 532 nm, or 1064 nm pulses from the pump system. This
would generate 640 nm, or 400 nm light, respectively, for which there are highly sensitive
detectors. Additionally, the 532 nm, or 1064 nm waste light from the two single pass SHG
stages that comprise the pump system is significantly more powerful than the 266 nm stage,

so this approach may be feasible.

While synchronisation of the Ce:LiCAF laser to the pump laser may stabilise the laser
system somewhat, it would be more beneficial to synchronise the reference laser and the
Ce:LiCAF laser, which would enable a standard X-FROG measurement to retrieve the phase
profile of the UV pulses. Given that the peak power of the Ti:sapphire reference pulses (at
808 nm) are higher than either of the other lasers, one option may be to synchronise the
Ti:sapphire laser to the Nd:YVO4 pump laser (using a mostly pre-existing system described
in [89]) and then to synchronise the Ce:LiCAF laser to the Ti:sapphire laser. This could
provide stabilisation between Ce:LiCAF and Nd:YVOy lasers, in addition to enabling X-
FROG between Ce:LiCAF and Ti:sapphire lasers.

On the other hand, a potential issue with simply synchronising the timing of Ce:LiCAF
pulses to pump pulses is the lack of spectral control; a change in pulse timing may still cause
a shift in wavelength of the resonating pulse. It remains to be seen if this would have a
significantly detrimental effect on the efficacy of this method of cavity length stabilisation.
If it proves to be an issue, the best arrangement may be to stabilise the Ce:LiCAF laser
cavity length via its spectral output, and synchronise the Ti:sapphire laser to the Ce:LiCAF
laser. The necessary balanced cross-correlation system for this task is depicted in figure
One arm introduces a relative delay between the pulse trains that is ideally equal to the
FWHM of the longer pulse duration; a relative delay of approximately 100 fs would position
the Ti:sapphire pulses on either side of the Ce:LiCAF pulses in each arm. This could be

performed simply using fused silica with a thickness of approximately 250 pm, the equivalent
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of a type 2 microscope coverslip. The balanced cross-correlation system produces a standard

error signal, synchronising the reference laser to the Ce:LiCAF laser for X-FROG.

290 nm BS BBO

PMT

Arm 1 Arm 2
BBO Ti:sapphire LASER
Cavity Length Control
452 nm LaseLock & piezo
PMT P (with FS)

Figure 7.2: Synchronisation via balanced cross-correlation. BS: beam splitter; FS: fused
silica cover slip; PMT: photomultiplier tube.

Asynchronous Cross-Correlation Frequency Resolved Optical Gating

To avoid the array of challenges that synchronisation entails, the asynchronous approach
in this thesis could be modified to make it capable of determining the chirp of a pulse, by
replacing the single PMT with a spectrally dispersive element and PMT array. The basic
arrangement of this is shown in figure[7.3] Using a high dispersion spectrograph grating to
spatially separate the DFG signal into its spectral components, and a PMT array to detect
the individual DFG pulses. For example, a 32-channel Hamamatsu H11460-200, which is
highly sensitive to blue light, would be ideally suited to detection of our DFG pulses which
are in the 450 nm region. A fast oscilloscope with the same number of channels would also
be needed, such as the Tektronix 6-Series mixed signal oscilloscope. Using a PMT array
with fewer elements would simply reduce the resolution of the phase profile. An example of
traces that could be captured for a chirped pulse is depicted in figure [7.4} processing these
would necessitate an original algorithm for this method.

290 nm

Ce:LiCAF —C
BBO
OAM N <

[

Figure 7.3: Schematic for split-beam asynchronous X-FROG. OAM: off-axis mirror; CS:
microscope cover slip; PMT: photo-multiplier tube array.

808
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Figure 7.4: Split-beam asynchronous X-FROG trace using a PMT array.

Pump Laser System

The route to a standard X-FROG for phase retrieval of our Ce:LiCAF laser pulses is complex
and has several challenging requirements before characterisation can even be performed.
Synchronisation to the reference laser requires that the Ce:LiCAF laser is operated with
high stability without the chopper in use. This task necessitates stabilisation of the pump
power, and would also benefit from improved pointing angle stability; these are important
improvements for our laser system, regardless of enabling high resolution phase retrieval
from a standard X-FROG measurement. Although a viable pump laser is commercially
available from Photonics Industries (266 nm, 3 W, 100 MHz) it would be possible to modify
the current scheme to handle higher un-chopped powers. The simplest way to achieve this
may be to change the focussing scheme within the BBO crystal. Swapping from a horizontal
line focus to a vertical one has been shown to be more stable at high power [[113]], since it
reduces the overlap between the input and generated beams, such that the generated 266 nm
light quickly shifts away from the 532 nm pump to distribute heat accumulation as well as
reduce two photon absorption that contributes to it. This was attempted simply by rotating
the polarisation and BBO in our system by 90° resulting in a sufficient and stable power of
1.7 W during un-chopped operation; therefore this is the simplest viable option, requiring only
modification of the cylindrical lenses to recollimate the beam for good mode-matching within
the Ce:LiCAF crystal. An alternative approach is to switch to a different phase matching
crystal, such as those that are described in chapter |3j however, this choice either reduces
conversion efficiency or introduces additional challenges, such as increased hygroscopy. If

pointing stability is still problematic, an active system could be added, composed of two
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quadrant photodiodes to measure beam positioning, and two motorised mirrors that weakly
transmit the beam to the photodiodes behind them.

Gain-switched Ce:LiCAF lasers are attractive because they are simple and the pump
scheme (a Q-switched laser) can be relatively cheap and simple, compared to high-powered
mode-locked lasers such as the pump laser used during the course of this thesis. Ideally,
an electrically pumped diode laser would be used to pump any CW or CW mode-locked
Ce:LiCAF laser. Diode laser action at a wavelength capable of pumping Ce:LiCAF has only
recently been demonstrated for pulsed operation [[133]]. If these diodes advance significantly
over the coming decade, to operate continuously at high powers, CW and CW mode-locked
Ce:LiCAF lasers may no longer require a frequency quadrupled pump laser. This would
reduce the cost of such a UV laser system immensely, making Ce:LiCAF an even more viable
choice for UV generation. Indeed, the pulsed operation of the diode laser may allow them
to be used in gain-switched Ce:LiCAF lasers, to reduce system cost and complexity. Since
these diodes are still in development, this prospect remains a prospect. For now, a CW pump
scheme composed of an OPO or multiple phase-matching crystals in a cascaded geometry

could be implemented to potentially result in shorter pulses via KLM.

Laser Cavity Design

While the LiCAF host medium of our laser is robust, average powers of over 0.5 W for CW
and mode-locked operation may be challenging. Although average powers of around 1 W
have been demonstrated in gain-switched operation, the PRF was in the kHz range so the
period between laser action was on the order of 100 ps. Deposited heat is therefore given
significantly more time to diffuse; the crystal has more time to thermally recover. The pumped
volume was also larger than in our Ce:LiCAF laser; thermal issues may be a significant hurdle
to overcome in our system.

Power scaling of other colquiriite lasers, such as CW and mode-locked Cr-doped LiCAF
lasers has become difficult due to the relatively poor thermal properties of the LiCAF host
compared with, for example, YAG, Alexandrite, or Ti:sapphire [2]]. In the 100 MHz range,
the power of Cr:LiCAF is limited to about 1 W, with 0.75 W actually being achieved [239]].
The prospect of thin-disk geometry is attractive for CW powers in excess of 10 W and has
been suggested as the logical direction for Cr-doped colquiriite lasers as a way of alleviating
thermal effects [240]]. Since the thin disk cavity geometry is being considered as a solution
to the thermal limitations of Cr-doped colquiriites such as Cr:LiCAF, it may also be the
future path of mode-locked and CW Ce:LiCAF lasers, especially when pump power can be
increased. A proposed cavity geometry for a mode-locked Ce:LiCAF laser is shown in figure
and indicates the crystal mounted onto a heat sink. The c-axis of the Ce:LiCAF crystal
would need to be oriented in the tangential plane and perpendicular to the polarisation of

266 nm radiation, in order to minimise ESA. Although there are reflection losses introduced
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because of the pump beam’s angle of incidence, these are likely to be slightly less than the
transmission losses (7' = 91%) from an input coupling mirror. A Brewster’s angle geometry
is ideally avoided (although may be feasible) in order to ensure that the 266 and 290 nm
radiation is as close as possible to being 7 polarised relative to the c-axis, in each direction
of propagation (both arms of the cavity) thereby minimising ESA at 266 nm and maximising
the gain cross section at 290 nm. To account for increased reflection losses at 290 nm from
avoiding Brewster’s angle, an AR coating would need to be applied to the front face of the
crystal (with an HR coating on the back face). This is challenging in the UV, and exacerbated
by high powers, but may be feasible with high transmission (>99%) and durability.

M1
HR

266 nm

Ce:LiCAF
290 nm

M2 M3
Figure 7.5: Thin disk arrangement of a symmetrical Ce:LiCAF cavity.

Higher Order Dispersion Compensation

To further reduce the minimum pulse duration of our hybrid-mode-locked Ce:LiCAF, higher
orders of dispersion need to be compensated for inside the laser cavity. Two options for
improving the dispersion management are as follows. Firstly, compensating the residual
anomalous TOD and higher orders introduced by the prism pair arrangement could result in
the desired shorter pulse durations, while retaining the flexibility of the prism pair for varying
dispersion. A large amount of normal TOD would be necessary for this approach, on the order
of +1000 fs3. The second option is dispersion compensation using dispersive mirrors only,
totalling approximately -700 fs> of GDD and -300 fs* TOD, as well as higher orders. In both
cases, the design of dispersive mirrors require accurate modelling that takes into account
every dispersive element for as many orders of dispersion as is reasonable. This can be
measured by interferometric techniques to characterise the group delay of light over a broad
bandwidth [241]]. After the appropriate amount of dispersion is determined, the next logical
step is to review the capabilities of the manufacturing methods that are currently available.
The types of dispersive mirrors that may be used for dispersion compensation inside our
Ce:LiCAF cavity are restricted due to losses, but we will discuss the most prospective two:
chirped mirrors, and Gires-Tournois interferometer (GTI) type mirrors.

Chirped mirrors are fabricated using alternating layers of high and low refractive index
material, depicted in figure In the UV, hafnium dioxide (HfO,) and silicon dioxide
(Si0,) are potential high and low refractive index coatings, respectively [242]. These are

manufactured by electron beam sputtering and are likely still too lossy to use intra-cavity due
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to imperfections, scattering and absorption. For example, 92% average reflectance has been
achieved for the 290-350 nm region, providing a GDD of -75 fs? [87]. It is conceivable that
targeting a narrower wavelength range (i.e. part of the 280-316 nm region) could result in a
higher average refelectance, in excess of 95%. However, pairs of chirped mirrors are usually
necessary, so that ripples in the GDD errors from each mirror partially cancel each other,

which further increases loss.
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Figure 7.6: Chirped mirror design using alternating layers of low- and high-index dielectrica,
from [243]]. An anti-reflective coating may also be present on the surface.

Like chirped mirrors, GTI mirrors are composed of multiple layers, except there are
fewer of them with much less variation in thickness compared with chirped mirrors. The
layers comprise two sections; the surface section which has a low reflectance, and the back
section which ideally has 100% reflectance (quarter-wave stack). These sections make up
the interferometer type of arrangement. The reduced number of layers that comprise GTI
mirrors result in a higher reflectance. They have also been demonstrated in the UV [244],
for compressing a pulse between 266 and 271 nm to 30fs. The mirrors were designed to
have a GDD of -50 fs?> and a reflectance of 99%. The disadvantage of these mirrors is the
reduced control over higher orders of dispersion, and the limited spectral range that can
be controlled; although increasing the amount of GDD that these mirrors can provide may
reduce the required number of reflections to compensate for dispersion, this also reduces the
range of reflectivity range.

Low losses are more challenging to achieve in the UV region, for all optical coatings,
since short wavelength radiation is more prone to scattering. Although chirped mirrors may
not yet exhibit low enough losses to be used within a Ce:LiCAF cavity, other optics such
as lenses, prisms, and crystals may still benefit from the high transmission that AR-coatings
provide. Recent developments in AR-coatings push peak transmission past 99.9% in the
DUV by using ultrasmall silica nanoparticles [245]. Reducing the size of the nanoparticles
that were used to dip-coat optics was found to be a crucial stage of preparing these types
of AR-coatings for high transmission, while coating thickness was found to shift the peak
wavelength; therefore coatings could be designed to have a peak transmission at 290 nm.

Silica nanoparticle coatings have been shown to have a high damage threshold >100 J/cm?
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[246], so these coatings could be tailored for Ce:LiCAF and potentially implemented intra-
cavity, possibly as part of dispersive mirrors.

In conclusion, a holistic approach to further development of mode-locked Ce:LiCAF lasers
may be the best strategy. It may be necessary to implement the combination of improved
pump systems, a thin disk cavity geometry, and the best available dispersion control elements.
The thin disk geometry not only allows for higher powers, but can also reduce dispersion
contributed by Ce:LiCAF, which alleviates the requirement of the dispersive elements, such
as chirped mirrors. One option to reduce this further is to enclose the system in a vacuum (or
use helium gas, which has approximately 3% of the dispersion of air at 290 nm) to remove
the contribution from air. Both alterations may even reduce round-trip GDD to a level that is
manageable using only a pair of chirped mirrors; the coating could even be applied to back
face of the Ce:LiCAF crystal itself to reduce the number of reflections in the cavity (combined
with a chirped output coupler). While a vacuum enclosure may create more issues than it
solves, it 1s also practically essential for HHG; dispersion of attosecond pulses generated by
HHG is far more severe. Since this is one of the primary prospects for applications of ultrafast
Ce:LiCAF lasers, it should not be overlooked.
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Publications Arising from this Thesis

Two posters were presented during the course of this thesis, the firstis titled “Short UV Pulses:
Cerium Lasers Adam Sharp” by David W. Coutts, and David J. Spence. The second was
part of the Conference on Lasers and Electro-Optics Pacific Rim (CLEO-PR 2020), titled
“Asynchronous Cross-Correlation Using a Time Reference”, matching the paper that was
published for this conference. For the same conference, a conference paper was written and
presented, titled “Femtosecond Ultraviolet Pulses Generated Directly From a Mode-Locked
Ce:LiCAF Laser. The authors for both CLEO-PR publications were Adam Sharp, Ondrej
Kitzler, Alex Fuerbach, David J. Spence, and David W. Coutts. Both articles were published
as proceedings and are shown below.
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Phase Matching Non-Linear Crystals

The phase matching angles that were determined during the course of this thesis were all
calculated using SNLO nonlinear optics code, available from A. V. Smith, AS-Photonics,

Alburquerque, NM.

Table B.1: The type 1 phase-matching parameters in LBO (T~148 °C) for SHG of light from
a Nd:YVOq laser, as generated by SNLO.

Parameter 1064 nm (o) 1064 nm (o) 532 nm (e)
Walkoff [mrad] 0.00 0.00 0.27
Phase velocities [c/] 1.605 1.605 1.605
Group velocities [c/] 1.626 1.626 1.639
GDD [fs?/mm] 16.6 16.6 87.7

0, ¢ [°] 90.0, 0.4

deg [pm/V] 0.85

Angle toleranceXL [mrad - cm] 123.94

Temperature rangexL [K - cm] 5.36

Mix accep. anglexL [mrad - cm] 247.88 247.88

Mix accep. bandwidthxL [GHz - cm] 2287.04 2287.04
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Table B.2: The type 1 phase-matching parameters in BBO (T~90 °C) for FHG of light from
a Nd:YVOq laser, as generated by SNLO.

Parameter 532 nm (o) 532 nm (o) 266 nm (e)
Walkoft [mrad] 0.00 0.00 85.01
Phase velocities [c/] 1.673 1.673 1.673
Group velocities [c/] 1.721 1.721 1.893
GDD [fs?/mm] 136.0 136.0 429.0
0 [°] 47.8

deg [pm/V] 1.75

Angle toleranceXL [mrad - cm] 0.19

Temperature rangexXL [K - cm] 6.00

Mix accep. anglexL [mrad - cm] 0.37 0.37

Mix accep. bandwidthxL [GHz - cm] 174.23 174.23

Table B.3: The type 1 phase-matching parameters in BBO for SFG of light from Nd:YVO,4
and Ti:sapphire lasers, as generated by SNLO.

Parameter 1064 nm (o) 808 nm (0) 459.2 nm (e)
Walkoft [mrad] 0.00 0.00 61.24
Phase velocities [c/] 1.654 1.660 1.658
Group velocities [c/] 1.674 1.684 1.719
GDD [fs*/mm|] 44.0 73.9 158.6
6 [°] 25.5

de [pm/V] 2.02

Angle tolerancexL [mrad - cm] 0.45

Temperature rangexL [K - cm] 28.77

Mix accep. anglexL [mrad - cm] 1.05 0.79

Mix accep. bandwidthxL [GHz - cm] 670.93 864.66

Table B.4: The type 1 phase-matching parameters in BBO for SHG of Ti:sapphire, as
generated by SNLO.

Parameter 808 nm (o) 808 nm (o) 404 nm (e)
Walkoft [mrad] 0.00 0.00 67.55
Phase velocities [c/] 1.660 1.660 1.660
Group velocities [c/] 1.684 1.684 1.740
GDD [fs?/mm] 73.9 73.9 192.8

0[°] 28.9

degr [pm/V] 2.00

Angle tolerancexL [mrad - cm] 0.36

Temperature rangexXL [K - cm] 20.15

Mix accep. anglexL [mrad - cm] 0.72 0.72

Mix accep. bandwidthxL [GHz - cm] 531.11 531.11
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Table B.5: The type 1 phase-matching parameters in BBO for DFG between a Ti:sapphire

laser and the fourth harmonic of a Nd:YVOy laser.

Parameter 808 nm (0) 396.5nm (o) 266 nm (e)
Walkoff [mrad] 0.00 0.00 86.53
Phase velocities [c/] 1.660 1.694 1.683
Group velocities [c/] 1.684 1.785 1.908
GDD [fs?/mm] 73.9 218.5 440.3
0 [°] 443

deg [pm/V] 1.87

Angle toleranceXL [mrad - cm] 0.18

Temperature rangexL [K - cm] 6.66

Mix accep. anglexL [mrad - cm] 0.56 0.27

Mix accep. bandwidthxL [GHz - cm] 133.96 244.56

Table B.6: The type 1 phase-matching parameters in BBO for DFG between a Ti:sapphire

laser and a Ce:LiCAF laser.

Parameter 808 nm (0) 452.4nm (0) 290 nm (e)
Walkoff [mrad] 0.00 0.00 83.29
Phase velocities [c/] 1.660 1.683 1.675
Group velocities [c/] 1.684 1.751 1.853
GDD [fs*/mm|] 73.9 174.7 358.1
01°] 40.4

deg [pm/V] 1.91

Angle tolerancexL [mrad - cm] 0.21

Temperature rangexL [K - cm] 8.32

Mix accep. anglexL [mrad - cm] 0.58 0.32

Mix accep. bandwidthxL [GHz - cm] 177.50 293.54
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Curve Fitting Script
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This script processes an asynchronous cross—-correlation for retreiving
the pulse duration of the probe pulse, accounting for pump pulse

duration when there is a small optical delay in half the probe beam

00000 000000 0000 [ 0000 0000 [ 00000 000000
5%5%5%5%%5%5%5%% %5%5%5%%%5%5%5%% 55555555 %5%5%5%5%%%5%5%5%53%%% 5555555555 %5%5%%%5%5%5%5%%% %%%%%%

o\°

STEP 1 - IMPORT
The data are imported as either a single file OR a folder of

sequentially numbered files to be plotted in 3D.

STEP 2 - SMOOTHING
An envelope of the pulses is recorded as a new data set which should
look like two offset Gaussian curves, roughly equal

The background is also subtracted, and the timescale is centered.

STEP 3 — FITTING
Two Gaussian curves are fitted to the smoothed data. The separation and

FWHM of the two curves are recored: optical delay and pulse duration

STEP 4 - TEMPORAL CORRECTION
The optical delay (entered manually) is used to correct the timescale

and retreive the real FWHM of both pulses (which should be similar)
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[

% Laser repetition rate
freq = 78000000;

% Reference pulse duration in fs
reference = 75e-15;

[

% Optical delay

%$delay = 260e-15; % type 1 cover slip

%$delay = 335e-15; % type 2 cover slip

%$delay = 950e-15; % type 4 cover slip

delay = 1035e-15; % type 4 cover slip at external angle 8 degrees
% Raw data Smoothing: higher = more, lower = less

smooth_factor = 20;

% Import and process data? (temporal correction, data removal)
import_data = true;

% Single parse = false, additive parse = true

add_data = true;

% Plot data-?
plot_data = false;

% Export data?

if import_data==true

% Choose files

[file, path] = uigetfile('.txt', 'Multiselect', 'on');
files_cell = strcat (path, file);

% Create delay list

delay_list = delay x ones(length(files_cell),1l);
% Create empty fit list

fit_list = cell(length(files_cell),1);

% Create empty arrays for pulse duration and beat frequency
tau_1 = zeros(length(fit_list),1);

tau_2 zeros (length (fit_1list),1);
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del_f = zeros(length(fit_1list),1);

o\

A for loop version of "cross_correlation_satellite.m"
for i = l:length(files_cell)

% Import individual file into a matrix

raw_import = readmatrix(files_cell{i});

% Remove headers

raw = raw_import (3:end, 1:2);

% Envelope of data

[env, env_low] = envelope(raw, smooth_factor, 'peak');
% Background Subtraction

raw(:,2) = raw(:,2) — mean(env(:,2));

env(:,2) = env(:,2) — mean(env(:,2));

o\
o\
o\
o\
o\
o\
o\
o\
o\
o
o\°
o\
o\
o\
o\
o\
o\
o\
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o
o
o\
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% Timescale as viewed on oscilloscope
time = env(:,1);

ampl = env(:,2);

% Find all the peaks (only need 2)
[pks, locs]=findpeaks (ampl) ;

% Find maximum peak

[maxl, locl] = max(pks);

timel = time (locs (locl));

% 'Remove' peak

pks(locl) = —-Inf;

% Find second maxima peak

[max2, loc2] = max(pks);

time2 = time (locs (loc2));

% Double Gaussian fit, if statement for chronology

if timel<time2
[f,g0f] = fit(time, ampl, 'gauss2', 'Lower', [0,-Inf,0,0,-Inf,0],
'StartPoint', [maxl, timel, 4e-8, max2, time2, 4e-8]);

else
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[f,g0f] = fit(time, ampl, 'gauss2', 'Lower', [0,-Inf,0,0,-Inf,0],
'StartPoint', [max2, time2, 4e-8, maxl, timel, 4e-8]);

end

% Save fit to array

fit_list{i} = £f;

% Calculate magnification
t_scale = delay/abs(f.bl-f.b2);

% Calculate deconvolved pulse durations FWHM
fwhm 1 = t_scale *x (f.cl x 2 x sqrt(log(2)));
fwhm 2 = t_scale * (f.c2 x 2 x sqrt(log(2)));

o\

Convolved FWHM 1
Convolved FWHM 2
Deconvolved FWHM 1
Deconvolved FWHM 2

o\

o

tau_1(i) = sqgrt(fwhm_ 172 - reference”2);

o\

tau_2(i) = sqrt(fwhm_2"2 - reference"2);

% Calculate beat frequency
del_f (i) = delay * freq / abs(f.b2-f.bl);

end
% Calculate deconvolved pulse durations FWHM mean

tau_m = (tau_l + tau_2)/2;

[

% Remove complex results (failed fit)
real_boolean = zeros(length(tau_m), 1);
real_index = [];

for 1 = l:length(tau_m)

real_boolean (i, 1) = isreal (tau_m(i, 1));
if real_boolean(i, 1)==0
real_index = [real_index;i];
end
end
tau_1 = nonzeros(tau_l.*real_boolean);
tau_2 = nonzeros(tau_2.x*real_boolean);
tau_m = nonzeros (tau_m.*real_boolean);
)

4

del_f = nonzeros(del_f.*real_boolean
fit_list (real_index) = [];
delay_list (real_index) = []

[

files_cell (real_index) = [];
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)

°

for k 1:3

max_del_ f

outlier_boolean

outlier_index =

for i

if outlier_boolean (i,

outlier_index

end
end
tau_l = nonzeros(tau_l.xoutlier_boolean
tau_2 = nonzeros (tau_2.+xoutlier_boolean
tau_m = nonzeros (tau_m.=*outlier_boolean
del_f = nonzeros(del_f.xoutlier_boolean

fit_list (outlier_index)
delay_list (outlier_index)

files_cell (outlier_index)

end

)
<

if add_data==true

median (del_f)

4

Adds data to current list

Remove extreme outliers via beat frequency

l:length(del_£)

outlier_boolean (i,

1) del_f (1,

1)

[]

[1;
= [1;

, or doesn

all_tau_1 = [all_tau_1; tau_1];
all_tau_2 = [all_tau_2; tau_2];
all_tau_m = [all_tau_m; tau_m];
all del_f = [all_del_ f; del_f1];
all _fit_ list = [all_fit_1list; fit

all delay_list
all _files_cell

[all_delay_1list;
[all_files_cell,

else
all_tau_1 = tau_1;
all_tau_2 = tau_2;
all _tau_m = tau_m;
all _del_f = del_f£;
all fit_list = fit_1list;

all _delay_list
all _files_cell

delay_list;

files_cell;

+ 3xstd(del_
zeros (length (tau_m),

L1

(max 3 standard devs away)
£);

1);

1) < max_del_f;

[outlier_index;i];

4

4

4

)
)
)
) ;

4

't

_list];

delay_list];
files_cell];
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if plot_data==true

stat_mean = mean(all_tau_m);

tiledlayout (1, 2, 'Padding', 'compact')

nexttile

hold on
histfit(all_tau_m = 1lelb)

xlabel ('"Pulse Duration [fs]')

ylabel ('Counts')

hold off

nexttile

hold on
scatter(all_tau_1 x 1lel5, all_tau_2 = 1lel5, 30, all_del_f, 'filled")

x1im ([0 2007)
ylim ([0 2007)

xlabel ('First Pulse Duration [fs]')

ylabel ('Second Pulse Duration [fs]"')
colormap (jet)

cb = colorbar('eastoutside');
cb.Label.String = 'Beat Frequency [Hz]';

box on

hold off

end
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