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Abstract

At the MQ Photonics Research Centre of Macquarie University the project "Unlocking
the Ultraviolet" was launched to establish a new laser platform based on Ce:LiCAF for
continuous wave (CW) and ultrafast pulsed operations in the ultraviolet spectral region. The
work presented in this PhD thesis was part of this project, with the main aim to develop a
deep understanding of the dynamics in Ce:LiCAF lasers that are pumped by a mode-locked
source. As a result, a novel mode of operation for CW solid-state lasers was identified and

implemented successfully.

When setting up a mode-locked pumped laser system in a way that the normalized cavity
length (that is the ratio between the length of the pump resonator and length of the laser cavity)
is a rational number, ‘rational-harmonic mode-locking’ is obtained and short laser pulses are
generated. In contrast, when the cavity length is detuned away from resonances, modulated
continuous output is emitted. Such asynchronous pumping has never been substantially
investigated before in solid-state lasers and led to the first ever CW Ce:LiCAF laser. The
optimal normalized laser cavity length for asynchronously pumped CW Ce:LiCAF lasers was
calculated to be 0.3964, which in the present case is a distance of 120 mm detuned from
the third harmonic of the 78.75 MHz pump. The generated CW output featured a residual
modulation of only 1% for frequencies below 1 GHz and 4% on faster timescales. The slope
efficiency was 20% and the laser threshold 1.37 W. In the set-up used, the transition between
CW behaviour and rational-harmonic mode-locking could be achieved easily by adjusting the
length of the laser cavity, and thus in addition to the CW output, mode-locked output with

pulse repetition rates up to 1.1 GHz was achieved.

Both mode-locked and CW laser output generation have been explored experimentally and

theoretically by modelling the laser resonator based on the laser rate equations. Birefringent
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tuning of the CW Ce:LiCAF laser using single and multiple MgF, Brewster plates has also
been investigated. Depending on the thickness of the MgF, plates used, continuous tuning
over a range of up to 13 nm from 284.5 nm to 297.5 nm with a full width at half maximum
linewidth of 50 GHz was achieved. By combining MgF; plates with etalons, the linewidth

of the laser was narrowed down to 2.7 GHz.
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Introduction

Since the first laser was demonstrated in 1960 [1]] many research groups all over the world
have worked on modifying and customising lasers and the characteristics of the achievable
light output. As aresult an enormously wide variety of lasers has been published over the last
55 years and there is still ongoing further development. The majority of the recent research
aims to advance one or more of the crucial laser output parameters: broaden the tunability
of the output wavelength, extend the (tunable) laser output to new wavelengths, narrow the
output line bandwidth, improve the beam quality, increase the output power, and in pulsed
laser systems shorten the pulse duration, increase the pulse repetition rate or heighten the

pulse peak power.

Given that all these parameters are dependent on each other, by improving one of them
the others may shift as well. While some of these dependencies are beneficial (e.g. the pulse
peak power usually increases when the pulse duration decreases [2]), others are disadvanta-
geous (e.g. high pulse repetition rates generally result in a fairly limited pulse energy [3]).

Accordingly diverse laser platforms have emerged over time, each with a different focus area



2 Introduction

and with different advantages to improve distinctive laser output parameters. At the MQ
Photonics Research Centre of Macquarie University the project "Unlocking the Ultraviolet"
was launched to establish a new laser platform based on Ce3*:LiCaAlFs (Ce:LiCAF) for
continuous wave (CW) and ultrafast pulsed operation in the ultraviolet (UV) spectral region.
The project was based on the results of the first ever mode-locked pulse Ce:LiCAF lasers,
which were demonstrated by the LASER Group of the MQ Photonics Research Centre in
2009 [4, 5], and includes both CW pumped and mode-locked pumped Ce:LiCAF lasers.
The work presented in this PhD thesis was part of "Unlocking the Ultraviolet", with the
main aim to develop a deep understanding of the dynamics in Ce:LiCAF lasers that are
pumped by a mode-locked source. Depending on the specific configuration of the Ce:LiCAF
laser, such mode-locked pumped lasers can either generate short laser pulses when set-up for
rational-harmonic mode-locking, or CW output when pumped asynchronously. The transi-
tion between mode-locked and CW behaviour can be achieved easily by adjusting the length
of the laser cavity.

Both pulsed and CW UV lasers play a crucial role in scientific research and can be found
in many applications and measurement tools. A large variety of atoms, molecules, and
compound materials feature unique absorption bands in the UV, and thus the demand for UV
lasers to detect, probe and control these materials is growing continuously. CW UV lasers
can for example be used in high-resolution spectroscopy [6, [7/], atom cooling and trapping
[8, 9], and biological applications like flow cytometry for the detection of pathogens [10].
Ultrafast UV-pulses are also of high significance. They can, for example, greatly improve
the time resolution of experiments that allows fast temporal characterisation of physical and

chemical phenomena. Keller describes this vividly in her Nature article from 2003:

In the same way that a strobe light at a disco "freezes" the motion of dancers,
a mode-locked laser can "freeze" the motion of fast moving objects such as

molecules or electrons [...]

By taking "pictures" of fast processes, chemical reactions or physical processes such as
electronic transport in semiconductors can be retraced [11, [12]]. In [[13] femtosecond laser
spectroscopy is described as an example of measurements using ultrafast pulses. Another
application is the production of nanostructures in solid or glass materials. Traditionally
nanosecond Q-switched lasers are used to fabricate patterns in the micrometer range, but

more and more companies are changing to shorter pulses since the quality of the ablated



holes and structures can be improved immensely when working with ultrafast pulses [14].
In semiconductors "cold" melting has been realised with ultrafast lasers [[15] where a solid-
to-liquid transition occurs so fast that sample heating can be minimised. Other applications
include waveguide writing in bulk glasses [16l], two photon laser scanning fluorescence
microscopy [17], and medical applications where ultrafast lasers provide a higher resolution
in surgery (e.g. corneal surgery [18] and tumor removal [19]). In these medical applications
ultrafast pulses also promise to reduce secondary effects because the fluorescence threshold
for optical damage decreases with a decreasing pulse duration [20].

This list of significant applications confirms the high value of the new laser platform
proposed by "Unlocking the Ultraviolet" for both pulsed and CW lasing in the UV. In
previous work Ce:LiCAF has only been used to generate ns and ps laser pulses. During the
work presented here it was used to generate stable CW lasing and this thesis is the account
of the development, simulation, and characterisation of the first ever mode-locked pumped
CW Ce:LiCAF lasers. Chapter 2] provides an overview of some of the interesting history
and fascinating developments of laser research relevant to the topic and summarises the
principles of mode-locking which is the fundamental technique used in the laser system this
thesis is based on. Then a summary of the development of UV lasers and the features of
Ce:LiCAF as a laser material are reviewed in chapter[3] and a detailed description of the laser
set-up is given in chapter 4 In the following chapters, the results and outcomes achieved
during this PhD project are presented. Chapter [5] discusses the dynamics of mode-locked
pumped Ce:LiCAF lasers based on simulation results and shows how the laser system can
be used to generate short pulses when set up for rational-harmonic mode-locking and CW
output when set up for asynchronous pumping. Chapter [6] then provides details about the
tunability and linewidth narrowing of the generated CW output. The final Chapter[7|contains
a comprehensive conclusion and gives recommendations for future work in Ce:LiCAF lasers.
The main results presented in chapters [ to [6] were also published in international research
journals (see appendix [A)) and presented at prestigious international conferences that are

listed in appendix
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Theoretical Background

2.1 Q-Switching

Maiman’s ruby laser from 1960 emitted a train of pulses with durations in the order of
milliseconds and random fluctuations in intensity [2, 21, 22]]. While this behaviour is typical
for a free-running laser] pumped by a flash discharge, it is unsuitable for many applications
and hence the search for stable laser solutions began. Just one year later, Hellwarth described
the concept of Q-switching as a method to generate "giant" pulses with durations of about
10 ns [23] 24]. After Hellwarth’s introduction of Q-switching, many others used this rather
simple technique to produce high intensity pulses (with durations in the order of nanoseconds)
and the theory of Q-switching has been reviewed many times over the years (e.g. [25-28]).
The idea of Q-switching is to prevent the initialisation of lasing in the resonator until the
population inversion in the gain material has reached a high level (potentially up to the point

where it is saturated). Lasing is then enabled abruptly, which causes the stored energy to be

In contrast to a Q-switched or mode-locked laser
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depleted rapidly and as a result a short light pulse with a high energy is emitted from the laser.
This initial prevention and abrupt enabling of lasing is realised for example by inserting an
attenuator in the laser resonator that can be switched on and off quickly. When the attenuator
is activated, feedback in the resonator is suppressed by high losses in the cavity and can be
expressed with a very low quality factor (Q-factor) of the optical resonator. When switching
the attenuator off, losses in the cavity are low, which can be described with a high Q-factor.
With the gain being now larger than the loss, lasing occurs. Combined the activation and
deactivation of the attenuator modulates the Q-factor of the resonator, which is why the name
"Q-switching" arose for this technique.

The Q-switch can be realised with different types of optical switches. These can be
categorised in two main types: active Q-switches and passive Q-switches. Active Q-switches
are externally controlled attenuators, which means the variable attenuator is operated by an
external signal, e.g. an electrical signal. Passive Q-switches are saturable absorbers, which
are materials whose transmission depends on the light intensity. This means, the initial
loss of the absorber is high, but the material "bleaches" when the intensity of light rises
above a certain threshold. This is for example given when a high energy pulse reaches the
absorber. When pumped continuously, the gain builds up until threshold is reached when
the intracavity field can bleach the saturable absorber. The laser can reach threshold despite
the high absorption and a laser field can build up. It saturates the absorption and the laser
switches quickly to a high gain condition and thus a short pulse is generated. After the
pulse, the absorber reverts to its high-loss state and prevents the lasing until the population
inversion reaches a high level again. Hence the laser pulses are self-triggered. The repetition
rate can be controlled only indirectly when using passive Q-switches, e.g. by varying the
amount of saturable absorber in the laser cavity or by varying the pump power. The materials
that can be used as a saturable absorber depend on the wavelength. Typical examples are
ion-doped crystals like chromium doped yttrium aluminium garnet (Cr:YAG), bleachable

dyes or passive semiconductor devices.

2.2 Mode-Locking

An alternative approach to Q-switching that can be used to obtain even shorter pulses is a

mechanism know as "mode-locking". Haus, who in 2000 wrote an invited paper for the IEEE
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Figure 2.1: Beating of three locked frequencies which are all in phase at the time ¢t = 0 [36]

Journal on Selected Topics in Quantum Electronics titled "Mode-Locking of Lasers" [29],

summarises the early publications of mode-locking as follows:

The first indications of mode-locking appear in the work of Giirs and Miiller
(30, on ruby lasers, and Statz and Tang on He-Ne lasers. The first papers
clearly identifying the mechanism were written in 1964 by DiDomenico [33],

Hargrove et al. [34]], and Yariv [35]].

The main principle of mode-locking is to use the superposition (also called "beating") of
modes, which occurs when modes with a coherence between their phases oscillate simulta-
neously, to generate pulsed radiation. Figure [2.1] (taken from [36]) illustrates the beating of
three equally spaced frequencies (wg, wy+1 and wgy42) which are all exactly in phase at the
time ¢ = 0. In the middle part of the figure the time dependent field amplitude & (¢) of the total
signal (the sum of the three frequencies) is shown. Assuming all three signals have the same
amplitude, the peak field amplitude of the superposed signal is three times the amplitude

of each signal. Below the field amplitude the time dependent intensity / (¢) of the signal is
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graphed. Since the peak intensity is proportional to the squared peak field amplitude, it is

nine times the intensity of one signal.

An important factor is the fixed relative phase relationship between the oscillating modes
- the modes have to be "locked". Otherwise modes with random phase relationships to each
other generate outputs with random fluctuations of intensity. Figure[2.2]displays examples of
different intensity patterns generated by equally spaced frequencies with different amplitude
and phase relationships. Pictures a) to d) show the intensity patterns of N locked modes
with the same amplitudes with varying N. Each time there is a primary mode-locked pulse
per period and N — 2 much weaker subsidiary peaks. The higher N gets, the narrower the

primary peaks become and the weaker the subsidiary peaks are. Picture e) shows the total
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signal output assuming a gaussian shaped frequency input spectrum with all modes locked.
As the Fourier transform of a gaussian spectrum is a gaussian pulse in time, the pulses now
have a gaussian shape in time and no subsidiary peaks. Picture f) and g) illustrate the total
signal with all oscillating modes locked but having different amplitudes. In this case pulses
are still generated, but there is an irregular background of sub-pulses, which is higher the

more the amplitudes of the modes vary.

Pictures h) and i) demonstrate the total signal when the modes are not locked. Even with
all modes oscillating with the same amplitude, the intensity pattern does not show a clear
single pulse but a random set of weaker fluctuations instead. Picture j) shows a frequency
modulated signal where pulses are generated but the signal does not return to zero between

the pulses.

Ultimately, mode-locked lasers generate an equidistant train of pulses in the time domain.
The pulse repetition frequency vg of this pulse train is inversely proportional to the round-
trip time Tx of the laser cavity vg = 1/Tg, where Ty is defined by the length / of the laser
cavity Tg = 21/v, (with v, being the group velocity of the laser pulse). In the frequency
domain mode-locked lasers feature a phase-locked frequency comb with a constant mode
spacing that is equal to the pulse repetition frequency vg. The pulse duration 7, in the
time domain is inversely proportional to the spectral width of the envelope of the frequency
comb of longitudinal modes in the frequency domain. These relationships between the pulse

parameters are visualised in figure 2.3 (from [3]).
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Figure 2.4: Schematic set-up of a mode-locked laser with a gain and a loss element inside a laser

resonator [3]]

Mode-locking is realised using a similar set-up as for Q-switching (see figure[2.4). A gain
and a loss element are induced sequentially in a laser resonator; the difference to Q-switching
is that the period of the loss (or gain) modulation must be adjusted carefully to the cavity
round-trip time of the laser. Depending on how this modulation of the attenuator is realised,

two types of mode-locking are distinguished: active mode-locking and passive mode-locking.

2.2.1 Active Mode-Locking

All early papers on mode-locking described results obtained due to active mode-locking.
For active mode-locking, the loss of the laser resonator is changed periodically, e.g. by a
modulator that is controlled by an external signal or by pumping the laser resonator with
a train of pump pulses instead of a continuous source. In the early days of mode-locking,
Hargrove et al. for example modulated the refractive index inside the resonator of a helium-
neon laser acoustically at the period of one cavity round-trip time. Thereby they generated
trains of pulses spaced by the cavity round-trip time of about 2.5 ns [34]. Commonly the
resonator is changed by either modulating the loss of an attenuator or the optical path length
(by modulating the refractive index n). As an example, a schematic of active mode-locking via
loss modulation of an attenuator is shown in figure[2.5|[3]]. The loss is modulated sinusoidally
with a frequency v,,, which is equal to the cavity mode spacing and hence equal to the pulse
repetition frequency v,, = vg. This causes an amplitude modulation of the field and results in
a maximum oscillation at the centre frequency v with sidebands at vy + v,,. These sidebands
are phase locked to the centre frequency. The process of sideband generation cascades and

results in a comb of phase-locked modes in the time domain. The saturated gain at steady state
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Figure 2.5: Schematic of active mode-locking [3]]

only supports net gain around the minimum of the loss modulation and therefore generates
short pulses with a period that is equal to 1/v,, which is equal to the cavity round-trip time
Tg. To realise active mode-locking with a loss modulation, acousto-optical or electro-optical
modulators are introduced into the laser resonator. Electro-optical modulation is achieved

using Pockels cells or Kerr cells, acousto-optical modulation via standing acoustical waves.

Synchronous pumping is another type of active mode-locking and is realised by modu-
lating the gain of the laser medium periodically, instead of modulating the loss in the cavity.
This is achieved by using a pulsed laser as the pump source. The pump laser therefore must
be a mode-locked laser itself and the repetition rate of the pump pulses must be adjusted to
the resonator cavity length. Synchronous pumping (or synchronous mode-locking as it is
also called) is commonly used in systems that have a short upper laser level lifetime (like
dye, semiconductor or cerium lasers) and in systems that use non-linear frequency conversion
processes [37, 38], and is the method we use in this PhD thesis. It is advantageous in our
Ce:LiCAF system because it minimises the lasing threshold and provides a direct mode-
locking mechanism. In Ti:sapphire lasers it has also been shown that synchronous pumping
is compatible with simultaneous Kerr lens mode-locking (KLLM, see below), which enables

further compression of the output laser pulses [39, 40].

Synchronous pumping requires a precise matching of the laser cavity round-trip time to
the pump cavity round-trip time or a harmonic, or rational-harmonic of the pump cavity
round-trip time, particularly for ultrafast pulses. It is also possible to set up a laser system
in a way that we call asynchronous pumping which basically avoids all laser cavity lengths
where rational-harmonic mode-locking is influential and leads to CW laser output with only
small residual modulation. This will be discussed in detail in chapter [5]as it is an important

feature of the presented work.
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Figure 2.6: Mechanisms of passive mode-locking: left side - with a fast saturable absorber; right side

- with a slow saturable absorber [41]

2.2.2 Passive Mode-Locking

For passive mode-locking no external signal is used to modulate the loss in the resonator.
It can for example be achieved by introducing a saturable absorber into the laser cavity.
Another technique is to use a Kerr medium as the gain medium for Kerr-Lens mode-locking
(KLM). The dynamics of KLLM can be described as a fast saturable absorber mechanism,
which will be discussed later in this section. First consider passive mode-locking realised
via a saturable absorber inside the laser cavity. The introduction of such a saturable absorber
results in a self-amplitude modulation of the light inside the cavity. The absorber introduces
a loss depending on the intensity of the light inside the cavity, which is higher the less the
intensity is and smaller the higher the intensity is. A short pulse thus produces a fast loss
modulation since the high intensity at the peak of the pulse saturates the absorber quickly
and for a short time only. The profile of the pulse depends on the absorption and recovery
of the saturable absorber. Figure shows two different mechanisms. In the picture on the
left side of the figure the mechanism is sketched for an ideal fast saturable absorber. When
a light pulse is strong enough the saturable absorber is bleached quickly and the pulse can
oscillate in the resonator. After the peak of the pulse the absorber recovers quickly and the
resulting pulse shape is ideal and symmetric. In figure [2.6] on the right side, the mechanism
with a slow saturable absorber is shown. The initial saturation of the absorber (and hence the
reduction of the loss) is fast, followed by a slower recovery of the absorber after the peak of
the pulse. A schematic of the resulting pulse pattern is shown in figure [2.7] The circulating

pulse saturates the absorber to a level that is sufficient to allow it to oscillate in the resonator,
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Figure 2.7: Schematic of passive mode-locking with a slow saturable absorber [3]]

although any other circulating low-intensity light experiences more loss than gain and thus
diminishes during the following cavity round-trips. Passive mode-locking can hence start
from normal noise fluctuations in the laser as illustrated in figure [2.8] One noise spike is
strong enough to significantly reduce the loss by saturating the absorber above the needed
limit and thus will be more strongly amplified during the following cavity round trips, so that
the stronger noise spike continues and grows until it reaches steady state, where a stable pulse

train has been formed.

The first demonstration of passive mode-locking was in 1965 by Mocker and Collins
[44], who proved that the saturable dye that was used for Q-switching in ruby lasers can
also function as a saturable absorber for mode-locking. The passively mode-locked pulses
were encased by a Q-switch envelope and this type of mode-locking was therefore called "Q-
switched mode-locking". The shortest pulses Mocker and Collins achieved in 1965 with this
new method were 1 ns long [44]]. In the following year, 1966, DeMaria et al. published their
results of generating pulses shorter than a nanosecond by passively mode-locking a Nd:Glass
laser [45]. Given that "ultrafast pulses" usually refer to pulses with durations in the picosecond
regime (or faster), DeMaria ef al. hence demonstrated the first ever ultrafast pulses, which
were - like Mocker and Collins pulses - Q-switched. Amplitude-modulation due to Q-
switching occurred in all passively mode-locked solid-state lasers until 1992 when saturable
absorbers from semiconductors were introduced [3, 46l]. As a consequence in the *70s
and ’80s passively mode-locked dye lasers, which do not exhibit Q-switched mode-locking,
dominated the field. In 1972 Ippen, Shank and Dienes generated the first CW saturable
absorber mode-locking using a saturable dye in a dye laser [29, 47]. This achievement
led them to the successful generation of sub-picosecond pulses in 1974 [48]. Research

laboratories all over the world used the engineered reliable dye pulse lasers for time-resolved
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spectroscopy and scientists were encouraged to develop lasers with shorter and shorter pulse
durations. In 1986 Valdmanis generated 27 fs pulses with around 10 mW average power with
an ultrafast dye laser [49]. A final record was published 1987 by Fork et al., who used a
passively mode-locked dye laser and additional external non-linear pulse compression [S0]
to achieve 6 fs pulses. The compression technique used was spectral broadening through an

optical medium with Kerr nonlinearity followed by recompression.

In the late 1980s a new solid-state laser material was discovered that soon started off
a triumphant course: titanium doped sapphire (also written as Ti:sapphire, or Ti:Al,O3).
Moulton published in 1986 in the Journal of the Optical Society of America his paper
"Spectroscopic and Laser Characteristics of Ti:Al;O3" and specified Ti:Al,O3 to have a
broad enough gain bandwidth to support femtosecond pulses with a center wavelength at

800 nm [51]]. In 1990 two papers on Ti:sapphire with very surprising results were written.
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Keller in her 2003 Nature article "Recent Developments in Compact Ultrafast Lasers" wrote:

In 1990, two important papers were presented at consecutive conferences. First,
Ishida et al. [52]] presented a passively mode-locked Ti:sapphire laser with an
intracavity saturable absorber dye that produced stable 190 fs pulses. Second,
Sibbett’s group presented 60 fs pulses from a Ti:sapphire laser that appeared
not to have a saturable absorber [53]]. This second result - in the absence of a
visible saturable absorber - had an instant impact on the research community, but
the ultrafast laser experts realized that the first result was also very surprising,
even though a saturable absorber was present. It was clear that the dye saturable
absorber, with a recovery time in the nanosecond range, could not support ul-
trashort pulses with a Ti:sapphire laser as it could with dye lasers. Sibbett’s
mode-locking approach [53,54] was initially termed ‘magic mode-locking’, and
it triggered a major research effort into understanding passive mode-locking of

solid-state lasers.

The explanation for "magic mode-locking" was soon found [55, 56] and since then the
phenomenon has been known as "Kerr-Lens mode-locking".

With the discovery of KLM, enormous advances in the field of ultrafast lasers were
possible. Kerr-Lens mode-locking is a form of passive mode-locking that can be described
by the fast saturable absorber mechanism. The saturable absorption is produced by the
intensity dependent self-focusing in a nonlinear Kerr medium. The Kerr medium is either the
gain medium itself or a separate medium that is introduced to the laser resonator in addition
to the gain material. With the gain medium being the Kerr medium, it is positioned at the
intracavity focus. A schematic of the principle is shown in figure[2.9] The refractive index of

the Kerr material increases with intensity on = nyI (r,t), where n; is the nonlinear refractive
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index and / (7, t) the radial- and time-dependent intensity of a short-pulsed laser beam. Due
to this refractive index profile the Kerr medium acts as a intensity dependent lens. In "soft
aperture” Kerr-Lens mode-locking an increase of the gain is achieved due to an increased
overlap of the laser mode with the (strongly focused) pump beam in the gain medium [S7]. To
obtain soft-aperture Kerr-Lens mode-locking the laser cavity has to be designed accurately
near one of the stability limits of the cavity. A further increase of the loss for low intensities

can be achieved using a hard aperture inside the cavity as illustrated in figure 2.9

In contrast to other passive mode-locking techniques Kerr-Lens mode-locking does not
normally start by itself from laser noise peaks. An additional starting mechanism is needed
to switch the laser from CW to pulsed operation. Generally a short perturbation is used to
increase the laser noise briefly, such as jolting one of the laser cavity mirrors mechanically.
There have been a few exceptions published where self-started Kerr-Lens mode-locking was
achieved [38, 159]]. But in theses cases the cavities had to be aligned with sub-millimetre
precision and required a very clean environment (since the intracavity losses need to be
minimized particularly). Also self-starting Kerr-Lens mode-locking does not provide the
features needed for the shortest pulses possible since the Kerr effect tends to be less strong
in cavities designed to self-start the mode-locking. In 1992 Keller et al. also explained
Ishida’s result from 1990 [52] by Kerr-Lens mode-locking: the dye saturable absorber acts as
a slow absorber and provides the needed conditions for KLLM initialisation [60]. Kerr-Lens
mode-locking is well established for Ti:sapphire as well as for Cr:LiSAF and Cr:LiCAF
lasers, which use the same crystal host as Ce:LiCAF. It thus can most likely also be achieved

in Ce:LiCAF.

Additionally, in 1992 suitable saturable absorbers from semiconductors for solid-state
lasers were introduced [46]. They were designed as saturable semiconductor cavity laser
mirrors (also known as semiconductor saturable absorber mirrors or SESAMs), where one or
more layers of semiconductor saturable absorbers were arranged in a mirror structure [3}161]].
Dielectric Bragg mirrors for dispersion control (also known as chirped mirrors) followed in
1994 [62]] and were soon further improved to double chirped mirrors [63) 64] and back-side
coated chirped mirrors [65]. KLM, SESAMs and chirped mirrors were the keys to generate
stable ultrafast pulse trains with solid-state lasers and as a result Ti:sapphire became more
and more important. Soon Ti:sapphire lasers with stable pulses in the two cycle regime were

developed (at a center wavelength of 800 nm, an optical cycle only lasts 2.7 fs). In 1999
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Figure 2.10: Q-switched mode-locking [3]]

Sutter et al. demonstrated a SESAM assisted KLM Ti:sapphire laser that produced pulses in
the two-cycle regime of only 5.8 fs with an average output power of 300 mW and a repetition
rate of 100 MHz [66] and Ell et al. showed in 2001 a Ti:sapphire laser with double chirped
mirrors that featured a spectrum extending from 600 nm to 1200 nm and emitting 5 fs pulses
with 120 mW average power and 65 MHz repetition rate [67]. Using external non-linear
pulse compression high energy pulses from Ti:sapphire lasers could be shortened even more
to 4.5 fs [68]] or 3.8 fs [69].

Ti:sapphire today is still the most important laser material for ultrashort pulses. The
shortest pulses produced using a Ti:sapphire laser to date are just 2.6 fs long. They were
achieved by induced phase modulation of 30 fs pulses generated directly from a Ti:sapphire
laser [70]. Shorter laser pulses have only been produced by high harmonic generation to

generate x-rays. [[/1-73]].

2.2.3 Q-Switched Mode-Locking

As mentioned above, the first reported mode-locked pulse trains were encased in Q-switching
envelopes leading to the term "Q-switched mode-locking". Saturable absorbers used for
passive mode-locking are the same as the ones used for passive Q-switching. The only
difference between a laser set-up for passive mode-locking in contrast to a laser set-up for
passive Q-switching is a careful adjustment of the parameters of the saturable absorber to
the cavity parameters such as round-trip time and generated intensity. If the adjustment is
just slightly mismatched, self-Q-switching occurs in the laser. As a result the mode-locked

picosecond pulses are emitted in bunches of pulses modulated with a much longer Q-switched
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pulse envelope, which occurs at a much lower repetition rate with fairly stable parameters (see
figure 2.10). Q-switched mode-locking is normally considered an unwanted phenomenon.
In 1999 Honninger et al. published a comprehensive paper about the dynamics in passively
mode-locked lasers [74]]. According to Honninger ef al. Q-switched mode-locking occurs
when the pulse energy is temporarily increased because of noise fluctuations in the laser,
which then increases even further because of the stronger saturation of the saturable absorber.
This has to be balanced by a stronger saturation of the gain. It is possible to derive stable
passive mode-locking above a certain threshold. Honninger e al. showed that Q-switching
can be suppressed if Egu > EgargEsara AR, where where E),, is the intracavity pulse energy,
Esq1 is the saturation energy of the gain medium, Ej, , is the saturation energy of the

saturable absorber, and AR is the modulation depth of the reflectivity of the absorber.

2.3 Continuous Wave Lasing

In December 1961, the first continuous wave (CW) laser was built by Javan ef al. and the
results were published early the following year [[/5]. The laser consisted of a He-Ne gas
mixture excited in a microwave discharge tube. Since the gain in the 80 cm long tube was
quite small (approximately 1%), the system required highly reflecting mirrors at the operation
wavelength of 1153 nm. During the experiments, the laser beam was made visible by a small
image converter showing on a screen a bright green spot with a diameter of approximately
I mm. In subsequent measurements it was determined that the beam divergence was smaller
than 1 mrad and that linewidth of the laser Av; was narrowband with Av;/v; ~ 10719, The
first CW laser in the visible was presented by White and Rigdenin in 1962, who operated
a He-Ne laser in the red at 633 nm [/6]. The availability of visible continuous wave laser
light promoted the understanding of optimum laser structures and visualized the difference
between coherent and incoherent light so that the demonstration of coherence and optical
interference became evident [/7]. Following these breakthroughs CW lasing has also been
achieved in countless other lasers, including other gas lasers [[78, [79], solid-state lasers [80],
semiconductor lasers [81]], and dye lasers [82].

Commonly the term "continuous wave laser" refers to a laser that continuously emits light
(as opposed to pulse lasers) and is pumped by a continuous source. This PhD thesis shows

that it is also possible to use a mode-locked source to generate continuous laser output.
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Some lasers exhibit strong heating of the gain medium when being operated in CW mode.
To avoid the resulting unwanted thermal effects, the lasers can be run chopped, also known
as quasi-CW. Here, the pump power is only switched on for limited time intervals which can
for example be realised by a chopper blade mounted on a rotor. The laser is on for sufficient

time to reach steady-state operation in all respects except for thermal consideration.

Since the gain bandwidth of laser materials is normally very broad compared to the
longitudinal mode spacing of a laser cavity, free running CW lasers typically operate on
multiple longitudinal modes. This is accompanied by intrinsic amplitude and phase noise due
to mode-beating between these modes. An effect that can increase the linewidth in CW lasers
is inhomogeneous broadening [83]]. Both homogeneous and inhomogeneous broadening are
phenomena that shape the linewidth of a laser medium, but while homogeneous broadening
is caused by events that impact all quantum emitters (that is the atoms, ions or molecules
involved in the laser transition) equally, inhomogeneous broadening is related to interactions
that affect each quantum emitter differently. Examples of the latter are different Doppler
shifts in gas or liquid dye lasers due to the distinctive velocities of the various atoms present
or different local electric fields for each quantum emitter in solid-state systems with dopants
causing the Stark effect to change the energy levels inhomogeneously [84]]. The result is a
gain linewidth with a Gaussian profile (as opposed to a Lorentzian profile that is characteristic
for a purely homogeneously broadened emission line) [83]]. In inhomogeneously broadened
lasers, a single laser mode cannot extract the energy stored in all quantum emitters, but just

burns a spectral hole in the gain spectrum. Multimode operation is thus hard to prevent [85].

Both Ti:sapphire and Ce:LiCAF feature mainly homogeneous broadening, and do not
suffer from spectral hole burning. Efficient single longitudinal mode (SLM) Ti:sapphire
lasers can indeed be build. Still, SLM lasing is often obviated due to a different effect -
spatial hole burning (SHB). SHB is a saturation effect that is caused by the field distribution
of a standing wave. It occurs in the gain medium of bidirectional laser resonators due to
the superposition of the counterpropergating light waves. The gain saturation is spatially
modulated along the axis of the beam path with antinodes of the standing wave interference
pattern (the period of which is half the wavelength) experiencing stronger saturation than
nodes [85]. In consequence additional longitudinal modes that have antinodes in different
places can be supported and build-up in the oscillator. SHB is most commonly avoided

by using a unidirectional ring resonator set-up where no standing wave is formed. Even
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ring lasers do not tend to operate SLM when running freely, since the difference in gain
between closely spaced modes is usually very small. Hence, in order to achieve SLM
lasing, the linewidth needs to be controlled and narrowed by suitable optical components like
birefringent filters or etalons. In this thesis we discuss the linewidth narrowing of our CW
Ce:LiCAF laser using birefringent magnesium fluoride (MgF,) filters in combination with
etalons in chapter [6]

The theoretically achievable minimum laser linewidth is restricted by fundamental quan-
tum processes described by the Schawlow-Townes limit. Schawlow and Townes presented
their calculations of the laser linewidth limit Av; in 1940 even before the first laser was built
[86]. Their derivation was based on equations to estimate the linewidth of masers, which is
limited by thermal fluctuations. Schawlow and Townes basically replaced the temperature
dependency of the maser linewidth (given by the Boltzmann constant multiplied by the tem-
perature kgT,) with the wavelength dependency of the laser linewidth (given by the Planck
constant multiplied by the laser frequency hv = e,). Their equation for the laser linewidth

hence reads
_Are, (Ave)?

Py
where e, is the photon energy, Av, is the half width at half maximum (HWHM) cavity

Vi

bandwidth, and P; the laser output power. The underlying assumption is that there are no
parasitic cavity losses and the result must be interpreted as a half width at half maximum. It
was later shown that above lasing threshold, the linewidth limit is actually two times smaller
than calculated by Schawlow and Townes [87]. Considering this 0.5 factor and translating

the equation from half width at half maximum values to full width at half maximum values

(that is for the laser linewidth Ay; and the cavity bandwidth Av, ), the converted equation is:

Ay, = mep, (Avc)z.

Py
Paschotta et al. derived a more general equation for the linewidth of a single frequency
laser with quantum noise only that was not derived from linewidth equations for thermally
limited masers, but on formulae for quantum noise [88]. This equation takes into account the

parasitic cavity losses L; and output coupling losses Lopc:

epLopc (L + Lopc)
AnTR*P

Here, T is the round-trip time of the resonator. For typical parameters, Av; is of the order

Av; =

of a few Hz down to just a few pHz. While some CW lasers reach linewidths close to this
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theoretical limit with linewidths lower than 1 kHz, in most cases this limit is very hard to attain
due to technical noise that is difficult to suppress (e.g. thermal fluctuations or vibrations of
the cavity mirrors) and typical industry standard CW lasers have linewidth of the order of tens
of kKHZ up to GHz for wavelengths in the visible and infrared regime. The M Squared SolsTiS

CW Ti:sapphire laser for example, an industry-leading SLM laser, features a linewidth of

about 20 kHz.
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UV Lasers

3.1 Generation of UV light

The first time UV light was generated using a laser was in 1961 [89]], just one year after
Maiman demonstrated his ruby laser. Franken et al. sent the light of a ruby laser (with a
wavelength of 694 nm) through a quartz crystal onto a photographic paper in a spectrometer
and obtained a spot at 347 nm. The published paper of this result in Physical Review Letters
just had a little blemish - the spot that was supposed to be the evidence of the generated UV
light was not visible (see figure [3.1)). It was later told that one of the journal technicians had
erased it, mistakenly believing it was a speck of dus{|[90]. Ever since this day, second (and
higher) harmonic generation is regularly used to produce CW and pulsed UV light. In fact,

the fastest pulsed UV lasers to date are still realised by frequency conversion.

In 1963 the first directly generated UV laser light was observed [91]]. Heard built a pulsed

IAs legend has it, it was also the journal Physical Review Letters which refused Maiman’s paper on the

Stimulated Optical Radiation in Ruby, that was therefore published in Nature



24 UV Lasers

| ®

34 35 38 37 38 39 4 a5 50 55 80 70 75 80
!m|||mrll\||||ul|||\h\mn\\hm\nuhmlmlﬁulmfl ottt \I|\4MH'HIJ!lrhhllllllllﬁﬁllhllhl\IHMHMIIHHH

FIG. 1. A direct reproduction of the first plate in which there was an indication of second harmonic. The
wavelength scale is in units of 100 A. The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation.

Figure 3.1: FIG.1 of the paper "Generation of Optical Harmonics" by Franken et al. in Physical
Review Letters, 1961 [89]

nitrogen-gas laser emitting in the ultraviolet spectrum from 300 nm to visible light at 400 nm
in thirty lines. He noted that the strongest line was at 337.1 nm, which is still the most
important and most commonly used laser line of Ny gas lasers [25]. N, gas lasers typically

emit laser pulses with a duration of about 15 ns at a low repetition rate of about 100 Hz.

Seven years after the demonstration of the first N, gas laser another type of gas laser
emitting in the ultraviolet was realised: the excimer laser [92]. Excimers had already been
proposed as a lasant species in 1960 by Houtermans [93] but it took 10 years until Basov built
the first xenon excimer laser. "Excimer" is short for "excited dimer" with a "dimer" being a
molecule consisting of two identical or similar parts [25]. In 1975 different research groups
invented improved noble gas halides excimer lasers [94]. Noble gas halides are technically not
excimers but exciplexs (short for "excited state complex"), since they consist of two different
atoms and hence the correct name for these lasers would be "exciplex lasers", but this term
is hardly used in literature and speech [25]. The wavelength of an excimer laser depends
strongly on the molecules used and ranges from 126 nm for Ar, lasers to 351 nm for XeF
lasers [235]. The average pulse energy also depends strongly on the molecules used and ranges
from 10 mJ to 40 mJ for F; lasers to up to 1 J for XeCl and KrF lasers [25,195]. All excimer
lasers work in pulsed mode, and depending on the application pulse durations of 10 ns with
a repetition rate of 100 Hz or pulse durations of 30 ns with a repetition rate of 8 kHz can
be reached [25)]. In 1982 Jain of I.B.M. demonstrated deep UV lithography for the first time
using a XeCl excimer laser at 308 nm and a KrF excimer laser at 248 nm [96], which was the
breakthrough for generating smaller and smaller feature sizes in microelectronic fabrication.
Excimer lasers are also used for micromachining organic material, including human tissue
during surgery (e.g. eye surgery such as LASIK) as well as certain organic polymers and

plastics used for implants and artificial replacements.

In 1973 Elias et al. proposed another possible laser material type for UV lasers: trivalent
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lanthanides doped into solid-state crystals [97]. The first laser of this kind actually build
was a Ce’*YLiF, (also written as Ce:YLF) laser pumped by a KrF excimer laser in 1979
by Ehrlich ef al. [98]. One year later Ehrlich ef al. also demonstrated lasing in Ce**LaF;
(Ce:LaF) [99]]. The efficiency of the demonstrated laser was very low (<0.01% when pumped
by a KrF laser) and Ce:LaF lasers have shown similar low efficiencies to date; therefore
Ce:LaF is not regarded as laser material with a high potential [100]. The first laser action in
Ce**:LiCaAlF4 (Ce:LiCAF) and Ce*:LiLuF, (Ce:LiLuF) was demonstrated by Dubinskii et
al. in 1993 and 1994 [101. 102], followed by Ce3*:LiSrAlF (Ce:LiSAF) lasers by Marshall
et al. [103]]. Since Ce:LiCAF is the laser material used for the presented PhD project, a
detailed description of the properties of Ce:LiCAF and the achievements in Ce:LiCAF laser
research is given in the following sections and[3.3]

Ultrafast UV pulses are commonly produced by frequency conversion of ultrafast pulses in
the picosecond or femtosecond regime of visible or infrared light with conversion efficiencies
in the order of 10% [4]]. The conversion efficiency of ultrafast pulses is significantly smaller
compared to efficiencies for nanosecond pulses, where efficiencies often exceed 60% due
to strong non-linear interactions and good phase-matching. For frequency conversion of
ultrashort pulses, a group velocity mismatch occurs, which causes a temporal walk-off.

Hence the effective interaction length is limited and only thin crystals can be used.

An example of UV pulses generated by frequency conversion are pulses achieved by
frequency-tripled KLM Ti:sapphire lasers or fourth-harmonic generation from Nd-doped
lasers. Using these methods, pulses in the range of 240 nm to 350 nm with sub-50 fs
pulse durations have been shown [104]]. UV pulses as short as 11 fs at 162 nm have been
produced by the fifth harmonic of a Ti:sapphire laser in an argon gas jet, but this result
was obtained accepting a very low efficiency resulting in pulse energies of only 4 nJ (when
generated from 710 pJ, 12 fs pulses at 810 nm) [[105]. Other methods such as Ti:sapphire
pumped optical parametric oscillators (OPOs) can generate UV pulses with a relatively higher
efficiency, but this comes with an highly increased complexity and cost as well as a restricted
tunability [[106]. By nondegenerate four-wave mixing in gases, high energy pulses (>20 pJ)
with durations down to 8 fs at 260 nm have been shown [107, [108]. However, since the
non-linear susceptibility of noble gases is very low, the technique of four-wave mixing in
gases requires long waveguide capillaries which makes it very complex and bulky. Also the

obtained repetition rates are very low (in the order of a few kHz) and the technique is very
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sensitive to alignment. Another solution to produce UV pulses out of ultrafast pulses with
longer wavelengths is the supercontinuum generation [[109] - pulses only 9.7 fs long at 290 nm
have been demonstrated using this method [110]. There have also been reports of producing
UV pulses by achromatic phase matching of visible ultrashort pulses in solids [111]. These
pulses were sub-10 fs in a region of 275 nm to 335 nm and had energies of a few hundred nJ.
The shortest UV pulses produced so far are only 3.7 fs long [112]. They were generated by
high harmonic generation in noble gases at a wavelengths of 275 nm.

An alternative to generating ultrafast UV pulses by frequency conversion is to use a laser
material that emits in the UV directly and has a broad enough bandwidth to support ultrafast
pulses. We will see in the following sections [3.2] and [3.3] that Ce:LiCAF is such a material.
Because of its very broad tuning range over 35 nm in the UV, Ce:LiCAF has even been
described as the possible "Ti:sapphire of the UV" [[113]]. This substantial comparison will be
reviewed in section [3.4] As will be discussed below, Ce:LiCAF has the potential to generate
pulses with durations down to the attosecond regime [4].

Like ultrafast UV pulses, continuous wave UV laser light is also commonly generated by
frequency conversion of visible or infrared light, using a combination of optical parametric
conversion, and sum-frequency or higher-order harmonic generation to achieve the desired
shorter wavelengths [[114-116]. CW UV radiation can also be generated directly in the UV by
excitation of ions such as argon or krypton. This is realised in gas lasers and the wavelength
of these lasers is not easily tunable. Free electron lasers (FELs) can also be used to generate
CW UV light. In fact they can produce a tunable output from the soft X-ray to the infra-red
region, and are therefore a good alternative for applications like material processing. But
since they require large scale infrastructures and are not commercially available, they are
still not suitable for most CW UV applications. Again, the alternative approach is to use
Ce:LiCAF, that can, as will be shown in the following chapters, be used to generate easily
tunable CW light directly in the UV. As already mentioned in the introduction, the technique
we use to generate CW laser output is asynchronous pumping, which to the best of our
knowledge has never been exploited before in detail and led to the first ever CW Ce:LiCAF

laser.
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Figure 3.2: Comparison between the common approach to generate tunable UV laser output and the

approach using Ce:LiCAF as a laser material.

3.2 Properties of Ce:LiCAF Laser Crystals

Trivalent lanthanides doped into solid state crystals were first considered as laser materials
for the UV in 1973 by Elias et al. [97] and first laser action in Ce:LiCAF was demonstrated

in 1993 by Dubinskii et al. [101]], as mentioned in the previous section.

Using Ce:LiCAF as a solid-state laser crystal, laser light can be generated directly in the
UV. This is immensely beneficial, especially when aiming to build a tunable UV laser. The
comparison in figure[3.2]illustrates the advantages of using Ce:LiCAF as a laser material when
building a tunable UV laser compared to the most common approach which is based on tunable
Ti:sapphire lasers. Typically, tunable UV output is obtained by pumping a tunable Ti:sapphire
laser with a commercially available green laser and subsequent frequency up-conversion of
the infrared light via two harmonic generation steps to the desired UV wavelengths. The
disadvantage is that the techniques to achieve cascaded non-linear conversion can often be
complex. It presents substantial stability challenges, since the base laser and all conversion
stages must be tuned and adjusted to the specific wavelength at all times simultaneously.
Particularly for CW sources, the nonlinear frequency conversion is inefficient and requires

elaborate sensitive locked resonant enhancement cavities to enhance the laser intensity to
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Figure 3.3: Schematic of the energy level structure for a trivalent cerium ion in a fluoride host [100]

obtain reasonable conversion efficiencies [117-119]. The alternative Ce:LiCAF approach is
to convert a fixed wavelength pump light into the UV, and then to generate the tunable laser
light directly in the UV. Since no wavelength-adjustment is needed in the frequency conversion
stages, the set-ups required are equally feasible for pulsed and CW laser systems and are rather
simple compared to those needed for other systems. Better efficiencies are reached and the
laser output is easily tunable. The set-up used for the experiments conducted during the
research phase of the presented PhD project is described in detail in the following chapter 4]
As apump source a Nd: Y VO, laser was used whose infrared output was frequency quadrupled
in two subsequent doubling stages. However, instead of working with an infrared source and
two doubling stages it is also possible to use a commercially available green laser followed by
just one frequency conversion stage, as indicated in figure Indeed, recently high power
(around 20 W average power) 40 MHz mode-locked 266 nm laser sources (EdgeWave GmbH,
Ultrashort Pulse InnoSlab Lasers PX-Series) have become available commercially that could
also be used to pump a Ce:LiCAF laser directly. In conclusion, working with Ce:LiCAF as
a laser material to generate tunable UV output leads to simpler set-ups, better efficiencies
and overall easier tunability than using the common approach based on tunable Ti:sapphire

lasers.

Figure shows the energy level structure for a trivalent cerium ion (Ce**) when doped
into a fluoride host [[100]. The desired UV lasing occurs on the 5d — 4 f transition. The gap
between the laser levels is large enough (typically 20 000 cm™' to 30 000 cm™!) to restrain multi-

phonon related nonradiative decay [120], which results in high (>90%) quantum efficiencies
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Figure 3.4: (a) Unpolarized absorption spectrum of a Ce:LiCAF sample (0.1 atomic %, 2.3 mm in
length); (b) unpolarized fluorescence spectrum of Ce:LiCAF (0.9 atomic %); (c) single-pass small-

signal gain dependence on the probe beam wavelength for a Ce:LiCAF sample (0.9 atomic %, 2.3 mm

in length) from [[122]

(101} [121]]. As shown in the figure, aside from the laser transition, other transitions such
as excited-state absorption (ESA) and colour centre (CC) formation can occur [[100]. ESA
describes the transition of an electron from the 5d levels of the Ce-ions to the conduction
band (CB) of the host (5d — CB). If an excited electron then gets trapped at a lattice defect
or impurity site instead of transitioning back from the CB to the 5d or 4f levels, a CC can
be formed. The trapped electron can possibly remain at CC level in bound states of the
trap or might be excited back to the CB by absorbing energy at pump or laser wavelengths,
which causes losses. After transitioning back to the CB the electron can potentially return
to a Ce** site, removing the colour centre. Hence CC lifetimes are dependent on impurity
trap depths and temperature as they can be thermally deactivated. The upper laser level (5d)
lifetime 7 of Ce:LiCAF is 25 ns [[103]] and therefore even shorter than the lifetime in other
Ce’* doped fluorides (which is ~ 30 ns as displayed in the figure). This very short upper
laser level lifetime makes it difficult to get Ce:LiCAF lasers to operate in a CW mode, as will

be discussed in detail later.

The non-polarized absorption spectrum, the fluorescence spectrum, and the single-pass
small-signal gain dependence on the probe beam wavelength for Ce:LiCAF samples are

shown in figure[3.4] The absorption spectrum (a) shows a high peak at 190 nm and a second
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(smaller) peak at 260 nm to 270 nm. Ce:LiCAF can therefore be pumped with the fourth-
harmonic of Nd doped solid state lasers (266 nm). The fluorescence spectrum (b) displays a
two-humped shape, which is typical for Ce** ions in most known hosts (due to the 5d — 4 f
transition terminating at the 2F7, and 2Fs;, components of the spin-orbit split ground term
[4]). The dominant emission of Ce:LiCAF is at 290 nm. The small-signal gain curve (c) has
its highest peak also at 290 nm. It shows a gain bandwidth of 35 nm, so broad tunability from
280 nm to 315 nm can be achieved using Ce:LiCAF.

3.3 Previous Research in Ce:LiCAF Lasers

The first laser action in Ce:LiCAF was reported in 1993 by Dubinskii et al. [123]. In their
experiments the cerium crystal was pumped quasi-longitudinally with a 12.5 Hz 266 nm
pump beam converted from a Nd:YAG pump laser source. The laser cavity was a simple
two mirror set-up consisting of one high reflective (HR) mirror with a radius of curvature
(ROC) =30 cm and an output coupling mirror with ROC = 30 cm and a reflectivity (R) = 32%
at the lasing wavelengths, separated by 20 cm. They achieved 0.15 mJ output at 288 nm
with a slope efficiency of 8.7%, and tuning from 281 nm to 297 nm by using an intracavity
tuning prism. The pulse half-width was reported to be of about 8 ns. They also conducted a
long-time experiment, during which they irradiated the cerium crystal with a pump fluence
of 1 J/em? over 5 hours. No colour centre induced crystal colouration was observed over the

full 5 hour runtime.
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Figure 3.5: Polarisation dependent absorption and emission spectrum of a Ce:LiCAF sample as

published in [103]]
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Marshall et al. published a detailed analysis of the spectroscopic properties of Ce:LiCAF
in 1994 [103]. They used samples grown by both Czochralski and the Zone-Melt methods
and postulated that the Ce>* ions substitute the Ca>* on the octahedral sites in the LiCAF
lattice. Using these crystals they built simple two mirror resonators consisting of one HR
mirror with ROC = 10 cm and an output coupling mirror with ROC = 10 cm and R = 50%,
separated by 10 cm. By pumping this cavity with 10 Hz repetition rate frequency quadrupled
Nd:YAG light, they achieved a slope efficiency of 21%. They also investigated the small
signal behaviour of Ce:LiCAF using a frequency doubled dye laser as a probe source. They
found that the small signal gain was dependent on the polarisation of pump and probe beam.
When pump and probe both were m-polarised, the small signal gain was higher than when
either pump or probe were o-polarised. It was concluded that the ESA cross section must be
higher for o-polarisation than for m-polarisation, and the ESA cross sections were estimated
to be 5.5 x 107'® cm? and 3.6 x 107'® cm? for - and o-polarisation respectively, while
the laser emission cross section was estimated to be in the same range of approximately

10 x 10~'8 cm?. The polarisation dependent absorption and emission spectrum as measured

by Marshall et al. is shown in figure[3.3]
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Figure 3.6: Set-up of Ce:LiCAF laser cavity and amplifier system as used in [124]
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Following these results improvements in the performance of Ce:LiCAF lasers have been
made by using higher quality crystals cut at Brewster’s angle to favour z-polarisation and so
minimise ESA. Pinto et al. for example reported a slope efficiency of 39% for a two mirror
cavity set-up with a HR mirror with ROC = 2 m and a flat output coupler with R = 15%,
separated by 7 cm, transversely pumped by a 10 Hz frequency quadrupled Nd:YAG laser
[125]. Tunability was achieved, using an intracavity prism, from 281 nm to 315 nm. Like

Dubinskii et al., Pinto et al. also observed no long-lifetime colour centre effects.

In 1996 the first high repetition rate Ce:LiCAF laser was reported by Petersen et al. [126].
They used a 1.35 W 10 kHz frequency quadrupled Nd:Y VO, laser to longitudinally pump
the cerium crystal in a two mirror cavity with a HR mirror with ROC = 10 cm and an output
coupling mirror with ROC = 10 cm and R = 50%, separated by 6 cm. They achieved up to
350 mW and a slope efficiency of 28% at 292 nm, and tuning from 289 nm to 312 nm by

placing a Brewster prism in the cavity and reducing the output coupling to 5%.

In 1998 Dubinskii et al. and Liu et al. demonstrated the first amplified Ce:LiCAF oscilla-
tors [124][127]. The set-up used by Liu et al. can be seen in figure 3.6 They used the fourth
harmonic of an Nd:YAG laser horizontally polarised with pulse energies up to 200 mW at
266 nm with pulse durations of 100 ns at 1 Hz repetition rate that was longitudinally focused
into the cerium crystal. Their cavity was 1.5 cm long and consisted of a flat HR mirror and
a flat output coupling mirror with a transmission (T) of 80%. The generated output pulses
were 600 ps long with an energy up to 1 mJ, tunable from 281 nm to 314 nm. Subsequently
these pulses were amplified to 4 mJ by double-passing through the amplifier that consisted of
a Ce:LiCAF crystal pumped with the remaining power of the fourth harmonic of the Nd:YAG
pump laser. Additionally the tunability of output wavelength was extended in the same ex-
periment by sum-frequency mixing of the cerium UV output and a 1064 nm beam from the
same Nd:YAG pump source. The mixed UV pulses had a wavelength around 230 nm, pulse

energies of 0.5 mJ, and pulse durations of 1 ns.

Liu et al. also achieved shorter pulses with a similar set-up in 1999. This time, they used
a Nd:YAG laser with a repetition rate of 10 Hz that produced 75 ps pulses as a pump source
[128]]. The output coupling mirror had R = 30% and the Ce:LiCAF crystal was a 10 mm
long Brewster cut crystal with 1% cerium doping. The output pulse duration measured was
150 ps, which was a record held for 10 years until Granados et al. published their results

in 2009 [3] (see later). Following these achievements, Liu et al. worked on chirped pulse
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amplification (CPA) systems using Ce:LiCAF as a broadband gain medium [129]. They used
alcmx 1 cmx 1 cm Brewster-cut Ce:LiCAF crystal at the centre of a modified bow-tie-style
four-pass amplifier as shown in figure[3.7] The seed beam was a frequency tripled Ti:sapphire
290 nm pulses with a duration of 210 fs at a repetition rate of 1 kHz and a spectral bandwidth
of 1 nm. These pulses were extended to 2.6 ps pulses of 33 uJ by an eight-pass quartz-prism
pulse stretcher and then guided into the Ce:LiCAF amplifier. The seed beam diameter was
approximately 1.5 mm for the first and second pass and was expanded to approximately 3 mm
for the third and forth pass to avoid deep gain quenching and possible damage to the optics in
the amplifier. A synchronously operated 10 Hz Q-switched Nd:YAG laser emitting 100 mJ
pulses at 266 nm with a pulse duration of 10 ns was used as a pump beam. It was softly
focused into the Ce:LiCAF crystal to a diameter of 4 mm. The gain factor achieved with
this configuration was 370, delivering 6 mJ pulses at 290 nm with a pulse duration of 10 ns.
After amplification, the beam was compressed by dispersion-compensation via a double-pass
through a quartz Brewster prism pair to just 115 fs. Liu ef al. noted that this achievement is
just the first step towards all-solid-state UV terawatt laser systems that will become available
with future scaling of the Ce:LiCAF laser system and higher pumping power. With shorter
seed pulses and better dispersion control, much shorter pulse durations will also be achievable

as the bandwidth of the Ce:LiCAF gain material was not fully utilized yet.

In 1999 McGonigle et al. demonstrated with the set-up shown in figure [3.8] that copper
vapour lasers (CVL) can also be used as a pump source for cerium lasers [130]. Pumping
by CVL instead of a frequency quadrupled Nd doped laser, has the advantage, that all
cerium-doped lasers can be pumped by a single frequency doubling step. CVLs have two
fundamental lines at 511 nm and 578 nm and these lines can generate three UV wavelengths:
255 nm (frequency doubled 511 nm), 271 nm (sum-frequency-mixed), and 289 nm (frequency
doubled 578 nm). The 271 nm line can be used to pump Ce:LiCAF and Ce:LiSAF, and the
289 nm line can be used to pump Ce:LiLuF, which broadens the possible tuning range
from 280 nm to approximately 340 nm in a set-up that consists of a CVL pump and both
a Ce:LiCAF (or Ce:LiSAF) and a Ce:LiLuF laser cavity. Figure [3.9 shows the absorption
and emission spectra of different cerium doped fluoride crystals. McGonigle et al. achieved
in their set-up - using a CVL with a repetition rate of 7 kHz to pump a Ce:LiCAF crystal -
530 mW at 288.5 nm with a slope efficiency of 32% and tuning from 280.5 nm to 316 nm by

placing a tuning prism in the cavity.
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Figure 3.9: Absorption and emission spectra for trivalent cerium in different fluoride crystals [[100]
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Figure 3.11: Output power of the prism-tuned Ce:LiCAF laser across its 283 nm to 314 nm tuning

range, for a pump pulse energy of 2 uJ, as published in [131].

In 2006 Spence et al. published results on miniature Ce:LiCAF lasers [131]. This type
of Ce:LiCAF laser was intended to be of use in small laboratories or industrial environments
where the size of a laser might present a problem for practical implementation. Another
advantage of the presented miniature Ce:LiCAF lasers was the use of a commercially available
inexpensive pump laser: Spence ef al. used a frequency doubled Nd:YVO, laser that
generated 750 ps 40 wJ pulses at 532 nm with a repetition rate of 1 kHz as a pump source
and frequency doubled this green light using a CLBO crystal to achieve 550 ps 12 uJ pulses
at 266 nm (see figure [3.10). However, they found that a pump energy of just 2 pJ is sufficient
to achieve continuous tuning over the full range of the Ce:LiCAF gain spectrum. Using
2 wJ pump pulses, their laser output was as high as 550 nJ for output pulses of a duration
of 1.7 ns in the tuning range of 283 nm to 314 nm (figure [3.11)). The lasing threshold was
as low as 200 nJ and the absolute efficiency of this laser was 31%. This work showed that
Ce:LiCAF lasers can be miniaturised and be pumped by very small 266 nm microchip lasers

for applications such as fluorescence spectroscopy.

So far cerium lasers have mainly been operating in pulsed mode with pulse durations
in the nanosecond regime. Today average output powers of cerium lasers are in the 1 W
level [100]], with output pulse energies in the order of 100 mJ [132] and >50% efficiencies
[133]. While the achievements in ns-Ce:LiCAF lasers have been progressing ever since
the first Ce:LiCAF laser in 1993, and even though Ce:LiCAF has the potential to generate

pulses as short as 3 fs, to date no one has come near producing Ce:LiCAF pulses in the
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few fs regime. The shortest pulses reported so far, have been demonstrated by Granados
et al. of the MQ Photonics Research Centre in 2009 and were 6 ps long at 291 nm [5].
The set-up Granados et al. used (shown in figure [3.12) was similar to the set-up used
during the experiments presented in this thesis (see chapter {). In the three-mirror cavity,
the dichroic input coupling mirror M1 was used as the folding mirror and a 6 mm thick
UV-grade silica plate placed in the long cavity arm at close-to Brewster’s angle was used
as a variable output coupler. The maximum output coupling was 3%. The cavity lengths
of the 78 MHz pump and the Ce:LiCAF laser were matched for synchronous pumping at
the 1*" harmonic of the pump. The laser threshold was 580 mW and the slope efficiency
13%, generating a maximum output power of 52 mW. It was reported that the output power
was strongly dependent on the cavity length (see figure [3.13)), with a cavity length detuning
from the 1*" harmonic of only 0.5 mm leading to a decrease of the output power by 50%.
To measure the pulse duration of the UV pulses, an asynchronous sampling method using a
x@ cross-correlation technique was used. A 400 mW Ti:sapphire laser running at 800 nm,
emitting 14 fs transform-limited pulses at 78 MHz was difference-frequency mixed with the
291 nm pulses of the Ce:LiCAF laser, generating a signal at 457 nm. The cavity length of
the Ti:sapphire laser was adjusted so that there was a small difference in pulse repetition
frequency to the Ce:LiCAF laser of Avg = 2.8 kHz, giving a time resolution of 466 fs. The
laser pulses were difference-frequency mixed in a 4-mm-long BBO crystal whose acceptance
bandwidth limited the time resolution further to ~1 ps. Due to the difference in repetition

rates, successive pairs of pulses arrived at the BBO with a different relative delay mapping
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out the cross-correlation and enabling the determination of the Ce:LiCAF pulse duration.
The cross-correlation data for the measurement of the output pulse at zero detuning is plotted
in the inset of figure Figure [3.14] also shows the pulse duration as a function of cavity
length detuning, evincing that the shortest pulses (with a duration of 6 ps) are generated
when the oscillator is mismatched by less than 20 um from the 1% harmonic of the pump.
Granados et al. also presented the output spectrum of the 6 ps Ce:LiCAF laser (see figure
[3.15). The peak wavelength was at 291.7 nm, and featured a bandwidth greater than 1 nm.
This bandwidth can support pulses of less than 100 fs, suggesting that the pulses were not
close to being transform limited. At the side of the spectrum with the longer wavelength, the
spectrum exhibited a sharp edge. Granados et al. reported that the specific wavelengths at
which this edge occurred was dependent on alignment and pump power and appeared to be a
genuine response to the decreasing gain for longer wavelengths rather than an artefact from

an unwanted absorption edge.

A Ce:LiCAF laser based on a whispering gallery modes (WGM) ring resonator was
published in 2012 by Le er al. [134]. Figure [3.16] (a) illustrates the set-up of the WGM
laser. Le et al. report a lasing threshold of 1.6 uJ and an effective slope efficiency of 25%.
They claim to have achieved wide-bandwidth lasing from 280 nm to 330 nm (see figure
[3.16), however it is questionable if the generated output truly was lasing output rather than
fluorescence. Wide-bandwidth lasing as reported is not very likely in a homogeneously
broadened laser medium and in absence of any mode-locking mechanism, and the measured

output spectra actually look like typical fluorescence spectra of Ce:LiCAF.
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Figure 3.16: a) Schematic of the WGM laser set-up, b) WGM laser output spectrum at several pump

energies [134].

Through all the above summarized key milestones, Ce:LiCAF has been used as a laser
material for pulsed laser operation, and still the most common Ce:LiCAF lasers generate
pulses in the ns regime. Studies on continuous wave Ce:LiCAF lasers have been only
theoretical until very recently, when Eduardo Granados Mateo reported the generation of
chopped CW Ce:LiCAF lasing with small residual modulation in his PhD thesis in 2010
[4] (see below). The first theoretical study on the CW laser threshold of Ce:LiCAF was
done by Marshall ef al. in 1994 [103]. The estimation was given for longitudinal pumping
conditions, pump and laser beams were assumed to have a Gaussian profile with the pump
spot radius being much smaller than the laser mode radius, the output coupling was assumed
to be only 1%, the single-pass losses were considered negligible, and the quantum efficiency
was set to 1 for simplification. In addition, Marshall et al. assumed the total absence of
excited-state absorption (ESA), because they postulated the population of the excited laser
level to be low in the CW pumping regime. A study by Alderighi et al. later found that
ESA can in fact not be neglected, as ESA causes a significant reduction of the single ion
emission cross section and in turn reduces the gain [[135]]. In the same study, Alderighi et
al. presented an estimation of the Ce:LiCAF CW laser threshold based on the derivation of
Payne et al. for the CW threshold of the quasi-three-level laser system in Cr>*:LiCAF [[136].
Alderighi et al. compared their theoretical estimation with experimental results achieved by
means of time-resolved measurement in the pulsed regime. A long-pulse-duration source
was used to pump two Ce:LiCAF based laser configurations: one tunable laser and one high-
efficiency nondispersive laser in a quasi-stationary lasing regime. The experimental values

obtained for the CW threshold intensities of Ce:LiCAF were Itchw =4.5 + 0.2 MW/cm? and
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1.9 + 0.2 MW/cm? for the dispersive laser with quasi-collinear pumping and the nondispersive
laser with longitudinal pumping respectively. On basis of their model and validated through
their experiments, the lower limit of the CW threshold for Ce:LiCAF was extrapolated to be
I tchW =93 kW/cm? and it was postulated that CW lasing is obtainable with 590 mW absorbed
CW pump power tightly focused in a 20 um spot radius, and hence the feasibility of a tunable
UV all-solid-state CW Ce:LiCAF laser was concluded.

As already mentioned, Eduardo Granados Mateo reported the generation of chopped CW
Ce:LiCAF lasing with small residual modulation in his PhD thesis in 2010 [4]. With a
chopped pump beam, quasi-CW lasing was achieved over the 100 ms opening time of the
chopper by asynchronously pumping a three mirror laser cavity. The basic set-up used was

the same as for the synchronous pumping (see figure [3.12), except that the length of the long
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Figure 3.18: (a) Output spectrum of CW Ce:LiCAF laser without prism and (b) experimental pump

depletion obtained for CW operation as reported in [4]].

cavity arm was detuned from the 1*" harmonic. Figure[3.17|shows the laser output for different
cavity length detunings as reported by Granados. To obtain the images, a 6 GHz oscilloscope
and a photodiode with a 1 ns response was used, limiting the resolution of the presented time
traces. Granados postulated that for cavity detunings larger than Ax = —1000 mm from the
1** harmonic CW output is being generated, except when the length of the cavity matches
an integer multiple of the pumping laser repetition rate. He achieved best CW output with
the long cavity arm set to a length of 30 cm. Granados noted that there will always be small
fluctuations in a pulse pumped CW output due to modulated gain and the short upper laser
level lifetime of just 25 ns. The spectrum of the achieved CW output and the measured pump
depletion were also presented in Granados’ PhD thesis (see fig[3.18). The output spectrum
of the free running laser without a tuning prism was determined as being broad (larger than
1 nm) and the depletion of the crystal fluorescence due to lasing action measured to be greater
than 20% with a stabilization time of approximately 150 us. Since CW lasing was achieved
over a time period of 100 ms, it was concluded that the effects of colour centres is indeed
small for CW mode-locked Ce:LiCAF lasers. While Granados’ findings on the generation
of CW Ce:LiCAF laser output are the first known achievements in this area, the obtained
output was never characterised thoroughly and the noted residual modulation of the output

was never quantified or investigated in detail.
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3.4 Ce:LiCAF - The Ti:sapphire of the UV?

Ti:sapphire had a tremendous impact on science and applications and is arguably the most
important laser material in the world today. In 2002 Ono et al. stated in their paper on a high-
energy UV power-amplifier module based on Ce:LiCAF, that "Ce:LiCAF is a Ti:sapphire
in the UV region" [113]]. The encouraging comparison is based on the fact that Ce:LiCAF
and Ti:sapphire feature many similarities as laser materials. Both are efficient, robust, and
convenient to set up in all-solid-state laser systems. Yet the most important common feature
is certainly the immense bandwidth of both materials of order 133 THz. In figure [3.19
the emission cross sections of Ce:LiCAF and Ti:sapphire are plotted in the same graph to
highlight the similar frequency bandwidths. When operating in mode-locked mode, the
theoretical directly achievable pulse duration when using Ce:LiCAF and Ti:sapphire based
on their large bandwidth is around 4.5 fs (see figure [3.20). Indeed Ti:sapphire lasers can
be mode-locked to directly generate 4.4 fs pulses [137]. With its gain bandwidth ranging
from 600 nm in the red to 1100 nm in the infrared (IR) spectral region, the single cycle
limit of Ti:sapphire at the 800 nm centre wavelength is 2.7 fs. Matsubara et al. reached this
limit by induced phase modulation of 30 fs Ti:sapphire pulses [7/0]. Since the emission band
of Ce:LiCAF covers a range of much shorter wavelengths in the deep UV from 280 nm to
315 nm, the single cycle limit of its peak wavelength of 290 nm is much shorter as well.
As figure @ illustrates, it is as narrow as 970 as. To date no-one has come even close to

reaching this theoretical limit, but it confirms the potential of Ce:LiCAF as a laser material.
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Continuous Wave Ce:LiCAF laser

All experimental results presented and discussed in this thesis were achieved using the same
basic set-up, which is described and explained in this chapter. The individual settings and
modifications to this layout, which were made in order to meet the distinct requirements for
each experiment (e.g. different cavity lengths, integration of measurement tools, etc.) are
specified later in this thesis where the relevant experiment is discussed.

An overview of the basic set-up of the developed laser system is given in figure {1 It
consists of an infrared (IR) pump source followed by two frequency doubling stages (which
convert the pump light into the UV), a focussing optic and a three-mirror laser cavity. The
generation of the UV pump light is discussed in detail in section [4.1] In section 4.2] the laser
cavity design is presented and section {.3] describes the alignment procedure of the laser
cavity. The following sections examine characteristics of the continuous wave (CW) laser
built: sectiond.4]studies the output coupling features, sectiond.5|the time domain behaviour,
section [4.6] the slope efficiency and laser threshold, and section the free running laser

spectrum.
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Figure 4.1: Schematic of the experimental set-up. LBO, BBO: frequency doubling stages; HWP:
half-wave plate at 532 nm; L3: spherical focussing lens; CM;: dichroic cavity mirror with a radius of
curvature (ROC) = 5 cm; CM,: high reflective (HR) cavity mirror with ROC = 10 cm; OPC: output

coupler; CM3: HR plane cavity mirror.

4.1 Laser Pump Light Generation

The basic concept of the pump light generation was adopted from Eduardo Granados Mateo’s
approach, who developed mode-locked Ce:LiCAF lasers during the first part of his PhD at
Macquarie University in 2009 [4]. It has been optimised successfully and as a result stable
UV pump pulses can be generated at 266 nm. As a pump source a commercial diode-pumped
mode-locked picosecond Nd:Y VOy4 laser (Photonic Industries PS-1064-25) was used, which
generates 1064 nm 28 ps pulses at a repetition rate of 78.75 MHz with an average output
power of 23 W. This pump light was focused into the first frequency doubling stage using
an 8 cm focal length spherical plano-convex lens, anti-reflection coated for 1064 nm (L1).

Figure 4.2| shows a schematic of the first doubling stage.

The frequency doubling in this stage is realised via a single pass through a plane cut anti-
reflection (AR) coated lithium triborate (LBO) crystal. LBO is a biaxial nonlinear optical
material that is well known for temperature-tuned, noncritically phase-matched second-
harmonic generation (SHG) [138]] and optical parametric oscillation with nanosecond and
picosecond laser pulses [139]. Advantageous characteristics of LBO for frequency conversion
are the wide transparency range (0.16 um - 3.5 um), the moderate nonlinear optical coefficient,
the high optical damage threshold (25 GW/cm? for a 0.1 ns pulse at 1064 nm) [140] and

its suitability for temperature-tuned noncritical phase-matching, which drastically increases
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Figure 4.2: Set-up of the first doubling stage.

the angle of acceptance and eliminates beam walk-off [140, [141]. The maximum effective
nonlinearity of LBO (d.rs = 0.85 pm/V) can be achieved when type-I phase matching
becomes noncritical at the crystal orientation 6 = 90° and ¢ = 0° [4]. In order to obtain
this nonlinearity for the wanted SHG, the LBO crystal used was cut at 6 = 90° and ¢ = 0°.
Its cross-sectional area was 5 mm x 5 mm and it was 3.5 cm long along the optical axis.
The focused 1064 nm pulses generated a spot size of approximately 60 um in the LBO.
The crystal was mounted in an oven and heated to 151.4°C (thermally controlled with a
temperature resolution better than 0.1°C) where non-critical phase matching occurred. After
the LBO, the frequency doubled light at 532 nm was re-collimated using a second 8 cm focal
length spherical plano-convex lens (L,). To separate the residual infrared light after the LBO,
two plane dichroic mirrors that transmitted at 1064 nm and reflected at 532 nm were placed
in the beam path (DM; and DM,). With a total reflectivity of approximately 98%, the total
output power of the frequency doubled light at 532 nm was 13.2 W after the two dichroic
mirrors. The residual reflected portion of the 1064 nm light after the two dichroic mirrors
was approximately 0.8%.

Subsequent to the first doubling stage, the pump pulses were frequency doubled again
in the second doubling stage. For the SHG of the 532 nm light (fourth harmonic of the
fundamental infrared 1064 nm) a plane cut AR coated S-barium borate (BBO) crystal was
used. BBO has been used in deep UV lasers with pulse repetition rates in the kHz range
[142]], and in low power CW systems. For low power CW systems, resonant ring cavities must
be used in order to achieve adequate efficiencies [[143-145)]. As Eduardo Granados Mateo
established in his work, a single pass arrangement is sufficient for SHG at the peak powers
we are working with [4]. There are (more efficient) alternatives to using BBO (e.g. CLBO),

but these alternatives present challenges in terms of stability, durability and robustness. The
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Figure 4.3: Set-up of the second doubling stage.

BBO single pass solution allows a relatively simple set-up for our second doubling stage
(see figure d.3). The crystal used had a cross-sectional area of 5 mm x 5 mm, was 4 mm
long, and was cut for type-I SHG. To minimise absorption in the slightly hydroscopic BBO,
the crystal was heated to 50°C. The pump light was chopped before being focused into the
LBO in order to avoid thermal effects in the second doubling stage. The chopper had an
open:closed ratio of 1:11, passing 400 ps bursts of mode-locked pulses every 4.8 ms. Note
that all powers are given as the average power during the 400 us burst; the average powers over
the full chopper cycle therefore are 1/12 of the stated powers. To prevent the effects of a large
walk-off angle, the 532 nm beam is focussed elliptically into the BBO crystal after passing
through a half-wave plate (HWP). This was achieved by using two crossed cylindrical lenses
(CL; with focal length fc7; =30 cm, and CL, with focal length fc7, = 10 cm). The resulting
elliptical 532 nm focal spot in the BBO crystal had the dimensions of 12 um x 180 um (see
figure[d.4). The power of the UV light at 266 nm generated by the second doubling stage was
3.0 W, with individual mode-locked pulses having a duration of 23 ps. The 266 nm light was
subsequently reshaped using two cylindrical lenses (CL3 with focal length fc73 =10 cm, and
CL4 with focal length fcr4 = 10 cm).

Over the course of day-to-day experiments, the second doubling stage exhibited noticeable

12pum
Y

A

180um

Figure 4.4: Elliptical 532 nm focal spot in the BBO crystal.
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Figure 4.5: Focussing the 266 nm pump beam into the Ce:LiCAF laser crystal.

variabilities. Specifically, every time the system was switched on, the beam path of the 266 nm
light generated in the BBO was slightly shifted. This shift was marginal, but nevertheless
affected the overall performance of the system. As a result, the positioning of the BBO crystal
had to be tweaked slightly for optimal performance each time the system was switched on. In
particular, the phase matching angle of the BBO needed to be adjusted. The reason for the shift
of the 266 nm beam between on-times could not be clearly identified. Most likely the mount
of the BBO, that featured clamps to hold the BBO in place, was altered slightly by temperature
and humidity changes in the laboratory and during use. As the air conditioning system in
the whole building was unreliable at times, especially during the very hot summer months,
temperature and humidity changes could not be avoided over the course of the experiments.
In addition, the BBO crystal showed inconsistency in performance. By scanning through
the crystal, "sweet spots" with high performance and weak spots with low performance were
clearly distinguishable. Coming across a damage spot was also distinctively noticeable when
adjusting the crystal for peak performance. The number of damage spots in the BBO crystal
increased over time by hitting weak spots during the daily adjustments. BBO crystals hence
needed to be replaced every couple of months depending on usage due to failure when hitting

clustered damage spots.

Due to the necessary daily tweaking of the BBO positioning, it was easier not to collimate
the beam using CL3 and CL4, but to form a convergent beam. Four dichroic mirrors that
transmitted at 532 nm and reflected at 266 nm were used to separate the residual 532 nm light
(DM3 - DMg). After DMg we measured approximately 3.0 W of 266 nm light and 0.005 W
of 532 nm light. The 266 nm pump pulses were then focused by a spherical plano-convex
lens (L3), anti-reflection coated for 266 nm with focal length f;3 = 75.6 mm, through the
dichroic cavity mirror (CM)) into the Ce:LiCAF laser crystal (see figure 4.5)).

The position of L3 was adjusted accordingly to the tweaking of the BBO crystal for each
experiment to get optimal pumping of the laser crystal. The power of the 266 nm pump

beam inside the laser cavity (after CM;) was 2.8 W. Thus the overall pump efficiency from
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15um

Figure 4.6: 266 nm focal spot in the laser cavity.

23 W of 1064 nm light to 2.8 W of 266 nm light was 12.2%. The 266 nm focal pump spot
in the laser cavity was slightly elliptical with a waist (radius at 1/e? of the peak intensity) of
15 ym x 18 pm (measured using a UV camera and verified via knife-edge test). An image of

the 266 nm pump spot can be seen in figure {.6|

4.2 Cavity Design

As shown in figure the laser cavity was set up as a three-mirror resonator. All three
mirrors were custom coated by Advance Thin Film (ATF) via ion-beam sputtering (IBS).
IBS coatings feature lower scatter and absorption losses and fewer pinhole defects in the
coated surface than coatings fabricated using standard technologies. CM;j, the dichroic
input mirror, was measured to be 92.7% transmissive at 266 nm and highly reflective between
285 nm and 305 nm (0.07% transmittance at 285 nm and 305 nm, with minimum transmittance
of approximately 0.04% at 295 nm). It had a radius of curvature (ROC) of ROC¢y; =5 cm.
CM, and CM3 were high reflective (HR) coated at 285 nm - 310 nm with ATF stating a
transmittance of 0.002% at 285 nm - 300 nm and 0.016% at 310 nm. However, since IBS
coatings are designed for maximum reflectivity, absorption losses and scattering dominate
the performance rather than transmission, and hence characterising HR mirrors in the UV
by measuring the transmittance is not really suitable. Thus, the losses of these mirrors were
determined using a ringdown approach as described in the following section [4.3] "Cavity
Alignment and Loss Measurement".

CM,; was a curved HR mirror with ROC¢ys, = 10 cm and CM3 was a plane HR cavity
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Figure 4.7: Laser cavity set-up.

mirror. The Ce:LiCAF laser crystal was placed in the focal position in the short cavity arm
between CM; and CM;. It was a 1.25 mm long 3.5% cerium-doped LiCAF crystal from
VLOC, cut at Brewster’s angle with the ¢ axis perpendicular to the propagation direction
and in the horizontal plane. This cut type was chosen to achieve best laser efficiency for
the m-polarised pump and laser beams. The single pass absorption at 266 nm of this crystal
was measured to be 70% and the single pass loss at 290 nm was 0.7% (see section4.3). A
4 mm thick UV-grade silica plate at close-to Brewster’s angle was placed in the long cavity
arm near to CM3 as an output coupler (OPC). Using a Brewster plate in this way allows
tuning the output coupling fraction to optimise the efficiency of the laser. The folding angle
of the laser cavity was set according to the analysis presented by Kogelnik et al. in [146]
regarding astigmatism compensation for a folded three-mirror cavity. In a three-mirror cavity
astigmatism is introduced at the folding mirror and in the Brewster-cut crystal. When using a
mirror at oblique incidence, the beam focusses at a different location in tangential and sagittal
planes, which leads to two different focal lengths f; and f;, which can in terms of the actual

focal length f of the mirror be expressed as

fs=f/cos@ and f; = f-cosb,

where 6 is half the folding angle @. In a Brewster crystal the beam also travels two different

effective distances d; and d; in the sagittal and tangential plane.

dy=dVn2+1/n*> and d, = dVn?+ 1/n",

with n being the refractive index of the Brewster cell (in our case the refractive index
of Ce:LiCAF for 290 nm, n = n90 ) and d being the thickness of the Brewster cell.

Astigmatism can always be compensated at one point in the cavity. Since our OPC is located
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close to CM3 we choose CM3 to be this point. To compensate the astigmatism introduced,
flcosO— f-cos@ =dVn®+1/n* —dVn? + 1/n*

must be fulfilled. Since in our case f = feyo =50mm, =/, =125 mm,andn=1.41,60 =6°
and hence the folding angle « is set to @ = 12°.

Ideal positioning of the three mirrors within the stability range and important character-
istics of the mode inside the laser cavity (e.g. the position and sizes of beam waists) can
be calculated via an ABCD transfer matrices analysis of the resonator. The transfer matrix

equations for the sagittal (7§) and the tangential (7;) plane for our laser cavity are
1 0

1 24 1 0
—femz/cos (@) 1110 1 ||=fcmz/cos(8) 1

1 L+13+1.Vn? +1/n? 1 0| [1 I +15+1.Vn2 +1/n2
0 1 —1/fean 110 1

A, B,
CS DS

T, =

and

A, B,
C, D,

T, =

1 ol [1 21 1 0
=1/ (fema -cos(0)) 1{|0 1 | [=1/(femz-cos(0)) 1
[lb+h+QWﬂ+U# [ 1 1[1&+h+h%ﬂ+”#

0 1 ~1/feanr 1110 1

Here, [, is the length of the long cavity arm, [, is the distance between CM; and the laser
crystal and /3 is the distance between the laser crystal and CM;.

To determine the stability range of the cavity and to calculate the mode characteristics,
the complex Gaussian beam parameter g is used. In our case ¢ is the parameter for the beam
propagating through the cavity starting on CM; in the direction towards the laser crystal
(travelling along 7). g is transformed by the ABCD matrix as

_Agq+B
- Cqg+D’

’

q

To ensure laser cavity stability, after each round trip time ¢ = ¢’ must be satisfied. Thus the

laser cavity is stable when

2
A-D D-A B
AL \(BA) +48

2

q:
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In terms of the laser beam size w; (z) and curvature R; (z), g can be written as

1 3 1 _ A
g R mnw(z)?

At beam waist locations ¢ (z) must satisfy the condition of a plane wave, that is the condition

of infinite curvature. Thus at these locations ¢ (z) is purely imaginary. The size of the waist

Ao
W = .
L0 nlm (g)

When setting up the cavity for synchronous pumping, the cavity round-trip time must match

can then be calculated by

the round-trip time of the pump pulses, hence
lsyn =2-(h+h+h3+1)= C/VR,pump’

where c is the speed of light and in our case Vg pump = 78.75 MHz. Thus, when calculating
the stability range and beam characteristics for this case, the only free parameter is the
term ([, + [3), that is the length of the short cavity arm (the length of the crystal excluded).
Figure [4.8] shows the calculated results as functions of (I, + /3) for synchronous pumping
and astigmatism compensation at CM3. In figure [4.8] (a) the waist size in the crystal can be
seen, in figure 4.8| (b) the distance between the waist in the short cavity arm and CM,, and in
figure 4.8] (c) the waist size in CM3. In all three graphs the strong dependency on (I + [3) is
clearly visible. As the graphs show, the cavity is stable for 99.3 mm < (/» + [3) < 108.6 mm.
In figure [4.8] (c) the waist sizes in the sagittal plane and the tangential plane are identical,
which confirms the astigmatism compensation at this point, while in figure 4.8] (a) and figure
(4.8 (b) the results are differing between sagittal and tangential plane. The distance between
the position of the waist in the sagittal and the tangential plane is approximately 0.6 mm.
This is shorter than the thickness of the laser crystal (I, = 1.25 mm). While at the shorter end
of the stability range (around (/> + [3) = 100 mm) the position of the waist is in the centre
between CM; and CM; (the distance between the mirrors here is (I, + I3) + [, = 101.25 mm
and the waist is positioned at approximately 50.6 mm and 51.3 mm from CM, for sagittal and
tangential plane respectively), it shifts towards CM; for larger (/> + [3). At(l; + [3) =108 mm,
that is (/o + [3) + [, = 109.25 mm, the waist is positioned at approximately 58.4 mm and
59.0 mm from CMj; for sagittal and tangential plane respectively. Furthermore, the waist size
is identical in the sagittal and tangential plane at at shorter end of the stability range, while

it diverges towards the longer end of the stability range. Hence we set up the cavity at the
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Figure 4.8: Results for synchronous pumping, astigmatism compensation at CM3.

shorter end of the stability range with a distance between CM; and CM; of 102 mm and the
Ce:LiCaF crystal at 50 mm from CM;.

4.3 Cavity Alignment and Loss Measurement

As a matter of course, precise alignment of the laser cavity is crucial to achieve lasing. The
first thing to ascertain when setting up the laser cavity is the size and position of the pump
focus. As mentioned in section [4.1] there was an intermediate focus in the pump beam
behind CL4. The focussing lens L3 and the dichroic cavity mirror CM1, through which the
pump beam is focussed, act as a compound lens and produce a demagnified version of the
intermediate pump focus in the laser cavity (CM; is a negative lens in transmission). The
size and position of the pump spot can be determined using a knife edge test. The desired
distance between the pump spot and CM was a given value predetermined by the calculations

described in section .2} To adjust the focal position L3 must be translated. The size of the



4.3 Cavity Alignment and Loss Measurement 55

Oscilloscope

m

CM,
. W
4
CM,

\ ns-cerium
laser

Figure 4.9: Set-up for cavity alignment and loss measurement.

focal spot is determined by the distance between the intermediate pump focus and L3, which
means the separation between the dichroic mirrors DMs and DMg is decisive. To get a good
overlap with the waist of the 290 nm laser beam in the cavity, which was calculated to be
around 17 um when working at the shorter end of the stability range (see figure {.8)), a pump
spot radius of 17 um was desired. As shown in figure[4.6] a slightly elliptical pump spot with
a waist of 15 pum x 18 um was achieved.

Next, the Brewster cut Ce:LiCAF crystal was placed at the focal position of the pump
spot. The angle of reflection 6,, which is the full angle between the incident ray and weak

reflected ray with the crystal surface at Brewster’s angle, is

nc290nm

6, =2-0p :2-arctan( ) =109.31°,

Nair
with n.90,m = 1.41 and ng;,- = 1. To place the crystal roughly at the right angle in the cavity,
the direction of the reflection of the 266 nm pump beam was measured using a protractor.
Once the cavity was fully set up, the angle of the crystal was fine tuned by observing the
reflection of the 290 nm laser beam. CM, was then placed at the predetermined distance from
the focal spot with the calculated folding angle (see section4.2)). To align the laser cavity, a

separate ns-cerium laser [[131] was used as a probe laser. It was aimed at CM; at an angle of
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Figure 4.10: PMT-measurements (a) single pulse in open cavity (without CM3), (b) ringdown pulse

decay in aligned cavity.

12° to overlap the pump beam (see figure 4.9). The idea was to align the probe laser beam
with the pump as well as possible and then to use a ringdown approach to align the laser
cavity precisely and to ensure that cavity losses are minimised. Once the probe laser beam
and the pump were overlapped on CM; and the short cavity arm (using pinholes and targets
marked on paper), CM3 was put in the beam and aligned giving the best back reflection
of the probe laser (checked with pinholes in the probe beam). To measure the ringdown
signal, a Hammamatsu H10721-210 compact photomultiplier tube (PMT) connected to an
oscilloscope, was used as a detector. It collected the 290 nm reflection of the probe laser
beam coming off the surface of the Ce:LiCAF crystal (or the transmitted 290 nm light through
the dichroic CM| when measuring without the crystal in the cavity). This way the decay time
of the probe pulses in the cavity could be displayed on the oscilloscope. The longer the decay
time, the lower the losses of the cavity and the better the alignment. Figure 4.10](a) shows a
single nanosecond probe pulse in the open cavity without CM3 and figure .10] (b) shows the
ringdown pulse decay for the aligned cavity with CM3 in place. In the inset of figure [d.10|(b)
a zoomed version of the ringdown trace is given. The separate peaks of the round-trip pulses
are clearly visible. Here, the cavity had a total length of 1.43 m, thus the round-trip time was
4.8 ns.

The ringdown approach can also be used to measure the losses introduced by the cavity
elements. The pulse decay follows 1/e on average. Thus on a logarithmic scale it comprises
a straight line. The peak intensity / of the pulse after each round-trip time can be fitted using

the equation

I=1 (1 - e—TR/TI) + I,
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Figure 4.11: (a) Ringdown pulse decay shown on a logarithmic intensity-axis, (b) control-panel of
the LabView program witten to calculate the losses of the ringdown cavity showing the fit to the data

in red.

where T is the cavity round-trip time, 7; the decay time of the peak intensity, and 1, is the
intensity of the background noise. The ringdown pulse decay of figure (b) can be seen
on a logarithmic intensity scale in figure d.11] (a). In figure {.T1] (b) the control panel of a
LabView Program to calculate the cavity losses of a ringdown cavity is displayed. The red
curve is the fit to the data. In the given example the cavity had a total loss of 1.28%. To
measure the combined loss of the three cavity mirrors without the crystal in the cavity, the
PMT was placed behind the dichroic CM;. This was possible because the pump beam was
not needed for these measurements. The ringdown measurements revealed the importance
of keeping the cavity mirrors in a scrupulously clean state, and it affirmed that even if the
mirrors seemed clean to the naked eye, they might actually not be. Cavity losses were
measured multiple times with cleaning of one mirror at a time between measurements using
different cleaning techniques. As a result, drag-wiping was identified as a poor cleaning
method for the cavity mirrors. Instead, cleaning by firmly swiping a lens cleaning tissue
dampened with methanol over the mounted mirror provided best results. It became clear that
monitoring the mirror cleanliness via ringdown measurement is important to guarantee best

overall performance of the Ce:LiCAF laser.

The total round-trip loss of the cavity with all three mirrors featuring best possible
cleanliness, but without the crystal and without the OPC was measured to be 1.1%. Placing
the crystal in the cavity increased the loss to 2.5%, thus the double pass loss of the crystal
was determined to be 1.4%, that is the single pass loss of the crystal is 0.7%. The ringdown

approach was also used to optimise the cavity fold angle. With losses featuring a distinct
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Figure 4.12: Set-up for loss measurement of cavity elements.

minimum at the astigmatism compensating angle, the fold angle can be adjusted precisely.
To measure the loss of the individual cavity mirrors, the set-up was rearranged as drawn
in figure 4.12] The total cavity length was kept identical (thus the round-trip time was kept
identical), but a fourth mirror was placed in the long cavity arm, so that a third arm was formed.
The probe beam still entered the cavity through the back of the cavity end mirror (CM3).
Since the loss of the three mirror cavity was already measured before, by placing different
mirrors as the probe mirror, the losses of these individual mirrors could be determined as
half the measured increase in loss. We measured plane mirrors that were coated by ATF in
the same coating run as the mirrors we use to build the cavity. The measured losses of the
cavity elements are summarised in table .1} Thus, according to the measurements, the total

loss of our cavity without the crystal and without the OPC (L.,,) should be
Lem = Lemt + Lemz + Lems + Lomn =

= 0.45% + 0.2% + 0.2% + 0.2% = 1.05%.

This is in agreement with our previously measured value of 1.1%, which confirms the

underlying assumption that mirrors coated in the same coating run feature the same loss.
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Table 4.1: Measured losses of the cavity elements.

Cavity Element Loss

ATF coated HR mirror 0.2%
AFT coated dichroic mirror 0.45%
Ce:LiCAF crystal (single pass) 0.7%

Quantification of the losses of each cavity element reveals why it is sensible to use an HR
mirror as the folding mirror of the three-mirror cavity. Since the beam inside the cavity gets
reflected twice per round trip by the folding mirror, but only once by the two end mirrors, by
using a dichroic mirror as the folding mirror and two HR end mirrors, L., would increase by
0.25% to 1.3%. Similarly, setting up the laser cavity as a symmetrical four-mirror cavity with
two curved folding mirrors (two reflections per round trip each) and two plane mirrors (one
reflection per round trip each), would lead to L., = 1.45% using one of the plane mirrors as
a dichroic input coupling mirror, or even L., = 1.7% using one of the folding mirrors as a
dichroic input coupling mirror.

In addition to the ATF mirrors used for the set-up of the presented laser system, the
mirrors coated by Melles Griot that were used by Eduardo Granados for the experiments
were also diagnosed. Their losses were determined to be 0.5% each, with no significant
difference between the dichroic and HR mirrors. Moving from these mirrors to the ATF
coated mirrors when starting the experiments for the presented PhD project, hence reduced

the losses of the three-mirror cavity by 0.95%.

4.4 Output Coupling

As mentioned in section 4.2 a 4 mm thick UV-grade silica plate was used as an output
coupler (OPC). The OPC was placed in the long cavity arm of the laser cavity close to the HR
end mirror CM3 at close-to Brewster’s angle. Using this type of OPC instead of an output
coupling end mirror has many advantages: It can be rotated, removed or added easily without
changing the cavity alignment, since the end mirror CM3 is a plane mirror. Thus the laser
cavity can be initially aligned with a high Q cavity. The total cavity loss of the mirrors and

the crystal, but without the output coupler was L; = 2.45%. The OPC provided a variable
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Figure 4.13: Schematic of the beam paths through the OPC

additional loss to the cavity, that was highly dependent on the angle of the OPC relative to
the beam inside the laser cavity. In figure[.13]a schematic of the geometry of the beam paths
is given. The forward travelling beam Fj,, coming from CM, is incident on the OPC under
the angle . Part of F;, is transmitted into the OPC (F;) with the internal refractive angle S,
the rest is reflected and becomes part of the laser output (Out1). Similarly, F; is split at the
second interface. The transmitted beam F,,,; that is backreflected at CM3, travels back as B;,
and is split into B; and Out3 when hitting the OPC again.

Due to the geometry of the plane-parallel OPC, all external angles to the normal of the
interface are the same (angle ), and all internal angles to the normal are also the same (angle

B). The relationship of the angles a and S is given by Snell’s law
ny sin@ = nj sin S,

with n; being the refractive index of the surrounding air (n; = 1.0002931 for 4 = 290 nm)
and ny being the refractive index of the quartz OPC (n; = 1.4908 for 4 = 290 nm). The
reflectivity R and the transmission 7" at the interfaces for the m-polarized light are given by

the Fresnel equations
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Figure 4.14: Measured output coupling loss in % and laser output power in mW as a function of the

reading on the rotation mount holding the output coupling SiO; plate.

and

T=1-R.
The total loss Lopc introduced by the OPC is

Fin - Bout 4
Lopc=——F7=1-T",
Fin
with F,,, = F,T, F; = F;,,T, B,,; = BT, B; = B;,T, and B;;, = F,,;, since the loss of CM3 is
included in the cavity loss L; (see above) and does not need to be taken into account here.

The total laser output is

B Outl + Out2 + Out3 + Out4
- F;

Out

2
:R+RT2+RT2+RT4:R(1+T2) ,

with Outl = F;,R, Out2 = F.T, F,1 = FR, Out3 = B;,T, Out4 = B, T, and B,; = B/R.
The different output beams do not overlap and hence do not interfere.

The total laser output can also be written as

F»+ B
Out = Lopc — 2o
F;

with F» = F,1R, and B,» = B, R.
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Figure 4.15: Predicted and measured output coupling loss in % as a function of the angle of incidence
a. Based on the measurement results, the Brewster’s angle was determined to be at the 287.5° mark

on the rotation mount, the x-axis of the measurement was translated accordingly.

Experimentally, the loss introduced by the OPC was measured using the ringdown ap-
proach. At the same time, the output power off the OPC was measured, with all reflections
from the OPC plate being included in this power measurement. The output power coming off
the surfaces of the laser crystal at Brewster’s angle was not substantial and was thus neglected.
The measured output coupling loss and the laser output power as a function of the reading on
the rotation mount holding the OPC can be seen in figure 4.14] At Brewster’s angle, theoret-
ically Lopc = 0, with Lopc increasing as the plate is rotated away from Brewster’s angle in
both directions. Experimentally, the additional loss due to the OPC at Brewster’s angle was
less than the error on our measurement, <0.05%. Hence, Brewster’s angle was determined to
be at the 287.5° mark on the rotation mount. For angles close to Brewster’s angle as used for
the output coupling here, F;, and B, are very small, hence Out~ Lopc. In figure d.15] the
predicted output coupling loss Lopc is plotted over the angle of incidence «, in addition to
the measured output coupling loss. The x-axis of the measurement was translated based on
the determination of the location of Brewster’s angle on the rotation mount. Predicted and

measured results are in good agreement. Figure 4.16|finally shows the laser output power in
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Figure 4.16: Measured laser output power in mW as a function of the output coupling loss.

mW as a function of the round-trip output coupling loss introduced by the OPC. As the graph
illustrates, the maximum laser output power was observed for a measured output coupling
loss of Lopc = 2.5% (which corresponds to an angle of 7.5° relative to Brewster’s angle).

The following power measurements were taken with the OPC at this optimum angle.

4.5 Time Domain Behaviour

In this section and in the following sections[d.6|and[4.7] the laser output is characterised for a
laser cavity with a length of 0.754 m, where the modulation of the laser output is at a minimum
and can be described as CW. In the next chapter 5] theory to explain why this cavity length is
optimal for CW lasing will be presented and the laser behaviour is compared to a numerical
model. Figure shows the measured Ce:LiCAF laser output during one opening of the
chopper plotted as a function of time. Note that the chopper was placed in the pump beam to
avoid thermal effects in the second doubling stage (see section [d.1)) and all given powers in
this chapter are average powers during the open-period of the chopper. The time trace given
in figure 4.17] was measured with a ns-photodiode (accordingly with a maximum bandwidth

of 1 GHz) displayed with an oscilloscope sample rate of 10 GBit/s. After an initial build-up
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Figure 4.17: CW-laser output during one opening of the chopper, measured on a ns-photodiode

displayed with an oscilloscope sample rate of 10 GBit/s.

time of around 20 ps, the laser output is stable over the rest of the 400 pus chopper opening
time. In the inset of figure the laser output is given over a time frame of 50 us, which
clearly reveals a 4.55 ps ripple. This ripple, which produces an approximately 5% amplitude
modulation on the Ce:LiCAF output, is caused by a small 220 kHz modulation on the pump
laser pulse train. This modulation is not related to the mode-locked pumped CW dynamics
and would be absent with a smooth mode-locked pump laser. A zoom of the time trace over
150 ns and 42 ns is shown in Fig. .18] It is on these timescales that we see dynamics caused
by mode-locked pumping. These dynamics are discussed in detail in the next chapter[5| The

modulation was measured to be just 1% for frequencies below 1 GHz.

4.6 Slope Efficiency

For a cavity length of 0.754 m, the laser output power as a function of the pump input is shown
in Fig. 4.19] Using a polariser and 1/2-waveplate to attenuate the pump, the laser threshold
was determined to be 1.37 W, and the maximum laser output power achieved was 288 mW

at an input power of 2.80 W. In [136] Payne et al. discuss models to calculate the slope
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Figure 4.18: Measured CW laser output over a time frame of a) 150 ns and b) 42 ns. The modulation

is of the order of 1% for frequencies below 1 GHz.
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Figure 4.19: Slope efficiency for maximum power output coupling.

efficiency and the lasing threshold for Cr’*:LiCAF CW-lasers theoretically. Alderighi et al.
transferred and verified these equations in [[135] for Ce:LiCAF. The CW-slope efficiency ncw

can thus be calculated as

/lP
new = NpNalpm | =

Lopc Oem — UESA
Ay ’

Lopc + Ly Tem

Here, 7, is the pump efficiency, n, is the pump absorption, Tpy, is the transmission of the
dichroic input mirror for the pump beam; the term in the first bracket describes the quantum
efficiency 1,4, and the term in the second bracket is the output coupling efficiency n,pc. 7,
was set to 1, 7, = 90% (this includes absorption of the residual pump during its second pass
through the cerium crystal, as discussed later), and Tpy = 91%. The effect of excited-state
absorption (ESA) of the laser radiation in Ce:LiCAF is taken into account by the term in the
third bracket. The importance of ESA in Ce** doped materials was first noted in 1978 by
Jacobs et al. [147] and Miniscalco et al. [148]], who reported intense ESA in Ce:Y3Al501;
(Ce:YAG), which is high enough to prevent any gain. Pedrini et al. [149] and Hamilton
et al. [150] confirmed later that ESA is caused by the transition of an electron from the
5d orbital of the Ce>* ion to the conduction band (CB) of the host medium (a schematic of
the energy levels in Ce**-doped fluoride lasers emphasizing the excited-state absorption is

given in figure 4.20). 5d — CB ESA was also found in other rare-earth-doped materials like
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Figure 4.20: Schematic of the energy levels in Ce:LiCAF, showing the excited state absorption (ESA)

from the 5d levels to the conduction band.

Sm?*:CaF, [[151]], Eu**:CaF, [[152], and other Eu®* crystals [153], substantiating ESA as
general feature in this type of material and linking it to the observed lack of UV laser emission
or relatively low laser slope efficiencies for rare-earth-doped crystals. It was reported that the
peak energy at which ESA occurs is related to the relative positions of the impurity energy
levels within the band gap of the host [103} 149, [153]]. In [[103]] Marshall et al. investigated
the emission properties of Ce:LiSAF and Ce:LiCAF in detail. It was found that, while in
both Ce:LiSAF and in Ce:LiCAF the 5d — CB ESA transition is present, it is less prominent
leading to high laser efficiencies relative to the other solid-state UV laser materials. One of
the most important discoveries of Marshall ef al. was the finding that ESA in Ce:LiSAF and
in Ce:LiCAF is anisotropic, being two times larger for o--polarized light than for m-polarized
light in Ce:LiCAF. The anisotropy was attributed to the crystal structure and the direction of
the electron transfer within the crystal. Anisotropic ESA had not been observed before in any
other 5d — CB transition. The ESA cross section o gs4 was quantified by relating it directly

to the effective gain cross section o sy and the emission cross section o,

Oeff = O0em —OESA.

oe.m Was determined experimentally from the - and o -polarized emission spectrum to be
9.6-10718 cm? (see figure in chapter , and o, ¢ from the n- and o -polarized small-
signal single-pass gain spectrum. As a result, Marshall et al. estimate the ESA cross
section o gsa of Ce:LiCAF for m-polarized light to be 3.6 - 10718 ¢cm?. With this value, the

theoretically-predicted slope efficiency can be calculated to be cw = 23.7%. This theoretical
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value is in good agreement with the measured value of 20%. To adapt the theoretical value
of the slope efficiency to the measured result, a factor 7, = 0.81, the overlap efficiency, was

included in the above equation.

The CW-lasing threshold P’ChW is calculated using the model

" mulzhvl (Lopc + L) n
Pey =

2(Tem — 0EsA) THpNalDM

where wj is the radius of the cavity mode waist in the laser cavity, v; is the laser frequency, T
is the fluorescence lifetime, and n = 1.41 is the refractive index (which appears here owing
to the Brewster crystal). With a radius of the cavity mode waist w; of 17 um, as calculated in
chapter the model gives a lasing threshold of Ptchw = 1.91 W, which is slightly larger than
the observed value of 1.37 W. However, the laser cavity mode size of w = 17 um assumed
a laser cavity length equal to the pump cavity length for synchronous mode-locking and the
actual result was the waist size as a function on the length of the short cavity arm (between
CM; and CM;). The limits for the waist size are ~5 um (for a mirror separation close to the
ends of the stability range at around (/; + [3) = 9.95 cm and (I, + [3) = 10.9 cm) and 22 um
in the middle of the stability range at around (/; + /3) = 10.4 cm (see fig[4.8)). Given that the
dynamics in our configuration used for CW output with a cavity length of 0.754 m may differ
from the synchronous set-up, it is likely that the calculated waist size is inaccurate. Varying

the waist size to w; = 12.9 pm matches the measured result of a laser threshold of 1.37 W.

It should also be mentioned that in [154], for the same laser, a slope efficiency of
33% and a laser threshold of 2.2 W was reported. It was stated that the high discrepancy
between the measured slope efficiency of 33% and the theoretical slope efficiency of 23.7%
is most likely due to a lower value for the ESA cross section than the estimated value
of ogsa = 3.6 x 107!8 cm? given by Marshall et al., which was used in the calculation.
However, when repeating the experiments, a calibration issue in the powermeters used to
previously measure the slope efficiency became clear. Replicating the measurement with a
new, accurately calibrated powermeter, led to the above stated slope efficiency of 20%. Also,
it was determined that the pump laser repetition rate was precisely 78.75 MHz, instead of

80 MHz as stated in [[154].
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Figure 4.21: Spectrum of the free running laser without OPC.
4.7 Free Running Laser Spectrum

The output spectrum shown in figure[4.21) was measured for a free-running laser with a cavity
length of 0.754 m without the OPC in the long cavity arm. The laser signal was captured off
the Brewster’s angle of the Ce:LiCAF crystal and measured with an Ocean Optics HR4000
spectrometer with a resolution of 0.05 nm. As shown in the figure, the peak wavelength
of the laser was at 289.30 nm with a full width at half maximum (FWHM) linewidth of

0.25 nm. With the OPC in the long cavity arm for maximum output power the laser operated

at 289.50 nm with a linewidth of 0.20 nm.

The main results of this chapter were published in: B. Wellmann, D.J. Spence, and
D.W. Coutts, "Tunable continuous wave deep-UV laser based on Ce:LiCAF", Optics Letters,

Vol.39, No.5, 1 March 2014, pp. 1306-1309 (see appendix [A] "Publications Arising from this
Thesis").
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Analysis of Mode-Locked Pumped CW

Lasers

5.1 Synchronous and Asynchronous Pumping

When pumping a solid-state laser with a mode-locked pump source, the length of the laser
cavity determines the laser operation mode. Each successive pulse from the mode-locked
pump is incident at the laser crystal with some specific timing relative to the circulating laser
cavity field. If that timing is the same for every pump pulse, then we have synchronous
mode-locking, where a single pulse is formed in the laser cavity field, and that pulse arrives
at the gain crystal synchronised with each pump pulse. Clearly this occurs when the pump
cavity length and laser cavity lengths are matched; it also occurs when the laser cavity length
is any integer fraction of the pump cavity length. For N-th harmonic locking, the laser cavity
is N-times shorter than the pump cavity, and the pulse in the laser cavity makes N round

trips between each synchronised pump event. The relative timing of the pump pulse and the
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Figure 5.1: (a) The pump pulse train arriving at the laser crystal. The green line represents the gain

3rd

curve. (b) The laser pulse train of the harmonic of the pump. There is one pulse in the cavity

which is synchronized with a pump pulse every 3”¢ round-trip. (c) The laser pulse train for the 5/2
harmonic. There are two pulses in the cavity (represented by the black and red arrows, arbitrarily
drawn with different heights to distinguish them), each synchronous with a pump pulse every 5th

round-trip.

intracavity laser pulse for the third harmonic are shown schematically in figures [5.1[(a) and
B.1(b).

There are also more complex harmonics, for which multiple locations in the laser cavity
field are each synchronised with a subset of the arriving pump pulses, and each of the locations
experience pump events in sequence. This occurs when the ratio of the cavity lengths is any
rational number, giving rise to ‘rational-harmonic’ mode-locking. For example, if the laser
cavity length is 2/5 of the pump cavity length, there are two locations in the laser field that
are each synchronised with every second pump pulse. We can call this the 5/2 harmonic.
Figure [5.1(c) illustrates the timing for the 5/2 harmonic; there are two laser pulses in the
cavity with each pulse synchronous with a pump pulse every five round trips. In general, the

x/y harmonic has y pulses in the laser cavity, each of which makes x round trips between its
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Figure 5.2: A visualization of harmonics as a function of the normalized cavity length (I/l,ump =
y/x). The vertical axis is the normalized laser repetition rate R./R,,mp = x. The plot includes all

harmonics for which x < 100, and y/x < 0.5. The solid lines connect harmonics with the same y

thus having the same number of intracavity pulses. Harmonic points marked are explored in detail

later in this work.

pump events. The output repetition rate is x times that of the pump laser. Note that for the
presented Ce:LiCAF laser, featuring an upper laser level lifetime of 7 = 25 ns, and a pump
pulse repetition rate of Ry, = 78.75 MHz, which corresponds to a pump pulse round trip
time of 12.7 ns, the gain persists between pump events (shown schematically in figure [5.1)),
so that the laser pulses (and indeed all parts of the cavity field) see gain at every pass through

the crystal whether or not that pass is synchronous with a pump pulse.

Figure[5.2]shows a plot of the range of rational harmonics, where the horizontal axis is the
normalized cavity length [/1,,,,, = y/x, and the vertical axis the normalized laser repetition
rate R./Rpump = x. The plot includes all harmonics for which x < 100, and y/x < 0.5.
The blue dotted lines connect harmonics with the same y thus having the same number of
intracavity pulses. So the lowest line connects the 2"¢, 3¢ etc. harmonics with cavity lengths

0.5, 0.33, etc. The next lowest line connects the 5/2, 7/2, etc. harmonics with normalized



74 Analysis of Mode-Locked Pumped CW Lasers

cavity lengths 2/5, 2/7, etc. The complete set of reduced rational fractions that define the
harmonics are known as the Farey sequence [155]]. Rational-harmonic mode-locking allows
access to a wide range of repetition rates for relatively minor changes in the laser cavity

length.

Rational-harmonic mode-locking was first observed in 1986 in a dye laser [[156], where it
was called "periodicity multiplication" and was discovered again by Onodera et al. in 1993
[157], where it was proposed as a new method for high repetition rate actively mode-locked
semiconductor lasers. Since then it has also been reported in synchronously pumped ring
optical parametrical oscillators (OPOs) [158, [159], and fiber lasers [160, [161], and has also
been referred to as "higher order frequency modulation (FM) mode-locking" e.g. in [162],
or "quasi-synchronous pumping", e.g. in [[159]. In all cases, it was noted that the pulses
achieved by rational-harmonic mode-locking showed non-constant pulse energies. Especially
rational-harmonic mode-locked ring OPOs have pronounced pulse energy variation, since
pulses see gain only during their own pump events and thus decay in amplitude on each
round trip between pump events [159]. In fiber lasers that feature a long energy storage time
compared to the laser round trip time, strong Q-switching has been observed when the laser
cavity is detuned from a harmonic [161]. As a result, pulse-amplitude equalization has been
established in high repetition rate rational-harmonic mode-locked fiber lasers [163H163].
Besides pulse energy variations, other challenges associated with rational-harmonic mode-
locking (as well as harmonic mode-locking, which can be seen as a special case of ration-
harmonic mode-locking) are phase-incoherency and in the case of passively mode-locked
lasers unstable pulse spacing. This is why the technique is not suitable for all applications
that require high repetition rates and some researchers favour fundamental mode-locking even

though it requires very short laser cavities to achieve high repetition rates [[166]].

In the presented Ce:LiCAF lasers, the pulse trains generated at rational harmonics will
have relatively uniform energy, since the gain persists between pumping events and so pulses
are amplified even on round trips for which they are not synchronous with the pump as
previously mentioned; the precise variation between the pulse heights will be different for
each harmonic. Due to the short upper laser level lifetime of Ce:LiCAF (7 = 25 ns), Q-

switching modulation is also not expected to be significant.

For a fixed pump power, the more pulses there are in the laser cavity (y), the less energy is

in each. Hence the extent of gain saturation decreases as the number of pulses increases, and
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Figure 5.3: A visualization of harmonics as a function of the normalized cavity length (I/l,ymp =
v/x). The vertical axis indicates the strength of the harmonics: harmonics with smaller numerator x
feature taller bars. The plot includes all harmonics for which x < 200. The higher harmonics that

were detected experimentally (see section @ are labelled and marked with red triangles.

as aresult the strength of the pulse-forming effect decreases as well. The underlying dynamics
are similar to those of a slow saturable absorber in a passively mode-locked laser, where the net
gain window is opened when an incoming light pulse is strong enough to bleach the absorber
sufficiently which might be accompanied by a sharpening of the rising edge of the pulse.
In a slow saturable absorber that features a long recovery time compared to the laser pulse
duration the net gain window is then closed by gain saturation by the pulse itself, resulting
in an asymmetric pulse shape. If the pulse energy of the incoming pulses is not high enough
to bleach the absorber sufficiently during a single pass, the initiation of stable mode-locking
is prevented. Analogously stable-mode locking in our system is prevented when in cavities
with a large number of pulses y the energy in the pulses is too low to open a net gain window
for mode-locking. We thus expect the laser cavity field for complex rational harmonics (x/y)
with larger denominators y to become progressively less modulated. At the same time, the

pressure to mode-lock also decreases with increasing numerator x, since with increasing



76 Analysis of Mode-Locked Pumped CW Lasers

x each circulating pulse becomes synchronous with a pump pulse less frequently. Both
effects are limiting the theoretically-infinite set of complex harmonics to a more restricted
number in practice. In figure [5.3] all rational harmonics with x < 200 are plotted over the
normalized cavity length 1/1,,,,, = y/x, with the vertical axis indicating the strength of the
harmonic: harmonics with smaller numerator x feature taller bars. The resonances also get
narrower as the numerator x increases, imposing tighter limits on the cavity length range
where fully modulated pulse trains can be observed. Hence, at cavity lengths between those
corresponding to harmonics that have small numerators and denominators, there are cavity

lengths for which there is no strong modulation of the laser cavity field. Setting up the cavity

intentionally at those lengths we call "asynchronous pumping".

5.2 Rational Harmonics

Using the presented Ce:LiCAF laser system, the rational harmonics close to the 3¢ harmonic
(alternatively called the 3/1 harmonic), that is located at a cavity length I3 = [,,/3 =
0.634 m, where I,y is the length of the pump laser resonator, were studied. The 3rd
harmonic is marked with an orange triangle in figure From here on, the cavity lengths
are given as cavity length mismatch A/ = [ — /3, which is the cavity length referenced to that
for the 3"¢ harmonic. The focus is on harmonics that occur for cavity lengths close to but
longer than for the third harmonic, i.e. x/y < 3 and I/, = lpump X y/x > I3, as this length
range probes the full range of expected behaviour for a synchronously pumped Ce:LiCAF
laser.

Experimentally, a range of rational harmonics were observed using a fast photodiode.
The traces shown in figures[5.4]c) -[5.4(g) were measured using an ALPHALAS UPD-50-UP
ultrafast photodetector with a 50 ps rise time, and a 6 GHz oscilloscope. Thus it is expected
to be able to detect harmonics with repetition rates << 6 GHz; with the 78.75 MHz pump
laser, this corresponds to harmonics x/y with x < 75. Figure [5.4] shows a selection of the
observed higher order harmonics corresponding to the group of rational harmonics circled
in black in figure [5.2] which are also labelled and marked (red triangles) in figure [5.3] each
appearing at the predicted cavity length /,,,,, X y/x, showing fully modulated pulse trains;
the maximum measured repetition rate is 78.75 MHz x 14 = 1.103 GHz corresponding to the

14/5 harmonic.
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Figure 5.4: Time domain measurement of a selection of rational harmonics, showing full modulation

of the cerium laser cavity field overlapped with the schematic diagram showing the pulse timing for

the pump laser and the harmonics. For each harmonic, each of the distinct pulses within the laser

cavity is marked with a different color, with one arbitrarily marked taller to assist the reader.
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Figure|5.4|also shows schematically the timing for each of these different harmonics. The
timing of the arrival of pump pulses at the laser crystal is shown in panel (a); the remaining
panels show the timing of arrival of pulses in the laser cavity. The colour-coded arrows
represent the distinct pulses within the laser cavity at the higher harmonics - recall that for
the x/y harmonic, there are y distinct pulses in the laser cavity. The arrow marking the
specific pulse that is synchronous at the left is drawn slightly larger to assist the reader to
track the different pulses in the cavity. Comparing the 13/5 and the 14/5 harmonic [figures
[5.4(f) and [5.4(g)] is particularly instructive; in both cases there are 5 distinct pulses in the
cavity. For the 13/5 harmonic, the repetition rate is 78.75 GHz x 13 = 1.024 GHz, and
each pulse is synchronous after making 13 round trips - the pulses are synchronous with
the pump pulse in the order 1-3-5-2-4-1-3-. .. For the 14/5 harmonic, the repetition rate is
78.75 GHz x 14 = 1.103 GHz, and each pulse is synchronous after making 14 round trips -

the pulses experience pump events in the order 1-5-4-3-2-1-5-. ..

The main aim of the work presented here is to discuss the general form of the laser oper-
ation mode of mode-locked pumped lasers for a large range of cavity lengths, concentrating
on the transition between mode-locked and CW behaviour. A detailed characterisation of the
pulses at rational harmonics (e.g. pulse widths, stability) is thus not included in this work.
Previously, the pulse duration of a similar laser, mode-locked at the fundamental harmonic,

was measured to be 6 ps [3]].

5.3 Numerical Model

To analyse the behaviour of the laser system for various cavity lengths, a numerical model
was compiled based on the laser rate equations. The MatLab code of the model including
explanatory comments can be found in appendix C "MatLab Code of Cavity Model". In this
model, the bi-directional cavity field is divided into an integer number (typically 1000) of
small elements, and the evolution of that laser field is calculated as the field circulates in the
cavity. It is assumed that the laser crystal is thin. To determine the rate of change of the
inversion, the current left and right travelling laser field at the crystal location (/] and I;) are
used. Combined with time dependent absorbed pump power Pf,bs (¢) that tracks the train of

pump pulses arriving at the crystal, the total number N of inverted ions in the laser crystal
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can be written
AN P (0) oenN(If+17) N

dr ep e T’
in which e, and ¢; are the photon energies of the pump and laser photons, 7 is the upper
laser level lifetime, and o, is the emission cross section of the laser transition. The incident
pump pulse train is modelled as a sequence of pulses with temporal Gaussian profile. The
single-pass absorption of our crystal was measured to be ), = 70%. The cavity mirrors (CM,
and CM3 in Fig. were not only highly reflective for the laser wavelength, but also for the
pump wavelength. Thus, in addition to being pumped by the forwards travelling pump light
through CM, the crystal is also pumped by the backwards travelling residual pump that is
reflected inside the cavity. This second pump pass results in absorption of a further 21% of
the initial pump energy - we include this secondary absorption in the model, suitably offset
in time from the main absorption pass. The laser field is amplified during its forward and
backward pass through the crystal according to
drt = —Gefjjlf,

where 0. rr = 0o — O EsA is an effective gain coeflicient that accounts for the reduction in
effective gain caused by excited state absorption with coefficient cgg4. Parameter A is the
focal area of the pump laser, which is expanded by the refractive index of the crystal n in
the tangential plane within the Brewster cut crystal. The output coupling is modelled as a
loss Lopc applied at a single specific location in the cavity with current field value /97€; the

remaining cavity losses L; are also collected here, resulting in
orC oPC
dl;"~ = (Lopc + L) I;"~.

The output coupling Lopc = 2.5% and the round trip loss L; = 2.45% were measured
accurately (to £0.05%) using a cavity ringdown method, and sum to a total loss of 4.95%

(see chapter [d)). Finally, the laser output power Py, is calculated as
PL = LopclLOPCAI’L.

The model was used to predict the behaviour and the form of the output of Ce:LiCAF
lasers with parameters summarized in Table [5.1] as a function of cavity length. Note that
the behaviour is insensitive to minor changes in the listed parameters other than the cavity

length. The model neglects dispersion and gain bandwidth that will affect the duration of
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Table 5.1: Input variables for the numerical model used for simulating the Ce:LiCAF laser.

Variable Value
Measured (average) pump power Pp 276 W
Pump repetition rate Ry 78.75 MHz
Pump cavity length [,,,,, = ¢/(2 X Rpump) 1.902 m
Pump pulse duration 23 ps
Transmission of the dichroic input coupling mirror (CM;) 91%
Single pass absorption of the crystal a), 70%
Overlap efficiency 7, 81%
Pump wavelength 266 nm
Laser wavelength 290 nm
Laser beam waist in crystal w; 12.9 ym
Upper laser level lifetime 7 25 ns

Emission cross section o,

ESA cross section ogga

Refractive index of the crystal (at laser wavelength) n
Output coupling loss Lopc

Loss of cavity elements L,

9.6 x 10718 cm? [103]
3.6 x 10718 cm? [[103]
1.41

2.5%

2.45%

strongly mode-locked pulses; it also neglects non-linear effects such as self phase modulation

and self-focusing that can cause passive mode-locking and soliton generation. Thus the

model is not suitable for understanding the laser performance at locations that generate very

short pulses, and pulse durations for strongly mode-locked pulse trains are not considered

or presented in this work. The model is designed for investigating the behaviour for cavity

lengths between strongly mode-locked locations, where the peak intensities are low, and the

structure in the cavity field is on multi-picosecond time-scales: here the laser behaviour

is determined mostly by gain modulation and gain saturation. The good agreement shown

below between the model and experiment for such asynchronous cavity lengths attests that

the simplified model provides a useful tool for understanding the behaviour of this laser.
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Figure 5.5: Modulation depth of the laser output from numerical simulation as a function of cavity
length mismatch A/, showing a set of higher harmonics interspersed by regions of lower modulation.
The location of harmonics with x < 390 are indicated near the x-axis. The harmonic labels marked

with a square correspond to the points marked with a square in figure

5.4 Modelling of Higher Harmonics

The simulated output from the model is used to explore the behaviour of the laser for a
small range of cavity lengths. Figure [5.5 shows the modulation depth of the simulated laser
output, defined as (Lyqx — Imin) / (Lnax + Imin), as a function of cavity length mismatch. Also
marked are the expected positions of all rational harmonics with x < 390 in this cavity length
range. Note that this cavity length mismatch range of 9.3 mm to 9.8 mm, corresponds to a
very narrow selection of potential harmonics, covering normalized cavity lengths of 0.3382
to 0.3385; the two dominant harmonics (68/23 and 65/22) are marked with green squares
both in figure [5.5] and in figure Using the model, the locations and surrounding cavity
lengths for the harmonics with x < 390 are sampled specifically, to find the range of cavity
lengths over which each harmonic has influence. Locations of harmonics with larger x are not
specifically sampled, and hence are not resolved or do not feature a modulation significantly
larger than the background modulation and are thus not detected. As a result, the model

predicts strong modulation of the cavity field at the location of each x < 390 harmonic,
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Figure 5.6: Beating around the 65/22 harmonic. Blue line: unfiltered model output; red line: model
output convolved with the response function of a 1 ns response and an oscilloscope with a 6 GHz
bandwidth ("filtered model output"). (1) output directly at the 65/22 harmonic, (2) - (4) at lengths
further and further away from the harmonic. The lower row are plotted with an equally ranged y-axis;

the y-axes in the upper row are zoomed in on the data range.

with the modulation depth decreasing somewhat with increasing x; thus there is a continuous
transition between trains of well separated pulses and a modulated CW cavity field as the

number of pulses in the cavity increases.

5.5 Beating Around Rational Harmonics

Now the regions close to higher harmonics are considered in more detail. Figure[5.5|shows the
shoulders of some higher harmonics, where it is clearly visible that harmonics with smaller
y have influence over a larger region of cavity lengths. Figure [5.6] provides an overview of
the laser output around the 65/22 harmonic. In addition to the model output (blue line), the
model output convolved with the response function of a photodiode with a 1 ns response and
an oscilloscope with a 6 GHz bandwidth is plotted (red line). Such a measurement system
was used when the instantaneous output power was not sufficient for the faster photodiode
that detected the higher harmonics in figure[5.4}, see section[5.6|below. All outputs shown are
plotted over 10,000 round trip times. Figure[5.6](1) is taken directly at the harmonic, while
figures [5.6](2) to (4) are for lengths further and further away from the harmonic. The lower
row (figures[5.6/(1), (2b), (3b), and (4b)) are all plotted with an equally ranged y-axis which

illustrates nicely how the fluctuation becomes smaller and smaller the further away from the
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Figure 5.7: Beating at A/ = 18 mm. Blue line: unfiltered model output; red line: filtered model
output. (a) over 2,000 round trip times, (b) over 5 round trip times at the maximum fluctuation, and

(c) over 5 round trip times at the minimum fluctuation.

harmonic we are. The upper row (figures [5.6| (2a), (3a), and (4a)) are pictures taken at the
same cavity lengths as the lower row, but the y-axis are scaled to zoom in on the data range.
Looking at the convolved output in the lower row (red lines) it becomes clear, that these fast
modulations cannot be seen when measuring the laser output with a nanosecond photodiode
- the height of the simulated filtered output stays the same over the whole displayed range.
Figure [5.7] gives an insight into the beating phenomenon. The output plots are taken
at Al = 18 mm, close to the 35/12 harmonic. Figure (a) shows the output over 2,000
round trip times, figures (b) and (c) are over five round trip times, where figure (b)
is zoomed in at the maximum fluctuation and figure (c) is zoomed in at the minimum
fluctuation. The number of peaks per round trip time is the same for maximum and minimum
fluctuation. In figure (c) it appears that the modulation of the simulated filtered output
is shifted slightly compared to the modulation of the unfiltered output, which is as expected
due to the pulse response that is the basis of the filter simulation. Again there is no difference

in the filtered output for maximum and minimum fluctuation.

5.6 CW Laser Output

The resonances become much sharper for higher harmonics: e.g. for the 68/23 harmonic, the
resonance has a width of A/ = 100 um, but for the 198/67 or 263/89 harmonic, the resonances
have a width of only A/ = 10 um. The decreasing modulation depth and decreasing width
of the resonances for the higher harmonics means that despite there being an infinite number
of possible harmonics, in practice there are significant regions between the resonances that

have relatively little modulation. Figure [5.8] shows the predicted fast output modulation in
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% between the 3"¢ and 2"¢ harmonic. The simulations were carried out at cavity lengths
representative of the low-modulation regions, avoiding the narrow peaks corresponding to
harmonics with y > 1 (that is all harmonics except the 3/1 (= 374y harmonic at 0.3333
normalized cavity length and the 2/1 (= 2"¢) harmonic at 0.5 normalized cavity length).
The curves were plotted for an input power of 2.80 W, so about twice above threshold (see
chapter ). By avoiding all harmonics with y > 1, the graph reveals the shoulders of the
34 and 2" harmonic, and the underlying unavoidable minimum residual modulation (see
section[5.8)). The model predicts that for cavity lengths around a normalized cavity length of
0.3964 the residual modulation is minimized. This normalized cavity length corresponds to
an absolute length of / = 0.754 m and a mismatch from the 3"¢ harmonic of A/ = 120 mm.
Since this location is very close to the 5/2 harmonic at 0.4 normalized cavity length (at
Al = 126.8 mm), the region close to the 5/2 harmonic was investigated further. In figure
the predicted modulation is plotted over a cavity length mismatch of 13 mm approaching the
5/2 harmonic. The cavity region shown corresponds to a normalized cavity length ranging
from 0.3933 to 0.4, this range is marked in figure with a blue bar under the x-axis for
comparison. The shoulder of the 5/2 harmonic is thus predicted to meet the underlying
minimum residual modulation at around 121 mm cavity length mismatch and hence does not

have significant influence at the location of the minimum modulation.

The shoulder of the 3"¢ harmonic has also been explored experimentally. Figure
shows a series of experimental measurements at different cavity mismatch lengths that avoid
rational-harmonic mode-locking, and where the resulting modulation is small. Note that
these experimental measurements were recorded using a photodiode with a 1 ns response
and an oscilloscope with 6 GHz bandwidth, since the instantaneous output power was not
sufficient for the faster photodiode. These measurements are compared to the model output,
as well as the model output convolved with the response function of our measurement
system to simulate the experimental results (the curve marked "simulated, filtered" in figure
[5.10). Like before, the simulations were carried out at cavity lengths representative of the
low-modulation regions, avoiding the narrow peaks corresponding to high-order harmonics,
and an input power of 2.80 W was chosen. The modulation decreases with increasing
cavity length mismatch A/ from the third harmonic, as expected, and the modulation of the
simulated filtered output and the experimentally measured output match each other closely,

giving confidence in the output of the model. At the location of the predicted minimum
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Figure 5.10: Measured and simulated laser output modulation as a function of the cavity length

mismatch. These points cover normalized cavity lengths from 0.3333 to 0.3964.

modulation, the measured modulation and the simulated filtered modulation are in the order

of 1%, while the simulated unfiltered modulation is in the order of 4%.

5.7 RF Spectrum

The RF spectrum of the simulated laser output was calculated via Fourier Transformation,

and in figure[5.T1|the resulting RF spectra of the output at Al = 120 mm (CW cavity length)

and important harmonics are displayed. Figures (a) - (e) are all plotted over the same
frequency range (up to 1 GHz), while figure [S.IT] (f) covers a larger frequency range (up to
64 GHz). At Al = 120 mm, the major part of the total output power is in the CW component
of the signal (at 0 Hz - please note that all y-axes are logarithmic axes). All other major
frequency components are associated with the important harmonics of the pump. Clearly
noticeable is the 5/2 harmonic component, which is due to the fact, that the CW cavity length
is close to the cavity length of that harmonic (see figure [5.9). In figure [5.T1] (f), there is
an additional mark at 8.741 GHz visible, with associated smaller marks at harmonics of

8.741 GHz. These marks correspond to the 111/44 harmonic, that is located at 0.396396
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normalized cavity length (/ = 0.75399 m, Al = 119.99 mm). The 111/44 harmonic is just
10 um away from the CW location and can be found in the RF spectrum. Nevertheless, it is
of minor influence for the overall residual modulation featured at Al = 120 mm, where the
5/2 harmonic, and the y = 1 harmonics are much more prominent (see also the time traces

taken at Al = 120 mm below).

5.8 Gain Step

The residual modulations in the laser output are due to the unavoidable effect that when
pumping with a mode-locked pulsed laser, each pump pulse produces a step increase in the
inversion N; which implicates a step increase in the gain G. During the 23 ps pump pulse, the
inversion reaches its maximum and subsequently decays due to stimulated and spontaneous
emission until the next pump pulse arrives, leading overall to a saw-tooth inversion curve

(see figure[5.12). Below threshold, the step in the inversion AN at each pump pulse is
AN = Nyax = Nmin = Nax (1 - e_lp/T) >

where 1, is the pump pulse period, and 7 = 25 ns is the fluorescence life-time. The gain is

dependent on the inversion,

G = 0y fIN;,

where o, ¢y is the effective gain cross section of the active medium (oo rf = Tem — TEsA),
and [ is the length of the active medium, this also leads to a saw-tooth gain curve. To estimate

the magnitude of the gain step AG, the gain at lasing threshold has to be calculated.

N

inversion AN \
— Nmin
A A A A
pump
pulses
tb

Figure 5.12: Schematic of the inversion curve for an asynchronous pumped CW laser. Blue arrows

represent the times when a pump pulse arrives at the laser crystal.
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At threshold, the average gain < Gy, > has to be equal to the loss L

L =< Gy, >= Ueffl < Ny, >

1 (e TerflN, T
— t_f 0o fINy (1) dt = Tefft thmax © [1 _ e-fp/f] '
p JO

We can rewrite this equation in terms of ANy, as

p

I = AN,hO'efflT.
Ip
Since we can also deduce AN from the number of photons in each pump pulse
ALe,’

AN

where E), is the pump energy, A is the pump area, and ¢, is the photon energy, we can rewrite

the equation for L in terms of E),;; as

_ Epinoeryt
O Aept,
This equation can be rearranged to
Teff _ ;1
Ae), TE,m
Above threshold,
o E, t
AG =0 /ANl = —Lp, = 2 1P
Aep Ep,th T

Setting E,/ E,, ;;, = 7, thus y being the number of times above threshold, and L = (Lopc + L;),
where Lopc is the output coupling loss, and L; is the round-trip loss, the step in the gain for
each round trip becomes

t
AG =y - (Lopc + L;) - ?p

Since the intracavity field passes through the gain medium twice on each round-trip, the

single pass step in the gain has an amplitude AGy, given by
1 tp
AGsp = 5 -~y - (Lopc + Ly) - ?

For the 78.75 MHz pump laser used, the pump pulse interval equals half the Ce:LiCAF
fluorescence lifetime, and with 4.95% total cavity loss, the gain step is predicted to be just
2.57% at the maximum output power obtained. The resulting modulations in the intracavity
field and laser output depend on the cavity length mismatch and are expected to be of the

same order of magnitude as the gain step for optimum mismatching.
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Figure 5.13: Gain step for double pass pumping and stacked double pumping (forwards and backwards

pumping are simulated to occur simultaneously, so that the two steps are combined to one step).

The simulated percentage gain over time from the numerical model is shown in figure
[5.13] Here, the average gain is 4.95%, which agrees with the total cavity losses. Recall that
in the experiment only part of the pump pulse is absorbed during the first pass through the
crystal and that there is a second pump event after the residual pump pulse is back-reflected
into the crystal. The red line shows the gain for a double pass pumped crystal where the
backwards pumping occurs with a time delay as given in the laser. The maximum gain step
for the forwards pumping in this case is AG = 1.69%. The blue line is the result for ‘stacked
double pass pumping’, where the backwards pumping is simulated to occur simultaneously
with the forwards pumping, so that the otherwise separately occurring two steps in the gain
are combined to one gain step. The maximum simulated gain step in this case is AG = 2.57%

and hence agrees with the calculated analytical value.

Since AG « vy it becomes larger as more energy is pumped into the crystal. This
phenomenon is due to the fact that gain saturation pulls the gain down harder between pump
pulses the harder we pump. AG is also proportional to 7,/7, hence for materials with short
fluorescence lifetimes like Ce:LiCAF (7 = 25 ns) it is larger than for materials with longer

fluorescence lifetimes when all other parameters are kept similar. In e.g. Ti:sapphire lasers
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that feature a fluorescence lifetime of 3.2 s, the gain is more uniform in comparison to the

gain in Ce:LiCAF due to the longer fluorescence lifetime. We return to this in section[5.10]

5.9 Comparison of Experimental and Simulated Results

To verity the results of the numerical model further, the simulated output is compared to the
output measured experimentally. Just like figure {.18]in the previous chapter {] figure [5.14]
shows the time trace measured with a ns-photodiode at a total laser cavity lengths of 0.754 m,
which corresponds to a cavity length mismatch to the 3¢ harmonic Al = 120 mm - recall
that for this cavity length the residual modulation was predicted to be minimal and we hence
use this cavity length to generate our CW laser output. The output is shown over a time of
150 ns and 42 ns respectively. In addition to the experimental data, in figure [5.14] the laser
output as predicted by the simulations ("simulated, unfiltered" line) and the simulated output
convolved with the response function of the measurement system ("simulated, filtered" line)
are plotted as well. There is a good agreement between the model and the experimental
results: Experimentally the modulation was measured to be just +1% for frequencies below
1 GHz, and the "simulated, filtered" line that simulates the laser output as seen by the
used measurement system predicts a residual modulation with the same magnitude. The
"simulated, unfiltered" line shows the model predictions for the residual modulation on a
faster timescale that can not be resolved by the measurement system used in the experiments.
According to the model the modulation on this faster timescale should still be less than +4%.
Nevertheless, for many applications of CW UV lasers, a modulation of the laser output at
GHz frequencies will not be resolved just as it is not resolved by our measurement system
and is hence not problematic. For these applications the generated laser output is closely
equivalent to that from a CW-pumped multi-longitudinal-mode CW laser, and so can be used
interchangeably.

Zooming further into the time trace, some components of the fast modulation that are also
clearly visible in the RF spectrum of the laser output, can be revealed. Figure [5.I5]shows
the measured and simulated laser output over a time frame of 6 ns. In addition to the fast
modulation with a period of around 2.54 ns that is related to the 5/2 harmonic component of
the output, there is a modulation with a period of 0.114 ns that corresponds to the 111/44

harmonic. Even though the 111/44 harmonic is just 10 um away, its influence is much weaker
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Figure 5.14: Measured and simulated laser output over a time frame of a) 150 ns and b) 42 ns, for

a cavity length of Al = 120 mm. The modulation is of the order of 1% for frequencies below 1 GHz

and 4% on faster timescales.
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Figure 5.15: Measured and simulated laser output over a time frame of 6 ns at A/ = 120 mm.

than that of the 5/2 harmonic and the overall dominant y = 1 harmonics.

While the residual modulation is minimal at around 120 mm cavity length mismatch,
modulated CW output (as oppose to fully modulated pulse trains) can be observed at many
other cavity lengths between harmonics as well. In figure[5.16|the laser output at 12 mm cavity
length mismatch can be seen. Again, the simulated, filtered output follows the experimental
line closely. The residual modulation here is still only of the order of 2% for frequencies
below 1 GHz and just about 5% on faster timescales, even though the 3"¢ harmonic is just
12 mm away.

Finally we confirm that the numerical model agrees with the analytical calculations for
total output power. In chapter 4, the slope efficiency of the Ce:LiCAF laser with a cavity
length mismatch of 120 mm was determined to be 20%, with a maximum laser output of
288 mW at an input power of 2.80 W and a lasing threshold of 1.37 W as can be seen in
figured.19]in chapter[|and here in figure By comparing these experimental results with
theoretical values calculated using well established literature equations [133], the laser waist
size was determined to be w; = 13 um, and the overlap efficiency n, = 0.81. The simulations
that led to the "simulated" line in figure were hence done using these values. All used
values are also listed in table[5.1] The results of the simulation match those of the experiment

and the theoretical calculations perfectly thus confirming the validity of the model.
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Figure 5.16: Measured and simulated laser output over a time frame of 42 ns, for a cavity length of

Al =20 mm. The modulation is of the order of 2% for frequencies below 1 GHz and 5% on faster

timescales.
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5.10 Mode-Locked Pumped CW Ti:sapphire Lasers

Titanium doped sapphire (Ti:sapphire) was introduced as a laser material in 1986 [S1] and
rapidly became one of the most important solid-state crystals for tunable lasers and ultrashort
pulse generation. A short account of some milestones achieved with Ti:sapphire lasers is
already given in chapter [2.2.2] Ti:sapphire lasers are also widely used as pump sources for
other lasers as they can be tuned to many commonly required pump wavelengths and feature
high beam quality as well as high output powers. In chapter[3.2] we compared the approach
of using Ce:LiCAF as a laser material to generate tunable UV output to the common method
to obtain such UV output, which is based on the frequency conversion of tunable Ti:sapphire
laser emission. The many different utilisations of Ti:sapphire lasers are due to the very
broad gain bandwidth of Ti:sapphire ranging from 600 nm in the red to around 1100 nm in
the infrared (IR) spectral region with an emission peak at around 800 nm. Ti:sapphire and
Ci:LiCAF hence have in common, that they both have bandwidths of the order 133 THz.
Ce:LiCAF and Ti:sapphire also have many other features in common; they are both very
efficient and robust materials and can be set up in all solid-state systems. Due to the many
similarities, Ce:LiCAF has been called the "Ti:sapphire of the UV" [[113]. Ti:sapphire and
Ce:LiCAF can also both be pumped conveniently by harmonics of Nd doped solid-state lasers.
While for Ce:LiCAF the fourth harmonic is used as discussed in chapter [3|and chapter @], for
Ti:sapphire the second harmonic (1 = 532 nm) can be used. At this wavelength the pump
absorption is only slightly reduced compared to the main absorption peak around 500 nm.
The fluorescence lifetime of Ti:sapphire is 3.2 ps, which is significantly longer than the
25 ns lifetime of Ce:LiCAF. When using Ti:sapphire in a mode-locked pumped set-up with
a 80 MHz pump source as we do here, the fluorescence lifetime is hence greatly larger than
the inter-pulse interval.

An asynchronously mode-locked pumped Ti:sapphire laser was simulated using our model
to put our Ce:LiCAF results into perspective. While in practice a CW Ti:sapphire laser can
relatively conveniently be pumped with a CW green laser, there may be cases where a
picosecond green laser might be more convenient. The parameters used to simulate the
Ti:sapphire laser were chosen to match the performance of the Ce:LiCAF laser to be able to
compare the results easily. The value of the laser beam waist in the crystal was set to 48.5 um
to provide a similar laser threshold and slope efficiency as for the Ce:LiCAF laser. All used

parameters are listed in table[5.2] next to the values used for Ce:LiCAF.
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Figure 5.18: Simulated laser output of a mode-locked pumped Ti:sapphire laser over a time frame of

42 ns for a cavity length mismatch of a) A/ = 120 mm and b) Al = 20 mm.
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Table 5.2: Input variables for the numerical model used for simulating the Ce:LiCAF laser and a

Ti:sapphire laser respectively.

Variable Ce:LiCAF Ti:sapphire
Measured (average) pump power Pp 2.76 W 2776 W
Pump repetition rate Ry, 78.75 MHz 78.75 MHz
Pump cavity length [, = ¢/(2 X Rpymp) 1.902 m 1.902 m
Pump pulse duration 23 ps 23 ps
Transmission of CM; 91% 91%
Single pass absorption of the crystal a), 70% 70%
Overlap efficiency 7, 81% 81%

Pump wavelength 4, 266 nm 532 nm
Laser wavelength A, 290 nm 800 nm
Laser beam waist in crystal w; 12.9 um 48.5 um
Upper laser level lifetime 25 ns 3.2 us

Emission cross section o,

ESA cross section o gga

9.6 x 1078 cm? [103]]
3.6 x 10718 cm? [103]]

41 x 10718 cm? [51])
0

Refractive index of the crystal (at 1)) n 1.41 1.76
Output coupling loss Lopc 2.5% 2.5%
Loss of cavity elements L; 2.45% 2.45%

The simulated laser output of a mode-locked pumped Ti:sapphire laser at a cavity mis-

match length of Al = 120 mm is given in figure [5.18| a). This result is analogous to the
plot in figure b) for Ce:LiCAF. Just like when simulating the Ce:LiCAF laser, the fil-
tered simulated result that reflects the laser output as seen by the measurement system is
shown in addition to the unfiltered simulated laser output. It is clear that the output of the
Ti:sapphire laser is much smoother than the output of the Ce:LiCAF laser. The modulation
of the Ti:sapphire laser is predicted to be of the order of only 0.01% for frequencies below
1 GHz and of the order of 0.03% on faster timescales. This is expected from the equation
of the single pass gain step (see above), since the upper laser level lifetime of Ti:sapphire
(t = 3.2 ps) is much longer than that for Ce:LiCAF (7 = 25 ns), and so the accumulated

inversion effectively averages over a long timescale compared to the inter-pulse period of the
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pump laser. Figure b) shows the predicted results for a Ti:sapphire laser with a cavity
length mismatch of 20 mm. This is the analogous simulation to the results in figure [5.16] for
Ce:LiCAF. Here, the modulation is of the order of 0.03% for frequencies below 1 GHz and

of the order of 0.08% for faster timescales.

5.11 Chapter Summary

The chapter explains how a mode-locked pump source can be used to generate CW laser
output with only small residual modulation in Ce:LiCAF lasers. The key is to set up the laser
system in such a way that asynchronous pumping is achieved. To obtain such asynchronous
pumping, laser cavity lengths associated with rational-harmonic mode-locking (as well as
harmonic mode-locking) and regions in their immediate surroundings (the "shoulders" of
the harmonics) must be avoided, since the modulation of the laser output is intensified at
these cavity lengths. It was shown that the larger the numerator x and the denominator y
of a rational harmonic x/y are, the narrower the shoulders of this harmonic are. At the
same time the intensity of the modulation gets smaller the larger x and y. As a result there
exist cavity lengths that feature low output modulation between regions that are influenced
by rational harmonics. Simulations revealed that the optimal cavity length to generate a
laser output with minimal residual modulation is at 0.3964 normalized cavity length. At this
cavity length a residual modulation of the order 1% was measured experimentally using a
ns-photodiode and a 6 GHz oscilloscope. The simulated laser output for the same cavity
length predicts an additional fast modulation of the order 4% that can not be resolved by the
measurement system and in fact will also not be resolved by many potential applications for
CW deep-UV light. In addition, simulations of mode-locked pumped Ti:sapphire lasers have
been conducted in order to put the Ce:LiCAF results into perspective. For a cavity mismatch
of Al = 120 mm the predicted Ti:sapphire output features a modulation of only 0.01% for

frequencies below 1 GHz and 0.03% on faster timescales.

The main results of this chapter were published in: B. Wellmann, D.J. Spence, and D.W.
Coutts, "Dynamics of solid-state lasers pumped by mode-locked lasers." Optics Express,
Vol.23, No.4, 12. February 2015, pp. 4441-4452 (see appendix [A] "Publications Arising

from this Thesis").
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The broad gain spectrum of Ce:LiCAF makes it an ideal material for a tunable laser with
a potential continuous tuning range over 35 nm in the deep UV (280 nm to 315 nm). The
concept of wavelength control and selection in lasers dates to the early days of laser research
and was proposed independently in dye lasers by Sorokin and Lankard [[167]] and Schifer et al.
[168] in 1966. Dye lasers use organic molecules that feature extremely large bandwidths over
tens or even hundreds of nanometers. Simple dye lasers without emission control generate
broadband emission that may be composed of several transverse modes, each with a multitude
of longitudinal modes [169]]. The first narrow-linewidth tunable laser was presented in 1972
by Hinsch in the form of a pulsed dye laser incorporating an intracavity beam-expanding
telescope and a diffraction grating [[170]. This laser introduced by Hinsch featured a rather
long (40 cm) cavity due to the intracavity telescope. More compact solutions for tunable
narrow-linewidth lasers were realized using grazing-incidence grating cavities [171] and
multiple-prism grating oscillators [172]. These cavity designs have since also been applied

to other types of lasers, e.g. tunable gas lasers, semiconductor lasers, and solid-state lasers
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Figure 6.1: Set-up for tuning using a prism

[173]. Of all solid-state lasers, the most common tunable laser is the Ti:sapphire laser with
a potential tuning range in the red and infrared from 670 nm to 1100 nm [S1]. Typically
Ti:sapphire lasers are nowadays tuned using a Lyot filter that is placed inside the laser cavity
[174]. Lyot filters use birefringence to select a narrow range of transmitted wavelengths
and are usually built with multiple thin plates each plate being half the thickness of the
previous one. In this arrangement, the thickest plate determines the linewidth of the laser
and the thinnest plate determines the tuning range. In Ti:sapphire lasers, usually quartz is
used as a the birefringent material. In this chapter, we use birefringent filtering to tune our
Ce:LiCAF laser, but instead of quartz we use magnesium fluoride (MgF>) as it features larger
birefringence in the UV than quartz (see section [6.2] below). Another tuning technique that
is widely used in solid-state lasers and that we also exploit for our Ce:LiCAF laser is prism
tuning (see section [6.1] below). For many applications it is desirable to generate broadly
tunable laser output that also features a very narrow linewidth. Hence laser tuning and
linewidth narrowing are often addressed together. Experimental linewidth narrowing of our
CW Ce:LiCAF laser is discussed in section[6.3] and section [6.4]explores the theoretical limit

of the linewidth of the laser.



6.1 Prism Tuning 101

0.8
;:0.6
&
£
W
§ 04
=
0-2 ju
0 UL L I
285 287 289 291 293 295

Wavelength [nm]

Figure 6.2: Tunability of the CW-Iaser - laser output spectrum for 12 different angles of the end cavity

mirror CM3

6.1 Prism Tuning

We first investigate tuning our cerium laser using a prism, with a cavity design shown in
figure By placing a UV grade silica Brewster prism with an apex angle of 67.4° in the
long arm of the laser cavity instead of the OPC, the CW Ce:LiCAF laser output wavelength
could be tuned by rotating the cavity end mirror CM,. For such a prism, the input and output
beam angles can both be close to Brewster’s angle. The laser signal was captured from the
Brewster’s angle face of the Ce:LiCAF crystal and measured with an Ocean Optics HR4000
spectrometer with a resolution of 0.05 nm. With this set-up, lasing from around 285.85 nm to
around 295.30 nm was achieved, with peak performance at around 289 nm (figure[6.2). This
tuning range is consistent with the main tuning peak of Ce:LiCAF. Note that the output power
corresponding to each spectrum shown in the figure was not measured and the intensities of
the individual spectra do not provide accurate quantitative information on the actual output
power at the different angles. The full width at half maximum (FWHM) linewidth of the laser
with the prism in the longer arm was widest at around 291 nm (0.2 nm) and was narrower
towards the extremes of the tuning range (0.1 nm at 286 nm and at 295 nm). While the

achieved tuning range of approximately 10 nm is already considerable, nanosecond pulsed
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Figure 6.3: Tuning curve of Spence et al. [131]] (blue) and our tuning range achieved via prism tuning

(red).

Ce:LiCAF lasers can be readily tuned from 282 nm to 315 nm [131]]. Figure [6.3]shows the
tuning curve reported by Spence ef al. in [131] with our tuning range achieved via prism
tuning marked in red. The tuning range was limited by the fact that the laser was running
only about a factor of two over threshold. Tuning with a Brewster prism has the disadvantage
of preventing double-pass pumping of the crystal since the 266 nm pump light does not get
retro-reflected off the cavity end mirror. The resulting reduction in absorbed pump power
contributes to the higher threshold of the tuned laser. This problem could be solved by
replacing the HR CM; with a dichroic mirror and reinjecting the transmitted pump back into
the crystal via an external mirror, although the loss for 4 = 290 nm of the dichroic coating
Lpc = 0.45% is higher than the loss of the HR coating Lyr = 0.2%, and so a set-up with
two dichroic mirrors would involve increasing the total cavity loss significantly and largely

removing any potential advantage.
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Figure 6.4: Schematic of the laser cavity for birefringent tuning. The MgF, tuning plate is placed in

the long cavity arm close to Brewster’s angle and is simultaneously used as an output coupler.

6.2 Birefringent Tuning

An alternative to prism tuning is birefringent tuning, where a birefringent plate is inserted into
the laser cavity at close to Brewster’s angle relative to the laser beam path. With the optical
axis of the birefringent element set at an angle to the polarisation of the light inside the laser
cavity, different wavelengths experience different polarisation rotations and the wavelengths
that complete an integer number of polarisation rotations see the lowest loss on the Brewster
faces of the birefringent element and the Brewster laser crystal. Figure[6.4]shows a schematic
of our Ce:LiCAF laser cavity set-up for birefringent tuning. The birefringent magnesium
fluoride (MgF,) plate was placed in the long cavity arm at close to Brewster’s angle similar
to the OPC when the laser was running without a tuning element. In this set-up, the MgF,
plate was simultaneously used as an output coupler.

Using birefringent tuning instead of tuning with a Brewster prism has the advantage that at
least part of the unabsorbed single-pass pump light can be recycled back into the laser crystal
after being reflected by the HR cavity end mirror, as there is no spatial dispersion between the
pump and the laser modes. Pumping efficiency for the return pass is still reduced depending
on the rotation of the pump light polarisation in the birefringent element and associated loss
on the Brewster faces.

Birefringent tuning has been used effectively with CW dye and Ti:sapphire lasers in the
past. The equation used to calculate the transmission 7' of the birefringent plates (assuming

the plate is followed by a linear polariser)) can be found in [175]].

'Tn the experiments no additional polariser was inserted but due to the four Brewster surfaces in the cavity

the laser field is strongly polarised.
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a) 8= 90°% ¢ = 0°

b) 0=35.6% ¢ =0°

c) 8=90°; ¢ = 45°
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d) 0=35.6% ¢ = 45°
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Figure 6.5: Schematic of the angles relevant in birefringent tuning. Plotted are four different cases
a) to d) for different combinations of the angles 6 and ¢. The blue arrow marks the path of the laser
beam inside the cavity through the birefringent tuning plate. 6 is the tilt angle of the plate as a whole
with respect to the beam axis. Since the plate is also used as an OPC, 6 is also the angle that controls
the output coupling fraction. ¢ is the plate rotation angle of the crystal axis and is the "internal" tuning
angle of the plate. In the first column the plate is shown in a 3D view for each angle combination, the
second column is the top view highlighting the tilt (and OPC) angle 6 relative to the laser beam path.
The third column shows the plate looking down the beam axis which also best illustrates the internal

tuning angle ¢.
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Here, ¢ is the plate rotation angle of the crystal birefringent axis, 6 is the plate tilt angle
as a whole with respect to the beam axis, d is the plate thickness, and n, and n, are the
principal refractive indices of the uniaxial crystal for light linearly polarised perpendicular
and parallel respectively to the optical axis. Note that both n, and n, are also wavelength
dependent due to material dispersion. To illustrate the two angles relevant for birefringent
tuning, schematics of a birefringent tuning plate at different angle combinations are drawn in
figure[6.5] In all pictures, the blue arrow marks the path of the laser beam inside the cavity.
The first row shows the plate with a tilt angle 6 of 90° relative to the beam path, so that the
plate is perpendicular to the laser beam. The two-sided green arrow marks the optical axis of
the birefringent plate. Here, in case a), the internal rotation angle of the plate ¢ between the
optical axis of the plate and the vertical axis of the system is 0°. The first column in figure
[6.5] shows the scenario in a 3D view, the second column provides the top view emphasising
the tilt angle 6, and the third column gives the front view, which better shows the rotation
angle ¢. In the second row, case b), the plate is tilted by 35.6°, which achieves an incidence
angle for the laser beam (90° - 6) of Brewster’s angle for a MgF; plate at a wavelength of
A =289 nm, and hence the angle close to which we are operating. In row c) € is set back to
90°, and now ¢ is moved to 45° to illustrate the rotation of ¢. Angles close to 45° for ¢ are
used to achieve best tuning results as will be discussed in the following. In the last case d),
both 8 and ¢ are now rotated.

We will now investigate the influence of the two angles 6 and ¢ on the transmission T
of the plate. We assume that the input laser beam is horizontally polarised and the plate
is followed by a linear polariser hence we are assuming full rejection of o-polarised light.
First we will discuss ¢, the internal rotation angle, that is the tuning angle of the birefringent
axis with respect to the polarisation axis. In figure [6.6] transmission curves of a 250 um
thick MgF, plate for different angles ¢ are plotted as a function of wavelength in a range
relevant for our Ce:LiCAF laser. For these calculated transmission curves, the angle 6 was

fixed at 35°, which is an angle very close to that for Brewster’s angle operation of 35.6°.
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Figure 6.6: Calculated transmission curves of a 250 um birefringent MgF, Brewster tuning plate

followed by a linear polariser for different rotation angles ¢, with the tilt angle 6 = 35°.

For wavelengths with a transmission of 1, w-polarised light has its polarisation unchanged
or changed by an integer number of polarisation rotations and hence the birefringent plate
does not attenuate the incident r-polarised light meaning these wavelengths are most likely to
lase. All other wavelengths experience an alteration of polarisation, either elliptical or rotated
linear, and suffer loss at the Brewster faces of the birefringent plate and the Brewster laser
crystal. For a plate rotation of 45° for example, the two peak wavelengths in the wavelength
range examined are 284.9 nm and 307.6 nm. The wavelengths of the transmission peaks
shift with angle, which is why birefringent plates can be used to tune a laser in the first
place. There are two other characteristics of the transmission curves that also change with the
rotation angle ¢ as can be seen in the figure: the free spectral range (FSR) and the minimum
transmission. The FSR is the spectral distance between two peaks featuring a transmission of
1. The dependency on ¢ can be seen in the figure: there is a transmission peak at 295.8 nm
both for a plate rotation of 51.6° and 23.1°, but while the FSR towards shorter wavelengths

for a rotation of 51.6° is 19.9 nm, the FSR for a rotation of 23.1° is 23.6 nm.
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Figure 6.7: Calculated peak wavelengths and minimal transmission of a 250 um birefringent MgF,
Brewster tuning plate followed by a linear polariser as functions of the rotation angle ¢, with the tilt

angle 6 = 35°.

The dependency of the minimal transmission on the rotation angle is also clearly visible
in figure[6.6] The lower the value of the minimal transmission, the stronger is the wavelength
selection effect. For a plate rotation of 45° the minimal transmission is 0.042, hence the
wavelength selection is strong, while for a plate rotation of 0° and 90° (as well as 180°,
270°, and 360°), that is when the optical axis of the plate is aligned with the vertical axis of
the system or perpendicular to the vertical axis of the system respectively, the transmission
is uniformly 1 for all wavelengths and no wavelength selection occurs, resulting in a laser

spectrum equal to that of the laser running without a tuning element.

Figure[6.7]illustrates the dependencies of the peak wavelengths and the minimal transmis-
sion on the rotation angle ¢ for a 250 um thick MgF; plate at a tilt angle of 35°. The minimal
transmission periodically varies between 0 and 1 as discussed in the paragraph above. We
will see in the discussion of the tilt angle 8 below, that in addition to being dependent on ¢,

the minimal transmission is also dependent on 6. For the chosen fixed tilt angle of 6 = 35°,
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Figure 6.8: Predicted lasing wavelength with a 250 um birefringent MgF, Brewster tuning plate as a
function of the rotation angle ¢ as determined by taking a typical Ce:LiCAF tuning curve [131] into

account.

the minimal transmission is O at a rotation angle ¢ = 40° as well as 130°, 220°, and 310°.
The peak wavelengths of the transmission as a function of rotation angle were determined in
the wavelength range of 270 nm to 320 nm. The peaks follow a pattern with reversal points
at 0°, 90°, 180°, and 270° and multiple peaks at each angle. To determine which one of the
peaks is most likely to lase in our Ce:LiCAF laser, a typical tuning curve of a Ce:LiCAF as
reported by Spence et al. in [[131] was taken into account (see e.g. figure [6.3). The result
is shown for a rotation angle of 0° < ¢ < 90° in figure revealing points of discontinuity
in the laser wavelength. Experimentally, these discontinuities and the reversal points in the
peak wavelength over angle make it possible to determine the orientation of the optical axis
of an unmarked birefringent plate. By rotating the plate continuously in one direction in
a running laser, upwards and downwards tuning with jumps between wavelengths can be
observed interrupted by reverse points where the spectrum is broad and in the shape of the

untuned laser. Thus the orientation of the optical axis can be easily found experimentally.
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Figure 6.9: Calculated transmission curves of a 250 um birefringent MgF, Brewster tuning plate

followed by a linear polariser for different tilt angles 6, with the rotation angle ¢ = 45°.

To determine the best plate orientation for optimal tuning results we must look at all
discussed features of the birefringent tuning plate together. We require a good wavelength
selection hence a good wavelength suppression, so the minimal transmission should be as
close to 0 as possible. This is given for rotation angles around ¢ = 40° when the plate is set
to a tilt 6 close to Brewster’s angle. At the same time the FSR should be as large as possible
to allow tuning over a wide range of wavelengths. The FSR is greater for angles between 0°
and 45° than it is between angles of 45° and 90°, so combining both features leads to an ideal

plate rotation of around 30° to 45° for best tuning results.

Next, we will have a closer look at the tilt angle 6. Figure @ shows transmission curves
for the 250 um MgF,; plate with a fixed rotation angle of ¢ = 45° for different plate tilt angles.
In general, placing the birefringent plate in the laser beam path at different tilt angles results
in the selection and suppression of different wavelengths similar to when the rotation angle ¢
is changed, but there are certain differences in the behaviour when comparing a rotation of ¢

to a tilt of 6. In figure[6.9]tilt angles were chosen at which the transmission curves all feature
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Figure 6.10: Calculated peak wavelengths and minimal transmission of a 250 um birefringent MgF,
Brewster tuning plate followed by a linear polariser as functions of the tilt angle 6, with the rotation

angle ¢ = 45°.

a peak at 288 nm. The strong dependency of the FSR on the tilt angle is clearly visible with
the FSR being larger for smaller tilt angles. The FSR is smallest at angles close to 90° (and
hence also 270°). However, transmission curves at very small or very large tilt angles are of
purely theoretical value, since in order to support lasing, the birefringent plate must be placed
in the beam with a tilt angle close to Brewster’s angle similar to a non-birefringent OPC (see
chapter ). Nevertheless, in order to assure a larger tuning range, it is slightly favourable
to tilt the plate towards smaller angles from Brewster’s angle when choosing an OPC angle.
This is confirmed when comparing the transmission curves for 6 = 35.85° and 6 = 33.45° in
figure These are the two angles closest to the Brewster angle at 35.6° which feature a
transmission peak at 288 nm. It can be seen that the FSR of the 33.45° curve is larger than

the FSR of the 35.85° curve.

The minimal transmission also changes with a changing tilt angle 6, but the dependency is

much weaker than it is when changing the rotation angle ¢. At 6 = 0° (grazing), the minimal
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Figure 6.11: Calculated transmission of 250 pm birefringent MgF, and SiO, Brewster tuning plates

and the tuning range achieved by Spence et al. in [[131].

transmission is just 0.12 (for a plate with a rotation angle of 45°) and it decreases further
with increasing 6. At @ = 90° it is of order 6 x 10~. The weak dependency of the minimal
transmission on 6 is visible in figure [6.9] and also in [6.10] where the minimal transmission
and the peak wavelength are plotted for 24° < 6 < 36°, that is at Brewster’s angle and angles
up to around 10° smaller than Brewster’s angle where lasing still occurs. The figure confirms
that there is an additional strong peak wavelength dependency on 6, that can be used in order
to fine tune the laser by adjusting 8 over a very small angle range and to reach wavelengths

at the limits of the tuning range.

In the visible or infrared, most commonly quartz plates are used as birefringent tuning
filters [175]. But in order to ensure a single tuning peak within the broad gain of Ce:LiCAF
in the UV (280 nm to 315 nm), very thin quartz plates with thicknesses below 200 um
would be required. In this spectral region, MgF; has slightly greater birefringence and lower
dispersion than quartz, and thus is the better alternative. The calculated transmission curves

for a 250 um MgF, Brewster plate and a 250 um SiO, Brewster plate are plotted in Fig. [6.11]
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Figure 6.12: Tuning curves using a single 250 um birefringent MgF, plate at different OPC angles.

in addition to the tuning range achieved by Spence ef al. in [131]. The values for n, and n,
for quartz were calculated using the Sellmeier coefficients given in [176]]. While the FSR of
the 250 um quartz plate at a tilt angle close to Brewster’s angle is just 18 nm in the relevant

spectral region, the FSR of the 250 um thick MgF, tuning plate is 24 nm.

In Fig.[6.12]tuning curves for the Ce:LiCAF laser with a single 250 pm thick birefringent
MgF,; plate at different output coupling angles are plotted. For low output coupling with the
plate at a tilt angle very close to Brewster’s angle, continuous tuning over a range of 13 nm
from 284.5 nm to 297.5 nm with a maximum output power of 6 mW was achieved. For
higher output coupling the tuning range narrowed, but the maximum output power increased,
as expected. With the tuning plate at 9° from Brewster’s angle, the maximum output power
was 154 mW and the tuning range spanned from 288.2 nm to 292.5 nm. Figure [6.13|shows
the tuning range reported by Spence et al. in [131] with the tuning range of 13 nm achieved

at close to Brewster’s angle marked in red.

Another factor that influences the tuning characteristics is the plate thickness d. In figure

[0.14] we see transmission curves for birefringent MgF, plates of different thicknesses, all
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Figure 6.13: Tuning curve of Spence ef al. (blue) and our tuning range achieved via birefringent

tuning with a 250 um birefringent MgF, Brewster tuning plate (red).
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Figure 6.14: Calculated transmission curves for birefringent MgF, Brewster tuning plates of different

thicknesses, all at a tilt angle of # = 35° and a rotation angle of ¢ = 45°.
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Figure 6.15: Tuning curves using a single 500 um thick birefringent MgF, plate at different output

coupling angles.

at a tilt angle of 8 = 35° and a rotation angle of ¢ = 45°. The minimal transmission and
the peak wavelength (288 nm) do not change as we increase the plate thickness by integer
multiples, but the FSR decreases proportionally. This means, when interested in a large
tuning range regardless the linewidth of a laser, a plate thin enough to feature a FSR of the
same order as the width of the gain spectrum of the laser, should be used. Figure[6.15]|shows
the tuning curves of a 500 um thick MgF, plate at different output coupling angles. At close
to Brewster’s angle a tuning range of 10 nm from 285.0 nm to 295.0 nm was achieved, which
is close to the theoretical FSR of 10.6 nm for this spectral region. In the experimental case
the laser continues to lase as the plate is rotated, but jumps from 285 nm to 295 nm (or
reverse, see above discussion of the wavelength dependency on the rotation angle), which
is a clear sign that the tuning range is limited by the free spectral range and not by the gain
properties or lack of pump power. In addition tuning experiments with even thicker MgF,
plates were conducted. For a 3 mm thick MgF, plate, a tuning range of 1.47 nm was achieved

(288.45 nm to 289.92 nm), the theoretical FSR for such a plate is 1.6 nm. A 4 mm thick
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Figure 6.16: Schematic of the cavity set-up for linewidth narrowing and linewidth measurement.
For strongest linewidth narrowing an additional etalon was placed in the cavity at close to normal

incidence.

MgF; plate lead to a 1.16 nm tuning range from 288.63 nm to 289.7 nm with a corresponding
theoretical FSR of 1.2 nm and finally a 6 mm MgF, plate showed a 0.7 nm tuning range
(288.92 nm to 289.62 nm) that is also in good agreement with the theoretical FSR value of
0.8 nm. The tuning ranges of all plates with thicknesses of 500 um and larger were FSR

limited as expected.

6.3 Linewidth Narrowing

To determine the output linewidth of the laser, a measurement set-up using an air-spaced
Fabry-Perot etalon and an UV CCD camera was constructed. A schematic of the laser cavity
and the measurement set-up for linewidth measurement and linewidth narrowing is shown in
figure [6.16] The output off the MgF, tuning plate was separated via three dichroic mirrors
(DM) and then sent through a diffuser into an air spaced etalon with thickness d realized
using two parallel UV mirrors with a nominal reflectivity at 290 nm of Ry9g = 90%. The light

transmitted through the etalon was captured on a CCD placed in the focal plane of a lens with
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the focal length f. To average out strong laser speckle the diffuser was mounted on a rotor
and spun while collecting an image. The image captured by the CCD camera was a set of
concentric fringes. An example of such a fringe pattern is given in figure The captured
fringes in the figure were achieved for a set-up with a 4 mm MgF, Brewster tuning plate and
a 3 mm uncoated narrowing etalon close to normal incidence in the long arm of the laser
cavity. Figure a) shows the raw image of the fringes captured with the CCD camera. The
radial intensity cross section was extracted from this image (white line plotted at the bottom
of figure a)) as a column average of the intensities over 20 pixels of the middle rows
of the pattern and then plotted over the distance x, that is derived by multiplying the pixel
number by the size of one pixel. The zero-point of the axis x is matched to the pixel column
corresponding to the centre of the pattern. Using the geometrical relationship tan(a) = x/f
the intensity pattern can be given as a function of the angle «. In order to generate a pattern
with equidistant peaks, the extracted intensity is then plotted against 1 — cos(«) (figure
b)). A calculated transmission curve based on the etalon transmission function
T - Av
Av + FSRsin? (Z2n(1)d cos(a))

was then fitted to the extracted intensity pattern. In this equation, Av is the linewidth of the
pattern, n(A1) is the wavelength dependent refractive index, and d is the thickness of the air
spaced etalon, that is the distance between the two mirrors. F'SR is the free spectral range

FSR = ——.
2n()d

Since the transmission is wavelength dependent (and thus frequency dependent), it is crucial
to measure the peak wavelength at all times when conducting the linewidth measurement.
This was done via the Ocean Optics HR4000 spectrometer that was also used for previous
experiments. The measurement was conducted over a timeframe of order 1 second and
no frequency drift was observed over a period of minutes. The two variable values in the
transmission function that are adjusted to fit the measured intensity pattern, are the pattern
linewidth Av and the etalon thickness d. In practice a rough value of d is set based on the
measurement of the mirror distance using a ruler. Then the fit function scans through an
etalon thickness range close to the set value and determines the exact thickness that matches
the measured results best for a fine tuning of the value. The step width used for the scan is

0.01 pm, hence the etalon thickness is determined to two decimal places. The fit values can
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Figure 6.17: Fabry-Perot fringes for the laser with a 4 mm MgF, Brewster tuning plate and a 3 mm
etalon close to normal incidence, tuned to 290.4 nm. a) raw image of the fringes captured with a
CCD camera. Bright spots superimposing the pattern are caused by UV fluorescent contaminations
due to organic residue on the CCD. b) Intensity pattern extracted from the raw image and the fitted
curve to match the pattern plotted over 1-cos(e) and c) intensity pattern and the fitted curve to match
the pattern plotted on a linearised frequency scale. The free spectral range (FSR) is measured to be

39 GHz and the linewidth of the laser is determined to be 2.7 GHz.
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finally be used to plot the fringes against a frequency scale (figure ¢)). In order to ensure
a good fitting of the calculated curve to the measured pattern, it is necessary to capture a
fringe pattern that features valley values between the intensity peaks close to the background
noise level. To achieve such analysable patterns, the etalon thickness and the focussing lens
used have to be chosen accordingly for each measurement.

The linewidth Av of the pattern captured by the CCD camera is a combination of the
instrument linewidth Avr and the laser linewidth Ay;. This means in order to quantify a laser
linewidth it must be large compared to the instrument linewidth of the measurement system
used. In the etalon set-up used, the instrument linewidth Avr is determined by the finesse F
of the system and is the minimal resolvable laser linewidth. In an instrument limited (finesse
limited) system, the relationship between F, the free spectral range F SR and the instrument

linewidth Avr is
_ FSR

F - ’
AVF

which means in an instrument limited measurement the linewidth of the generated pattern
changes with the etalon thickness due to a constant limiting F* and the transmission 7 is also
a function of F:

T = : .
1+ Fsin? (Z2n(1)d cos(a))

Assuming perfect mirrors without any aberrations are used to build the air spaced mea-
surement etalon, F is solely given by the wavelength dependent reflectivity R(A) of the
mirrors
4R(A)
(=R

In reality, mirror aberrations can lower the finesse significantly. The mirrors used for the
presented linewidth measurements were coated for a nominal reflectivity of Rygp = 90% at
wavelengths around 290 nm and measuring the transmittance yield a value of Thg9g = 10%
leading to Ry9p = 90% assuming R = 100% - T and hence neglecting absorption. The finesse
for 290 nm as given by perfect mirrors is thus 360. For an etalon spacing and focal length
combination that generates a pattern with a FSR of 39 GHz, the resolution limit is hence
0.11 GHz. To test the system a narrowband (nominally single frequency CW) 266 nm laser
was utilised. The transmission of the mirrors was measured to be Tr65 = 16% for 266 nm
light, hence Rygs = 84%. This gives a reflectivity limited finesse for 266 nm of 131 and a

resolution limit for a pattern with a FSR of 39 GHz of 0.30 GHz. The theoretical resolution
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Figure 6.18: Linewidth measurement of a narrowband 266 nm laser using different etalon thicknesses.
The determined linewidth was different in all cases and the Finesse F' was constant, indicating that the

resolution limit was reached.
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Figure 6.19: Linewidth measurement results for the Ce:LiCAF laser incorporating a single 250 um
MgF, plate, a single 6 mm MgF; plate, two parallel MgF, plates (6 mm and 500 um), and a 6 mm

MgF, plate plus an additional 3 mm etalon in the long cavity arm close to normal incidence.
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limit assuming perfect mirrors is thus 3 times broader for 266 nm than for 290 nm. Figure
[6.18] shows patterns generated with different etalon thicknesses for the narrowband 266 nm
laser. With the determined pattern linewidth being different for all cases and FSR/Av being
constant, the system was determined to be finesse limited for our narrowband 266 nm laser
with F' = FSR/Avr = 5. The measurements show that the actual finesse of the system F' = 5

is much lower than the theoretical value of 131 indicating significant mirror aberrations.

Since we did not have access to a single-frequency 290 nm light source, it was not possible
to determine the effective finesse of our measurement system for 290 nm (the theoretical limit
assuming perfect mirrors was calculated to be 0.11 GHz as discussed above). Therefore, to
quantify the linewidth of the Ce:LiCAF laser around 290 nm, we ensured that the pattern
linewidth was independent of etalon thickness, hence verifying that the laser linewidth was
broad compared to the instrument linewidth and thus was the determining value. Applying

this method, the linewidth can only be overestimated.
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Figure 6.20: Overview of the measured linewidths for tuning with a single MgF, plate, a MgF, plate
plus an additional 3 mm etalon in the long cavity arm close to normal incidence, and two parallel

MgF,; plates (6 mm and 500 um) close to Brewster’s angle.
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Figure 6.21: Theoretical transmission curves for a 6 mm MgF, Brewster tuning plate with an internal

rotation of 45°, and a 3 mm etalon at close to normal incidence.

An overview of the linewidth measurement results for the Ce:LiCAF laser is given in
figure [6.20] and figure [6.19] shows exemplary measurement results for key combinations of
plates. To determine the linewidth of the Ce:LiCAF lasers with tuning plates with different
thicknesses, the measurement was performed as the laser was tuned to various wavelengths
over the whole achievable tuning range for the specific plate. Measurements were also
performed for different etalon thicknesses at each wavelength. The pictures shown in figure
[6.19)are hence just a small selection of captured and analysed fringe patterns to illustrate the
general appearance of the experimental results. For each plate combination, the determined
linewidths were independent of etalon thickness and wavelength, confirming that the system
was not finesse limited for the Ce:LiCAF laser light around 290 nm. When using a single
250 um MgF, tuning plate, the FWHM linewidth was 51.7 GHz. Using thicker MgF, plates
resulted in narrower linewidths, down to 13.2 GHz for a 6 mm thick MgF, plate. However,
using a single but thicker tuning plate naturally decreased the tuning range of the laser; the

free spectral range of a 6 mm thick MgF, Brewster plate is just 0.8 nm as illustrated in figure
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To achieve a relatively narrow linewidth, while keeping a relatively broad tuning range,
a combination of two parallel MgF, tuning plates was used. For tuning with a 500 um plate
and an additional 6 mm tuning plate, both at 7° from Brewster’s angle, tuning from 286.8 nm
to 293.1 nm was achieved with a linewidth of 15.3 GHz. For further linewidth narrowing a
3 mm uncoated etalon was inserted close to normal incidence in the long cavity arm. The
transmission curve for this etalon is also given in figure [6.2I] A combination of a 6 mm
tuning plate and a 3 mm uncoated etalon led to a FWHM linewidth of only 2.7 GHz which

corresponds to 0.09 cm™'.

The longitudinal mode spacing for our 0.75 m long cavity is
0.2 GHz, which means there are only about 13 longitudinal modes oscillating in the CW

Ce:LiCAF laser.

6.4 Single Longitudinal Mode Operation

Single longitudinal mode (SLM) operation refers to a laser oscillator that operates on only
one longitudinal mode leading to a very narrow laser linewidth. Such SLM lasers are also
called single frequency lasers. To achieve SLM operation, a laser first needs to be set up for
single transverse mode lasing (usually supporting the fundamental transverse electromagnetic
TEMgp mode) by aligning the cavity accordingly, and then the axial longitudinal modes of
the TEMgo need to be restricted to a single one. With only one longitudinal mode oscillating
in the cavity, the emission linewidth of a laser can be extremely narrow compared to the
longitudinal mode spacing of the resonator.

For our narrowed mode-locked pumped CW laser we measured a FWHM linewidth of
2.7 GHz, which indicates that there are only of order 13 longitudinal modes oscillating in
the cavity. It is interesting to contemplate if it is theoretically possible for our mode-locked
pumped Ce:LiCAF laser to operate single frequency. In pulse-pumped CW laser there is an
unavoidable gain step that leads to a residual intensity modulation, as discussed in chapter 4}
This modulation must be associated with spectral bandwidth. When narrowing the linewidth
of the laser e.g. by using thicker MgF, tuning plates and etalons, the power in the higher
frequency components of the amplitude modulation gets cut off and the effects of the steps
in the gain are smoothed. However, even rather smooth steps in the output result in intensity
noise that imposes a limit to the achievable minimum linewidth. To estimate the relations,

we take a look at the mode spectrum of a narrowband laser in the frequency domain (see
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Figure 6.22: Mode spectrum of a narrowband laser in the frequency domain.

figure [6.22)). A single frequency laser lases on just one central mode (w;) containing all
available power. For a (narrowband) laser with two side-modes (w; — ¢ and w; + 0), the
amplitude A (¢) is the sum of the three modes

0

A(t) = Z a; cos (w;t) .

i=—

For simplicity we assume that the intensity / (¢) and A (¢) are related via

A(t) =+I1()

and presume a laser running predominantly on one mode, with the side modes each containing
a relative power 17 and a relative phase relation resulting in an amplitude modulation only.

Hence
1/2

aj=1 and a-s=ays5=n
From this it follows that
A (1) = cos (wit) + 171/2 cos (w_gt) + 771/2 cos (wyst)
and with w.s = w1 =6
A(t) = cos (wi1) (1 + 25"/ cos (51)) .

It follows finally that the intensity is given by

I(1) = cos® (wit) (1 +4n'% cos (61)) .
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Pump

Ti:sapphire

Figure 6.23: Schematic of the Ti:sapphire laser set-up. CM|, dichroic cavity input coupling mirror
with a radius of curvature (ROC = 100 mm; CM,, high reflective (HR) cavity folding mirror with
ROC = 150 mm; CM3, plane output coupling mirror with a reflectivity of R = 95%. The optical path
distance between CM; and CM, was 181 mm with the Ti:sapphire crystal being 8 mm long. The
length of the long cavity arm spanning from CM, to CM3 was adjusted according to the operation

mode desired (synchronous or asynchronous).

This shows that an intensity modulation of & requires a relative power of £2/16 in the side
modes. The intensity modulation we predict for our CW Ce:LiCAF laser is of order 4%
for high frequencies (see chapter [5). Following the considerations above, to cause such an
intensity modulation of 4%, only a very small amount of power needs to be contained in
the side modes: n'/> = 0.01 and hence n = 1 x 10™* for an intensity modulation of 4%.
This estimation suggests that lasing on predominantly one mode is indeed possible in our
mode-locked pumped Ce:LiCAF laser. Despite the residual modulation, we should hence be

able to achieve relatively pure single mode operation.

To test if a mode-locked pumped solid-state laser can lase SLM, we built a Ti:sapphire
laser with a set-up comparable to our Ce:LiCAF laser. A schematic of the set-up can be seen
in figure[6.23] The Ti:sapphire laser cavity was set up as a three-mirror resonator similar to
the Ce:LiCAF one. All three mirrors were fabricated and coated by Melles Griot for ideal
performance in the IR. CM|, the dichroic input coupling mirror, had a radius of curvature
(ROC) of 100 mm, CM; had a ROC of 150 mm and CM3 was a plane output coupling mirror
with a reflectivity of R = 95 %. The Ti:sapphire crystal was 8 mm long, cut at Brewster’s
angle with the ¢ axis perpendicular to the propagation direction and in the horizontal plane.
The total length of the short cavity arm from CM; to CM, (including the optical path

through the crystal) was 18.1 cm. The folding angle @ was set to 20° to compensate the
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Figure 6.24: Output of the Ti:sapphire laser at a) the 3¢ harmonic and b) the 5/2 harmonic
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astigmatism introduced by the Brewster crystal and the folding mirror (see chapter @). The
Ti:sapphire laser cavity was pumped with the second harmonic of our Nd:YVOy laser, that is
the 78.75 MHz pulses of 532 nm light produced by the LBO frequency doubling stage (see
chapter . Accordingly, to set up the cavity at the 3"¢ harmonic of the 78.75 MHz pump,
the length of the long cavity arm must be set to 45.35 cm. For the 5/2 harmonic, the long
cavity arm must be set to 58.05 cm and to achieve asynchronous pumping to generate CW
light we used a configuration with the long cavity arm set to 56.6 cm. Figures [6.24] and [6.25]
show the measured laser outputs at the 3"¢ harmonic, the 5/2 harmonic, and at CW cavity

length.

The upper laser level lifetime of Ti:sapphire (r = 3.2 ps) is much longer than that
of Ce:LiCAF (r = 25 ns) and thus the gain step experienced by mode-locked pumped
Ti:sapphire lasers is much smaller than in mode-locked pumped Ce:LiCAF lasers. As a
result, the predicted residual modulation of an asynchronously pumped Ti:sapphire laser at
the ideal CW cavity length is only 0.03% on fast timescales (see chapter[5.10). Clearly, the
experimentally measured output of our CW Ti:sapphire laser features a modulation of order
1% that is much higher than predicted. The measured output at at 5/2 harmonic on the other
hand does not show a full modulation down to zero, but only a modulation of order 20%. This
indicates that there are other crucial factors present in the Ti:sapphire laser built affecting the
performance. The nature of these factors has yet to be investigated. One factor could be that

our Ti:sapphire laser operated not far over threshold.

However, by placing multiple etalons in the long arm of the Ti:sapphire laser cavity at
CW cavity length, similar to the linewidth narrowing etalons in the Ce:LiCAF laser, it seems
to be possible to achieve SLM lasing. For example, we could narrow the output linewidth
from the around 10 nm free running value down to below the resolution limit of our Ocean
Optics HR4000 spectrometer, which we used to monitor the output spectrum. Figure [6.26]
shows the output trace of the CW Ti:sapphire laser with a 30 mm etalon, a 6 mm MgF, BRF
plate, a 5 mm etalon, and a 250 um 30% (1064 nm) coated etalon all in the long cavity arm.
The measured output features a 4.55 ps ripple that we also observe in our Ce:LiCAF laser
and is caused by a 220 kHz modulation on the pump laser. It is not related to the dynamics
associated with mode-locked pumped CW lasers and can hence be neglected (see chapter
A.5). In figures [6.26] a) and [6.26] b) we see a transition in the output around 260 us from

low to high modulation. Figure[6.26|d) reveals that the high modulation is associated with a
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Figure 6.26: Ti:sapphire laser transitioning from SLM to two mode operation

fast modulation that is not present during the low modulation as seen in figure [6.26c). The

fast modulation observed in [6.26] d) follows the typical mode beating characteristics of two

equal amplitude modes that happen to be separated by three times the cavity FSR. We thus

interpret the transition occurring to be due to the laser switching between single and two-mode

operation. The laser was observed to randomly switch back and forth between single mode and

two-mode operation presumably in response to thermal drift in the system. While additional

investigations are needed to fully explain the characteristics of our Ti:sapphire laser output,
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the results achieved support the proposition that mode-locked pumped solid-state lasers can
indeed operate SLM, or at least very close to SLM. Of course both the Ce:LiCAF and the
Ti:sapphire lasers investigated had linear cavities where spatial hole burning makes achieving
SLM output particularly challenging. To obtain SLM operation it would be preferable to use

a unidirectional ring resonator.

The main results of this chapter were published in: B. Wellmann, O. Kitzler, D.J. Spence,
and D.W. Coutts, "Linewidth narrowing of tunable mode-locked pumped continuous-wave
Ce:LiCAF laser." Optics Letters, Vol. 40, No. 13, 15 July 2015, pp. 3065-3068 (see appendix

[A] "Publications Arising from this Thesis").



Conclusion and Future Work

Cerium doped solid-state crystals have been studied for many years starting in 1973 by
Elias et al. [97] and their huge potential as a UV laser material has been proven [103].
Ce:LiCAF has even been described as the "Ti:sapphire of the UV" [113]. Ti:sapphire has
had a tremendous impact on science and applications, and Ce:LiCAF being compared to
it foreshadows the bright future Ce:LiCAF may have as a broadband laser material. Just
like Ti:sapphire, Ce:LiCAF is a very efficient and robust crystal, that can be integrated in a
convenient all-solid-state laser system set-up. Even more importantly, its broad gain spectrum
spanning from 280 nm to 315 nm in the UV features the same bandwidth in order 133 THz
as the gain spectrum of Ti:sapphire in the infrared (IR) spectral region (600 nm to 1100 nm).
This broad bandwidth is in principle enough to support 4.5 fs pulses, but while the single
cycle limit of Ti:sapphire in the IR is 2.7 fs, the one of Ce:LiCAF in the UV is only 970 as.
To date, this theoretical limit is still out of reach, but it beautifully illustrates the potential of

Ce:LiCAF as a laser material.

The "Unlocking the Ultraviolet" project at the MQ Photonics research centre was founded
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with the aim to develop a new laser platform based on Ce:LiCAF. In addition to providing what
is needed to generate pulses in the attosecond regime, Ce:LiCAF has other advantages over
Ti:sapphire, so that applications using Ti:sapphire systems today can possibly be enhanced
by switching to Ce:LiCAF systems in the future once they are fully developed. This is true
for both pulsed and CW Ce:LiCAF laser systems. Since Ce:LiCAF has a three times higher
carrier frequency compared to Ti:sapphire, its laser beams can be focussed to tighter spots,
with a diffraction limit three times smaller compared to Ti:sapphire. This is beneficial for
many applications where a higher resolution and a finer control of processes are crucial, for
example in laser materials processing. Moving to a shorter wavelength also has the advantage
of working with higher photon energies. This allows interactions with materials featuring
large bandgaps such as diamond, glass and wide-bandgap semiconductors. In addition, many
molecules, atoms, and biological species have absorption bands in the UV and can be excited
by Ce:LiCAF laser light. Another research area where Ce:LiCAF lasers are a promising tool,
is plasma physics. An ultra-intense UV laser amplified to megawatt peak powers presents an
auspicious new excitation source with the capability of allowing laser-plasma interactions that
exceed what is obtainable when working with IR lasers. Additionally, the efficiency of high
harmonic generation is predicted to be proportional to 17 [177], so working with Ce:LiCAF
instead of Ti:sapphire should theoretically increase the harmonic yield by a factor of order
500 (although longer wavelengths do have the advantage of producing higher maximum
harmonics). Thus in theory it will be possible to generate 100 attosecond pulses with

microjoule energies or at kHz pulse rates.

One reason the research in Ce:LiCAF lasers has not progressed faster to date has been the
lack of suitable reliable high power pump sources. Ce:LiCAF can be pumped conveniently by
the fourth harmonic of Nd doped solid-state lasers (4 = 266 nm), yet at present the availability
of such high power 266 nm pump lasers is still very limited. Indeed just recently high
power (around 20 W average) 40 MHz 266 nm sources have become available commercially
(EdgeWave GmbH, Ultrashort Pulse InnoSlab Lasers PX-Series). These lasers are still very
expensive, but their availability bodes well for future enhancement and commercialisation
of Ce:LiCAF lasers. To date, high power CW 266 nm sources are even more uncommon,
but are likely to emerge in the near future, e.g. Coherent sells 200 mW 266 nm CW lasers
with prospect of higher powers in the future. The "Unlocking the Ultraviolet" project was

thus founded at an opportune time, providing key achievements in Ce:LiCAF laser research
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simultaneously to the rise of the commercial availability of suitable pump sources. For the
experiments conducted during the course of this PhD project, we built our own pump source.
The mode-locked output of a Nd:YVO4 laser was frequency quadrupled via two doubling
stages (based on LBO and BBO respectively) generating pump pulses of 266 nm light with
23 ps duration at a repetition rate of 78.75 MHz and a maximum average output power of
2.80 W. The major challenge in this approach is the thermal lensing that occurs in the BBO
doubling stage at high powers. In order to avoid such thermal effects, the average input
power of the pump pulse train was decreased by chopping with a duty cycle of 8.3% giving
on-periods of 400 ps. Since the Ce:LiCAF reached steady-state within times of order 10 ps,
the chopping could be disregarded for our purposes, but for future applications it might not
be an option. Hence, future work will include the optimisation of the pump light generation
with the aim to provide stable, unchopped 266 nm pump pulses. Potential alternatives to
frequency doubling via BBO for the generation of 266 nm pump light are frequency doubling
using CLBO [178]], or fluxless BBO [179]], and sum-frequency mixing in CBO [180], I-PCA
[181], or LBO [182]. Of all the approaches named, frequency doubling in CLBO is the most
advanced alternative. CBLO has been used very efficiently (49% internal efficiency were
reported in a CLBO-OPO [183]]) and without damage in high-power systems [184]]. Recently,
studies on the degradation, regeneration and improvement of use [185] were published,

providing the knowledge needed to set up an elaborate doubling stage.

Within the "Unlocking the Ultraviolet" project of the MQ Photonics Research Center, this
PhD thesis covers one major stream: It is the account of the development and characterisation
of mode-locked pumped Ce:LiCAF lasers, and led to the demonstration of the first ever stable
CW Ce:LiCAF laser. As a result, a deep understanding of the dynamics in Ce:LiCAF
lasers that are pumped by a mode-locked source was developed and a valid alternative to
generating CW light in solid-state lasers by using a CW source was identified and established
successfully. The method used is a technique we call asynchronous pumping that to the
best of our knowledge has never been exploited before to obtain narrow band CW laser light
from solid-state laser crystals. Asynchronous pumping is achieved by deliberately setting
up a mode-locked pumped laser system in a way that pump timing resonances in the laser
cavity are avoided. This means ‘rational-harmonic mode-locking’ needs to be prevented by
selecting the laser cavity lengths carefully. To determine the ideal laser cavity length for

asynchronous pumping, simulations with a model based on the laser rate equations were
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conducted. The optimal laser cavity length for CW lasing in Ce:LiCAF lasers pumped by a
mode-locked source was hence calculated to be at normalized cavity length of 0.3964, which
in the present case was a length of 120 mm detuned from the third harmonic of the 78.75 MHz
pump. The CW output generated by a laser set up with this cavity length featured a residual
modulation of only 1% for frequencies below 1 GHz and 4% on faster timescales. The slope

efficiency was 20% and the laser threshold 1.37 W.

In addition to revealing the ideal cavity length for CW lasing in mode-locked pumped
Ce:LiCAF lasers, the model enables us to predict the output behaviour of the system for
various cavity lengths, input powers and other parameter changes. The model can also be
adjusted to represent other solid-state lasers, such as e.g. Ti:sapphire, and was used to predict
the residual modulation of a mode-locked pumped Ti:sapphire laser set up for CW operation
with a normalized cavity length of 0.3964 to be just 0.01% for frequencies below 1 GHz and

0.03% on faster timescales.

When choosing a cavity length for synchronous pumping instead of asynchronous pump-
ing, that is when setting up the laser system in a way that the ratio between the lengths of the
pump cavity and the laser cavity is a rational number, ‘rational-harmonic mode-locking’ is
obtained and short laser pulses can be generated. Since our laser set-up was a three mirror
Z-folded cavity with the laser crystal in the focal position of the short cavity arm, the laser
cavity length could be adjusted easily by moving the plane cavity end mirror of the long cavity
arm. Thus the transition between CW behaviour and rational-harmonic mode-locking could
be realised easily and in addition to the CW output, mode-locked output with pulse repetition
rates up to 1.1 GHz was achieved. This represents the highest pulse repetition frequency yet

reported for a Ce:LiCAF laser.

Birefringent tuning of the CW Ce:LiCAF laser using single and multiple magnesium
fluoride (MgF,) Brewster plates has also been investigated. Depending on the thickness
of the MgF, plates used, continuous tuning over a range of up to 13 nm from 284.5 nm to
297.5 nm with a full width at half maximum linewidth of 50 GHz was achieved. By combining
MgF, plates with etalons, the linewidth of the laser was narrowed down to 2.7 GHz, which
means given the 0.75 m long cavity featuring a longitudinal mode spacing of 0.2 GHz, there

were only about 13 modes oscillating in the cavity.

In conclusion, the results achieved in the course of the PhD project are milestones in

Ce:LiCAF laser development. A solid foundation in the understanding of the dynamics in
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Ce:LiCAF lasers has been built and crucial lessons in what is important when setting up a
Ce:LiCAF laser system have been learned. This includes general alignment procedures and
measurement methods as well as daily cleaning mechanisms of the UV optics and handling
strategies for the many components involved. As a result, confidence in the capabilities of
Ce:LiCAF as a laser material has been reinforced which will help to push the research on
Ce:LiCAF further in the future with prospective work targeting CW pumped Ce:LiCAF lasers

as well as mode-locking.

The knowledge gained will especially be essential in the development of CW pumped CW
Ce:LiCAF lasers. Indeed at the MQ Photonics Research Centre there is ongoing research in
the area of CW pumped CW lasers using the same basic set-up, characterisation techniques
and measurement systems that were established during the work presented in this thesis. The
first results achieved in this area are being published simultaneously to the finalisation of
this thesis. While we do not expect our mode-locked pumped Ce:LiCAF laser to emit on a
single frequency due to the unavoidable steps in the gain, the results obtained in the linewidth
narrowing experiments suggest that it will be possible to achieve single frequency operation
with a CW pumped Ce:LiCAF laser. However, in order to realise such a CW pumped SLM

Ce:LiCAF laser it might be necessary to switch to a ring cavity to prevent spatial hole burning.

Another prospect is the development of ultrafast pulses using Ce:LiCAF. The pulses
generated with the system set up for rational-harmonic mode-locking during the course of
this PhD thesis were not characterised in terms of their pulse duration. Measuring the pulse
duration in the UV spectral region is not trivial and cannot be done using simple methods.
At the MQ Photonics Research Centre a new technique based on asynchronous sampling
using a y® cross-correlation was developed to provide a measurement method suitable for
low energy UV pulses. Using this measurement method, pulses of a Ce:LiCAF cavity set up
for 1*" harmonic mode-locking were measured to be 6 ps long [5]. While these pulses are
the shortest pulses obtained by a Ce:LiCAF system to date, they are obviously far from the
potential duration limit of 970 as. However, building on the knowledge gained during the
recent breakthroughs, we are now ready to address pulse duration reduction. Since Ce:LiCAF
and Ti:sapphire are similar in many aspects, techniques that have proven to work successfully
when it comes to reducing the pulse durations of Ti:sapphire lasers can in principle be adopted
to reduce the pulse durations of Ce:LiCAF lasers as well. There will be additional challenges

to overcome due to working in the UV instead the IR, such as increased dispersion and higher
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Figure 7.1: Overview of achieved pulse durations over time. Ultrashort pulses were initially generated
in dye lasers and pulses with durations of only 27 ps were obtained at a wavelength of 630 nm. When the
Ti:sapphire laser emerged in the 1990s, pulses at 800 nm were rapidly shortened into the femtosecond
regime. In 20009 first Ce:LiCAF pulses with a duration of 6 ps were published. It is expected that the
progress in decreasing the pulse duration of Ce:LiCAF lasers will be fast as well, with the final goal

of crossing the sub-femtosecond barrier.

losses. Figure shows an overview of the pulse durations reached over time for different
laser systems. Looking at the fast development that happened in the other laser systems, the
reduction of Ce:LiCAF pulse durations is expected to progress rapidly as well.

Once active mode-locking (synchronous pumping) is optimised successfully, it is planned
to implement Kerr-lens mode-locking (KLM). KLM exploits the optical Kerr effect, which is
a third-order nonlinear process which causes an intensity dependency of the refractive index

of an optical material [186]. The refractive index can thus be described as
n(4,1) =no (1) +na (A1),

where ng and n, are the intensity independent and intensity dependent refractive indices,
respectively. KLM is well established for Ti:sapphire as well as for Cr:LiSAF and Cr:LiCAF
lasers, which use the same crystal host as Ce:LiCAF. Among the Cr-doped colquiriite crystals,
LiCAF has the highest quantum efficiency and the most favourable thermal properties [[187].

It is a high gain material that it is suitable for multipass amplifiers, although the short lifetime
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Figure 7.2: Pulse broadening due to positive dispersion [41]]

makes it impractical for regenerative amplifiers. Similar to Ti:sapphire, Cr:LiCAF emits in
the IR region with its gain spectrum spanning from 700 nm to 1000 nm [187]. But while the
nonlinear, intensity dependent refractive index of sapphire is 7y ~ 3 - 107'® cm?/W in this
spectral region [188]], the one of LiCAF is only half of that [[189]. This means for effective
KLM, pulse peak powers in Cr:LiCAF must be significantly higher than in Ti:sapphire.
However, with the intensity dependent refractive index ny of the LiCAF increasing with
shorter wavelengths, KLLM is expected to be efficiently achievable for the UV wavelengths of
Ce:LiCAF.

In order to further shorten the pulse duration of our Ce:LiCAF laser, dispersion correction
will be implemented. To generate ultrashort pulses, the cavity round-trip time 7g must be
frequency independent, otherwise the frequency components that experience a different cavity
round-trip time do not interfere constructively which leads to a pulse width broadening [190].
In the laser cavity the main phenomenon causing a frequency dependent shift of the round-
trip time is dispersion in the laser crystal due to the wavelength dependence of the refractive
index [41]. Solid-state crystals such as Ti:sapphire and Ce:LiCAF exhibit normal (positive)
dispersion, which results in a broadening of the pulse inside the cavity. Figure|/.2|illustrates
this pulse broadening due to positive dispersion. As shown in the figure, in a material with
positive dispersion longer wavelengths travel faster than shorter ones, which means the pulse

experiences a red-shift. This is normally expressed with a frequency dependent change of
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Figure 7.3: Group delay dispersion induced by (a) Ce:LiCAF in the UV and (b) Ti:sapphire in the
IR, both as calculated in [4]]
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where B” is the group dispersion of the material, which is positive for materials with a
normal dispersion 8” > 0. Figure shows the group delay dispersion (GDD) induced by
Ce:LiCAF for UV-wavelengths and the GDD induced by Ti:sapphire for IR-wavelengths (as
calculated in [4]). It is clearly visible that the dispersion is higher for smaller wavelengths
with a dispersion of higher than 70 fs?>/mm for wavelengths shorter than 300 nm in Ce:LiCAF.
This dispersion must be compensated in order to generate ultrashort pulses.

There are two common techniques for dispersion compensation: One is the use of a
prism pair inside the laser cavity, the other, more recently developed technique is based on
chirped mirrors which can either be used in addition to the prisms or as a replacement [62].
A schematic of dispersion correction with two prisms is shown in figure The beam is
sent through two prisms onto a plane reflector from where it travels back on the same path
through the prisms again. Although the glasses of the prisms have normal dispersion, by this
arrangement a negative overall dispersion can be introduced to the beam. Mathematically the
group velocity dispersion induced by a prism pair can be described as the second derivative

of the pathlength / with respect to the wavelength [[190]

dl d’ng 1\ (dno)’ dno )\’
— =4d [ 2t (Zno - n—g) (ﬁ) sin (a/p) -2 (E) cos (ap) .

dA?
Here, a), is the angle difference between 6 (41) — 67 (42) where A and A, are the cut-off

wavelengths of the laser. The second part of the equation is responsible for the desired
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Figure 7.4: Prism pair for dispersion compensation [4]

negative dispersion. Therefore the first part has to be made as small as possible, which is
realised by letting the beam pass through the prisms as close to the apex as possible. For
UV wavelengths possible materials for prism pairs include fused silica, calcium fluoride or
magnesium fluoride, as these materials have low losses at UV-wavelengths.

The second technique to compress the positive dispersion of the laser crystal is by using
chirped mirrors. Figure [7.5] shows a schematic of a double-chirped mirror designed for
dispersion control. Group delay dispersion in chirped mirrors occurs because different
wavelengths are reflected at different depths in the mirror [191]]. The mirror consists of many
alternating layers with different refractive indices. The optical thickness of the layers is varied
monotonically close to a thickness of a quarter wavelength of the selected center wavelength
Ao. This monotonic thickness variation results in a different penetration depth for different
wavelengths around the centre wavelength and hence the group delay varies monotonically
with wavelength [190]. In double-chirped mirrors additionally the local coupling of the
incident wave to the reflected wave is chirped as well by slowly increasing the high-index
layer thickness in every layer pair so that the total optical thickness of each pair remains

approximately Ao/2, which corresponds to an adiabatic matching of the impedance [41]].

Mirror

Layered structure

Figure 7.5: General structure of a chirped mirror for dispersion compensation [191]]
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Chirped mirrors are nowadays available for wavelengths in the range from 220 nm in the
deep UV to 4500 nm in the IR [192] and are often referred to as "dispersive mirrors" due
to the utilisation of resonant effects (e.g. in Gires-Tournois resonance cavities [193]]). In
addition, there are multilayer coatings and dispersive mirrors available for wavelengths below
60 nm in the extreme UV (10 nm to 60 nm) and the soft X-ray range (0.1 nm to 10 nm)
[194-197]]. Chirped mirrors for the deep UV wavelength range are fabricated using hafnium
oxide (HfO,) as a high-index material and silicon dioxide (SiO,) as a low-index material with
fused silica as the base material. The first mirror of this type was presented in 2007 as an
ultraband chirped mirror (UBCM) for wavelengths from 300 nm to 900 nm [[198]]. The mirror
was realised as a structure with 83 alternating layers resulting in an average reflectivity of
R = 93% over the whole wavelength range and a GDD of -20 fs? at 450 nm. In the following
years other dispersive mirrors using the same material combination were published reaching
wavelengths even lower than 300 nm [193},[199]]. Dispersive mirrors for the deep UV based
on HfO,/Si0; typically consist of 80 to 90 alternating layers and feature average reflectivities

around 92% and average GDD of around -75 fs? [192].

An additional reduction of the pulse duration can be achieved by compressing the pulses
after they have left the laser cavity. Depending on the characteristic of the pulses the
compression can be done in a single step or requires a sequence of consecutive steps. Single
step compression is applicable to chirped pulses where the compression is achieved by
removing (or reducing) the chirp. In general this can be realised with the same method
as used for dispersion correction: a set-up in which negative dispersion is applied to the
pulses is arranged (linear compression). Suitable set-ups can be based on a pair of prisms
[201], a pair of diffraction gratings (a grating compressor) [202, 203]], optical fiber filters
[204], chirped mirrors [205] or chirped Bragg gratings[206l]. The duration of the chirp-
free pulses is then dependent on the optical bandwidth, which is not modified by the linear
compression. We expect our free running synchronous pumped Ce:LiCAF pulses to be
chirped, hence subsequent pulse compression can also be an alternative approach to apply to

the free running system without intracavity dispersion control.

Pulses that are chirp-free (or only feature a very small chirp) can be compressed by
nonlinear pulse compression. This is realised by first broadening the bandwidth of the
pulses and subsequently compressing these broadened pulses. The spectral broadening is

achieved with a nonlinear interaction such as self-phase modulation, which usually results in
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Figure 7.6: Experimental set-up for spectral broadening with a gas-filled hollow fiber and compression

using prisms [200]

chirped pulses with longer durations than the original pulse. Subsequently the pulses can be
compressed by linear compression as described above, which removes or decreases the chirp.
For low intensity pulses the spectral broadening can be attained using a normally dispersive
optical fiber [207]. For high-intensity pulses the spectral broadening can be performed in
gas-filled hollow fibers [200]. Figure [7.6] shows the experimental set-up used in [200] to
broaden and compress 660 pJ 140 fs pulses to 10 fs pulses.

The key technique to amplify ultrafast pulses effectively is chirped pulse amplification
(CPA). Here, chirp is applied to the pulses without spectral broadening (stretching) and they
are compressed subsequently. When using this method it is possible to amplify the pulses
between the stretching and compression step without changing other parameters and thus to
reach even higher pulse peak powers without reshaping the pulses [95]]. Figure[/.7|shows the
schematic of a pulse stretching, amplification and compression sequence. CPA has already

been demonstrated for 290 ns pulses with Ce:LiCAF as the amplifying material [[129].

A o— LU

Oscillator == Stretcher =———————————pp> Amplifier _— Compressor e

Figure 7.7: Schematic of a pulse broadening, amplification and compression sequence [95]]
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In summary, the achievements reported in this PhD thesis are crucial milestones on
the way to reaching the full potential of Ce:LiCAF lasers. Without doubt the research in
Ce:LiCAF lasers has not come close to its limits yet and many improvements and innovations
will follow until Ce:LiCAF will truly be the Ti:sapphire of the UV, the workhorse of the

ultraviolet.
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We demonstrate chopped-cw lasing in a Ce:LiCAF oscillator directly generating deep-UV light around 290 nm. The
cw output was achieved by asynchronous pumping of a Ce:LiCAF oscillator by a mode-locked frequency quad-
rupled Nd:YVO, laser that generates 23 ps pulses of 266 nm light at a repetition rate of 80 MHz. The pump laser
was chopped with 8.3% duty cycle to minimize thermal effects in the frequency quadrupling stage. The maximum
output power achieved was 384 mW when pumped with 3.3 W of pulsed 266 nm light, with a slope efficiency of
33%. The laser output was tunable from 286 to 295 nm with the potential to be broadened over the full gain band-

width of Ce:LiCAF from 280 to 315 nm. © 2014 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/0L.39.001306

A large variety of atoms, molecules, and compound ma-
terials feature unique absorption bands in the ultraviolet
(UV), driving the demand for UV lasers to detect, probe,
and control those materials. Continuous-wave (cw) UV
lasers can, for example, be used in high-resolution
spectroscopy [1,2], atom cooling and trapping [3,4],
and biological applications like flow cytometry for the
detection of pathogens [5].

The most common approach to generate tunable
cw UV light is to convert the wavelength of a standard
infrared laser, using a combination of optical parametric
conversion and sum-frequency and higher-order har-
monic generation to achieve the desired shorter wave-
lengths [6-8]. The techniques to achieve tunable
cascaded nonlinear conversion can often be complex
and normally require sensitive locked resonant cavities
to enhance the laser intensity so reasonable conversion
efficiencies can be achieved.

Our approach is to convert the fixed-wavelength pump
light to the UV, and then generate the tunable cw laser
light directly in the UV using a suitable solid-state laser
crystal. This approach has the promise of giving higher
conversion efficiency using a simpler experimental
arrangement. The crystal we are using is cerium-doped
LiCaAlFg (Ce:LiCAF), a material that is well established
for nanosecond-pulse lasers [9,10]. Ce:LiCAF features a
gain bandwidth of 35 nm in the UV (280-315 nm), with
amaximum gain at 290 nm, while its absorption spectrum
shows a peak at 260-270 nm [11]. Thus it can be pumped
conveniently by the fourth harmonic of solid-state Nd
lasers (4, = 266 nm). The desired UV lasing occurs on
the 5d — 4f transition, which has an upper laser level
lifetime of 25 ns. In the nanosecond-pulsed domain,
Ce:LiCAF lasers have already been scaled to Watt-level
average power [12], 100 mJ pulse energy [13] and have
shown high efficiencies (of order 50% [14,15]). We have
demonstrated mode-locked picosecond operation of a
Ce:LiCAF oscillator [16], and in this Letter we extend that
work to demonstrate tunable cw laser output generated
by asynchronous pumping of a Ce:LiCAF oscillator by a
mode-locked pump source.

0146-9592/14/051306-04$15.00/0

(140.3600) Lasers, tunable; (140.3610) Lasers, ultraviolet.

Figure 1 shows the experimental setup of our laser sys-
tem. As a pump source a commercial diode-pumped
mode-locked picosecond Nd:YVO, laser (Photonic Indus-
tries PS-1064-25) was used, which generated 1064 nm,
28 ps pulses at a repetition rate of 80 MHz with an aver-
age output power of 23 W. This pump light was frequency
quadrupled using a 3.5 cm long lithium triborate (LBO)
crystal heated to 151.4°C followed by a 4 mm long f-ba-
rium borate (BBO) crystal at 50°C. In order to avoid ther-
mal effects in these two subsequent doubling stages, the
pump light was chopped before being focused into the
LBO. The chopper had an open:closed ratio of 1:12, pass-
ing 400 ps long bursts of mode-locked pulses every
4.8 ms. Note that all powers are given as the average
power during the 400 ps burst; the average powers over
the full chopper cycle therefore are 1/12 of the stated
powers. The power of the 532 nm light after the first

Mode-Locked Nd:YVO,
23 W, 28 ps, 80 MHz

cM,

Fig. 1. Schematic of the experimental setup. HWP, half-wave
plate at 532 nm,; L;, spherical focusing lens; CM;, dichroic cavity
mirror with a radius of curvature (ROC) = 5 cm; CM,, HR cav-
ity mirror with ROC = 10 cm; OPC, output coupler; CM3, HR
plane cavity mirror.

© 2014 Optical Society of America
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doubling stage was measured to be 13.2 W. Using two
crossed cylindrical lenses, this radiation was elliptically
focused into the BBO generating 3.5 W of 266 nm UV
light, with individual mode-locked pulses having a dura-
tion of 23 ps. The 266 nm light was subsequently col-
lected using two crossed cylindrical lenses and finally
focused by a spherical focussing lens with focal length
f = 75.6 mm through the dichroic cavity mirror (CM;)
into the laser cavity, providing a slightly elliptical pump
spot with a waist (radius at 1/¢> of the peak intensity)
of 15 pm x 18 pm.

We used a 1.25 mm long 3.5% cerium-doped LiCAF
crystal cut at Brewster's angle with the ¢ axis
perpendicular to the propagation direction and in the
horizontal plane. The single-pass absorption at 266 nm
of this crystal was measured to be 70%, and the single-
pass loss at 290 nm was 0.7%. The laser cavity was set
up as a three-mirror resonator (see Fig. 1) with a folding
angle of 12° to compensate the astigmatism introduced
by the Brewster-angle-cut Ce:LiCAF crystal [17]. In order
to keep the cavity losses at a minimum, all three cavity
mirrors were custom coated for minimum absorption and
transmission (coated by Advanced Thin Film). A 4 mm
thick UV-grade silica plate at close to Brewster’s angle
was placed in the long cavity arm near to CMs as an
output coupler (OPC). Using a Brewster plate in this
way allowed us to tune the output coupling fraction to
optimize the efficiency of the laser.

In this setup, the length of the long cavity arm of the
cerium laser cavity (between CM; and CM3) determines
the laser operation mode. By carefully adjusting the cav-
ity length to an integer fraction of that of the mode-
locked pump laser, harmonic synchronous mode locking
can be achieved, and the laser emits a train of short
pulses (see [16]); the laser cavity can tolerate a length
mismatch of a few tens of micrometers while still gener-
ating a full modulated mode-locked pulse train. Further
mismatching of the cavity length up to a few millimeters
results in cw output that is partially modulated at the
harmonic of the pump laser repetition rate.

Strong mismatching of several centimeters generates a
stable cw output with sub percent modulation. In order
to achieve laser operation in this cw regime, we set the
length of the shorter cavity arm to 10.5 cm and the length
of the longer cavity arm to 53 cm for a total cavity length
of 127 cm, which equates to a cavity round-trip time of
4.2 ns. This cavity length corresponds to a mismatch
of 2 cm compared to the third harmonic of the 80 MHz
repetition rate of the pump laser. Figure 2 shows the
achieved cw-laser output during one opening of the chop-
per, measured on a nanosecond photodiode (accordingly
with a maximum bandwidth of 1 GHz) displayed with an
oscilloscope sample rate of 10 GBit/s. The inset gives a
detailed view of the cw-laser output and underlying pump
pulse train and clearly shows small modulation at three
times the pump mode-lock frequency. Note that the
pump laser pulse train also had a small 220 kHz ampli-
tude modulation which produced approximately 5%
amplitude modulation on the cerium laser output when
observed on microsecond time scales.

An additional unavoidable effect of pumping a cw laser
with a mode-locked laser is that each pump pulse produ-
ces a step increase in the gain during the 23 ps pump
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Fig. 2. Cw-laser output during one opening of the chopper,

measured on a nanosecond photodiode displayed with an
oscilloscope sample rate of 10 GBit/s. Inset: zoomed laser
output showing the modulation on the primary y axis (black)
and pulse train from the pump laser on the secondary y axis
(gray).

pulse duration, which then decays due to stimulated
and spontaneous emission, leading to a saw-tooth modu-
lation ripple on the cw laser output. An approximate
analysis of the gain modulation shows that for a linear
resonator where the intracavity field passes through
the gain medium twice on each round trip, the step in
the gain has an amplitude AG given by

1 t
AG==-r-(T+L) 2,
2 iy

where 7 is the number of times above threshold, T is
the output coupling loss, L is the round-trip loss, ¢,
is the pump pulse period, and 7, = 25 ns is the fluores-
cence lifetime. Where the pump pulse also makes a dou-
ble pass of the Ce:LiCAF crystal such as in the present
case, two lower-amplitude gain steps are produced.
For the 80 MHz pump laser used, the pump pulse interval
equals half the Ce:LiCAF fluorescence lifetime, and with
5% total cavity loss, the gain step is predicted to be just
1.4% at the maximum output power obtained. The result-
ing modulations in the intracavity field and laser output
depend on the cavity length detuning and are expected to
be of the same order of magnitude as the gain step for
optimum detuning. These intensity modulations will be
on a fast time scale compared to the cavity round-trip
time and so will be in the multi-gigahertz range and will
not be resolved in Fig. 2.

We note that this is a slightly unusual cw laser. Nor-
mally a cw laser would be pumped by a cw energy
source, and the laser field would reach a steady equilib-
rium with the inversion, perhaps with sub-round-trip
beating noise in a multi-longitudinal-mode cw laser. In
the present laser we are pumping with a pulsed energy
source, but nevertheless the laser output is always on
and is predicted to have only few-percent intensity noise
on the time scale of the 13 ns round trip time of the pump
laser. Thus the form of the laser output is closely com-
parable to a cw-pumped multi-longitudinal-mode cw la-
ser and will be equivalent for applications of such lasers.
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To ensure high laser efficiency, the cavity losses and
the additional output coupling losses were measured
and optimized using cavity ringdown. A collimated
probe beam from a nanosecond cerium laser
(A = 290 nm) was directed into the laser cavity through
the plane cavity end mirror (CMs) and matched to the
cavity mode size, resulting in a focal spot between
the two curved cavity mirrors of approximately 15 pm.
A photomultiplier tube module (Hamamatsu H10720-
20) was used to measure the cavity ringdown time of
the nanosecond probe pulse by capturing the leakage
through one of the cavity mirrors. Using the results of
the ringdown measurements using different combina-
tions of mirrors and with and without the crystal we
retrieved the losses of the cavity components: the
high-reflective (HR) mirrors had 0.2% loss per reflection,
the dichroic cavity mirror had 0.45% loss per reflection,
and the single-pass loss of the crystal was 0.7%. The total
cavity loss without the OPC was L = 2.45%. The OPC
provided a variable additional loss to the cavity that
served as the output coupling; this increasing output
coupling as the plate was rotated away from Brewster’s
angle was measured using the ringdown method while
the laser output power was recorded. Figure 3 shows
the laser output power in milliwatts as a function of the
additional round-trip output coupling loss introduced by
the OPC for a pump power incident on the crystal of
3.0 W. All reflections off the OPC plate were included
in this power measurement. As the graph in Fig. 3 shows,
the maximum laser output power was observed for a
measured output coupling loss of T = 2.5% (which cor-
responds to an angle of 7.5° relative to Brewster’s angle).
The power measurements described in the following
were taken with the OPC at this optimum angle.

The laser output power as a function of the pump input
is shown in Fig. 4. The slope efficiency for the given setup
with the OPC optimized to maximum output power was
thus determined to be 33%, and the lasing threshold in
this configuration was 2.2 W. The maximum measured
laser output was 385 mW when pumped with 3.3 W of
266 nm. (Recall that all powers are the average powers
during the open period of the chopper.)

In [18] Payne et al. discuss models to calculate the
slope efficiency and the lasing threshold for Ce:LiCAF
cw lasers theoretically. Alderighi et al. verified these
equations in [19]. The cw slope efficiency 7., can thus
be calculated as
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Fig. 3. Measured laser output in milliwatts as a function of the
output coupling loss.
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Here, 7, is the pump efficiency, 7, is the pump absorp-
tion, T'py is the transmission of the dichroic input mirror
for the pump beam, the term in the first bracket describes
the quantum efficiency 7,, and the term in the second
bracket is the output coupling efficiency 7,,.. The effect
of excited-state absorption (ESA) of the laser radiation in
Ce:LiCAF is taken into account by the term in the third
bracket. Marshall et al. estimate the ESA cross section
ogsa for Ce:LiCAF to be 3.6 1078 cm? and measured
the emission cross section ¢q, = 9.6 - 10718 cm? [20]. Set-
ting n, = 1, n, = 90% (this includes absorption of the
residual pump during its second pass through the cerium
crystal), Tpy = 91%, we calculate a theoretically pre-
dicted efficiency of 7., = 23.7%. This theoretical value
is significantly lower than our measured value of 33%.
This seems most likely to be due to a lower value of
the ESA cross section than the estimated value given
by Marshall et al. The cw lasing threshold P, is calcu-
lated using the model

ﬂanhvp(T + L)n

2(Cem — UESA)Tf’?p'?aTDM ’

th
Pcw_

where w is the radius of the cavity mode waist in the laser
cavity, v, is the laser frequency, 7, is the fluorescence
lifetime, and n = 1.41 is the refractive index (which ap-
pears here owing to the Brewster crystal). The radius of
the cavity mode waist w is calculated to be 17 pm, and the
pump spot was more tightly focused in the presented
laser. For our system the model gives a lasing threshold
of Ph =191 W, in reasonable agreement with the
observed value of 2.2 W.

The output spectrum shown in the inset of Fig. 4 was
measured for a free-running laser without the OPC in the
long cavity arm. The laser signal was captured off the
Brewster’s angle of the Ce:LiCAF crystal and measured
with an Ocean Optics HR4000 spectrometer with a
resolution of 0.05 nm. As shown in the figure the peak
wavelength of the laser was at 289.31 nm with a FWHM
linewidth of 0.23 nm. With the OPC in the long cavity arm
for maximum output the laser operated at 289.51 nm with
a linewidth of 0.2 nm.
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By placing a UV-grade prism with an apex angle of
67.4° in the long arm of the laser cavity instead of the
OPC, we tuned the laser output wavelength. We achieved
lasing from around 285.84 nm to around 295.30 nm with
peak performance at around 289 nm. This corresponds to
the gain spectrum of Ce:LiCAF between 285 and 295 nm
and its main tuning peak. While an approximately 10 nm
tuning range is already considerable, we note that nano-
second pulsed Ce:LiCAF lasers can be readily tuned from
280 to 315 nm; thus we expect to be able to broaden the
tuning range of the laser even further in the future, for
instance by implementing birefringent tuning instead
of tuning with a prism. In particular, the prism tuning ar-
rangement used did not allow for double-pass pumping,
thereby reducing the pump absorption to the single-pass
value of 5, = 0.7. The FWHM linewidth of the laser with
the prism in the longer arm was 0.2 nm at around 291 nm,
and was narrower toward the extremes of the tuning
range (0.1 nm at 286 nm and at 295 nm).

In summary, we have demonstrated the first ever sta-
ble tunable chopped cw lasing in a cerium oscillator. The
maximum output power measured with the described
configuration was 384 mW when pumped with 3.3 W
of 266 nm light. The laser output was tunable from 286
to 295 nm. By changing the length of the long cavity
arm to match the repetition rate of the pump input, ultra-
fast laser pulses instead of cw lasing can be generated,
which indicates that our demonstrated resonator is an
ideal base for a new Ce:LiCAF laser platform for cw
and ultrafast pulsed operation in the UV spectral region.
These lasers will also benefit from further developments
in the engineering of high-power. high-beam-quality
266 nm mode-locked and cw pump sources which pres-
ently limit the performance of cw cerium lasers.
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University through an International Macquarie University
Research Excellence Scholarship. The authors also ac-
knowledge the support of an Australian Research Coun-
cil Discovery Grant for this work (DP110102754).

References

1. T. Andreae, W. Konig, R. Wynands, D. Leibfried, F. Schmidt-
Kaler, C. Zimmermann, D. Meschede, and T. W. Hénsch,
Phys. Rev. Lett. 69, 1923 (1992).

2. M. Scheid, F. Markert, J. Walz, J. Wang, M. Kirchner, and
T. W. Héansch, Opt. Lett. 32, 955 (2007).

March 1, 2014 / Vol. 39, No. 5 / OPTICS LETTERS

3

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1309

. H. Kumagai, IEEE J. Sel. Top. Quantum Electron. 10, 1252

(2004).

T. Rosenband, D. B. Hume, P. O. Schmidt, C. W. Chou, A.

Brusch, L. Lorini, W. H. Oskay, R. E. Drullinger, T. M.

Fortier, J. E. Stalnaker, S. A. Diddams, W. C. Swann,

N. R. Newbury, W. M. Itano, D. J. Wineland, and J. C.

Bergquist, Science 319, 1808 (2008).

. H. M. Shapiro, Practical Flow Cytometry (Wiley, 1994).

. Y. Zhang, R. Hoshi, D. Yamaguchi, Y. Okada-Shudo, M.
Watanabe, M. Hyodo, Y. Zhu, X. Wang, Y. Zhu, G. Wang,
C. Chen, T. Kanai, and S. Watanabe, Opt. Commun. 295,
176 (2013).

. Y. Kaneda, J. M. Yarborough, L. Li, N. Peyghambarian, L.
Fan, C. Hessenius, M. Fallahi, J. Hader, J. V. Moloney, Y.
Honda, M. Nishioka, Y. Shimizu, K. Miyazono, H. Shimatani,
M. Yoshimura, Y. Mori, Y. Kitaoka, and T. Sasaki, Opt. Lett.
33, 1705 (2008).

. A. Richter, N. Pavel, E. Heumann, G. Huber, D. Parisi, A.
Toncelli, M. Tonelli, A. Diening, and W. Seelert, Opt.
Express 14, 3282 (2006).

. T. Le, S. J. Schowalter, W. Rellergert, J. Jeet, G. Lin, N. Yu,

and E. R. Hudson, Opt. Lett. 37, 4961 (2012).

D. J. Spence, H. Liu, and D. W. Coutts, Opt. Commun. 262,

238 (2006).

N. Sarukura, M. A. Dubinskii, L. Zhenlin, V. V. Semashko,

A. K. Naumov, S. L. Korableva, R. Y. Abdulsabirov, K.

Edamatsu, Y. Suzuki, T. Itoh, and Y. Segawa, IEEE J. Sel.

Top. Quantum Electron. 1, 792 (1995).

D. W. Coutts and A. J. S. McGonigle, IEEE J. Sel. Top.

Quantum Electron. 40, 1430 (2004).

Z. Liu, K. Shimamura, T. Fukuda, T. Kozeki, Y. Suzuki, and

N. Sarukura, Opt. Mater. 19, 123 (2002).

S. Ono, Y. Suzuki, T. Kozeki, H. Murakami, H. Ohtake, N.

Sarukura, H. Sato, S. Machida, K. Shimamura, and T.

Fukuda, Appl. Opt. 41, 7556 (2002).

V. A. Fromzel and C. R. Prasad, in OSA Topical Meeting on

Advanced Solid-State Photonics (ASSP), Vol. 83 of Trends

in Optics and Photonics Series (2003), p. 203.

E. Granados, D. W. Coutts, and D. J. Spence, Opt. Lett. 34,

1660 (2009).

H. W. Kogelnik, E. P. Ippen, A. Dienes, and C. V. Shank,

IEEE J. Quantum Electron. 8, 373 (1972).

S. A. Payne, L. L. Chase, H. W. Newkirk, L. K. Smith, and

W. F. Krupke, IEEE J. Quantum Electron. 24, 2243 (1988).

D. Alderighi, G. Toci, M. Vannini, D. Parisi, and M. Tonelli,

Opt. Express 13, 7256 (2005).

C. D. Marshall, J. A. Speth, S. A. Payne, W. F. Krupke, G. J.

Quarles, V. Castillo, and B. H. T. Chai, J. Opt. Soc. Am. B 11,

2054 (1994).



148

Publications Arising from this Thesis

Dynamics of solid-state lasers pumped by mode-
locked lasers

Barbara Wellmann,” David J Spence, and David W Coutts

MQ Photonics Research Centre, Department of Physics and Astronomy, Faculty of Science and Engineering,
Macquarie University, Balaclava Road, North Ryde, New South Wales 2109, Australia
“barbara.wellmann@mgq.edu.au

Abstract: We analyze the dynamics of mode-locked pumped solid-state
lasers focusing on the transition between mode-locked and CW behavior.
Where the ratio of the pump and laser cavity lengths is a rational number,
‘rational-harmonic mode-locking’ is obtained. When the cavity length is
detuned away from such resonances, modulated continuous output is
generated. The transition from mode-locked to modulated CW operation is
explored experimentally for a Ce:LiCAF laser operating at 290 nm and
pumped by a 78.75 MHz mode-locked frequency quadrupled Nd:YVO,
laser. Both CW output and mode-locked output with pulse repetition rates
up to 1.1 GHz were achieved. A rate equation model is developed to predict
optimum cavity lengths for achieving CW output with minimized
modulation.
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1. Introduction

Continuous power sources such as continuous wave (CW) lasers are typically used to pump
mode-locked and CW lasers. However mode-locked pulsed lasers are also useful pump
sources, most commonly for synchronously pumping of other mode-locked lasers such as
optical parametric oscillators [1,2] and dye lasers [3]. In these cases, the pump and laser
cavity lengths are carefully matched to ensure the pump pulses are synchronous with the
circulating pulse in the laser cavity, in which case the pulse repetition frequency of the mode-
locked laser matches that of the pump laser.

Where the pump and laser optical cavity lengths are different, but their ratio is given by a
rational number, ‘rational-harmonic’ mode-locking [4] can occur, in which case more than
one pulse may circulate in the laser cavity and each circulating pulse is only synchronous with
a pump pulse after an integer number of round trips. This approach is particularly useful for
solid-state and fiber lasers where the gain persists, as such systems allow generation of output
pulses at rational harmonics of the pump repetition frequency. Alternatively, for fully
asynchronous pumping, where the pump and laser round trip times are far from a harmonic
resonant condition, the laser may operate CW even though it is pumped with a mode-locked
source.

In this paper, we explore experimentally and numerically the dynamics of solid-state
lasers when pumped synchronously and asynchronously by a mode-locked laser, including the
transition from rational-harmonic mode-locking to CW operation. We focus on mode-locked
pumped Ce:LiCAF solid-state lasers; Ce:LiCAF has an upper laser level lifetime of 25 ns [5]
which is of the same order as the pump laser inter-pulse interval for a typical 80 MHz mode-
locked solid-state pump laser, potentially leading to complex dynamics. Ce:LiCAF can be
pumped conveniently by the fourth harmonics of solid-state Nd lasers (4, = 266 nm) as this
wavelength is well matched to the peak of the absorption spectrum. For practical reasons it is
advantageous to pump Ce:LiCAF lasers with mode-locked lasers, since at present the
availability of high power CW 266 nm pump lasers is limited, while it is relatively easy to
obtain pulsed high power 266 nm from frequency quadrupling mode-locked Nd lasers.

Ce:LiCAF is an efficient ultraviolet (UV) laser material with an overall gain bandwidth
that spans over 35 nm from 280 nm to 315 nm with a maximum gain at 290 nm [6].
Ce:LiCAF is a well-established material for nanosecond-pulse tunable UV lasers. In this
domain [7,8], Ce:LiCAF lasers have already been scaled to Watt-level average power [9],
have reached 100 mJ pulse energy [10] and have shown laser slope efficiencies of the order of
50% [11,12]. We have also demonstrated synchronously-pumped mode-locked picosecond
operation of a Ce:LiCAF oscillator [13]. Finally, we recently reported the generation of
tunable chopped-CW laser output in a mode-locked pumped Ce:LiCAF oscillator using
asynchronous pumping [14]. In this paper we discuss in detail mode-locked pumping of solid-
state lasers for the generation of both CW laser output and rational-harmonic mode-locked
output. We have developed an analytical model based on the laser rate equations and
investigate the dynamics in the Ce:LiCAF laser cavities based both on simulation and
experimental results. Our findings confirm that mode-locked pump sources can indeed be
used to generate stable CW laser output with only small residual modulations using
asynchronous pumping, and also to generate pulse trains with over 1 GHz pulse repetition
frequency using rational-harmonic pumping of a Ce:LiCAF laser.
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2. Synchronous and asynchronous pumping

When pumping a solid-state laser with a mode-locked pump source, the length of the laser
cavity determines the laser operation mode. Each successive pulse from the mode-locked
pump is incident at the laser crystal with some specific timing relative to the circulating laser
cavity field. If that timing is the same for every pump pulse, then we have synchronous mode-
locking, where a single pulse is formed in the laser cavity field, and that pulse arrives at the
gain crystal synchronized with each pump pulse. Clearly this occurs when the pump cavity
length and laser cavity lengths are matched; it also occurs when the laser cavity length is any
integer fraction of the pump cavity length. For n-th harmonic locking, the laser cavity is n-
times shorter than the pump cavity, and the pulse in the laser cavity makes n round trips
between each synchronized pump event. The relative timing of the pump pulse and the
intracavity laser pulse for the third harmonic are shown schematically in Figs. 1(a) and 1(b).

(a) Pump

(b) 3% (3/1) harm. \’\l\

(¢) 5/2 harmonic

time

Fig. 1. Comparison of pulse timing for different cavity lengths. (a) The pump pulse train
arriving at the laser crystal. The green line represents the gain curve. (b) The laser pulse train
of the 3rd harmonic of the pump. There is one pulse in the cavity which is synchronized with a
pump pulse every 3rd round-trip. (c) The laser pulse train for the ‘5/2 harmonic’. There are two
pulses in the cavity (represented by the black and red arrows, arbitrarily drawn with different
heights to distinguish them), each synchronous with a pump pulse every 5th round-trip.

There are also more complex harmonics, for which multiple locations in the laser cavity
field are each synchronized with a subset of the arriving pump pulses, and each of the
locations experience pump events in sequence. This occurs when the ratio of the cavity
lengths is any rational number, giving rise to ‘rational-harmonic’ mode-locking. For example,
if the laser cavity length is 2/5 of the pump cavity length, there are two locations in the laser
field that are each synchronized with every second pump pulse. We can call this the 5/2
harmonic. Figure 1(c) illustrates the timing for the 5/2 harmonic; there are two laser pulses in
the cavity with each pulse synchronous with a pump pulse every five round trips. In general,
the x/y harmonic has y pulses in the laser cavity, each of which makes x round trips between
its pump events. The output repetition rate is x-times that of the pump laser. Note that the gain
persists between pump events (shown schematically in Fig. 1), so that the laser pulses see gain
at every pass through the crystal whether or not that pass is synchronous with a pump pulse.
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Figure 2 shows a plot of the range of rational harmonics, where the horizontal axis is the
normalized cavity length //l,,,,, = y/x, and the vertical axis the normalized laser repetition rate
R/R .y = x. The plot includes all harmonics for which x < 100, and y/x < 0.5. The blue dotted
lines connect harmonics with the same y thus having the same number of intracavity pulses.
So the lowest line connects the 2nd, 3rd, etc. harmonics with cavity lengths 0.5, 0.33, etc. The
next lowest line connects the 5/2, 7/2, etc. harmonics with normalized cavity lengths 2/5, 2/7,
etc. The complete set of reduced rational fractions that define the harmonics are known as the
Farey sequence [15]. Rational-harmonic mode-locking allows access to a wide range of
repetition rates for relatively minor changes in the laser cavity length. Rational-harmonic
mode-locking has been reported in synchronously pumped ring optical parametrical
oscillators (OPOs) e.g. [16]. and synchronously pumped dye lasers e.g. [17].

For a fixed pump power, the more pulses there are in the laser cavity (), the less energy is
in each - the extent of gain saturation thus decreases as the number of pulses increases, and so
the strength of the pulse-forming effect must decrease. We thus expect the laser cavity field
for complex rational harmonics (x/y) with larger denominators y to become progressively less
modulated, limiting the theoretically-infinite set of complex harmonics to a more limited
number. The resonances also get narrower as the numerator x increases, since each circulating
pulse becomes synchronous with a pump pulse less frequently, imposing tighter limits on the
exact cavity length. Hence, at cavity lengths between those corresponding to harmonics that
have small denominators, there are cavity lengths for which there is no strong modulation of
the laser cavity field — this is asynchronous pumping.

100 4 \

90 A

80 A

70 A

the cavity, y

Normalized repetition rate, x

Number of pulses in

0 . , — = ———
0 0.1 0.2 03 03 0.4 0.5

Normalized cavity length, y/x = l/1,,,,,

Fig. 2. A visualization of harmonics as a function of the normalized cavity length
(1/ Lump= y/x). The vertical axis is the normalized laser repetition rate R/R,.., = x. The plot
includes all harmonics for which x < 100, and y/x < 0.5. The solid lines connect harmonics with
the same y thus having the same number of intracavity pulses. Harmonic points marked are
explored in detail later in this paper.

3. Experimental setup and analytical model

We have constructed a Ce:LiCAF laser to illustrate the behavior of asynchronous solid-state
lasers and to study the transition between mode-locked output and continuous output. The
laser system setup we used for our experiments, shown in Fig. 2, is similar to that described in
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[14]. In summary, the chopped frequency quadrupled mode-locked output of a Nd:YVO, laser
was used to pump a Ce:LiCAF laser cavity. Pump pulses of 266 nm light with 23 ps duration
at a repetition rate of 78.75 MHz were generated with a maximum average output power of
2.80 W. This pulse train was chopped with a duty cycle of 8.3% to avoid thermal effects in
the second frequency doubling stage [14], with on-periods of 400 ps; the Ce:LiCAF laser was
observed to reach steady-state on times of order 10 ps, and so the chopping is disregarded
henceforth. The laser cavity was a three-mirror resonator with a folding angle of 12° to
compensate the astigmatism introduced by the Brewster-angle-cut 1.25 mm long 3.5%
cerium-doped LiCAF crystal [18]. All three cavity mirrors were custom coated for minimum
absorption and transmission, and as an output coupler (OPC), a 4 mm thick UV-grade silica
plate at close-to Brewster’s angle was placed in the long cavity arm. In this laser cavity, the
length of the long cavity arm (between CM, and CM3;) determined the laser operation mode

[14].
Ce:LiCAF «CMi
N et vy

M,

CM,

Fig. 3. Schematic of the Ce:LiCAF laser cavity. CM1: dichroic input coupling cavity mirror
with a radius of curvature (ROC) = 5 cm; CM2: high reflective (HR) cavity mirror with
ROC = 10 cm; OPC: output coupler; CM3: HR plane cavity mirror.

To analyze the behavior of our laser system for various cavity lengths, we compiled an
analytical model based on the laser rate equations. In this model, the bi-directional cavity field
is divided into an integer number (typically 1000) of small elements, and the evolution of that
laser field is calculated as the field circulates in the cavity. We assume that laser crystal is
thin. To determine the rate of change of the inversion, we need the current left- and right-

travelling laser field at the crystal location (I; and 7;). Combined with time-dependent

absorbed pump power P5™ (¢) that tracks the train of pump pulses arriving at the crystal, the
total number N of inverted ions in the laser crystal can be written

dN _ B0 _o, NUf+1;) N

dt e, e T

M

in which e, and e, are the phonon energies of the pump and laser photons, 7 is the upper laser
level lifetime, and o,,, is the emission cross-section of the laser transition. We model the
incident pump pulse train as a sequence of pulses with temporal Gaussian profile. The single-
pass absorption of our crystal was measured to be a, = 70%. The cavity mirrors (CM, and
CM; in Fig. 3) were not only highly-reflective for the laser wavelength, but also for the pump
wavelength. Thus, in addition to being pumped by the forwards travelling pump light through
CM,, the crystal is also pumped by the backwards traveling residual pump that is reflected
inside the cavity. This second pump pass results in the absorption of a further 21% of the
initial pump energy — we include this secondary absorption in the model, suitably offset in
time from the main absorption pass.
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The laser field is amplified during its forward and backward pass through the crystal
according to

+
d]f = M, )
An

where 0.5 = 0., - 0gss is an effective gain coefficient that accounts for the reduction in
effective gain caused by excited state absorption with coefficient ogg,. Parameter 4 is the
focal area of the pump laser, which is expanded by a factor » in the tangential plane within the
Brewster-cut crystal.

The output coupling is modeled as a loss T,,. applied at a single specific location in the
cavity with current field value I;”; the remaining cavity losses L are also collected here,

resulting in

™ = (T,,. + L)I}™. 3
The output coupling T, = 2.5% and the round-trip loss L = 2.45% were measured accurately
(to = 0.05%) using a cavity ringdown method, and sum to a total loss of 4.95% [14]. Finally,
we calculate the laser output power P, as
P, =T, Iy 4n. @

The model was used to predict the behavior and the form of the output of Ce:LiCAF lasers
with parameters summarized in Table 1 as a function of cavity length. Note that the behavior
is insensitive to minor changes in the listed parameters other than the cavity length. The
model neglects dispersion and gain bandwidth that will affect the duration of strongly mode-
locked pulses; it also neglects nonlinear effects such as self phase modulation and self-
focusing that can cause passive mode-locking and soliton generation. Thus the model is not
suitable for understanding the laser performance at locations that generate very short pulses,
and we do not present or consider pulse durations for strongly mode-locked pulse trains in this
work. The model is designed for investigating the behavior for cavity lengths between
strongly mode-locked locations, where the peak intensities are low, and the structure in the
cavity field is on multi-picosecond timescales: here the laser behavior is determined mostly by
gain modulation and gain saturation. The good agreement shown below between the model
and experiment for such asynchronous cavity lengths attests that the simplified model
provides a useful tool for understanding the behavior of this laser.

4. Results

Figure 4 shows experimental and modeling results for the slope efficiency of the Ce:LiCAF
laser for a cavity length of 0.754 m (120 mm mismatched from the 3rd harmonic), where CW
laser output with a modulation of just + 1% for frequencies below 1 GHz was obtained
(discussed in detail later). The laser threshold was determined to be 1.37 W, and the
maximum laser output power achieved was 288 mW at an input power of 2.80 W. The
parameters used to match the model and experimental data are listed in Table 1.
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Table 1. Input variables for the numerical model used for simulating the Ce:LiCAF laser.

Variable Value
Measured (average) pump power Pp 2.76 W
Pump repetition rate R, 78.75 MHz
Pump cavity length Z,, = ¢/ (2 * Ryump) 1.902 m
Pump pulse duration 23 ps
Transmission of the dichroic input coupling mirror (CM,) 91%
Single pass absorption of the crystal a, 70%
Overlap efficiency 81%
Pump wavelength 266 nm
Laser wavelength 290 nm
Laser beam waist in crystal «; 12.9 pm
Upper laser level lifetime 7 25ns

Emission cross section o,
ESA cross section oggy

9.6 - 107" ecm? [5]
3.6 - 107" em? [5]

Refractive index of the crystal (at laser wavelength) n 1.41
Output coupling loss 7, 2.5%
Loss of cavity elements L 2.45%

Using this Ce:LiCAF laser, we have studied the complex harmonics close to the 3rd
harmonic (alternatively called the 3/1 harmonic), that is located at a cavity length

13:l

pump

/3 =0.634 m, where 1, is the length of the pump laser resonator. The 3rd harmonic

is marked with an orange triangle in Fig. 2. From here on, we refer to cavity length mismatch
Al =1 —I;, which is the cavity length referenced to that for the 3rd harmonic. We focus on
harmonics that occur for cavity lengths close to but longer than for the third harmonic, i.e.

x/y S 3 so that [y, = I, X y/x, as this length range probes the full range of expected behavior

for a synchronously pumped Ce:LiCAF laser.

Laser power [mW]
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Fig. 4. Measured and simulated slope efficiencies, for a cavity length of 0.754 m (120 mm
mismatched from the 3rd harmonic), where CW laser output with a modulation of just + 1%
for frequencies below 1 GHz was obtained.
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Fig. 5. Time domain measurement of a selection of rational harmonics, showing full
modulation of the cerium laser cavity field overlapped with the schematic diagram showing the
pulse timing for the pump laser and the harmonics. For each harmonic, each of the distinct
pulses within the laser cavity is marked with a different color, with one arbitrarily marked
taller to assist the reader.
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We have experimentally observed a range of rational harmonics using a fast photodiode.
The traces shown in Fig. 5(c)-5(g) were measured using an ALPHALAS UPD-50-UP ultrafast
photodetector with a 50 ps rise time, and 6 GHz oscilloscope. We thus expect to be able to
detect harmonics with repetition rates = 6 GHz; with our 78.75 MHz pump laser, this
corresponds to harmonics x/y with x = 60. Figure 5 shows a selection of the observed higher
order harmonics corresponding to the group of rational harmonics circled in black in Fig. 2,
each appearing at the predicted cavity length /,,,,, * y/x, showing fully modulated pulse trains;
the maximum measured repetition rate is 78.75 GHz x 14 = 1.103 GHz corresponding to the
14/5 harmonic.

Figure 5 also shows schematically the timing for each of these different harmonics. The
timing of the arrival of pump pulses at the laser crystal is shown in panel (a); the remaining
panels show the timing of arrival of pulses in the laser cavity. The color-coded arrows
represent the distinct pulses within the laser cavity at the higher harmonics — recall that for the
x/y harmonic, there are y distinct pulses in the laser cavity. The arrow marking the specific
pulse that is synchronous at the left is drawn slightly larger to assist the reader to track the
different pulses in the cavity. Comparing the 13/5 and the 14/5 harmonic [Fig. 5(f) and 5(g)]
is particularly instructive; in both cases there are 5 distinct pulses in the cavity. For the 13/5
harmonic, the repetition rate is 78.75 GHz x 13 = 1.024 GHz, and each pulse is synchronous
after making 13 round trips — the pulses are synchronous with the pump pulse in the order
1-3-5-2-4-1-3-... For the 14/5 harmonic, the repetition rate is 78.75 GHz x 14 = 1.103 GHz,
and each pulse is synchronous after making 14 round trips — the pulses experience pump
events in the order 1-5-4-3-2-1-5-...

The main aim of the work presented in this paper is to discuss the general form of the laser
operation mode of mode-locked pumped solid-state lasers for a large range of cavity lengths,
concentrating on the transition between mode-locked and CW behavior. A detailed
characterization of the pulses at rational harmonics (e.g. pulse widths, stability) is thus not
included in this paper. We note that we have previously measured the pulse duration of a
similar laser, mode-locked at the 1st harmonic, to be 6 ps [13].

In general the pulse trains generated at rational harmonics will have relatively uniform
energy, since the gain persists between pumping events (see Fig. 1 and section 2) and so
pulses are amplified even on round trips for which they are not synchronous with the pump;
the precise variation between the pulses will be different for each harmonic. In contrast,
rational-harmonic OPOs have pronounced pulse energy variation, since pulses see gain only
during their own pump events and so decay in amplitude on each round trip between pump
events [16]. In fiber lasers, that feature a long energy storage time compared to the laser round
trip time, strong Q-switching has been observed when the laser cavity is detuned from a
harmonic [19]. Due to the short upper laser level lifetime of Ce:LiCAF (z = 25 ns), such Q-
switching modulation would not be expected to be significant.

We now use the simulated output from our numerical model to explore the behavior of the
laser for a small range of cavity lengths. Figure 6 shows the modulation depth of the
simulated laser output, defined as (Lyx — Lnin) / (Umax + Luin), @s a function of cavity length
mismatch. Also marked are the expected positions of all rational harmonics with x < 390 in
this cavity length range. Note that this cavity length mismatch range of 9.3 mm to 9.8 mm,
corresponds to a very narrow selection of potential harmonics, covering normalized cavity
lengths of 0.3382 to 0.3385; the two dominant harmonics (68/23 and 65/22) are marked with
green squares both in Fig. 6 and in Fig. 2. Using the numerical model, we specifically
sampled the locations and surrounding cavity lengths for the noted harmonics, to find the
range of cavity lengths over which each harmonic has influence. We see that the model
predicts strong modulation of the cavity field at the location of each harmonic, with the
modulation depth decreasing somewhat with increasing x; thus there is a continuous transition
between trains of well separated pulses and a modulated CW cavity field as the number of
pulses in the cavity increases.
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Fig. 6. Modulation depth of the laser output from numerical simulation as a function of cavity
length mismatch 4/, showing a set of higher harmonics interspersed by regions of lower
modulation. The location of harmonics with x < 390 are indicated near the x-axis. The
harmonic labels marked with a square correspond to the points marked with a square in Fig. 2.

The resonances become much sharper for higher harmonics: e.g. for the 68/23 harmonic,
the resonance has a width of 4/ = 100 um, but for the 198/67 or 263/89 harmonic, the
resonances have a width of only 4/ = 10 um. The decreasing modulation depth and decreasing
width of the resonances for the higher harmonics means that despite there being an infinite
number of possible harmonics, in practice there are significant regions between the
resonances that have relatively little modulation. Modelling for cavity lengths between the
marked resonances show modulation of under 10%. We can see that in these regions the laser
can be described as providing continuous laser output with a small superimposed intensity
ripple.

We have explored experimentally and theoretically the regions of lower modulation
between the harmonics. Figure 7 shows a series of experimental measurements at different
cavity mismatch lengths that avoid rational-harmonic mode-locking, and where the resulting
modulation is small. Note that these experimental measurements were recorded using a
photodiode with a 1 ns response and an oscilloscope with 6 GHz bandwidth, since the
instantaneous output power was not sufficient for our faster photodiode. These measurements
are compared to the model output, as well as the model output convolved with the response
function of our measurement system to simulate the experimental results (the curve marked
“simulated, filtered” in Fig. 7). The simulations were carried out at cavity lengths
representative of the low-modulation regions, avoiding the narrow peaks corresponding to
high-order harmonics. The curves were plotted for an input power of 2.80 W, so about twice
above threshold. The modulation of the simulated filtered output and the experimentally
measured output match each other closely, giving confidence in the output of the model. The
modulation decreases with increasing cavity length mismatch A/ from the third harmonic —
this is because we are moving off the extended shoulder of the third harmonic resonance,
which is significant for a wide range of cavity lengths. The model predicts that for cavity
lengths around 4/ = 120 mm, corresponding to a normalized cavity length /, of 0.3964, the
residual modulation is minimized. This minimum is formed by the decreasing modulation due
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to the third harmonic (/, = 0.33) being balanced by the increasing modulation due to the
second harmonic (/, = 0.5). These two y = 1 harmonics dominate the behavior - while this
minimum location is relatively close to the location of the 5/2 harmonic at A/ = 126.8 mm
({,= 0.4), this higher harmonic only has influence over a range of 5 mm.
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Fig. 7. Measured and simulated laser output fluctuation as a function of the cavity length
mismatch. These points cover normalized cavity lengths from 0.3333 to 0.3964.
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Fig. 8. Measured and simulated laser output for a cavity length 4/ of 120 mm, for a Ce:LiCAF
laser - the modulation is of the order of 1% for frequencies below 1 GHz and 4% on faster

timescales.
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Figure 8 shows the measured and simulated Ce:LiCAF laser output plotted as a function
of time for A/ of 120 mm. We see good agreement between the model and the experimental
results: We measured experimentally the modulation to be just £ 1% for frequencies below
1 GHz, and according to the model the modulation should be less than + 4% on faster
timescales. For many applications of CW UV lasers, modulation of the laser output at GHz
frequencies may not be problematic. For these applications our generated laser output is
closely equivalent to that from a CW-pumped multi-longitudinal-mode CW laser, and so can
be used interchangeably.

An unavoidable effect of pumping a CW laser with a mode-locked laser is that each pump
pulse produces a step increase in the gain (increasing on the timescale of the pump pulse
duration), which then decays due to stimulated and spontaneous emission; this gain step must
lead to some modulation in the laser output and is thus a limiting factor that we can quantify
as follows. In steady-state, the average gain must equal the round trip loss, which in the
present case is 4.95%. We can estimate the gain step before and after the arrival of a pump
pulse using the equation given in [14]:

AG:%V(T +1L)

we TH S &)

pump

where 7 is the ratio of the pump power to the threshold value. For the parameters given in
Table 1 for Ce:LiCAF, a laser threshold of 1.37 W, and assuming single pass pumping, we
predict a gain step of 5.1%; for the case of 70% and 21% of the total pump power being
absorbed in two temporally-separated events, the bigger of the two gain steps is now
4G =3.2%. We can estimate then that the lowest possible modulation of the laser intensity
consistent with the variations in the laser field that this pulsed pumping must create is + 1.6%.
This represents a lower limit to the modulation that might optimally be achieved.

5. Conclusion

We have analyzed the behavior of solid-state lasers pumped synchronously and
asynchronously by a mode-locked pump laser. As the cavity length changes, we find regions
of rational-harmonic mode-locking interspersed by regions of continuous laser output.
Numerical modelling for an ultraviolet Ce:LiCAF laser system provides an understanding of
the fast dynamics for mode-locked pumped lasers, and enables us to predict the output
behavior of the system for various cavity lengths, input powers and other parameter changes.
The agreement between the measured and simulated data over a wide range of laser cavity
lengths gives confidence that the model predictions are valid. Experimentally we observed
rational-harmonic mode-locking of a Ce:LiCAF laser at harmonics up to 14/5, corresponding
to a pulse repetition frequency of 1.103 GHz. This represents the highest pulse repetition
frequency yet reported for a Ce:LiCAF laser. This same laser is predicted numerically to
operate mode-locked at much higher rational harmonics such as 68/23 which corresponds to a
pulse repetition frequency of 5.3 GHz. We find that the cavity length of the laser can also be
tuned to avoid resonances with rational harmonics, resulting in continuous laser output. For
our experimental Ce:LiCAF laser, this output had intensity modulations at the 1% level for
detection frequencies below 1 GHz, and is predicted to have 4% modulation for faster
timescales. While our approach is clearly not suited for generating single-longitudinal mode
CW laser output, we believe that mode-locked-pumped CW lasers will nevertheless be
suitable for many applications of CW light.
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We report birefringent tuning using single and multiple
magnesium fluoride (MgF,) Brewster tuning plates in a
mode-locked pumped continuous-wave Ce:LiCAF laser.
Depending on the thickness of the MgF, plates used, con-
tinuous tuning over a range of up to 13 nm from 284.5 to
297.5 nm with a full width at half-maximum linewidth of
14 pm (50 GHz) was achieved. By combining MgF, plates
with etalons, the linewidth of the laser was narrowed down
to 0.75 pm (2.7 GHz). This generated narrowband output is
suitable for many applications in spectroscopy, cold-atom
manipulation, and sensing.  ©2015 Optical Society of America

OCIS codes: (140.3580) Lasers, solid-state; (140.3600) Lasers,
tunable; (140.3610) Lasers, ultraviolet.

http://dx.doi.org/10.1364/0L.40.003065

Narrowband tunable ultraviolet (UV) lasers are needed for
applications in spectroscopy, cold-atom manipulation, and
sensing. Typically, tunable UV laser output is obtained by us-
ing nonlinear optical processes (harmonic and sum-frequency
generation) to frequency up-convert the output from visible or
infrared tunable lasers. For continuous wave (CW) sources
however, the nonlinear frequency conversion is inefficient and
requires complex resonant enhancement cavities [1-3]. An
alternative approach to obtain CW output in the UV is to
use a laser medium, which itself operates directly in the ultra-
violet. Cerium (Ce)-doped fluoride lasers do just that; they
produce output tunable in the 285 to 315 nm spectral range
[4]. We have recently shown that Ce?T:LiCaAlF (Ce:LiCAF)
lasers can be operated as mode-locked [5] and CW sources [6].
In this Letter, we now report narrowband tunable operation of
a chopped continuous-wave Ce:LiCAF laser.

Ce:LiCAF lasers are all-solid-state tunable UV lasers that are
well established in the nanosecond-pulse regime, offering broad
tunability and efficient operation [7-9]. Conveniently, Ce:
LiCAF can be pumped by the fourth harmonic of neodymium
(Nd)-doped lasers at 266 nm, which is well matched to the
peak of the main absorption band. This route to tunable
UV is thus based on frequency quadrupling of a high power,

0146-9592/15/133065-04$15/0$15.00 © 2015 Optical Society of America

high beam quality, fixed wavelength source and is used to
pump a Ce:LiCAF laser, which provides wavelength tunability.
Lasing occurs on the 54 — 4f transition in Ce>t, which has
an upper state lifetime of 25 ns [10]. This lifetime is of the same
order as the inter-pulse interval for a typical 80 MHz mode-
locked solid-state laser, and so mode-locked lasers are also po-
tentially useful as pump sources. We have indeed shown that a
frequency quadrupled 80 MHz mode-locked Nd laser can ef-
ficiently pump a Ce:LiCAF laser [5,6,11], with the advantage
that the peak power of a mode-locked 1064 nm laser allows
efficient frequency quadrupling to 266 nm without needing
a resonant enhancement cavity. The Ce:LiCAF laser system
can either generate short laser pulses with pulse repetition rates
up to 1.10 GHz when setup for rational-harmonic mode-lock-
ing or generate CW output when pumped asynchronously
[6,11]. The transition between mode-locked and CW behavior
can be achieved easily by adjusting the length of the laser cavity.
In [11] we discussed the dynamics of this laser system showing
that using a mode-locked pump laser to generate CW laser out-
put inevitably leads to steps in the gain and hence to a residual
intensity modulation. Our reported CW laser output at
290 nm features a residual modulation in the order of only
1% for frequencies below 1 GHz and 4% on faster timescales.
Due to this unavoidable residual modulation we do not expect
the laser to run on a single longitudinal mode; however,
we show here that it is still possible with this configuration
to obtain narrowband tunable output that is suitable for many
applications.

Figure 1 shows a schematic of the laser cavity. The setup is
similar to that described in [6] and [11]. The pump laser was a
78.75 MHz frequency quadrupled Nd:YVOy laser. In order to
avoid thermal effects in the f-barium borate (BBO) crystal used
for the second frequency doubling stage, the 1064 nm pump
light was chopped with a duty cycle of 1/12, passing 400 ps
long bursts of mode-locked 23 ps pulses every 4.8 ms. Note
that all powers are given as the average power during the
400 ps chopper opening time; the average powers over the full
chopper cycle therefore are 1/12 of the stated powers. The
1.25 mm long Brewster cut 3.5% Ce-doped LiCAF crystal
was placed in the focal position of a three-mirror cavity with
the ¢ axis perpendicular to the propagation direction and in
the horizontal plane. The single-pass absorption at 266 nm
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MgF, tuning plate

CM,
Fig. 1. Schematic of the Ce:LiCAF laser cavity. CM;, dichroic in-

put coupling cavity mirror with a radius of curvature (ROC) = 5 cmj
CM,, HR cavity mirror with ROC = 10 cm; CM3, HR plane cavity
mirror. The MgF, tuning plate is placed in the long cavity arm close to
Brewster’s angle and is simultaneously used as an output coupler. For
further linewidth narrowing an uncoated etalon is inserted close to
normal incidence in the long arm of the cavity.

of this crystal was measured to be 70% and the single-pass loss
at 290 nm was 0.7%. The laser cavity was set up as a three-
mirror resonator with a folding angle of 12° to compensate
the astigmatism introduced by the Brewster-angle cut Ce:
LiCAF crystal [12]. In order to keep the cavity losses at a mini-
mum, all three cavity mirrors were custom coated for minimum
absorption and transmission (coated by Advanced Thin Film).
Using these mirrors and with careful alignment, most of the
30% residual pump power could be returned to the crystal after
being back reflected by the high-reflective (HR) cavity mirrors
for a second absorption pass to improve the laser efficiency.

To achieve CW output with minimal residual modulation,
the cavity length was set to 0.754 m, which equals the pump
cavity length /,mp, x 0.3964 and corresponds to a mismatch of
120 mm from the third harmonic of the pump cavity length
[11]. The build-up time for the CW lasing with this configu-
ration was typically under 20 ps, so that the laser operated in
steady-state for most of the 400 ps chopper opening time. The
free running laser with no tuning element and a nonbirefrin-
gent output coupler (a 4 mm thick UV-grade silica plate at
close to Brewster’s angle) in the long cavity arm produced a
maximum output power of 288 mW when pumped with
2.80 W of 266 nm light (recall that all powers are the average
powers during the open period of the chopper). The slope ef-
ficiency for CW operation was 20% and the laser threshold
was 1.37 W, which is in good agreement with the theoretical
values determined in [13]. The free running wavelength was
289.5 nm with a full width at halfFmaximum (FWHM) line-
width of 0.2 nm (see [11] for a detailed description).

For nanosecond cerium lasers, tuning can be achieved by
injection seeding [14] or Brewster prisms, with possible addi-
tional line narrowing using etalons [8,9]. In [6] we already re-
port tuning of a CW Ce:LiCAF laser using a Brewster prism
over a range of 9.5 nm from 285.8 to 295.3 nm. The FWHM
linewidth was 0.2 nm at around 291 nm and was narrower
toward the extremes of the tuning range (0.1 nm at
286 nm and at 295 nm). However, tuning with a Brewster
prism has the disadvantage of preventing double-pass pumping
of the crystal. This problem could be solved by replacing the

Letter

HR CM, with a dichroic mirror, except that the loss for 1 =
290 nm of the dichroic coating Lpc = 0.45% is higher than
the loss of the HR coating Lyjg = 0.2%, hence a setup with
two dichroic mirrors would involve increasing the total cavity
loss significantly with corresponding loss of laser performance.
Using birefringent tuning instead of prism tuning allows at least
part of the unabsorbed single-pass pump light to be recycled
back into the laser crystal after being reflected by the HR cavity
end mirror, as there is no spatial separation between the pump
and the laser modes.

Birefringent tuning has been used effectively with CW dye
and Ti:sapphire lasers in the past. In the visible or infrared,
most commonly quartz plates are used as birefringent tuning
filters [15]. To ensure a single tuning peak within the broad
gain of Ce:LiCAF in the UV (280 to 315 nm), very thin quartz
plates with thicknesses below 200 pm would be required. In
this spectral region, magnesium fluoride (MgF,) has greater bi-
refringence and lower dispersion than quartz, and thus is the
better alternative. The calculated transmission curves for a
250 pm MgF, Brewster plate and a 250 pm SiO, Brewster
plate are plotted in Fig. 2(a) in addition to the approximated
gain curve for Ce:LiCAF.

For birefringent tuning, an MgF, plate was inserted in the
long cavity arm at close to Brewster’s angle. The tuning plate
also acted as an output coupler. In Fig. 3 tuning curves for the
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Fig. 3. Tuning curves using a single 250 pm thick birefringent
MgF, plate at different output coupling angles.

Ce:LiCAF laser with a single 250 pm thick birefringent MgF,
plate at different output coupling angles are plotted. The free
spectral range of the 250 pm thick tuning plate was calculated
to be 24 nm. For low output coupling with the plate very close
to Brewster’s angle, continuous tuning over a range of 13 nm
from 284.5 to 297.5 nm with a maximum output power of
6 mW was achieved. For higher output coupling the tuning
range narrowed, but the maximum output power increased.
With the tuning plate at 9° from Brewster’s angle, maximum
output power was 154 mW and the tuning range spanned from
288.2 to 292.5 nm.

We investigated the linewidth of the laser output for a range
of different tuning arrangements. The output linewidth was
measured using an air-spaced Fabry—Perot etalon and a UV
CCD camera. An example of captured fringes for an arrange-
ment with a 4 mm MgF, Brewster tuning plate and a 3 mm
uncoated narrowing etalon close to normal incidence in the
long arm of the laser cavity are shown in Fig. 4. Figure 4(a)
shows the raw image of the fringes captured with the CCD
camera. The radial intensity cross section was extracted from
this image [white line plotted at the bottom of Fig. 4(a)]
and then plotted on a linearized frequency scale [Fig. 4(b)].
To determine the free spectral range and FWHM linewidth,
a calculated curve based on the etalon transmission function
was fitted to the extracted intensity pattern. An overview of the
linewidth measurement results is given in Fig. 5. When using a
single 250 pm MgF, tuning plate, the FWHM linewidth
was 14 pm. Using thicker MgF, plates resulted in narrower
linewidths, down to 3.7 pm for a 6 mm thick MgF, plate.
However, using a single but thicker tuning plate naturally de-
creased the tuning range of the laser; the free spectral range of a
6 mm thick MgF, Brewster plate is just 0.8 nm as illustrated in
Fig. 2(b). To achieve a relatively narrow linewidth, while keep-
ing a relatively broad tuning range, a combination of two par-
allel MgF, tuning plates was used. For tuning with a 500 pm
plate and an additional 6 mm tuning plate, both at 7° from
Brewster’s angle, tuning from 286.8 to 293.1 nm was achieved
with a linewidth of 4.3 pm. For further linewidth narrowing a
3 mm uncoated etalon was inserted close to normal incidence
in the long cavity arm. The transmission curve for this etalon is
also given in Fig. 2(b). A combination of a 6 mm tuning plate
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Fig. 4. Fabry—Perot fringes for the laser with a 4 mm MgF,
Brewster tuning plate and a 3 mm etalon close to normal incidence,
tuned to 290.4 nm. (a) Raw image of the fringes captured with a CCD
camera. (b) Intensity pattern extracted from the raw image plotted on a
linearized frequency scale and the fitted curve to match the pattern.
The free spectral range (fsr) is measured to be 11 pm and the linewidth
of the laser is determined to be 0.75 pm.

and a 3 mm uncoated etalon led to a FWHM linewidth of only
0.75 pm, which corresponds to a bandwidth of 2.67 GHz or
0.09 cm™!. Since we did not have access to a single-frequency
290 nm light source to determine the finesse of our measure-
ment system, it is possible that we have reached the instrument
limit of the measuring etalon. (We note that achieving high
finesse is difficult in the UV owing to significant absorption
of mirror coatings.)
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Fig.5. Overview of the measured linewidths for tuning with a single
MgF, plate, an MgF, plate plus an additional 3 mm etalon in the long
cavity arm close to normal incidence and two parallel MgF, plates
(6 mm and 500 pm) close to Brewster’s angle.
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Since the laser is pumped with an 80 MHz pulsed pump
source, there are, as mentioned, unavoidable gain steps that
continually create small intensity steps associated with each
pump pulse [6,11]. When narrowing the linewidth of the laser
by using thicker MgF, tuning plates and etalons, the power in
the higher noise frequencies associated with this modulation
can be suppressed but not eliminated, imposing a limit to
the achievable minimum linewidth. Our measured bandwidth
of 2.67 GHz may come close to this limit: The longitudinal
mode spacing for the 0.75 m long cavity is 0.20 GHz, which
means there are only about 13 longitudinal modes oscillating in
the CW Ce:LiCAF laser.

In conclusion we showed that birefringent tuning using sin-
gle or multiple MgF, plates is the preferred alternative to prism
tuning in Ce:LiCAF lasers producing broader tunability and
narrower linewidths. By combining the MgF, tuning plates
with etalons, the linewidth of the laser can be narrowed down
t0 0.75 pm. These results are promising and suggest that single
frequency operation will be achieved with CW pumped CW
Ce lasers, although it will likely be necessary to move to a ring
architecture to avoid spatial hole burning.

Australian  Research  Council (ARC) (DP110102754);

Macquarie University.
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MatLab Code of Cavity Model

5555555555555 555555555555%555555555555555555555555555555555%%555%5%5%5%%5%%
This script calculates the laser field in a z-folded 3 mirror laser
resonator that is pumped by a pulsed source. The length of the laser
resonator can be set to different lengths in order to mismatch the cavity
round trip time from the pump round trip time to achieve asynchronous

pumping. The laser output can be plotted over multiple round trip times
and can also be shown "filtered" (as seen when using the measurement
tools available in the lab (ns-photodiode and 2GBit/s oscilloscope)) .

AP 0% o0 d° o o° d° d° o o

Features of the simulation:

%$The laser resonator is divided into elements and the laser crystal sweeps
$through the elements. Parallel to the "main" crystal, a "second crystal",
%$that simulates the backwards pumping of the crystal, and the output
$coupler are sweeping through the cavity.

To simulate a realistic initialisation of the lasing, the pump is ramped
up and the initial cavity field is set up as an exponential decay with a
step up at the output coupler position.

A0 d° O o° A A% A A° O A° A O A° A A A° P I A° I O° o° o

o0 AP o o AP d° o e o

for the filter of the output, a convolution with the pump pulse response
(approximated from the measured pump pulse response in the lab) is used.
999999000090090990099900990900999002909900990099900999009900999009909009900090900
5555555555555 5555%555%555%555%5%5555%555%55555%55555%555555555555555555555%%%%

function ce licaf final

clear all
close all
clc
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o

% simulation variables

N=500; % number of elements the resonator is divided into

number loops=2500; %number of roundtrip times that are simulated

plot start=2000; % number of roundtrips after which data is collected for the plots
% (should be set at a number after which steady state is reached). Must obviously be
%$smaller than number loops.

o)

plot_time=15; % number of roundtrips the laser output is displayed over in the figure

$plotting/calculation options - choose as little as needed, otherwise the simulation
%gets reeeeeaaaaaally slow

slope threshold paper=0; %if slope and threshold should be calculated (using the
%equations used in the paper) set to 1

plot_every round trip=0; %if output should be plotted "live" every round trip, set to 1
plot mulit rt=1; %if multi-round trip output should be plotted every time the trigger
%goes off, set to 1

sig_val unfiltered=1; %if significant values for unfiltered output should be
%calculated, set to 1

plot filtered output=0; %if filtered output should be plotted, set to 1

plot fluc curve=0; %if curve of fluctuation over different resonator lengths should be
%plotted, set to 1

plot conv=0; %if convolution function should be plotted, set to 1

%$set-up variables as measured in lab

length resonator=[ 1.28896]; %in m

pump_power measured=[ 2.76 ]; %measured (average) pump power in W

Pfrequ=78.75*10"6; Spump frequency in Hz

Ppulse duration=23*107-12; %pump pulse duration in s

opc=0.025; %unitless loss of the output coupler (2.5%)

loss=0.024; Sunitless loss of the cavity elements other than opc (2.4%)

dis_cry opc=0.625; %distance between crystal and the opc in m

dis_cry DCM1=0.05; %distance between crystal and dichroic cavity mirror 1 (the input
scoupling mirror) in m

%$other system variables

lambda_pump=266*10"-9; %pump wavelength in m Ce:LiCAF: 266*107-9, Ti:sapp: 532*107-9
lambda laser=290*10"-9; %laser wavelength in m Ce:LiCAF: 290*10"-9, Ti:sapp: 800*107-9
waist=12.9; %waist of the laser field in micrometer

pump_ area=pi* (waist*107-6)"2; Spump area inside the crystal in m"2

tau=25*107-9; S%Supper laser level lifetime in s Ce:LiCAF: 25*107-9, Ti:sapp: 3.2*10"-6
sigma em=9.6*10"-22; %emission cross section in m"-2 Ce:LiCAF: 9.6*10%-22, Ti:sapp:
$41*107-24

sigma esa=3.6*10"-22; %excited state absorption cross section in m"-2 Ce:LiCAF:
%$3.6*10%-22, Ti:sapp:0

pump_absorption=0.7; %unit less pump absorption (70%)

overlap eff=0.81; %pump efficiency (adjust to match slope efficiency)

trans_DCM=0.91; %transmittance of the dichroic cavity mirror (91%)

ref index=1.41; %refractive index of the laser crystal Ce:LiCAF: 1.41, Ti:sapp: 1.76

%natural constants
c=299792458; %in m/s
h=6.62606957*10"-34; %in Js

$check how many different resonator lengths/ pump powers were entered
quantity length input=size(length resonator,2);
quantity power input=size (pump power measured,2);

Spump pulse calculations

length _pump_ res=(c/Pfrequ); %length of the pump pulse resonator

length pump pulse=(c*Ppulse duration); %"length" of the pump pulse duration
pump_absorption back=(l-pump absorption) *pump_absorption; S%pump absorption when pumped

$backwards ("second crystal")
pump_peak power=ones (quantity power input);
syms x;

integral pump_function=int (exp(-4*log(2)* ((x-
length pump res/2))"2/length pump pulse”2)),0,length pump res);

$threshold and slope as calculated in paper
if slope threshold paper==1
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threshold_cal=pump_area*h*(c/lambda_pump)*(opc+loss)*ref_index/(2*(sigma_em—

sigma_esa) *tau*overlap_ eff* (pump_absorption+pump_ absorption back) *trans_ DCM) ;

slope cal=100*overlap eff* (pump absorption+pump absorption back)*trans DCM*

(lambda_pump/lambda_laser)*(opc/(opc+loss))*((sigma_em—sigma_esa)/sigma_em);
end

%$since the filter has a rise time, later some elements have to be cut off

%$the output array (and other arrays). Therefore - in order to display the number of
$chosen round trip times - it is needed to add on some "dummy" elements to the
splot time that can be cut off later

plot time cal=plot time+6;

$definition of dummy arrays to reserve space for later used large arrays

% (that otherwise would change size after every loop)

output power y=zeros(quantity power input,N); %array for power output

output power y figure=zeros(quantity power input,N*plot time cal); %dummy array for
$plot of multiple roundtrips (before cutting the rise time)

output power y figure2=zeros(quantity power input,N* (plot time)); %dummy array for plot
%$of multiple roundtrips (after cutting the rise time)dummy arrays for fluctuation
$calculation

overall I mean=ones(quantity power input);

overall I max=ones (quantity power input);

overall I min=ones (quantity power input);

overall Fluc=ones(quantity power input);

mean overall I mean=ones (quantity power input);

mean overall I max=ones (quantity power input);

mean overall I min=ones (quantity power input);

mean overall Fluc=ones(quantity power input);

output Fluc=ones(quantity length input);

$constants/dummy arrays that are needed for the convolution
time_conv=14.8*107-9; %length of the convolution function in s
length conv=time conv*c; %length of the convolution function in m

$constantes that are used in loops
a=length pump res/integral pump function;
b=number loops/10;

d=-4*1log(2);

e=length pump res/2;
f=length pump pulse”2;
g=trans_DCM*pump_absorption*overlap eff;
j=h* (c/lambda_pump) *pump area*ref index;
k=sigma_em/ (h* (c/lambda laser));

m=sigma em-sigma esa;

n=pump area*ref index*opc;

o=opc+loss;

p=3*N+1:N* (plot time cal-3);

for count_length input=l:quantity length input
$this loop works through the different resonator lengths that were preset
x axis=linspace (0, length resonator (count length input),N); %deviding a "x-axis" (in
%m) into elements
time x=(x_axis/c); %x-axis in s
delta x=length resonator (count length input)/N; %length (in m) of one element
dis_cry opc_index=round(dis_cry_opc/delta_x); %distance between the crystal and the
%opc in number of elements
dis_cry2=length_resonator (count_length_input)-2*dis_cry DCM1l; S%distance between the
$crystal when pumped forwards and when pumped backwards in m
dis cry2 index=round(dis cry2/delta x); %distance between the crystal when pumped
$forwards and when pumped backwards in number of elements
output_power_x=linspace(O,(length_resonator(count_length_input)—delta_x)*10A9/c,N);
$x—axis of the output plot (for a single roundtrip) -> time in ns
output power x multiRT=linspace (0, ((length resonator (count length input)*
plot time)-delta x)/c,N*plot time); %$x-axis of the output plot (for multiple
$roundtrips) -> time in s
output power x multiRT ns=linspace (0, ((length resonator (count length input)*
plot_time)—delta_x)*lOA9/c,N*plot_time); $x-axis of the output plot (for multiple
$roundtrips)-> time in ns
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store dummy=ones (1,N* (plot time)); %dummy array for the output that will be stored
%creating the convolution function
number elements conv=4*round((length conv/delta x)/4); S%number of elements the
$convolution function is long (one element has the same length as one element of
%the resonator)
time conv_x=linspace(0,time conv,number elements conv); S%x-axis for the convolution
sfunction
conv_x_ function=zeros (number_ elements conv,1l); %dummy array for the convolution
$function
conv_x function original=zeros (number elements conv,1); %dummy array for the
sconvolution function
for count=l:number elements conv/4 Swriting the first hump of the convolution
$function
conv_x function original (count)=10.5931284*sin(0.87373312*10"9*time conv_x
(count)) *exp (-time conv_x(count)*1079/2.5894032);
end
for count=number elements conv/4+l:number elements conv/2 Swriting the second hump
$0f the convolution function
conv_x function original (count)=200*sin(0.881*10"9*time conv_ x (count)) *exp (-
time conv_x(count)*1079/0.8);
end
conv_x_function original=conv_x function original/sum(conv_x function original);
%normalizing the convolution function
conv_x_function(number_elements_conv/2+l:number_elements_conv)=conv_x_function
_original (l:number elements conv/2); %conv function is the shifted sine function
$with the maximum of the sine in the middle of the resonator length

if plot_conv==
figure (1) %plot of the convolution function
plot (time_ conv_x*1079,conv_x function);
xlabel ('"time [ns]');
x1im ([0 14.871);

end

$trigger - the multiple roundtrip time plot is triggered by the

$incomming pump pulse

trigger=0; %initial value for trigger

trigger count=0; %not really needed for simulation, just in case we want to know
%how many times the trigger was activated

plot number=zeros (quantity power input); %not really needed for simulation, Jjust in
%case we want to know how many times the output was plotted (the number of plots
%the averaged output was averaged over)

trigger start=length pump res/2-delta x; %number of element in which the pump pulse
%was seen by the crystal

$constants used in this loop (resonator length dependent)
l=delta_x/c;
q=((length_resonator(count_length_input)*(plot_time—l))/c)*lOA9;

for count power input=l:quantity power input
%$this loop works through the different preentered pump power values
inversion=0; %start value of the inversion
%$set up a self-consistent initial cavity field with exponential decay
alpha = -1*log(l-opc-loss)/length resonator (count length input);
intensity x=ones(1,N);
for r=1:N
if r<(l+dis_cry opc_index)
intensity x(r)=exp(-alpha*r*delta x);
else
intensity x(r)=exp(-alpha*r*delta x)/(l-opc-loss);
end
end

%calculation of the pulse peak power
pump peak power syms=pump_ power measured(count power input) *a;

pump_peak power (count power input)=double (pump peak power syms);

for loops=1l:number loops %loops until preentered number of loops (=roundtrip
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Stimes)

for

is reached

crystal index=1:N
%$this loop is the heart of the simulation. Here the crystal (and the
$opc and the "second crystal") is looped through the elements of the
$resonator and the inversion and cavity field are calculated for each
%element.
if loops<b %this loop ramps up the pump power

ramp= ( (loops+crystal index/N)/b)"2;
else

ramp=1;
end

$position of the crystal when pumped backwards

crystal index 2=mod new(crystal index-dis cry2 index+1,N); %position of
%the crystal when pumped backwards, dependened on position of the
$crystal, the length of the resonator and the predefined distance
$between the crystal and the dichroic cavity mirror 1

%1. pump the crystal forwards

%$look where the crystal is in regards to the pump function

crystal pump=crystal index*delta x + (loops-1)*length resonator

(count length input);

crystal pump=mod new(crystal pump,length pump res);

pump x l=ramp*pump peak power (count power input)*exp (d* (crystal pump -
e)"2/f);

%2. pump the crystal backwards

%look where the crystal is in regards to the pump function

crystal pump 2=crystal index 2*delta x + (loops-

2) *length resonator (count length input);

crystal pump 2=mod new (crystal pump_ 2, length pump res);

pump_x 2=ramp*pump_peak power (count power input) *exp (d* (crystal pump 2
- e)"2/f);

%$3. pump crystal if it is in a position where the pump pulse function
%is larger than zero
inversion new=inversion + ((pump x l*g+pump x 2*pump absorption back*

overlap_eff)/j - inversion* (intensity x(crystal index)+intensity x(
crystal index 2))*k - inversion/tau) *1;
%gain

%add intensities of crystal at forwards and backwards pumping positions
intensity x total old=intensity x(crystal index)-+intensity x

(crystal index 2);

%gain for total intensity

intensity x total new=intensity x total old + m *intensity x total old
*inversion;

$split total intensity into intensity at forward and backwards pumping
$positions

intensity x(crystal index)=intensity x total new*intensity x
(crystal index)/intensity x total old +inversion*107-16; %added in
$spontaneous emission here and below, not at line above.

intensity x(crystal index 2)=intensity x total new*intensity x
(crystal index 2)/intensity x total old +inversion*107-16;

inversion=inversion_new; %set inversion as inversion new to start with
%inversion new in next loop

%$loss at opc position

opc_index=mod new (crystal index+dis cry opc_index,N); S%position of the
%opc, dependened on position of the crystal and the predefined distance
%between the crystal and the opc

output power y(count power input,crystal index)=intensity x
(opc_index) *n; %this is our output off the opc

intensity x(opc_index)=intensity x(opc_index) - intensity x
(opc_index) *o; %intensity inside the cavity is reduced by the output
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$trigger - here the trigger is set to 1 whenever a pump pulse arrives
%and the output is not currently already being recorded for a multiple-
Sroundtrip plot
if loops>plot start && crystal pump>=trigger start && crystal pump<=
length pump res/2&& trigger==

trigger=1;

trigger count=trigger count+l;

trigger element=crystal index;
end

end

if plot _every round trip==1 %output is plotted "live" every roundtrip time,
%if option was chosen initially
if mod(loops,10)==1
set (figure (count power input”2),'Position', [50 570-count power
input”9 600 400]);
figure (count power input”2)
plot (output power x,output power_ y(count power input,:));
x1im ([0 (length resonator/c)*1079]);
xlabel ("time [ns]"');
drawnow;
end
end

$start recording data (from as many roundtrip times as predefined), when
Strigger was set to 1
if trigger ==
trigger=trigger+l;
output power_ y figure (count power input,l:N-trigger element+l)=
output power y(count power input,trigger element:N); Srecord first
sroundtrip output after trigger went off
elseif trigger>l && trigger < plot time cal %continue recording until
$plot time cal is reached
trigger=trigger+1l;
output power y figure (count power input, (trigger-1)*N+2-
trigger element:N*trigger-trigger element+l)=output power y (count power
_input,1:N);
elseif trigger == plot time cal %stop recording when plot time cal is
$reached
output power y figure (count power input, (trigger-1) *N+2-
trigger element:N* (trigger-1))=output power y(count power input
,l:trigger element-1);
plot number (count power input)=plot number (count power input)+1;
trigger=0;

%convolution

convolved output (count power input, :)=conv(output power y figure
(count power input,:),conv_x function, 'same'); %the pump (one round
$trip) is convolved with the convolution function

$cut off the filter build-up time

output power y figure2(count power input,:)=output power y figure
(count_power input,p); %unfiltered output must be cut as well, so that
%the length of the unfiltered output matches the length of the filtered
Soutput (otherwise the two can't be plotted in the same plot).

filter output2(count power input,:)=convolved output (count power
input,p); %cut filtered output
if plot_mulit_rt==1 %the multi rt data is plotted every time it is

$recorded, if option was chosen initially.

figure (1)

plot (output power x multiRT ns,output power y figure2

(count_power input, :),output power x multiRT ns,real (filter output2
(count_power input,:)),'*r');

xlim ([0 g]);

Sylim ([0 17);

xlabel ('time [ns]');
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end

drawnow;
assignin('base', 'unfiltered outputl',6 output power y figure2(l,:));
assignin('base','filtered outputl', filter output2(1,:));
end
store dummy=vertcat (store dummy,filter output2(count power input,:));
%every filtered
$output is stored in this matrix (every time the data is recorded, a
%new line is created)
end
end
trigger=0; %$trigger is set to 0 again, so that it can be set to 1 again in the
%next loop when a pump pulse comes in.

%calculate significant values for unfiltered output (if this option is chosen

sinitially)

if sig_val unfiltered==
overall I mean(count power input)=mean(output power y figure2
(count power input,:));
overall I max(count power input)=max (output power y figure2
(count power input,:));
overall I min(count power input)=min (output power y figure2
(count_power_input,:));
overall Fluc(count power input)=((overall I max(count power input)-
overall I min(count power input))/(overall I max(count power input)
+overall I min(count power input)))*100;

end

if quantity power input==1 %if just one pump power is entered, (almost) all lines
%in the store are averaged to get the averaged output. The first 12 lines are cut
$0ff because of build up time.

store output (1, :)=mean(store dummy(l2:end,:));
if plot filtered output==1 %if option was activated the averaged output is
$plotted
set (figure (300), 'Position', [1300 569 600 4001]);
figure (300)
plot (output power x multiRT ns, real (store output(l,:)));
x1im ([0 gql);
xlabel ('time [ns]'");
drawnow;
end
elseif quantity power input==2 %if there were 2 pump powers entered, the store is
%split accordingly and than the averages are calculated
store output (1, :)=mean (store dummy (12:plot number (1)+1,:));
store output (2, :)=mean (store dummy (plot number (1)+12:plot number (1)+
plot_number (2)+1,:));
if plot filtered output==1 %if option was activated the averaged outputs are
splotted
set (figure (300), 'Position', [1300 569 600 400]);
figure (300)
plot (output power x multiRT ns,real(store output(l,:)));

end

x1im ([0 ql);
xlabel ('time [ns]');
drawnow;
set (figure (6), 'Position', [1300 58 600 400]);
figure (6)
plot (output_power_ x multiRT_ns,real (store_output(2,:)));
x1im ([0 ql);
xlabel ("time [ns]'");
drawnow;
end

$calculate significant values for filtered output (this is possible for one or two
%entered input powers)

for

z=l:quantity power input

store cal(z,:)=real(store output(z,1:N*(plot time-1)));
mean overall I mean(z)=mean(store cal(z,:));

mean overall I max(z)=max(store cal(z,:));
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=min (store cal(z,:));
((mean_overall_I_max(z)—mean_overall_I_min(z))/
n(z)))*100;

mean_overall I min(z)
mean_overall Fluc(z)=
(mean overall I max(z)+mean overall I mi
end

if quantity power_ input==2 %if two input powers are entered, the slope efficiency
%and the threshold are calculated
slope=(overall_I_mean(2)—overall_I_mean(l))/(pump_power_measured(2)—
pump_power measured(l));
slope sim=slope*100; %slope in %
threshold sim=-(overall I mean(2)-slope*pump power measured(2))/slope;

end

oe

Swrite function variables (stored in function workspace) into base workspace
% (uncomment the ones you want to be able to access in the base workspace)
% assignin('base','N',N);
assignin('base', 'loops', loops);
%assignin('base', 'delta x',delta x);
assignin('base', 'length resonator', length resonator);
%assignin('base', 'overall I max',overall I max);
%assignin('base', 'overall I min',overall I min);
assignin('base','overall_I_meanl',overall_I_mean(l));
% %assignin('base','overall I mean2',overall I mean(2));
assignin('base', 'overall Flucl',overall Fluc(l));
%assignin('base', 'overall Fluc2',overall Fluc(2));
assignin('base','mean_overall_I_max',mean_overall_I_max);
assignin('base', 'mean_overall I min',mean overall I min);
assignin('base', 'mean overall I meanl',mean overall I mean(l));
% %assignin('base', 'mean_overall I mean2', mean_overall I mean(2));
assignin('base', 'mean overall Flucl',mean overall Fluc(l));
%assignin('base', 'mean overall Fluc2',6mean overall Fluc(2));
%assignin('base', 'threshold cal', threshold cal);
%assignin('base', 'threshold sim',threshold sim);
assignin('base', 'pump power measuredl',6 pump power measured(l));
%assignin('base', 'pump power measured2',6 pump power measured(2));
assignin('base', 'waist',waist);
assignin('base', 'trans DCM', trans DCM);
assignin('base', 'pump peak powerl',6 pump peak power(l)):;
%assignin('base', 'pump peak power2', pump peak power(2));
%assignin('base', 'slope_sim',slope sim);
%assignin('base', 'solpe cal',slope cal);
assignin('base', 'filter var', filter var);
assignin('base', 'averaged filtered output',6 real(store output(l,:)));
assignin('base', 'x axis ns',output power x multiRT ns);
% assignin('base', 'plot numberl',6plot number (1)) ;
% %assignin('base', 'plot number2',plot number (2));

oo

o o° o° o

oe

o oP

oe

o0 00 00 o° O O A° o° OO o o

oe

%calculated fluctuation in $ for the filtered, averaged output for entered pump
Spower (1) is written in array
output_ fluc(count length input)=mean_overall Fluc(l);
end
%calculations of fluctuation (if more than one resonator length was entered)
%assignin('base', 'Fluc',output fluc);
diff 1=1.249135-1length resonator;

if plot_fluc_curve==1 %plot of fluc over resonator length if option selected
figure (7)
plot (diff 1,real (output fluc));

end

end

function [position output] = mod new(position input, length max)

$slight variation to the existing mod function that returns the max. value instead of a
%0 when max is given
position output = mod(position input,length max);
if position output ==
position output = length max;
end
end
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a angle

ap single-pass absorption

B angle

B group dispersion

0% number of times over threshold
e field amplitude

Na pump absorption

new continuous wave slope efficiency
Mo overlap efficiency

nopc output coupling efficiency

np pump efficiency

up quantum efficiency

0 angle

A wavelength

Ao centre wavelength

Ay laser wavelength

Ap pump wavelength

v frequency

Yo centre frequency

Vg group velocity of a laser pulse
Vi laser frequency

Vi modulation frequency

VR pulse repetition frequency
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Av, cavity bandwidth

Avp minimal resolvable laser linewidth
Av; laser linewidth

Teff effective gain cross section

Tem emission cross section

TESA excited-sate absorption cross section
T upper laser level lifetime

77 decay time of the intensity

T pulse duration

) angle

w angular frequency

W] laser beam waist size

Wp pump beam waist size

A focal area of the pump

Bin incoming forward travelling beam
Bous outgoing forward travelling beam

B, reflected forward travelling beam

B, transmitted forward travelling beam
c speed of light

d distance; plate thickness

ds effective distance in the sagittal plane
d; effective distance in the tangential plane
defr effective nonlinearity coefficient

e photon energy of the laser

ep photon energy of the pump

E, pump energy

Epy pulse energy

Esuta saturation energy of a saturable absorber
Esarg saturation energy of a gain medium
f focal length

fs focal length in the sagittal plane
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Lpump
Al

Lpc
Lem
Lyg

Lopc

focal length in the tangential plane

finesse

incoming forward travelling beam

outgoing forward travelling beam

reflected forward travelling beam

transmitted forward travelling beam

free spectral range

gain

gain at threshold

step in the gain at each pump pulse

single pass step in the gain

Planck’s constant

intensity

background intensity

continuous wave lasing threshold intensity

intensity of the current travelling laser field at the OPC
intensity of the left travelling laser field at the crystal location
intensity of the right travelling laser field at the crystal location
maximum intensity

minimal intensity

Boltzmann constant

length

cavity length of the 3’4 harmonic

cavity length of the pump laser

cavity length mismatch from the 3"¢ harmonic

loss

loss of the dichroic cavity mirror coating

loss of the empty cavity (all mirrors)

loss of the high reflective cavity mirror coating

loss introduced by the OPC

total cavity loss introduced by all mirrors and the crystal

refractive index
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Ne refractive index for light linearly polarized in vertical direction
Ny refractive index for light linearly polarized in horizontal direction
N natural number
N; number of inverted ions
Noax maximum number of inverted ions (in steady state)
Nuin minimal number of inverted ions (in steady state)
Ny, number of inverted ions at threshold
AN step in the inversion at each pump pulse
Out laser output beam
PtChW continuous wave laser threshold power
Py laser output power
Pgbs absorbed pump power
q complex Gaussian beam parameter
r radius

reflectivity

¢ repetition rate of the cavity
R; laser beam curvature
Rpyump repetition rate of the pump laser cavity
Ry reflectivity for o-polarized light
AR modulation depth of the reflectivity
t time
tp pump pulse period
T transmission
Tpm transmission of the dichroic input coupling mirror
T, temperature
TR round-trip time
T transfer matrix for the sagittal plane
T; transfer matrix for the tangential plane
X pulse repetition rate
Ax length mismatch
y number of pulses in the laser cavity
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AR
ATF
BBO
CB

CC
Ce:LaF
Ce:LiCAF
Ce:LiLuF
Ce:LiSAF
Ce:YAG
Ce:YLF
CM

CL
CLBO
CPA
Cr:YAG
CVL
Cw
DM
ESA
FEL
FFT

FM
FWHM
GDD
HfO,
HR
HWHM
HWP
IBS

IR
KLM

anti-reflective

Advanced Thin Film

low-temperature BaB,O4 - S-Barium borate

conduction band

colour centre

Ce**:LaFjs - cerium doped lanthanum fluoride
Ce3*:LiCaAlFg - cerium doped lithium calcium aluminium fluoride
Ce’*:LiLuF; - cerium doped lithium lutetium fluoride
Ce’*:LiSrAlFg - cerium doped lithium strontium aluminium fluoride
Ce’*:Y3Al50; - cerium doped yttrium aluminium garnet
Ce>*:YLiF, - cerium doped yttrium lithium fluoride
cavity mirror

cylindrical lens

CsLiBgOjg - caesium lithium borate

chirped pulse amplification

Cr**:Y3Al50, - chromium doped yttrium aluminium garnet
copper vapour laser

continuous wave

dichroic mirror

excited-state absorption

free electron laser

Fast Fourier Transformation

frequency modulation

full width at half maximum

group delay dispersion

hafnium oxide

high reflective

half width at half maximum

half-wave plate

ion-beam sputtering

infrared

Kerr-Lens mode-locking
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L lens
LBO LiB30Os5 - lithium triborate
M mirror
Mgk, magnesium fluoride
Nd:YVO Nd3*:YVOy, - neodymium doped yttrium orthovanadate
OPC output coupler
OpPO optical parametric oscillator
PMT photomultiplier tube
Q-factor quality factor
ROC radius of curvature
SESAM semiconductor saturable absorber mirror
SHG second-harmonic generation
SiO, silicon dioxide
SLM single longitudinal mode
TEMyg fundamental transverse electromagnetic mode

Ti:sapphire
UBCM
uv

WGM

Ti**:Al,O3 - titanium doped sapphire
ultraband chirped mirror
ultraviolet

whispering gallery modes
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