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Abstract 
This thesis investigates the possibihty of generating a picosecond modelocked 

laser source using a laser configuration known as the bounce geometry. The bounce 

geometry is capable of producing efficient, high power, high spatial quality outputs 

in both CW and Q-switched regimes and these qualities would also be desirable 

in a modelocked source. 

A basic TEMqo bounce geometry oscillator is constructed and then modified by 

the addition of an intracavity relay-imaging system. A Semiconductor Saturable 

Absorber Mirror (SESAM) is added as one of the cavity mirrors and this results 

in the formation of a modelocked pulse train consisting of 30 ps pulses with an 

average output power of 16.7 W at a repetition rate of 77 MHz. This is used as the 

oscillator in a master oscillator power amplifier (MOPA) configuration to produce 

a modelocked pulse train with an average power of 60 W. The oscillator is then 

improved to produce a train of 12 ps pulses with an average power of 6.1 W 

The initial SESAM is then replaced with similar devices based on Quantum 

Dots (QDs). Quantum Dots offer a number of advantages as modelocking devices 

and a batch of QD-SESAMS based on a novel design grown by another research 

group are tested. Initial tests produce 200 ps pulses and these results are used 

to inform the design of a second set of devices. These result in the production 

of 84 ps pulses, and the pulse duration is seen to vary in accordance with the 

modulation depth of the devices. This is the first demonstration of modelocking 

with this type of SESAM structure. 

A different mechanism for the production of modelocking is then investigated. 

Non-linear mirror (NLM) modelocking involves the use of an intracavity non-linear 

crystal to create second harmonic and difference frequency generation. Correct 

phasing of these two processes results in an element with a non-linear reflectivity, 

and modelocking can be realised. Two different non-linear crystals are utilised; 

one results in the highest power ever demonstrated with this technique, the second 

produces the shortest pulses ever demonstrated. 
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Chapter 1 

Introduction 

1.1 In t roduct ion 

Since the first demonstration by Theodore Maiman of optical lasing action in 

ruby in 1960 [1], the laser has become one of the most prevalent tools in science, 

technology and industry, with a vast array of applications across a huge variety 

of fields. Enormous research has taken place during its development, taking in 

gas, liquid and solid laser media, and innumerable materials. The advancement of 

materials science has led to lasers based on solid materials becoming one of the two 

dominant classes, alongside the semiconductor lasers used in communications and 

electronic devices. Many different output formats are possible, and nanosecond, 

picosecond and femtosecond pulses at varying power levels are now widely used 

across all science and industry. 

This thesis addresses the production of ultra-short laser pulses in a diode-

pumped solid-state laser. Therefore in order to place the results and achievements 

presented in this thesis in context, this chapter will give a brief overview of the 

importance of both solid-state lasers and pulsed sources. This will include a brief 

outline of the developmental history of the solid-state laser, alongside common 

pumping mechanisms and the two broad categories of laser amplifier configura-

tions. The bounce geometry will be introduced as a special case of one of these 
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categories, and the basis of all the work in this thesis. The importance of pulsed 

sources will be discussed and the two methods of pulse production described, thus 

leading into an explanation of the motivation for the work presented here. 

1.2 Diode-pumped solid-state lasers 

Solid-state lasers are so-called because they typically consist of a dielectric host 

material, in crystalline or glass form, that is doped with a certain percentage of an 

active ion or 'impurity'. The host crystal provides the overall thermo-mechanical 

and thermo-optical properties of the laser and the dopant ion the optical and 

spectroscopic properties. Host crystals are usually oxides, such as AI2O3 (also 

known as sapphire), or fluorides such as YLiF^ (abbreviated to YLF), although 

oxides are generally harder with better mechanical and thermo-mechanical proper-

ties. Suitable combinations of oxides can be formed to produce synthetic garnets, 

and yttrium aluminium garnet, Y3AI5O12 (abbreviated to YAG), has been the 

solid-state material of choice for many years. Vanadate materials such as YVO4 

and GdV04 are oxides which are becoming increasingly popular as a replacement 

for YAG, as they result in improved optical and spectroscopic qualities, despite 

generally poorer thermo-mechanical properties. 

The most common active ions used in these host crystals are generally tran-

sition elements, in particular rare earth or transition metal ions. The Al^+ site 

can accommodate transition metal ions, while the Y^+ can be used for rare earth 

ions which are too large to fit into the Al̂ '*' site. Compared to crystals, many 

glasses are easier and cheaper to fabricate in large dimensions and the amplifica-

tion bandwidth also tends to be larger due to the amorphous nature of the glass, 

leading to large inhomogenous broadening. The disadvantage of glass hosts is that 

the thermal conductivity is much lower, leading to poorer thermo-mechanical and 

thermo-optical properties and the emission cross-sections also tend to be lower, 

increasing the threshold pump power. 

Solid-state lasers are currently the dominant class of lasers for research, indus-

trial, medical and military applications. This can be traced through the historical 

development of the ruby laser. The output of the first ruby lasers consisted of a 
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series of irregular spikes over the period of the pump pulse. The first continuous 

wave (CW) laser was a helium-neon gas laser developed by Javan in 1961 [2], but 

, a year later, CW action in ruby was demonstrated [3]. In 1961, the technique 

of Q-switching was proposed, a method to concentrate all the output energy of 

a laser into a single short pulse [4], and the first demonstration was performed 

in 1962 [5]. After this, there was considerable research into Q-switching of ruby 

[6, 7] and it was found that a Q-switched ruby laser was ideal for range-finding by 

measuring the time of flight of a laser pulse reflected from a target. This was the 

one of the first commercial and military applications of a solid-state laser. 

After about ten years of extensive research, the ruby laser was replaced by the 

neodymium-doped YAG laser (written as Nd:YAG), as system efficiency increased 

by a factor of about ten. CW lasing in Nd:YAG was first demonstrated in 1964 [8] 

and the first diode-pumped NdiYAG laser was demonstrated in 1968 [9]. After the 

first demonstration of laser action of neodymium in a barium crown glass in 1961 

[10], the potential of Nd:glass lasers were realised in delivering pulses of multi-

kJ energy in nanosecond pulses. The idea of heating matter to thermo-nuclear 

temperatures using the incredibly high energy densities available from pulses of 

this kind, opened up huge world-wide experiments in laser fusion research and 

high energy plasma physics. The Nd:glass lasers were the only type of laser that 

could produce the extremely high pulse energies required for this research. 

Continuously pumped, repetitively Q-switched Nd:YAG lasers with high peak 

power output were the first solid-state lasers to find application in the commer-

cial mass-production market, mainly in the semiconductor industry. Up to this 

point, solid-state lasers could generate very high peak powers but average power 

or CW outputs were limited to a few tens of watts. By the end of the 1960s, 

CW Nd:YAG laser systems with multi-hundred watt output powers had been 

demonstrated. The dominance of the solid-state laser was established in the late 

1970s and into the 1980s, as a number of tunable solid-state materials were devel-

oped, namely alexandrite, titanium-doped sapphire and chromium-doped fluoride. 

Lasers utilising these solid-state materials replaced the less efficient and toxic dye 

lasers which had been the systems of choice for tunable and short pulse operation 

for over a decade or so. 
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The flexibiUty and widespread use of solid state lasers is summarised in four 

main reasons: (a) the size and shape of the laser medium can be chosen to achieve 

a particular performance, (b) various laser media can be selected with different 

gain, energy storage and wavelength properties, (c) output energy and power can 

be scaled with additional amplifiers, and (d) a large number of passive and active 

components are available to shape the spectral, temporal and spatial profile of the 

output beam. 

1.2.1 P u m p i n g of solid-state media 

Pump sources for solid-state gain medium should ideally supply the maximum pos-

sible energy in the spectral region which excites fluorescence in the laser medium, 

and produce minimal emissions outside of the useful absorption bands. There are 

generally three different classes of pump sources in use today for solid-state lasers: 

flashlamps, arc lamps and laser diodes. 

1.2.1.1 Flashlamps and arc lamps 

Flashlamps used for pulsed laser pumping are long arc devices designed so that 

the plasma completely fills the tube. A flashlamp consists of a linear quartz tube, 

two electrodes which are sealed into the envelope and a gas fill. Xenon has the 

highest overall conversion efficiency for a flashlamp gas, i.e. for a given electrical 

input power, xenon generates the highest optical output power, and so is used in 

most cases. However the emission lines from krypton are much better suited to 

the absorption bands of Nd:YAG. Typically, the radiation efficiency (the ratio of 

optical output power to electrical input power) of a flashlamp is ~40-60 % but 

since the output consists of a large continuum component and several discrete line 

components, the actual useful pumping efficiency to the absorption bands in the 

active medium is much lower, perhaps a few percent. 

The design of arc lamps for CW laser pumping is similar to linear flashlamps. 

Arc lamps are typically filled with an inert gas and their optical output has many 

lines in the near-infrared. Similar to fiashlamps, krypton and xenon are the most 

common gas fills, although krypton has a higher conversion efficiency. Krypton is 
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also used for pumping Nd:YAG due to the strong absorption of the spectral lines 

occurring at 760 nm and 811 nm, while the xenon lines do not coincide with many 

of the pump bands. 

1.2.1.2 Laser diodes 

The performance of diode lasers has steadily increased, as new laser structures 

and new material growth and processing have been developed, so that now they 

are by far the most common form of pump source. The first diodes capable of CW 

operation at room temperature were produced in the 1970s, and as the technology 

in the manufacture of diode lasers became more sophisticated, devices with longer 

lifetimes, lower threshold currents and higher output powers were developed. The 

main advantage of diode pumping compared to flashlamp pumping is that the 

spectral output of the diode can be closely controlled to match the absorption of 

the solid-state medium. This leads to a large increase in system efficiency and 

a consequent reduction of the thermal load in the sohd-state material [11]. In 

fact, the radiation efficiency of a diode laser is ~35-50 % and so is similar to a 

flashlamp, but since a large fraction of the radiation can be tuned to match a 

material's absorption band, the overall system efficiency is much higher. 

As well as the large increase in system efficiency, diode-pumped solid-state 

lasers are generally more reliable and compact compared to fiashlamp-pumped 

systems. Diode pumping has allowed much greater fiexibility in the design of 

solid-state lasers, mainly due to the fact that the diode emission can be re-shaped 

and adapted to suit the form of the laser cavity, or vice versa. Today, a number of 

new laser materials, such as Nd:YV04 [12], Yb:YAG [13, 14] and Tm:YAG [15, 16] 

have only reached prominence due to pumping with diode lasers. 

For high power, multi-watt pumping applications, a number of separate semi-

conductor emitters are used in a linear array to form a diode bar. A typical diode 

bar can consist of 10 to 50 separate emitters, each of width 100-200 fj,m. The 

overall dimensions of the bar depend on the number of emitters and the emitter 

separation, but for a typical spacing between emitters of ~500 /im, an array may 

have a width ~10 mm and a height ~100 jim. Due to the dimensions of the 

emitter, the diode emits radiation in a cone of light with a fast and slow axis di-
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Single diode bar 
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collimating lens 

Pump beam 

10mm 

axis 

axis 
Propagation direction 

Fig 1.1. Emission from a diode bar with fast-axis coUimation. 

vergence. The diode bars used in this thesis as pumping sources for crystals have 

fast-axis collimating lenses to aid collection of radiation and emit a cone of light 

as shown in Fig 1.1. In the experiments, the diode radiation was focused further 

with an additional cylindrical lens to form a line focus on to the laser crystal. 

In experiments in this thesis, single diode bars were used with output powers up 

to 40 W. The most important spectral properties of a laser diode array when used 

for pumping solid-state lasers are the centre wavelength, spectral bandwidth, po-

larisation and the wavelength shift with temperature. Diodes used in experiments 

emitted at 808 nm (with a bandwidth typically 1.5-3 nm) to match the absorption 

profile of the Nd;YV04 used. The diode radiation was polarised parallel to the 

crystallographic c-axis of the crystals, enabling access to the high absorption co-

efficient of approximately 30 cm~^ for 1.1 at. % Nd:YV04. To remove excess heat 

caused by the electrical current and ensure that the emission wavelength of the 

diodes was maintained at 808 nm, the diodes were mounted on a copper heatsink 

connected to a temperature controlled flow of water. 

1.2.2 Diode pumping geometries 

There are several pumping configurations for diode-pumped solid-state lasers, 

falling under the main categories of end-pumped and side-pumped schemes. In 

the end-pumped configuration, the radiation from a diode laser is focused to a 
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Shaping 
optics 

Pump 
Diode 

Laser crystal 

Output 
coupler 

X ^ R = ] 0 0 % 

\x,mpT>95% 

Fig 1.2. A basic end-pumped laser scheme. The pump and laser radiation 

are colinear, with the back mirror having a high reflectivity for the laser 

wavelength and a high transmission for the pump radiation. 

small spot on the end of a laser rod. With a suitable choice of focusing optics, the 

diode pump radiation can be adjusted to coincide with the diameter of the TEMqo 

resonator mode. A simple end-pumped design is shown in Fig 1.2. The back 

mirror is highly reflecting for the laser wavelength, Xiaser (R = 100 %), and has a 

high transmission for the pump wavelength, Xpump (T > 95 %). Using this longi-

tudinal pumping scheme, efficient coupling is possible between the pump volume 

and the TEMqo mode volume, as the laser mode passes through the entirety of the 

inversion region. A variation of the end-pumped system is to use a gain medium 

with an end face that is anti-reflection coated for the pump wavelength and highly 

reflective for the laser wavelength, thus reducing complexity by eliminating the 

need for a separate back mirror. 

The side-pumped scheme describes a pumping process which is orthogonal to 

the direction of laser radiation, shown in Fig 1.3. The first diode-pumped solid-

state laser, in fact, used a side-pumping geometry [9]. In general, the side-pumped 

pumping scheme is simpler as there is no need for optics which must simultaneously 

transmit the pump radiation and reflect the laser radiation. However, the side-

pumped configuration can lead to non-uniformity of gain and difficulty of overlap 

with the symmetry of the TEMqo mode. There are several variations on the 

side-pumped scheme to reduce this asymmetry, which usually involve the use of 

many diode arrays pumping from opposite sides of the crystal to create a uniform 

pumped region [17-19]. 

The end-pump design has generally been shown to provide the best conversion 
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Fig 1.3. A basic side-pumped laser scheme where the pump and laser 

radiation are orthogonal. The back mirror just has a high reflectivity for 

the laser wavelength. 

efficiency and high quahty TEMqo operation for low and medium power lasers 

[20-22], In end-pumped lasers there is difficulty in diode re-shaping and coupling 

to the TEMoo laser mode and so complex and expensive coupling optics are some-

times required with careful ahgnment. Higher powers are hard to achieve for end 

pumping due to strong thermal effects and possible crystal fracture as the pumped 

region is relatively small. However there is current research interest in thin-disk 

lasers which pump and cool a large surface area to minimise thermal effects and 

deliver large amounts of pump radiation [23, 24]. For the highest power laser 

outputs, multi-diode bar designs are commonly used in the side-pump configura-

tion [17-19], as relatively larger volumes of the crystal may be pumped, and the 

addition of many pump diodes is easier to implement than in the end-pumped 

case. A major source of inefficiency in side-pumped schemes results from the fact 

that the absorbed pump radiation is concentrated near the surface of the crystal, 

whereas the laser mode is located in the interior. To overcome this disadvantage 

whilst still maintaining the positive aspects of side-pumped schemes, an amplifier 

configuration known as the bounce geometry was realised. 
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Fig 1.4. A simple schematic of the bounce geometry amplifier showing the 

total internal reflection the laser mode takes off the internal pump face. 

1.2.3 T h e bounce geomet ry 

First proposed by Bernard and Alcock in 1991 [25] the bounce geometry is a side-

pumped laser amplifier scheme which aims to reduce the effects of gain asymmetry 

and thermal loading by having the laser mode take a total internal reflection 

(bounce) off the internal pump face (Fig 1.4). This has the multiple effects of 

allowing the laser mode to overlap with a very large proportion of the absorbed 

pump power near the surface, and performing considerable averaging of any spatial 

non-uniformities that may arise in the laser crystal from e.g. thermal effects and 

gain asymmetry. This means that high power, high efficiency, TEMqo operation is 

possible while still being able to make use of the side-pumping scheme advantages 

of easy power scaling and thermal management. 

The bounce geometry has been used to great effect in a number of laser systems. 

Ultra-high efficiency has been demonstrated [26], as well as high power multi-mode 

and TEMoo operation [27]. This is linked to the very high small-signal gains that 

have been measured [28]. High power, high repetition rate Q-switched sources 

have been produced [29], as well as a number of adaptive implementations [30, 31]. 

The bounce geometry is a very versatile laser amplifier configuration and forms 

the basis of all the experimental work presented in this thesis. 
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1.3 Pulsed laser sources 

Many laser systems begin life as CW sources and there are many applications for 

CW systems at various power levels and over a range of wavelengths. Pulsed laser 

sources now, form an indispensable part of a vast array of modern scientific tools 

and industrial applications, ranging from spectroscopy and biological imaging, to 

remote sensing and micromachining. The great benefits of pulses are the high 

peak powers (many kW) and the very short pulse durations that are attainable 

(nanosecond and below), which cannot be obtained from a CW signal. 

In scientific applications such as time-resolved spectroscopy, laser pulses can be 

used to probe carrier dynamics in semiconductor materials [32]. In photochemistry 

studies [33], pulses initiate and analyse chemical reactions, and the demand for 

ultra-short pulses arises because of the need for very high temporal-resolution due 

to the timescale of the investigated processes being on the order of picoseconds 

or less. In multiphoton microscopy, a significant area of research in the field of 

bio-imaging, the non-linear fluorescence based technique relies on multiphoton 

excitation. The simplest case is that of two-photon excitation (TPE) [34], in 

which the simultaneous interaction of two photons with a molecule produces the 

equivalent excitation as one photon with twice the energy. The fluorescence of this 

molecule occurs at a higher photon energy and can therefore be easily distinguished 

and detected. To create an image, a pulsed laser is focused and scanned across 

a sample and the TPE fluorescence detected. Ultrashort pulses are required to 

achieve high peak powers, which improve the rate of fluorescence, whereas low 

average powers minimise damage to the sample, allowing high-resolution, three 

dimensional images of biological materials to be produced. Pulsed sources are 

also extensively used in research in plasma physics [36, 37] where the intense 

electric fields are used to create and explore new physical regimes, and the ultra-

short pulse durations enable very high temporal resolution. There is a great deal 

of research activity concerning the interaction of ultra-short, high intensity laser 

pulses with plasmas, as well as plasma spectroscopy and even charged particle 

acceleration by generation of plasma waves. In particular, interactions between 

plasmas and short pulse lasers (~1 fs) have produced world records in electron 
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Fig 1.5. Two-photon excitation microscopy false-colour image of cells 

acceleration, harmonic generation and self-generated magnetic fields. 

In industry, light detection and ranging (LIDAR) is a remote sensing tech-

nology that measures properties of scattered light to find range and/or other 

information of a distant target. This is similar to the concept of radar except 

that with LIDAR much shorter wavelengths, typically in the ultraviolet, visible, 

or near infrared are used so that it is possible to image a feature or object on a 

much smaller scale. LIDAR is highly sensitive to aerosols and cloud particles and 

has applications in atmospheric research, meteorology, archaeology, geology and 

mapping. The technique requires short pulses (typically nanoseconds) to achieve 

a high resolution and high pulse repetition rates to allow for fast data acquisition. 

Particle image velocimetry (PIV) is a technique to monitor the flow of liquids, 

and again, short pulses and fast repetition rates are required to illuminate the 

flow under observation and take a rapid series of very short exposure pictures. 

The largest category of application for pulsed laser sources can be covered 

under the term 'micromachining'. This covers such techniques as laser marking, 

engraving, mask repair, stencil cutting, hole drilling and many more. Pulsed laser 

sources with nanosecond pulse durations and kW peak powers are used to heat, 

melt, and then vaporise material from small, localised regions of interest. The short 

timescale of the laser pulse allows for low dissipation of heat into the rest of the 

material, resulting in a precise, clean feature. Picosecond and femtosecond pulses 

take this a step further and largely negate residual heating effects by directly 

ablating material from a surface, although heating can still take place for high 
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Fig 1.6. An example of the micromachining possible with short pulse 

lasers. A picosecond laser generated these 15 fim wide slots in a 20 jim thick 

silver sheet (left) and 35 fim wide slots in a 100 metal sheet (right)[38], 

repetition rate pulse trains. This, coupled with high quality spatial beam profiles 

gives the cleanest features possible, leaving the surface unaffected apart from the 

intended mark. 

There are thus two quite distinct regimes for pulsed laser operation, each of 

which requires a different method for pulse production. Many applications require 

the use of nanosecond pulses and these are provided by a technique known as 

• Q-switching. The picosecond and femtosecond pulses require the use of a more 

advanced technique known as modeloeking and generally, the complexity of the 

laser systems increases as the pulse duration falls. In order to draw a distinction 

between the two regimes, the basic mechanisms of Q-switching and mo delo eking 

will now be outlined in brief. 

1.4 Q-swi tching 

Q-switching is a widely used laser technique where the laser pumping process is 

allowed to build up a much larger population inversion than normal, while keeping 

the cavity from oscillating by removing the cavity feedback or massively increasing 

the cavity losses. After this large inversion has accumulated, the cavity feedback 

is restored using some rapid modulation. The cavity 'Q' value is switched from 

a low to a high value. This results in a short, intense pulse which dumps all the 

accumulated inversion into a single burst, typically a few tens of nanoseconds long. 
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F i g 1.7. The cavity dynamics of Q-switching. The inversion (and hence 

gain) in the system builds up to far above normal threshold while the Q-

switch is closed and the cavity loss is high. When the Q-switch takes place, 

the large gain present results in a the formation of a giant pulse. 

1.4.1 T h e o r y 

The fundamental dynamics of Q-switching are shown in Fig 1.7. The cavity loss 

is initially set at some artificially high value (low 'Q'-value) while the inversion, 

and hence the gain and energy stored, are pumped up to a value much larger 

than would normally be present in the oscillating laser. This essentially involves 

blocking one of the cavity mirrors so that the pump process can build up a larger 

than normal inversion over some period of time. 

When this large inversion has accumulated, the cavity loss is suddenly lowered 

to a much more normal value, the cavity ' Q - value is switched. This results in 

a round trip gain that is much larger than the cavity loss, and far greater than 

normal. The initial spontaneous emission in the cavity then immediately starts to 

build up at an unusually rapid rate. This develops into a rapidly rising and intense 

burst, or "giant pulse", of laser oscillation. This giant pulse rapidly becomes 

sufficiently powerful that it begins to saturate and deplete the population inversion 

in a very short space of time. The oscillation signal in fact quickly drives the 

inversion down well below the new cavity loss level, after which the pulse dies out 

as fast as it grew. 
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The oscillation build-up interval, and particularly the output pulse duration, 

are generally much shorter than the pumping time during which the population 

inversion was created. The energy stored during this long pumping time is thus 

dumped during a very short pulse duration. The peak power in the Q-switched 

pulse can be several orders of magnitude more intense than the CW oscillation 

that would be created in the same laser using the same pumping rate. 

1.4.2 I m p l e m e n t a t i o n 

There are currently three main mechanisms for achieving the required Q-switching: 

electro-optic modulation; acousto-optic modulation; and use of a passive saturable 

absorber. 

1.4.2.1 Electro-opt ic Q-switching 

An electro-optic modulator in general consists of an electro-optic crystal which be-

comes birefringent under application of a high voltage, plus one or more polarising 

elements inside the cavity. One common form consists of a Pockels crystal which 

has a voltage applied to it to turn it into a quarter-wave plate. Radiation circulat-

ing once around the laser cavity thus has its polarisation rotated by 90° about the 

cavity axis, so that the circulating radiation can be coupled out by the polarising 

element after one round trip. Switching the cavity to the low loss condition is then 

achieved by suddenly turning the voltage off. Alternatively, a fixed quarter-wave 

plate can create the high loss condition with no voltage applied, and the Pockels 

cell can be switched on to cancel this birefringence. A typical implementation is 

shown in Fig 1.8. 

Electro-optic Q-switching provides the fastest form of Q-switching (switching 

times <10 ns) with precise timing, good stability and repeatability, and a large 

hold-off ratio (i.e. large insertion loss). This approach however requires both an 

expensive electro-optic crystal, and a very fast-rising high voltage pulse source 

(several kV in a few tens of nanoseconds). Nanosecond rise-time pulses at this 

voltage level are hard to obtain and can produce electrical interference in nearby 

electrical equipment. Additionally, this method requires the use of several elements 
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Fig 1.8. Typical arrangement for electro-optic Q-switching using a po-

lariser and a Pockels cell switching between X/4 and 0 rotation. The electric 

field relative to the Pockels cell axis, before (a), after one pass (h) and after 

the second pass (c) through the cell. 

inside the laser cavity which may be both optically lossy and susceptible to damage 

at the high intensities inside the Q-switched cavity. 

1.4.2.2 Acousto -opt ic Q-switching 

An acousto-optic modulator consists of a block of transparent optical material in 

which an ultrasonic wave is launched by a piezoelectric transducer bonded to one 

side of the block and driven by an RF oscillator (Fig 1.9). The side of the block 

opposite to the transducer is cut at an angle and has an absorber for the acoustic 

wave placed on its surface. This suppresses the back reflection of the acoustic 

wave so that only a traveling acoustic wave is present. The strain induced by the 

ultrasonic wave results in local changes to the material refractive index, which 

thus acts as a phase grating with a period equal to the acoustic wavelength. Its 

effect is to diffract a fraction of the incident beam from the incident direction. 

Thus, if an acousto-optic element is inserted into a laser cavity, an additional 
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Fig 1.9. Typical arrangement for acousto-optic Q-switching (a) using an 

RF driven piezo transducer bonded onto an optical block (b). 

loss is introduced while the driving voltage is applied to the transducer. If the 

driving voltage is high enough, this additional loss is sufficient to hold off the laser 

oscillation. The laser is then returned to its high-Q state by switching off the 

transducer voltage. 

Acousto-optic modulators have the advantage of low optical insertion losses, 

and for repetitive Q-switching they can be readily driven at high repetition rates 

(tens-hundreds kHz). The loss induced by the modulator is rather limited however 

and the Q-switching time is quite long (principally established by the time taken 

for the acoustic wave to traverse the beam profile). These modulators are therefore 

primarily used for Q-switching of low gain, CW pumped lasers. 

1.4.2.3 Pass ive saturable absorber Q-switching 

Passive Q-switching uses some form of easily saturable absorbing medium inside 

the cavity. Laser inversion is built up by the pumping process until the gain inside 

the cavity exceeds the absorption of the medium and laser oscillation occurs. If the 

absorption of the medium is high, then the corresponding value of the population 

inversion required is also very high. When the laser intensity equals the saturation 
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intensity, the absorber begins to bleach and the growth rate of the laser intensity 

is increased. This in turn results in a more rapid bleaching of the absorber. If the 

saturation intensity is comparatively small, the inversion left in the laser medium 

is essentially the same as the very large inversion present before the bleaching of 

the absorber. The laser thus has a gain in excess of the losses, and a giant pulse 

is produced. 

Passive Q-switching is generally simple, convenient, requires a minimum of ex-

t ra optical elements inside the cavity, and requires no external driving electronics. 

It is however subject to some shot-to-shot amplitude fluctuations and timing jitter 

so any external apparatus must be synchronised to it, rather than vice versa with 

the active cases. The saturable absorbers were typically organic dyes in solution 

and so were subject to chemical and photochemical degradation in use. This is 

now far less of a problem with the advent of solid state semiconductor saturable 

absorbers and this type of Q-switching is very popular. Passive Q-switching also 

enables shorter pulses to be obtained, with pulse durations < 1 ns possible, com-

pared to typically 10's nanoseconds for active Q-switching. 

1.5 Modelock ing 

Modelocking is another mechanism by which short laser pulses may be achieved. It 

differs from Q-switching in that the pulses formed are much shorter than the cavity 

round trip time, and pulse formation, rather than being controlled by large scale 

dynamical changes in the laser gain medium, is instead controlled by manipulation 

of the fundamental longitudinal cavity modes. Modelocking involves very many of 

these longitudinal modes, and the term itself arises because the pulse formation 

mechanism is to achieve a fixed phase relation between all of the oscillating modes 

i.e. to 'lock' the phases of the modes together. 

A sinusoidal amplitude modulation is applied to the cavity at a frequency (1^ 

which creates sidebands in the frequency domain at luq ± 0,^ (Fig 1.10). If is 

set correctly, to correspond with the longitudinal mode spacing of the laser cavity, 

c/2L where L is the length of the cavity, then these sidebands will injection lock 

adjacent modes and cause them to oscillate at the same frequency. These then 
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Fig 1.10. Amplitude modulation at Clm creates sidebands at which 

coincide with the cavity mode spacing if Clm is chosen correctly. 

injection lock their adjacent modes and so on, until there are many thousands of 

modes oscillating together in phase. From Fourier analysis, the superposition of 

many sinusoidal waves oscillating in phase at different, evenly spaced frequencies, 

results in the formation of a narrow pulse whose width is inversely proportional to 

the total frequency bandwidth of the component sinusoids (bandwidth theorem : 

A r ^ 1/Az/). 

In modelocking schemes, the frequency bandwidth of the component sinusoids 

(the fundamental cavity modes which can experience gain inside the laser cavity), 

is usually comparable to the gain bandwidth of the laser gain medium, and for 

solid state systems this is typically in the range 100 GHz - 800 THz depending 

on the laser material used. Using the simple bandwidth theorem, this results in 

a potential range of pulse durations of 10 ps - 1.25 fs. In fact, pulse durations 

as short as 5 fs have been achieved from sohd state laser systems [39]. These are 

several orders of magnitude shorter than can be achieved with Q-switching tech-

niques, which potentially offers peak powers several orders of magnitude higher. 

In practice, this is often tempered by the fact that many modelocked systems 

have far higher repetition rates and so the energy per pulse is usually smaller re-

sulting in comparable peak powers, but the much higher repetition rates can be 

advantageous in some applications. 

There are many methods by which modelocking can be achieved in practice 

and several of these will be covered in detail in later chapters. In general though, 

modern modelocked systems rely on a passive modulation to achieve the phase-

locking condition. This means that it is the propagation of a pulse inside the cavity 
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which helps to maintain the phase-locking, as opposed to an externally modulated 

electric signal as in many Q-switched systems. This results in the pulse repetition 

rate being very closely related to the length of the laser cavity and essentially 

fixed for any particular cavity design. This in contrast to externally modulated 

Q-switching where the repetition rate can be varied over a large range by changing 

the modulating signal. 

Picosecond pulse sources can be relatively simple systems, comparable in com-

plexity to many Q-switched lasers and offering similar levels of performance in 

terms of output power and efficiency. This complexity increases rapidly however 

once the pulse duration falls into the femtosecond regime. Here, the pulse du-

rations are so short that the frequency spectrum of the signal is very large and 

dispersion effects in the cavity become significant. These dispersion effects can 

severely limit the pulse durations attainable and steps have to be taken to com-

pensate for this, greatly increasing the design complexity of the system. With this 

increase in complexity comes a decrease in overall efficiency and average power out-

put. Despite this, there are many applications that require the use of femtosecond 

pulses. 

1.6 Mot iva t ion of thesis 

As discussed above, both Q-switched nanosecond and modelocked pico- and fem-

tosecond pulse sources are used widely in science and industry depending on the 

specific application. However, there is currently great interest in the development 

of high power picosecond sources for micromachining apphcations due to the mech-

anism by which the material is processed. As previously mentioned, when using 

nanosecond pulses, the machining process involves heating, melting and then va-

porisation of the surface in question. Unavoidably, this can lead to undesired 

thermal side-effects like burr, recrystallization and micro-cracks, the consequences 

of which often only become apparent later in the product life. 

At the other end of the scale, laser pulses in the femtosecond regime require 

more complex lasers that deliver less average power at a higher price, but with 

limited improvement in micromachining quality. The higher peak power of fem-
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tosecond pulses can also complicate the beam-delivery system and is susceptible 

to unwanted non-linear effects. 

Picosecond laser pulses offer a solid compromise where higher average power 

and repetition rates allow for a good balance between high throughput and im-

proved reliability, at a fraction of the cost of competing technologies. Specifically, 

the machining mechanism that occurs for picosecond pulses is superior to that 

which occurs for nanosecond pulses. Rather than heating and vaporisation, the 

surface structures are formed by ablation which removes a thin layer or small vol-

ume of material and leaves no residual heat to contaminate the surface. There 

are currently many applications requiring this kind of processing and picosecond 

laser sources are being implemented across all kinds of manufacturing disciplines, 

including the semiconductor, photovoltaics and display industries. They are also 

being used to produce micro moulds on demand, precise apertures and electrode 

structures, microstructured surfaces for the printing industry, embossed rolls and 

medical implants. 

Given this huge area of potential application and the demonstrated ability of 

the bounce geometry to produce efficient, high quality, high power sources in a 

Q-switched regime, it is the aim of this thesis to examine the feasibility of using 

the bounce geometry to produce a multi-watt picosecond laser source. There are 

a number of possible routes to achieving this goal and so the investigation will 

consider several of these with a view to determine which, if any, is the best way of 

realising a modelocked source whilst retaining the key advantages of the bounce 

geometry. In the long term, a pulsed output of 100 W, or even higher, may be the 

goal, and while this performance will not be reported in this thesis, the potential 

of the bounce geometry to achieve this, and suitable methods of doing so, will 

need to be considered. 

1.7 Thes is out l ine 

Chapter 2 continues the thesis by giving a detailed account of modelocking. It 

describes the concept behind the production of short pulses and gives two com-

plementary pictures of how the process arises, in the frequency domain and in 

34 



the time domain. It then describes how modelocking can be achieved in practice, 

drawing a distinction between the two main categorisations of active and passive 

modelocking. Some of the most common passive modelocking mechanisms are out-

lined in brief, including the methods of Semiconductor Saturable Absorber Mirror 

(SESAM) and Non-linear Mirror (NLM) which form the basis of later experimental 

chapters. 

Chapter 3 is dedicated to the bounce geometry laser amplifier. The origins of 

thermo-optic effects in solid state media are explained, before a detailed account is 

given of the functional principles and the pumping, cooling and crystal geometries 

of the bounce amplifier. An experimental bounce laser is presented that has a 

57% optical-optical conversion efficiency in a 23 W beam, but with a multi-mode 

spatial output. The cavity stability theory of Magni is then introduced to explain 

how an experimental bounce laser with TEMqo output is realised. 

Chapter 4 looks at the extension of a simple bounce laser to one which pro-

duces a modelocked output by use of a SESAM device. Starting with a detailed 

description of how the SESAM modelocking mechanism works, the evolution of 

the laser cavity is discussed in terms of the available design parameters. This cul-

minates in the description of a modelocked bounce geometry laser oscillator which 

produces a 81 MHz train of 12 ps pulses and an average output power of 6.6 W. 

A master oscillator power amplifier system is demonstrated which uses a bounce 

geometry module as its amplifier stage to amplify a modelocked bounce oscillator 

to the 60 W power level [40, 41]. 

Chapter 5 investigates the use of quantum dot SESAM devices to produce 

a modelocked output. The first part of the chapter introduces quantum dots 

and what they are; what the advantages of using them are; how they are grown; 

and how their properties can be altered post-growth to tailor their operation for 

specific laser systems. Two different sets of quantum dot devices are then tested in 

a bounce laser. A minimum pulse duration of 84 ps is achieved and it is shown that 

the pulse duration varies with the reflectivity of the SESAM structure [42, 43]. 

Chapter 6 investigates the use of the NLM modelocking mechanism. A brief 

introduction to some important non-linear optics starts the chapter, before this 

is used to explain the principle of operation of the NLM. A modelocked source is 
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then constructed using this technique and two different non-hnear crystals. The 

first produces the highest output power of 11.3 W ever seen from this technique. 

Changing the non-linear crystal to eliminate the dispersion problems found with 

the first, results in a second cavity that produces the shortest ever pulses from 

this technique of 6 ps [44]. 

Chapter 7 is the final chapter and presents a summary of the main results and 

conclusions in this thesis. In addition, possibilities and suggestions for future work 

to build on the main achievements presented in this thesis are discussed. 
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Chapter 2 

Modelocked laser sources 

2.1 I n t r o d u c t i o n 

This chapter will now expand on the brief introduction to modelocked sources and 

look in slightly more detail at the methods of modelocking. It will first describe 

how the modelocking arises from a frequency domain perspective by considering 

the addition of many longitudinal modes inside the cavity. Then it will look at the 

equivalent time domain description which considers the action of a fast shutter in-

side the laser cavity, which is often more instructive when describing the function 

of real-life modelocking systems. Following this, active and passive modelocking 

are identified as the two main categories by which the cavity modulation may 

be obtained, using an external signal, or some non-linear process affected by the 

passage of a laser pulse. Some of the theoretical detail of pulse formation in ac-

tive systems is covered and the three main types of active modelocking are looked 

at: frequency modulation; amplitude modulation; and synchronous pumping. The 

distinction is then made with passive modelocking, and four main implementations 

are discussed: additive pulse modelocking; Kerr lens modelocking; non-linear mir-

ror modelocking; and saturable-absorber modelocking, leaving a more detailed 

analysis of passive modelocking pulse formation for a later chapter. The chapter 

finishes with an outline of the ultra-short pulse duration measurement technique 
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Fig 2.1. Uniform mode amplitude distribution in a modelocked laser. 

of autocorrelation, together with a 'spinning mirror' design that was implemented 

in this thesis. 

2.2 Frequency d o m a i n descr ip t ion 

Looking first in the frequency domain, consider the case of 2n + 1 longitudinal 

modes oscillating with the same amplitude Eq (Fig 2.1), and assume that there is 

a fixed phase relation between modes, according to: 

(pi - (pi^i = Acj) (2.1) 

where 0 is a constant. The total electric field of the EM wave at any point can 

thus be written as: 

+n 
E{t) = ^2 % exp{i[(ct;o + lAuj)t + iA0]} (2.2) 

l=—n 

where uq is the central frequency of the spectrum considered and Aw is the mode 

frequency spacing, which in a standing wave laser cavity is given by Aw = 27rc/2I/ 

where L is the optical length of the cavity. This can then be expressed in terms 

of a carrier wave modulated by some envelope function, so that the total electric 

field can be expressed as: 

E{t) = A(t) exp{iLOot) (2.3) 

where, 

+n 
a ( f ) = ^ 2 exp[zz(awt + ^)] (2.4) 

l=—n 
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Fig 2.2. A plot of Eqn(2.Q) for different numbers of total cavity modes. 

Black -10 oscillating modes; Red -15 oscillating modes; Blue - 20 oscillat-

ing modes. The pulse duration decreases, and the peak intensity increases 

as the number of modes increases, but the pulse spacing remains constant. 

A{t) now describes the amphtude of the electric field, and thus the form of the 

pulses created in the cavity. To look at the time behaviour of A{t) we perform a 

simple rescaling of the time paramter so that Acot' — Aut + 0 so that A{t) may-

be re-written as: 

+n 

A{i') — ^ EQex.pil{Aujt') (2.5) 
l=—n 

This sum can be identified as a geometric progression with a ratio of expi(Awf) 

which can be summed over 2n + 1 terms to give: 

sin[(2n + l )Awf /2 ] 
(2.6) 

sin(Aa;t'/2) 

The physical significance of Eqn(2.6) can be seen in Fig 2.2 which shows a 

plot of (proportional to the intensity of the EM field), for three cases with 

different numbers of total oscillating cavity modes. Even with these small numbers 

of modes a well defined train of pulses is produced and it is clearly seen that the 

pulse duration decreases as the number of modes increases, and that the peak 

intensity of the pulse increases as the square of the number of modes. The pulse 

separation remains constant for all numbers of modes. The oscillating modes are 
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seen to interfere due to the phase relation Eqn(2.1) such that the resultant is a 

train of evenly spaced, intense pulses. Making the approximation sin a ~ a , for 

small values of a , to maintain a rational fraction in Eqn(2.6) at t' = 0, it can 

be seen that the peak intensity of the pulse train = (2n + IYEq. So for a 

modelocked laser source, where modes oscillate in phase, the peak intensity is 

proportional to the square of the total number of oscillating modes, (2n + 1). For 

a non-modelocked laser with random phases between modes, the average intensity 

is simply the sum of the intensities of all the modes, and is thus proportional to 

the number of oscillating modes. The ratio of the intensities in the two cases is 

then the same as the total number of modes, (2n + 1), which in solid state lasers 

can be 10^ — 10^. The modelocking process is therefore seen to not only produce 

a pulsed output, but also high peak intensities, and as will be seen shortly, very 

short pulse durations. 

The next pulse occurs when the denominator in Eqn(2.6) again goes to zero, 

which happens at a time such that (Awf /2 ) = tt, which gives the result that 

successive pulses are separated by a time: 

where Az/ = c/2L is the frequency spacing between two adjacent cavity modes. 

A simple approximation for the pulse duration, Tp (FWHM), can be obtained by 

considering when the field amplitude function first equals zero for t' > 0. 

As it can be seen from Fig 2.2, this position is approximately equal to the FWHM 

of the pulse. This happens when the numerator in Eqn(2.6) goes to zero, which 

occurs at a time tg such that: 

- : (2n + l)Aw Au l 

where Aul is the total bandwidth of the oscillating modes. This then demonstrates 

that for many solid state lasers, where the total oscillating bandwidth is typically 

hundreds of GHz, it is possible to obtain pulses which are less than 10 ps in dura-

tion; much shorter than the cavity round trip time, and much shorter than from 
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Fig 2.3. Gaussian mode amplitude distribution in a modelocked laser over 

a bandwidth (FWHM) Awx, 

Q-switched systems. In fact, there are some laser materials, notably TiiSapphire 

and Cr:LiSAF, that have such large gain bandwidths (up to ~100 THz) due to 

homogeneous broadening in the crystal host material, that it is possible to pro-

duce pulses with durations well into the femtosecond regime [45-48]. For pulses 

this short, the situation is far more complicated than will be considered here as 

the effects of dispersion within the laser cavity begin to play a very important role 

in pulse formation and propagation. Careful control and compensation of disper-

sion, including terms up to fourth order, is required so that pulses with such a 

large spectral bandwidth are not broadened significantly on passage through the 

amplifier, and full advantage can be taken of the available gain bandwidth. Using 

these sophisticated dispersion control and compensation mechanisms, the shortest 

reported pulse duration produced from a solid state laser is 2.8 fs, achieved using 

a Ti: Sapphire laser [39]. 

For all the experimental work discussed in this thesis, the bandwidth of the 

laser gain medium is ~300 GHz, which puts a lower limit on the possible pulse du-

ration of ps and under normal circumstances the passage through the amplifier 

of a pulse this short would result in a spreading of <5 fs. The effects of dispersion 

are thus negligible in the work presented and so no further detail is given on the 

role of cavity dispersion in modelocked laser systems. 

This simple frequency domain treatment has also only considered the unreal-

istic scenario of many, equal-amplitude spectral modes. In reality, the oscillating 

modes will be components of the gain bandwidth of the laser medium, and this is 

usually taken to have a Gaussian form. This more realistic form causes a slight 

change in the relationship between the spectral bandwidth of the pulse and its 

duration. Assuming a Gaussian amplitude envelope of the frequency components 
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as pictured in Fig 2.3 with a FWHM of Ac^x,, the amphtude Ei of the Zth mode 

can be written as: 

e f = e g e x p h ^ r i n 2 | (2,10) 

If a fixed phase relation as in Eqn(2.1) is then assumed, E{t) can be expressed as 

in Eqn(2.3), where the field amplitude in the time reference t' as before, is 

given similarly by: 

A{t') = ^ Eiex.-pi{lAut') (2.11) 
l=—n 

Approximating this sum as an integral, the field amplitude A{t') is actually pro-

portional to the Fourier transform of the spectral amplitude Ei, from where it 

is possible to show that the intensity of the resulting pulse, is a Gaussian 

function of time. 

oc exp[—(2t/rp)^ln2] (2.12) 

where Tp, the FWHM of the pulse intensity, is given by: 

This is now a more exact version of Eqn(2.9) for a pulse with a Gaussian spectral 

lineshape of width Aul, and represents the minimum possible pulse duration if 

the phase relation Eqn(2.1) holds true. In general, if Eqn(2.1) is true for the 

full bandwidth of the system, then the pulse shape, given by the field amplitude 

A{t), is simply the Fourier transform of the spectral amplitude (which need not 

be Gaussian, but could equally be e.g. Lorentzian), and the pulse is said to 

be transform-limited. Of course, this relation is only true for the hnear phase 

relationship in Eqn(2.1), which need not be true in general, and a different phasing 

condition can lead to a far from transform-limited pulse. As a very brief example, 

if, instead of the condition in Eqn(2.1), which can also be written as 0; = l(j), the 

phasing condition is: 

cf)i = lipi + (2.14) 
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where ipi and •02 are simply constants, it can be shown that the pulse amplitude 

is still of a Gaussian form, but the spectral bandwidth and pulse duration are now 

related by: 

Ai/i oc ^ ^ ^ [ 1 + (2.15) 
Tp 

Thus, for values of ip2 such that Z§> 1 the product ArpAui can be much 

greater than 1 and the pulse far from transform-limited. 

2.3 T i m e d o m a i n descr ip t ion 

The modelocking process is now considered from the time-domain perspective by 

referring back to Eqn(2.7), the equation for the pulse separation, Tp. From the 

sum of many in-phase modes, this was shown to be 1/Az/, where the frequency 

separation of the cavity modes Au = c/2L. Thus, Tp = 2L/c, which is simply the 

round trip time of a cavity of length L, and the spatial extent of a pulse within the 

cavity is CTp, which for a 10 ps pulse is 3 mm, much shorter than a typical cavity 

length of ~ 1 m. The oscillating behaviour in this case can then be considered 

to be a single ultra-short pulse which propagates back and forth inside the laser 

cavity, thus producing an output consisting of a train of pulses separated by the 

cavity round trip time. 

The modelocking condition can now be seen to be achieved by placing a fast 

shutter at one end of the cavity, timed to open at the arrival of the pulse on 

each trip, and remain open only for the duration of the pulse. Consider a non-

mo delo eked cavity whose oscillating modes do not have any fixed phase relation-

ship between themselves, the longitudinal spatial amplitude profile of the cavity 

electric field will be a periodic, noisy function. If the shutter were then to open 

to coincide with the arrival of a particularly intense noise spike, remain open only 

for the duration of the spike, and then be timed such that subsequent shutter 

openings are at the round trip time of the cavity, T = 2Z,/c, the noise would 

be attenuated and only the intense pulse would be able to transit the cavity and 

experience gain. This gives rise to the modelocking condition, and is the situation 

illustrated in Fig 2.4a, known as fundamental modelocking. This term implies that 
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Fig 2.4. Cavity shutter positions for (a)fundamental, (b)second, and (c) 

third harmonic modelocking, showing the resultant pulse trains and their 

spacing. 

there are other kinds of modelocking, and this is indeed the case. Considering 

a similar situation to the one just discussed, but with the shutter placed at the 

halfway point of the cavity and opened with a period T = L/c, two ultra-short 

pulses can traverse the cavity and the situation in Fig 2.4b is reached. Here, the 

two pulses are separated such that they cross each other at the position of the 

shutter, when it is open. Similarly, if the shutter is placed a distance L /3 from 

one of the end mirrors, and opened with period T = 2L/3c, the situation in Fig 

2.4c arises, and three ultra-short pulses propagate inside the cavity such that two 

of them always cross at the shutter position, when the shutter is open. In these 

two cases, it can be seen that the repetition rate of the output train of pulses is 

2Ai/ and 3Au respectively, where Au is the repetition rate of the fundamental 

cavity. For this reason, the situations in Fig 2.4(b-c) are referred to as harmonic 

modelocking. Since the phase relation Eqn(2.1) was shown to result in the situ-

ation shown in Fig 2.4a, the cases in Fig 2.4(b-c) must correspond to a different 

phase locking condition, so for instance, second order harmonic modelocking, as 

in Fig 2.4b, is given by the condition — (f)i = cj)i — -K tt. 

In brief conclusion then, it has just been shown that by engineering a situation 

where very many longitudinal modes in a laser cavity can be made to oscillate in 

phase, such that the relationship between their phases is of the form 0/ = Icj), then 
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the resultant field takes the form of a train of pulses with a high peak intensity and 

short duration, which is then the basis for the process known as modelocking. It was 

shown that the peak intensity of the pulses was proportional to the square of the 

number of oscillating modes, which is much higher than for an equivalent number 

of modes with random phases, and that the duration of the pulses was inversely 

proportional to the total bandwidth of the modes, which results in the potential 

for picosecond pulses to be produced from many solid state lasers with hundreds 

of GHz bandwidth (and even femtosecond pulses in certain special media). It 

was then shown, in a more general sense, that when the stated phase relationship 

holds, the intensity profile of the pulses is the Fourier transform of the spectral 

amplitude profile, which results in Gaussian shaped pulses for a typical Gaussian 

laser spectral bandwidth. Under this condition, it was shown finally that the 

minimum achievable (transform-limited), pulse duration, r^, from a spectrum of 

width Az/i was 0.441/Az/£,. 

The equivalent description in the time domain was then considered at and it 

was seen how the modelocking condition is achieved by having a fast shutter at one 

end of the cavity that is timed to open with a period equal to the round trip time of 

the cavity. It was also shown that this approach allows an easy understanding of so 

called harmonic modelocking, where the pulse repetition rate is an integer multiple 

of the fundamental cavity repetition rate, controlled by suitable positioning and 

timing of the shutter within the cavity. 

2.4 M e t h o d s for modelocking 

Like Q-switching, modelocking methods can be divided into two categories de-

pending on the source of the cavity modulation; 1) Active modelocking, where 

the modulation of the modelocking element is driven by an external signal; 2) 

Passive modelocking, where self-amplitude modulation is induced in the mode-

locking element by the action of a propagating pulse on some non-linear optical 

property of a suitable material, typically a saturable absorption or non-linear re-

fractive index change. 
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2.4.1 Ac t ive M o d e l o c k i n g 

Within the category of active modelocking, there are two main types: 1) Mode-

locking induced by an amplitude modulation (AM modelocking); 2) Modelocking 

induced by a phase modulation (FM modelocking). There is a third method known 

as synchronous pumping, but this is not widely used as it typically requires the 

use of a modelocked source as a pump and is generally only useful for dye lasers, 

so will not be discussed further here. 

To describe AM modelocking, consider the action of a modulator in the cavity 

that introduces a time-varying loss at a frequency and with a modulation 

depth of 6, so that the electric field of each of the cavity modes, Ei(t), will expe-

rience an amplitude modulation and be given by: 

Ei{t) = Eq{1 — - [ 1 — cos(Om0]} cos(cj;t 4- (pi) (2.16) 

where w; is the mode frequency, and (pi is its phase. This gives an electric field 

whose amplitude is modulated between Eq and Eq{1 — 5). The term containing 

the product of the two cosines, {Eq5/2) cos f i^ t x cos{uJit + (pi) may be re-written 

as: 

^ x {c0s[(w; -|- (pi\ -J- cos[(w; — Clm)t + 0^]} (2.17) 
' 4 

which shows that Ei{t) contains two terms oscillating at w; ± Qm- If is now 

selected such that it is equal to the longitudinal cavity mode spacing, these side-

bands of El will contribute to the field equations for Ei^i and -E^+i. This results 

in each cavity mode being coupled to its two adjacent modes, thus acquiring the 

phase of these modes. In this manner, it is possible to propagate a fixed phase re-

lation between many oscillating modes so that a condition such as that in Eqn(2.1) 

can be achieved, and modelocking can occur. 

The details of AM modelocking are more easily understood in the time do-

main, as illustrated in Fig 2.5. Here it is seen that if the modulation frequency 

of the cavity losses, is matched to the cavity round trip time, the steady 

state condition results in pulses passing through the modulator when it is at its 

minimum-loss value. If a pulse is assumed to pass through the modulator at this 

minimum value, it will return to the modulator when it is again at its minimum 
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Fig 2.5. Time domain picture of active modelocking illustrating how the 

minimum modulator loss coincides with the arrival of the pulse (a). The 

dotted lines represent the attenuated pulse after passage through the modula-

tor. For slightly incorrect timing (h), the pulse is effectively shifted towards 

the minimum loss. The steady state situation (c) shortens the pulse on each 

passage. 

loss. If however, a pulse arrives at the modulator slightly before its minimum 

value, then as Fig 2.5b shows, the leading edge of the pulse will be attenuated 

more than the rest of the pulse, and the shape of the peak will be as indicated by 

the dashed line. This effectively retards the pulse and so the next time it arrives 

at the modulator it will be closer to the time of lowest loss, and the steady state 

situation is gradually approached. In the steady state situation, Fig 2.5c shows 

that the pulse is effectively shortened on each pass through the modulator due 

the greater attenuation of the leading and trailing edges of the pulse by the time 

varying loss, compared to the peak. If this were the only process occurring, the 

pulse duration would thus eventually go to zero upon many passes through the 

modulator. This is prevented from happening by the finite bandwidth of the laser 

gain medium so that as the pulse shortens and its spectrum thus widens, the wings 

of the pulse spectrum are no longer amplified and a fundamental limit is placed 

on the pulse duration by limitation of the pulse bandwidth. 

This finite bandwidth limitation however, affects the steady-state pulse dura-

tion quite differently in homogeneous and inhomogeneously line broadened media. 
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In a laser medium with an homogeneously broadened linewidth, the oscillating 

bandwidth Avl tends to be the same as the gain bandwidth Avq of the medium. 

In this case, all the necessary modes are already oscillating, and in the frequency 

domain, the purpose of the modulator is to lock all the modes in phase. Under 

the synchronisation condition Qm = Aw the phase-locking condition (Eqn(2.1)) 

develops and the resultant pulse duration is as in Eqn(2.13), Tp ~ If this 

laser is non-modelocked, short-noise pulses that have this duration will already be 

present in the random noise signal in the cavity, and the purpose of the modulator 

in the time-domain is to ensure that only a single pulse can survive in the cavity. 

The modulator does not perform any appreciable pulse shortening. 

In the case of an homogeneously broadened line however, spatial hole burning 

tends to confine the oscillating bandwidth to a small region around the central 

frequency uq, thus limiting the pulse duration. In this case, noise-pulses in the 

non-modelocked cavity can have a duration significantly longer than I/Auq, and 

the action of the modulator as in Fig 2.5 can have a significant pulse-shortening 

effect, broadening the pulse spectrum. In this case, it can be shown that the pulse 

duration is given by: 

where is the modulator frequency (= 0^/271). Thus, for an actively mode-

locked, homogeneously broadened laser, the minimum pulse duration is severely 

limited by the modulation frequency, which in turn is limited by the length of the 

cavity, and so in general 

FM modeloeking is considered in a very similar way, but instead of introduc-

ing a time-varying loss, the modulator introduces a sinusoidally varying refrac-

tive index change. This imparts a time-varying phase shift on the cavity modes, 

(p = (27rZ,m/A) x n sin where is the length of the modulator. This then in-

troduces sidebands on the electric field as before and modes can be locked together. 

To get a better physical understanding of how a phase or frequency modulation 

can lead to effectively a strong amplitude modulation, consider that, in effect, 

the refractive index variation is equivalent to varying the length of the cavity by 

e.g. translating one of the end mirrors. If a propagating pulse were to strike the 

mirror during its range of motion, it would experience a Doppler shift, which, if 
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the frequency of the mirror oscillation was matched to the round trip time of the 

cavity, it would continue to see on each arrival at the mirror. Thus, after many 

round trips in the cavity, the pulse's wavelength would be shifted out of the gain 

region of the laser, and the pulse would decay out of existence. If however, the 

pulse were to strike the mirror at one of the extremes of its motion, i.e. when the 

mirror is stationary, it would not pick up this Doppler shift, but would instead 

pick up a small quadratic phase shift, or frequency chirp, which would tend to 

broaden its spectrum slightly. Steady state FM modelocking then represents the 

condition whereby the chirp picked up from the modulator (spectral broadening) 

is just cancelled by the propagation of the chirped pulse through the gain medium 

(spectral narrowing). 

For generally high-gain lasers, AM modelocking is commonly achieved by use 

of an electro-optic Pockels cell. The configuration used is identical to that used 

in Q-switching (§1.4.2.1) where a linear polariser and Pockels cell are used in 

combination to rotate the polarisation of the beam on a double pass through the 

cell so that the reflected light may be coupled out of the cavity. In this case though, 

the voltage applied to the Pockels cell is sinusoidally modulated from zero to some 

fraction of the A/4 voltage, to provide the necessary sinusoidally varying loss from 

the combined action of the elements. For generally low-gain lasers, acousto-optic 

modulators are more commonly used as they typically have lower insertion losses 

than a Pockels cell. These are configured differently to the ones used for Q-

switching, with the face opposite the piezoelectric driver being cut parallel to the 

one being driven so that the sound wave is reflected directly back. For a suitable 

crystal width, this then results in an acoustic standing wave pattern being set up, 

and since this is sinusoidally modulated in time, the same is true for the diffraction 

losses. FM modelocking also uses a sinusoidally driven Pockels cell, but in this 

case it is orientated such that one of the axes of birefringence, rix say, is parallel 

to the polariser axis. Then, rather than rotating the polarisation of the beam, the 

cell action introduces a sinusoidally varying phase shift, 0 = {27tLm/X)nx sin flmt, 

and modelocking action as described above can occur. 
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2.4.2 Pass ive mode lock ing 

The hmits of active modelocking are related to the speed of the external signal 

modulator. In passive modelocking the cavity modulation is derived from the pas-

sage of the pulse itself and so much shorter pulses can be obtained. There are 

five implementations of passive modelocking that will be considered here: 1) Fast 

saturable absorber modelocking, which uses the saturation properties of an ab-

sorber medium with a very short upper state lifetime; 2) Slow saturable absorber 

modelocking, which exploits the dynamic gain saturation of the laser medium 

together with a saturable absorber; 3) Kerr lens modelocking, which uses the 

intensity dependent refractive index, and resultant self-focusing effect, of a suit-

able non-linear medium; A)Non-linear mirror modelocking, which uses sum- and 

difference-frequency generation in a non-linear optical material to create an effec-

tive saturable absorber; 5) Additive pulse modelocking, which uses the self-phase 

modulation induced in a non-linear element in a secondary cavity coupled to the 

main cavity. 

2.4.2 .1 Fast Saturable absorber modelocking 

A saturable absorber is a material that under low intensity illumination exhibits an 

absorption at the illumination wavelength, but under high intensity illumination 

becomes saturated, and displays a much reduced, possibly zero, loss. Fast sat-

urable absorber modelocking uses an absorber with a low saturation intensity and 

a relaxation time (the time taken to recover from it's completely saturated state 

to its completely unsaturated state) shorter than the duration of the modelocked 

pulses. To a first order approximation, this type of absorber can be considered as 

a simple two level system, and in order to have a low value of saturation intensity 

together with a short lifetime, must have a relatively high absorption cross-section 

{Is = hu/2aT). Early systems modelocked in this fashion thus typically used or-

ganic dyes as the saturable absorber a.s they have the high cross-sections required 

10"^®cm^). As deposition techniques have developed though, these have been 

very much superceded by semiconductor, quantum well based, devices. 

The use of semiconductor saturable absorber devices to passively modelock 
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F i g 2.6. Steady state situation for fast saturable absorber modelocking, 

with a net gain window established between ti < t < t2 when the saturable 

loss drops below the level of the steady state gain. 

a solid-state laser system is one of the main experimental focuses of this thesis, 

and so the discussion here will be restricted to a qualitative treatment of the 

modelocking mechanism, leaving a more detailed treatment for a later chapter. 

Considering a modelocked pulse propagating in a cavity containing a saturable 

absorber, before the arrival of the pulse the unsaturated loss is considered to be 

greater than the saturated gain of the cavity. As the pulse passes through the 

absorber its low intensity leading edge will experience the unsaturated loss of the 

absorber. As the intensity of the pulse rises however, the absorber will begin to 

saturate and the loss experienced will become smaller until at some point (ti), 

the saturated gain is equal to the saturable loss. The pulse then sees a net gain 

for t > ti as the absorber continues to be saturated by the intense region of 

the pulse. As the pulse continues through the absorber and the instantaneous 

intensity decreases in its trailing edge, the absorber begins to recover so that at 

some time t2 the saturable loss is again equal to the saturated gain. For t > t2 

the trailing edge of the pulse again experiences a loss, and a net gain window in 

the region ti < t < t2 is formed. This dynamic is summarised in Fig 2.6 where it 

is then easy to see that the saturable absorber effectively acts as a shutter in the 

cavity, allowing only the pulse to propagate without loss, and attenuating any low 

intensity signal in the cavity. This then leads to modelocking as described in 2.3. 

As was seen when considering AM modelocking, this net gain window has the 
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effect of shortening the pulse on each passage through the absorber, and again 

a steady state is achieved by the balance between this pulse shortening and the 

broadening due to the finite gain bandwidth. The situation in Fig 2.6 is also only 

applicable to gain media with lifetimes much longer than the duration of the pulse 

(^hundreds microseconds), so that the gain does not vary during passage of the 

pulse, and the saturated gain value is determined by the average intracavity laser 

intensity. 

2.4.2.2 Slow saturable absorber modeloeking 

Many passively mo delo eked laser systems use this fast saturable absorber mecha-

nism, but it is also possible, under special circumstances, to use a slow saturable 

absorber. In this case, the following conditions must be met: 1) The recovery time 

of both the absorber and gain medium must be comparable to the cavity round 

trip time; 2) The saturation fluence of both the gain medium and absorber must 

be such that both can be saturated by the intracavity fluence; 3) The saturation 

fluence of the gain medium must be comparable, yet slightly larger, than that of 

the absorber. 

In order to meet these criteria then, suitable gain media must have a short 

upper state lifetime comparable to the round trip time of a realistic cavity (~few 

nanoseconds), and a high emission cross-section 10~^®cm^). As such, the most 

suitable materials are dyes and semiconductors [49-54], with crystalline solid state 

materials having long lifetimes (^hundreds of microseconds) that discount dy-

namic gain saturation. Dyes are also typically used as saturable absorbers in 

these systems as they have the short lifetimes and high cross sections required. 

The physical phenomena leading to mo delo eking in this situation are slightly 

different to that of the fast case, and are illustrated with the help of Fig 2.7. Before 

the modelocked pulse arrives, the gain is assumed to be smaller than the losses 

so that the leading edge of the pulse suffers a net loss. Then, if the accumulated 

pulse fluence is sufficiently large, saturation of the absorber can occur and at 

some point during the leading edge of the pulse (ti) the absorber loss equals 

the laser gain and the pulse sees a net gain for t > ti. Now, if the saturation 

fluence of the gain medium has a suitable value (typically 2x higher than the 
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Fig 2.7. Steady state situation for slow saturable absorber modelocking, 

with a net gain window established between ti < t < t2 when the saturable 

loss drops below the level of the saturable gain. 

absorber), gain saturation can occur so that the net gain begins to reduce, and 

at some time tg during the trailing edge of the pulse, laser gain equals absorber 

loss. Beyond (g the pulse again sees a net loss, and so a time window of net gain 

has been established between ti and and the pulse is shortened on each round 

trip, with a steady state condition again established by the balance between this 

shortening mechanism and the broadening arising from the finite gain bandwidth. 

The evolution towards this state is again described by an initial noise spike in the 

unlocked cavity gradually producing this window of net gain at the expense of the 

lower intensity noise signal. 

Fig 2.7 also illustrates the point that inbetween consecutive pulses, the sat-

urable loss must recover to its unsaturated value, while the gain medium must 

also recover, but to a level that leaves the gain smaller than the loss. Thus, 

the absorber recovery time must be shorter than the round trip time, whilst the 

lifetime of the gain medium must be somewhat longer. 

Although the balance of these conditions can be delicate, once achieved, the 

fact that the gain medium is typically a dye with a very large gain bandwidth 

(tens THz) means that pulses with durations as short as lO's femtoseconds can be 

produced with this technique. 

53 



2 .4 .2 .3 Kerr lens m o d e l o c k i n g 

At sufficiently high intensities, the refractive index of a material can be noticeably 

modified by the field intensity, so tha t in general, n — n{I). To a first order 

approximation then, the refractive index can be wri t ten as: 

n = no + n2l (2.19) 

where the intensity dependent refractive index term has a coefficient ng tha t is a 

positive constant depending on material (77,2 ^ 3.45 x 10"^® cm^/W for sapphire). 

This phenomenon is called the optical Kerr effect and is generally due to the high 

electric fields deforming atomic or molecular orbitals, or reorientating elongated 

molecules (for gases or liquids), resulting in hyperpolarization of the medium. For 

a solid, only deformation of the ion's electron cloud can occur and so the response 

t ime of the Kerr effect is on the scale of the rotation period of the outermost 

electrons, which is extremely fast and of the order of a few attoseconds. 

Now, considering a beam propagating through this Kerr medium, in general 

it will have a non-uniform transverse intensity profile (e.g. Gaussian), so tha t the 

intensity at the centre of the beam will be higher than at the wings. This will 

result in a non-linear refractive index change An = ng/ , tha t is large at the beam 

centre, but goes to zero in the wings. For a beam with a Gaussian transverse 

intensity profile / = /p exp[—2(r/ui)^], where Ip is the peak intensity, r is the 

radial coordinate from the centre of the beam, and w is defined as the radius of 

the beam. The non-linear phase shift picked up by the beam as it propagates 

through a length I of the medium is then: 

2nAnl 
(2.20) 

exp[—2 ( — ) ] (2.21) 

2nn2lpl\ r. 
- V a (2.22) 

and so to a first order approximation, Scj) is parabolic in (r/w), which is equivalent 

to saying tha t a spherical lens is induced in the medium by the Kerr effect. Under 

sufficiently high field conditions, when the beam power reaches a critical value 
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F ig 2.8. Implementation of Kerr lens modelocking by using self-focusing 

in a Kerr medium and a hard aperture. 

the propagating beam may be focused by this induced lens. This phenomenon is 

known as self-focusing and can be used to produce a non-linear loss element which 

displays an intensity dependent loss. 

One reahsation of this technique, hard aperture Kerr lens modelocking (KLM), 

is shown in Fig 2.8. The intracavity beam is focused down into a Kerr material and 

a small aperture is placed beyond this. The low intensity leading and traihng edges 

of the beam will not induce any significant Kerr effect and will be attermated by the 

aperture, introducing a loss to the cavity. By contrast, the high intensity region 

of the beam will focus more strongly, and suitable positioning of the Kerr medium 

and aperture will result in a reduced loss for this part of the beam. With this 

discrimination between low and high intensity regions of the pulse, modelocking 

can be realised by analogy with the fast saturable absorber case (Fig 2.6) where the 

intensity dependent loss is now introduced by the attenuation of the aperture. It is 

also possible to implement KLM using a 'soft-aperture' where the self-focusing is 

used to produce a better overlap of the laser mode with the gain region. The more 

strongly focused regions of the beam thus experience a higher level of gain, and 

the discrimination between low and high intensity regions of the pulse is achieved 

in this way. With suitable control of cavity dispersion, this technique has been 

successfully implemented in a number of ultrabroadband gain media {Ai/l % 100 

THz) to produce pulses as short as 2.8 fs [39, 55-61]. 
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Fig 2.9. Implementation of non-linear mirror modelocking using SHG and 

DFG in a non-linear medium together with a dichroic mirror. 

2.4.2 .4 Non- l inear mirror (Stankov) modelocking 

Another mechanism that utilises the non-linear optical properties of a material 

was proposed by Stankov [62] and although it gained initial interest [63-66] it has 

rather fallen out of fashion with the advent of semiconductor saturable absorber 

devices. It is another technique that forms a main focus of this thesis, so again the 

discussion here is restricted to qualitative description a more detailed treatment 

left for a later chapter. 

The technique is based on the combination of second harmonic conversion in a 

suitable non-linear medium combined with a dichroic mirror that has differential 

reflectivity between the fundamental and second harmonic frequencies, to produce 

a system that has an intensity dependent loss. This intensity dependent loss is 

then again analogous to the action of the fast saturable absorber and can lead to 

modelocking as previously described. 

The system is best described with use of Fig 2.9. A non-linear medium with 

a susceptibility is introduced into the laser cavity and optimised for second 

harmonic generation (SHG) so that the propagating radiation is a combination of 

fundamental and second harmonic frequencies. A dichroic mirror is used at one 

end of the cavity that has a very high reflectivity for the second harmonic frequency 

but only a partial reflectivity for the fundamental (A^). This mirror then 

serves as the output coupling for the fundamental radiation. The second harmonic 

is reflected back into the cavity and to the non-linear medium, where, under the 
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correct conditions, it can be mixed with the fundamental radiation through the 

process of difference frequency generation (DFG) and be converted back to the 

fundamental wavelength. The initial SHG is a non-linear, intensity dependent 

process, so it can be seen that the passage of a short intense pulse through this 

system can easily result in an intensity dependent loss. 

Initially, the low intensity leading edge of the pulse is too weak to produce 

much SHG and so it sees the low partial reflectivity of the dichroic mirror at 

the fundamental frequency and is strongly coupled out of the cavity. As the pulse 

intensity rises, the amount of SHG will rise and the second harmonic radiation will 

see the high reflectivity of the dichroic mirror. If this reflected radiation can then 

be efficiently converted back into fundamental radiation, the intense regions of the 

pulse will have experienced a smaller overall loss than the lower intensity regions 

because a higher proportion of the pulse that exited the non-linear medium has 

been retained in the cavity. The combination of SHG in the non-linear medium and 

dichroic mirror can thus be combined to produce a non-linear, intensity dependent 

loss to the cavity. The combination could also equally be considered as producing 

a non-linear reflectivity from the SHG-differential reflectivity-DFG system, and so 

this mechanism is referred to as Non-linear Mirror modelocking (NLM). 

As with the Kerr effect, the SHG process is effectively instantaneous and so 

pulse duration-limiting effects from a finite recovery time are not an issue. The 

process is also robust under the high intensities used and so does not suffer from 

damage or deterioration as the fragile semiconductor devices can. Conversely, 

optimisation of the system relies on very accurate and sensitive phase matching 

and so the long term stability of the system can be a problem. 

2.4.2.5 Addi t ive pulse modelocking 

The final technique to look at briefiy is Additive Pulse Modelocking (APM) which 

also utilises the non-linear optical Kerr effect, this time induced in a secondary 

cavity that is coupled to the main cavity. 

As well as the self-focusing effect described earlier, the Kerr non-linearity (Eqn 

2.19) can also lead to a phenomenon called Self-Phase Modulation (SPM) whereby 

the instantaneous frequency of the carrier wave acquires a varying shift across the 
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Fig 2.10. The self-phase modulation effect. A Gaussian pulse (a) with 

frequency ujl propagating through a non-linear medium can pick up a fre-

quency chirp (h) that is negative in the leading edge of the pulse and positive 

in the trailing edge. 

duration of the pulse. If the refractive index of the non-linear medium can be 

written n — u q t h e n if / = I{t), the refractive index is also a function of 

time and varies throughout the passage of the pulse with the same temporal form. 

The non-linear phase shift picked up by the pulse on passage through a length I 

of this index is: 

and we can relate this phase shift to the instantaneous frequency shift of the pulse 

(6w) by: 

(2.23) 

= (2^24) 
A dt 

For a pulse with a Gaussian temporal format, the resulting frequency shift (or 

chirp) is shown in Fig 2.10 and is seen to be negative in the leading edge of the 

pulse, zero at the peak, and positive in the trailing edge of the pulse, while the 

envelope of the pulse remains unchanged. 

In order to convert this process into a modeloeking mechanism, a small portion 

of a master cavity is coupled into another secondary cavity of equivalent length 

which contains a non-linear optical element that displays a Kerr non-linearity. 
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Typically, this cavity is constructed from optical fibre as the high intensities found 

in the small cores result in a high effective non-linearity. For propagation of a short 

Gaussian pulse through this fibre, the leading and trailing edges of the pulse will 

pick up a phase shift, with the central, more intense region of the pulse experienc-

ing a much smaller or zero shift. After propagation through the fibre, the chirped 

pulse and the un-chirped pulse in the master cavity are recombined at the coupling 

mirror and interfere. If the amount of chirp is correct, the wings of the pulse inter-

fere destructively, whilst the central, intense region is reinforced by constructive 

interference. This then creates a system which displays an effective non-linear, 

intensity dependent loss, and modelocking can occur as described previously. 

Although this method garnered some initial interest [67-70], it is not as popular 

anymore, as the need to stabilise the two cavity lengths to within, typically, a 

fraction of a wavelength of one another means that it is difficult to produce devices 

for use in industry. 

2.5 Pu l se m e a s u r e m e n t 

In order to measure an event in time, another event which occurs on a compara-

ble or shorter time scale is required. At the shortest time scales, this becomes a 

problem because there are no shorter events that can lead to an accurate mea-

surement. Electronic equipment relies on the motion and subsequent counting of 

electrons, and even with modern technology it is not possible to resolve events 

on a time scale much less than a nanosecond. This poses a problem when one 

wishes to measure a pulse of light that could be as short as femtoseconds and it 

was realised early on in the development of short pulse systems that a new way of 

measuring and quantifying these extremely short events would be required. Once 

pulses reach the picosecond regime, the only thing that exists on a comparable 

time scale is the pulse itself and so the technique of autocorrelation was developed 

where the pulse is compared to itself in order to realise a measurement. 

59 



Prism 

Residual 
- - " • IR 

• Variable 
delay 

F ig 2.11. Background free autocorrelation. PH - pinhole; BS - beamsplit-

ter; PD - photodiode. 

2.5.1 A u t o c o r r e l a t i o n 

The technique of autocorrelation is simple and elegant. The pulse is first taken and 

split into two copies by use of a beamsplitter. The two beams then follow different 

paths of similar length with one path introducing a variable delay. The pulses are 

then brought back together such that they overlap both in time and space, one of 

the beams has travelled further than the other and so there is a delay between the 

arrival of the pulses at a given point. The variable delay of one of the beam paths 

allows the amount of overlap between the beams to be varied continuously. If 

the two beams are recombined by focusing into a non-hnear medium, the overlap 

region between the beams results in sum-frequency generation, and if the delay 

between the beams is varied so that one pulse sweeps completely over the other, 

the temporal shape of this generated harmonic signal can be used to infer the 

width of the pulse. 

One implementation of this technique is shown in Fig 2.11. This design is 

known as a background free autocorrelation because while the frequency conversion 

due to the beam, overlap occurs along the optical axis of the system, the two 

recombining beams are directed off axis and so it can be arranged by use of a 

pupil that the residual frequency conversion from each beam individually does not 

contribute to the detected signal. In this case however, the frequency conversion 
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for the main signal is not as efficient as it could be because each beam is slightly 

detuned from ideal phase matching. 

The photodetector used has a long response t ime ( IMf i coupling) and so av-

erages the detected signal over a long t ime T. The autocorrelator intensity signal 

is then given in terms of the delay r and the pulse's intensity distribution I{t) by: 

1 r°° 
lAc{r)(x— I{t + T)I{t)dt (2.25) 

J —OO 

In order to be able to extract a pulse width from this signal, an assumption needs 

to be made about the form of the pulse's intensity distribution. Assuming for now 

tha t this is given by a sech^ distribution of the form 

I{t) = Iq sech^ {t/ts) 

then the normalised intensity autocorrelation function is given by; 

, n sech^ ( v t s ) sech^ - T) dt 

j .s(-!c,r̂  
„2T 

2r e r — + r + 1 

of which the F W H M is tSTpwau = 2.720. Note tha t r is dimensionless and 

normalised to so tha t the corresponding delay is A.tAc,FWHM = 2.720^g. At the 

same time, the sech^ function with parameter t/tg has a F W H M Atpy,ise,FWHM = 

1.763is, and therefore the F W H M of the actual pulse can be calculated from the 

autocorrelation by: 

Aipulse.FWHM = ^ AC,FWHM (2.28) 

The factor 1/1.543 is known as the deconvolution factor for sech^ pulses. Assuming 

a different fundamental pulse shape will result in a different deconvolution factor, 

Gaussian pulses for example result in a factor of \ /2 . This then allows for the 

possibility of some uncertainty in the durat ion of the deconvolved pulse as it is 

extremely difficult to know its t rue form. The deconvolution factor of 1.543 is 

used throughout this thesis. 
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2.5.2 Sp inn ing m i r r o r a u t o c o r r e l a t o r 

One potential problem when measuring picosecond pulses is the issue of how to 

continuously vary the path length in one arm of the autocorrelator to give a real 

time assessment of the pulse duration. It is of course possible to take a series of 

discrete measurements by manual translation of one of the mirrors on a micrometer 

stage, and build up an autocorrelation trace this way, but this is time consuming 

and requires separate data analysis and manipulation before a value for Tp can 

be reached. During optimisation of the cavity, a better solution is to have the 

arm length continuously scanning through its range so that changes to the pulse 

duration can be seen in real time as adjustments are made. For pulses in the 

femtosecond regime, this is relatively simple as the spatial extent of, say, a 50 fs 

pulse, is only ~15 fim and the path length variation can be introduced by use 

of a piezoelectric transducer which can be moved very rapidly. For pulses of 50 

ps duration, the spatial extent of the pulse is ~1.5 cm, and given that it is not 

always known what the pulse duration will be and that there may be some difficulty 

matching the arm lengths exactly, it could well be desirable to have a path length 

difference of several centimetres. This is outside the range of piezo transducers, 

and so some kind of mechanical solution would be required. The challenge is then 

to produce some mechanism that can scan rapidly (scan time s) through its 

range of motion, but also do this smoothly so as not to introduce any deviation 

to the sensitive alignment of the autocorrelator. 

There have been various methods implemented in the past for picosecond au-

tocorrelators and after considering several options it was decided that the most 

cost effective and simplest to implement would be the spinning mirror design first 

demonstrated by Yasa and Amer [71]. It consists simply of a pair of parallel mir-

rors, mounted on opposite ends of a platform that is rotating at a constant angular 

frequency, such that light striking one of the mirrors will be reflected to the other 

and emerge parallel to the initial path. During the period of rotation, there will 

only be a short time where light is reflected between the mirrors. For a large part 

of the cycle the light will be reflected so that it misses the second mirror; during 

this short time however, as the mirror rotates the light will be incident across a 
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Fig 2.12. The two extremes of the duty cycle of the spinning mirror 

autocorrelator design. Retro-reflection of the beam path occurs between Omin 

and Omax and during this period the path length is smoothly varying. 

range of angles and positions so that the path followed through the system will 

vary with the rotation angle. This continuous variation in path is seen to corre-

spond to a continuous variation in path length so that if the spinning platform is 

positioned between the beamsplitter and the retro-reflecting mirror in one of the 

beam arms, a variable delay is introduced that can be scanned at the rotation rate 

of the platform. 

The construction is best shown in Fig 2.12, the two pictures depicting the path 

when the beam is at the beginning and end of its duty cycle. It can be shown [72], 

tha t within various approximations, the total delay attainable with this technique 

is predominantly proportional to the diameter of the mirrors used, with minor 

adjustment available if the distance between, and the angle of the mirrors (relative 

to the axis that joins their centres) are varied. In order to keep the instrument as 

compact as possible, and so that the situation does not arise where large, heavy 

optics need to mounted on a rotating platform, standard 2.54cm (1") optics were 

used which enable a total delay time of ~100 ps to be achieved. This gives a 

suitably large window in which to capture the pulses, which are hoped to be in 

the region of lO's picoseconds long, and to give some margin for error in matching 

the path lengths during alignment. 

The distance between the centres of the mirrors was set to be 10 cm as effective 
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operation relies on the mirror separation being greater than the mirror diameter, 

and a distance much larger than this would have resulted in excessive load on the 

driving motor. The mirror angle is defined relative to the axis joining the centres 

of the mirrors, and this was set at 45° as the maximum in path length difference 

occurs around this point. 

In operation, it is necessary to initially calibrate the autocorrelator so that the 

width in time of the signal from the photodetector can be related to a real pulse 

delay time. In order to do this one first has to achieve an autocorrelation trace 

with the spinning mirrors, with the peak of the trace visible in the scan. Then the 

length of the delay arm is changed by a known amount by translating the mirror 

in this arm. This will cause the peak in the scan to shift, and by measuring the 

size of this shift and equating it to the time delay that has been introduced by 

translating the mirror, calibration of the scale is possible, and the real width of 

the autocorrelation can be measured. 

2.6 Conclusions 

This chapter has covered in detail the basic theory explaining modelocking and 

introduced the major mechanisms for producing modelocked sources. It began 

by considering the frequency domain picture of modelocking where the effect of a 

coherent superposition of many longitudinal cavity modes with some fixed phase 

relation between them is calculated. This relatively simple picture was shown to 

lead to the production of a train of short, intense pulses that are separated in 

time by where L is the length of the cavity. It was also seen that the pulse 

duration reduced as the bandwidth of the oscillating modes increased, while the 

peak intensity increased as the square of the number of oscillating modes. With 

many solid-state laser systems having bandwidths of hundreds of GHz, this opens 

up the possibility for producing pulses of picosecond duration with extremely high 

peak intensities if all of the cavity modes can be made to oscillate in phase. 

As a complement to the frequency domain description, the description of mod-

elocking in the time domain is then seen to correspond to the action of a fast 

shutter inside the cavity. If the opening and closing of the shutter can initially be 
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timed so that only a particularly intense noise spike is allowed to pass, this spike 

will be amplified at the expense of all the other lower intensity noise. The steady 

state situation is then one in which there is only a single pulse propagating inside 

the cavity, a fraction of which is coupled out after every round trip interval, 

The time domain description was also used to illustrate how integer multiples of 

the pulse repetition rate could be achieved by suitable positioning of the shutter 

within the cavity. 

The question was then how this cavity modulation required for modelocking 

action (fixed phase relation or shutter timing) could be achieved in practice. This 

introduced the two main categories of modelocking : active and passive. Active 

modelocking where an external signal is used to drive the modulation, and pas-

sive modelocking where the action of the propagating pulse on some non-linear 

optical property of a suitable material affects the modulation. The amplitude 

modulation of a particular frequency component was shown to lead to the pro-

duction of sidebands in its spectrum, also with the same amplitude modulation. 

For the correctly chosen frequency of modulation, these sidebands correspond to 

the adjacent frequency modes of the cavity, which are therefore also subject to 

the amplitude modulation. This process repeats so that the amplitude modula-

tion propagates through the frequency modes, resulting in all modes oscillating in 

phase, as required for modelocking. 

Passive modelocking was then identified as the most prevalent category due 

to its general ease of implementation and ability to generate shorter pulses then 

active modelocking. Four common types of passive modelocking - saturable ab-

sorber, Kerr lens, additive pulse and non-linear mirror modelocking - were then 

introduced, and a simple outline of their implementations was described. The sat-

urable absorber and non-linear mirror techniques were covered more qualitatively 

as these form the basis for the experimental sections of this thesis. 

The chapter finished with an explanation of how ultra-short pulses can be 

measured using an auto correlator, and a description of the spinning mirror design 

for measuring picosecond pulses that was constructed for use in this thesis was 

briefly outlined. 
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Chapter 3 

T h e B o u n c e Geometry Amphfier 

3.1 I n t r o d u c t i o n 

One of the main problems in the generation of high average power solid state laser 

sources with high beam quality is the effect of the thermal loading of the laser 

crystal on its optical properties. Thermal lensing and aberration, stress induced 

birefringence, and mechanical strain on the crystal all result from this loading and 

lead to a degradation in performance of the solid state laser source. The bounce 

amplifier has been designed to try to mitigate these effects and so this chapter pro-

vides a detailed description of the operation of a bounce geometry laser. Before 

this is discussed, the origins of the thermal loading and how it results in optical 

degradation will be briefly outlined. This is followed by a complete description 

of the bounce amplifier including the general operating principle, the crystal ge-

ometry, cooling geometry and diode pumping geometry used. Two experimental 

variants of the bounce amplifier are then demonstrated, a compact form which 

gives an efficient, high power, spatially multi-mode output, and an asymmetric 

form that produces a TEMqo output. This is interspersed with a simple explana-

tion of the cavity stability theory of Magni which helps to explain the operation of 

laser cavities with intracavity lenses. As will be seen, the thermal loading in the 

laser crystal can lead to the production of an effective lens and so the theory helps 
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to explain the performance of the bounce cavities, and instructs the construction 

of the TEMqo cavity. 

3.2 T h e r m o - o p t i c effects in solid s t a t e med ia 

Within a solid state laser medium under optical pumping conditions, not all of 

the incident pump radiation will be converted into useful optical output from the 

laser. There are several processes that cause the conversion of this radiation into 

heating in the crystal, and subsequently several effects this can have on its optical 

behaviour. This section will briefly describe four processes that contribute to 

this heating: quantum defect heating; Auger up conversion; cross relaxation and 

excited state absorption. Then go on to discuss the effect these have on the optical 

properties of the crystal, and hence the performance of the laser itself. 

3,2.1 Q u a n t u m defec t h e a t i n g 

The main contributor to heat dissipation in the laser crystal is the so-called quan-

tum defect which arises due to the difference in energy between the pump radia-

tion and the laser radiation, and results in direct thermalisation in the solid state 

medium. To explain this effect in more detail the fundamental production of laser 

radiation in a four-level laser system needs to be understood and a schematic of 

this system is shown in Fig 3.1. 

Initially, all atoms are in the ground state, level 0, and excitation by pump 

photons of frequency Up populates level 3, the pump band. In general, the pump 

band is made up of a relatively broad continuum of energy levels so that optical 

pumping can be achieved over a similarly broad spectral range. This was particu-

larly useful for improving the efficiency in flash lamp pumped schemes where the 

lamps emitted over a very broad spectral range. 

Prom the pump band, the majority of the excited atoms decay into the upper 

laser level, level 2, by non-radiative transitions on a timescale fgg. These non-

radiative transitions excite phonons in the host material which are subsequently 

absorbed directly into the crystal lattice, increasing its kinetic energy, and hence 
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Fig 3.1. Simple schematic of a four level laser system. Pumping from 

level 0 at populates level 3. Lasing at occurs between level 2 and level 

1. t"'" represents non-radiative transitions between levels. 

temperature. Above threshold there is then a population inversion between levels 

2 and 1, and lasing occurs at a frequency i/l. Atoms in level 1 can then undergo 

further fast non-radiative transitions back to the ground state of the system, on a 

timescale ("g, generating further heating by the same processes as that between 3 

and 2. 

The total heat energy dissipated in the crystal per photon absorbed can thus 

be seen to be the difference between the energy of the pump radiation, and the 

energy of the laser radiation. AE = h{up — ui). The heating effect in the crystal is 

therefore reduced if the energy difference between pumping and lasing transitions 

is reduced, but always increases with increasing pump power. A method has been 

shown of reducing the quantum defect heating effect by directly pumping into 

the pump band, creating a quasi-four level system. Typically in neodymium (Nd) 

systems, the upper lasing level (2) is a doublet, and the upper of these is populated 

by the pumping process, from where fast non-radiative transitions fill the upper 

lasing level 2 as before. There is then a very small energy difference between levels 

3 and 2 and the energy dissipated as heat through the non-radiative transitions 

has been almost eliminated. There will still be energy deposited in the crystal 

from the transition between levels 1 and 0, with consequential thermal effects. 



Ion 2 

Fig 3.2. Auger upconversion between two ions with four-level systems. 

Decay of Ion 1 from level 2 causes further excitation of Ion 2 to level 4-

Ion 2 then decays radiatively from here at a frequency va- fp is the pump 

frequency, non-radiative transitions. 

3.2.2 A u g e r upconve r s ion 

A second effect that leads to heating in the crystal is Auger, or energy transfer, 

upconversion. Illustrated in Fig 3.2, Auger upconversion is a result of energy 

transfer between two excited ions. The energy emitted when one ion decays from 

level 2 excites another ion, also in level 2, to a further higher energy level 4. 

This second ion then decays from level 4 via a combination of radiative and non-

radiative processes. Radiative decay from level 4 can be seen as fluorescence in 

the laser material at higher frequencies than the diode pump radiation, hence 

the term upconversion. The non-radiative transitions cause further heating of 

the crystal and the amount of energy deposited in this way can be greater than 

in the quantum defect heating. The combined energy of the radiative and non-

radiative processes will remain constant, but the ratio of the two, and hence the 

extent of the heating effect, will depend on the allowed decay processes within 

the energy level structure. As the upconversion process involves interactions of 

pairs of excited state ions, the rate of the process is dependent on the square 
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of the population density of level 2. Hence, at low diode pumping levels (small 

population inversions) this effect is not expected to be significant compared to 

quantum defect heating. At high pumping rates though, with higher population 

inversions, the probability of upconversion increases significantly and it contributes 

more to the heating process. Inside the laser cavity however, a high extraction 

efficiency will deplete the population inversion and hence reduce the likelihood of 

the upconversion process, minimising the heating effect. This does mean that the 

amount of heat deposited in the crystal can vary significantly between lasing and 

non-lasing situations. 

The energy transfer process just described was radiative, however it is also 

possible for the energy transfer to occur by non-radiative processes e.g. dipole-

dipole interactions, over short ranges. This case requires a high concentration of 

ions to become significant, but since the ion doping concentrations of typical laser 

crystals are of the order of a few percent, the radiative transfer is the dominant 

mechanism. 

3.2.3 Cross r e l a x a t i o n 

A further effect contributing to heating of the medium is additional non-radiative 

transitions resulting from cross relaxation between an excited ion and a neigh-

bouring ground state ion. Illustrated in Fig 3.3 the decay energy of one ion from 

level 2 to an excited sub level causes the ground state ion to be excited to another 

sub level, from which both ions decay non-radiatively to their ground state. This 

can result in all of the energy from the upper laser level 2 being deposited as heat 

in the laser crystal. 

3.2.4 Exc i t ed s t a t e a b s o r p t i o n 

Excited state absorption is similar to Auger upconversion in that it involves ex-

citation from level 2 to a higher lying level 4, but in this case the transition is 

restricted to a single ion. Illustrated in Fig 3.4, an ion in level 2 can absorb either 

pump or laser radiation and be excited to level 4. From here, in a similar way 

to the previous effects, the ion can then decay by a combination of radiative and 
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Fig 3.3. Cross relaxation between two ions with four-level systems. Decay 

of Ion 1 from level 2 to a sub-level causes excitation of Ion 2 from ground 

state to a further sub-level. Both ions can then decay non-radiatively from 

their respective sub-levels. 

i 
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Fig 3.4. Excited state absorption. An ion in level 2 can he excited to a 

higher lying level 4 by absorption of either pump or laser radiation. De-

cay to the ground state can then occur by both radiative and non-radiative 

processes. 
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non-radiative processes back to the ground state. The radiative transitions can 

again be visible as fluorescence, and the non-radiative transitions will contribute 

to the thermal loading on the crystal. 

Auger up conversion and cross relaxation both result from an interaction be-

tween neighbouring ions, and as such the probability of these processes depends 

on the ion density in the medium, which for laser media corresponds to the doping 

density of the crystal. For typical bulk laser crystals, this is relatively low (1-2 

at.%) and so the ions are far apart and the Auger and cross relaxation processes 

are weak. In this case, the quantum defect and excited state absorption are the 

main contributors to the material heating. For cases where the doping density 

and population inversion are high, the Auger and cross relaxation terms become 

more significant, and could come to dominate. 

3.2.5 H o w opt ica l p r o p e r t i e s a r e a f fec ted by t h e r m a l load-

ing 

The temperature gradients set up in the medium as a result of heating can have a 

number of consequences including: thermal lensing; thermal aberrations; material 

stress and distortion; stress induced birefringence and potential material damage 

if the heating is too severe. Ultimately, if mechanical stress becomes too high, 

the material will fracture and this hmits the maximum average output power of a 

solid state laser. 

The origin of thermal lensing is due to the temperature dependence of a ma-

terial's refractive index, n. A spatial distribution in temperature T will result in 

a corresponding distribution in n, which can result in a thermal lens. The two 

main material properties for determining the strength of a thermal lens within a 

solid state medium are thermal conductivity k and thermo-optic coefficient dn/dT. 

Most of the work into thermal lensing effects in sohd state lasers has considered 

the cylindrically symmetric rod geometry with lamp pumping or diode end pump-

ing. For the case of a medium with end pumping, the dioptric power K of the 

lens is given by [73]: 

a : = , a - i (s . i ) 
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Fig 3.5. Radial and tangential stress contours due to thermal expansion 

in a crystal rod (a). The principal birefringent axes align parallel or per-

pendicular to these contours at all points (b), leading to depolarisation of 

incident radiation. 

where ^ is the fractional heat load, Pp is the absorbed pump power and Wp is the 

1/e^ Gaussian radius of the pump beam. Thermal lensing can have a serious effect 

on lasing stability within a laser cavity due to changes in mode sizes with pump 

power. The effect of a thermal lens in a bounce geometry laser oscillator will be 

discussed in more detail later in this chapter. As well as thermal lensing, localised 

thermal variations within a medium can lead to non-uniformity in the refractive 

index which can aberrate an optical beam under amplification, severely degrading 

the output quality. 

Material stress and distortion due to the thermal expansion coefficient a r of 

the material is also a problem when solid state media are optically pumped. The 

main consequence is stress-induced birefringence and depolarisation of incident 

radiation due to the change in refractive index via the photoelastic effect. This 

effect is explained for the simple case of pumping in a rod geometry. In the rod, 

thermal expansion in the material will occur, leading to induced stresses. The 

stresses are the result of the materials elastic properties resisting the expansion, 

giving contours of radial and tangential stress as shown in Fig 3.5(a). 

The stresses on the material cause a change in the refractive index via the 

photoelastic effect, similar to the thermo-optic effect, and deform the refractive 

index ellipsoids, as shown in Fig 3.5(b). The eUipsoids represent the fast and 

slow axes for the birefringence at each particular point. For any point within 
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the medium, the birefringence elhpsoid will be orientated such that the principal 

axis will be either perpendicular or parallel to the stress contours from Fig 3.5(a). 

The resultant birefringence from multiple ellipsoids will combine, to give to a 

depolarising effect for any incident radiation. For naturally birefringent materials, 

the depolarisation effect is small as the additional stress-induced birefringence will 

only be a small perturbation from the natural state. 

As well as the depolarisation effect, the expansion of the material will also 

result in bulging at the boundaries to varying degrees. This will add to the thermal 

lensing effect as the faces of the laser medium will act as lenses due to the material 

deformation. In cases of very high pump power, the thermal expansion within a 

laser medium may lead to critically-high strain at the surface of the medium, 

resulting in catastrophic damage and fracture. The fracture limit constrains the 

maximum average power output of a solid state laser. 

3.3 T h e bounce g e o m e t r y amplif ier 

All solid state amplifier systems will suffer from these thermo-optic effects to vary-

ing degrees, and to a large extent the performance requirements of the system will 

influence its design. Typical features that would need to be considered during the 

design of a solid state amplifier include the material to be used as the amplifying 

medium; the size and shape of the gain region within the medium; how pump 

radiation is delivered and shaped to match the cavity mode; how the cavity mode 

might need to be shaped to better match the gain region; and how to remove and 

control the heating in the amplifier. 

End-pumped rod systems have been shown to produce some of the highest 

optical conversion efficiencies together with high quality TEMqo operation because 

of the ability to match very closely the gain region and the fundamental cavity 

mode shape [74-76]. They are generally restricted to low to medium power levels 

because of severe thermal lensing issues arising due to the high intensities (and 

hence thermal load) at the pump face, and complicated diode shaping and delivery 

systems mean the practical difficulties of power scaling are significant. 

Side-pumped laser systems distribute the pump radiation over a larger volume 
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F ig 3.6. Schematic of the bounce amplifier geometry where an incident 

beam experiences a total internal reflection at an angle 9 in a region of high 

inversion near the crystal pump face. 

in an effort to control the thermal effects and so be able to deliver more pump 

power to the amplifier [77, 78]. This is generally at the cost of beam quality and 

conversion efficiency though because of the poorer spatial matching between the 

pump region and the cavity mode. Methods have been demonstrated whereby 

side-pumping from multiple angles simultaneously creates a more uniform gain 

region [17-19], and although this reduces the overall efficiency of the system and 

increases its complexity, it does make the systems more suitable for high power 

scaling. 

The bounce geometry amplifier used throughout this thesis was first proposed 

by Bernard and Alcock [25] and is a variant on the side-pumping mechanism that 

aims to improve the symmetrical overlap between the gain region and cavity mode, 

thus improving the conversion efficiency and attainable beam quality. A schematic 

of the amplifier crystal is shown in Fig 3.6. It is referred to as the bounce amplifier 

because the design and construction causes a propagating laser beam to experience 

a total internal reflection with a small angle at the centre of the pump face of the 

amplifier crystal, as illustrated in Fig 3.6. By using a highly absorbing medium as 

the basis for the amplifier, the pump radiation creates a region of high inversion 

density in a very shallow depth just beneath the pump face of the crystal. The 

path followed by the laser mode then enables it to pass through virtually all of 

the high inversion region, thus experiencing a high gain. This is the key unique 

75 



feature of the bounce geometry. By use of hne-focused diode pumping and a 

crystal with a high absorption coefficient at the pump wavelength, extremely high 

single pass small signal gains of ~ 10^ — 10® have been demonstrated [28]. The 

gain is highest for lower bounce angles, and the working range of angles for the 

amplifier is typically 2° < 9 < 12°. 

As well as enabling very high extraction efficiencies to be obtained, the bounce 

action serves another extremely useful purpose. Whereas many side-pumped am-

plifier schemes suffer from asymmetrical amplification of the laser mode due to 

the gain region/cavity mode mismatch, the bounce path results in significant spa-

tial averaging of any non-uniformities. Providing the position of the bounce is 

located centrally on the inversion region, over the whole path through the crystal 

each side of the beam will experience an equivalent amount of gain. This means 

symmetrical amplification of the mode can be achieved even though the inver-

sion region decays exponentially from the face of the crystal. This is exactly the 

case with any thermal aberrations too. The bounce geometry suffers from adverse 

thermal effects just like any other solid-state amplifier, but this spatial averag-

ing means that the cumulative effect of any aberrations is relatively uniform over 

the entire transverse profile of the beam. This spatial averaging, together with 

the very high gains achievable has meant that ultra-high efficiency lasers with ex-

cellent beam quality have been demonstrated using a bounce geometry amplifier 

[26, 79, 80]. The principles have also been applied to take advantage of the power 

scaling potential of this side-pumped bounce geometry and high power operation 

with excellent beam quality has been demonstrated in a number of configurations, 

including CW [27], adaptive [30, 31, 81] and Q-switched laser systems [29, 82, 83]. 

The intention of the work described in this thesis was to take advantage of the 

described properties of the bounce amplifier to produce a high power, modelocked, 

picosecond laser source. 

Several practical ideas contribute to the successful implementation of the bounce 

amplifier in a laser system, and now that the advantages have been discussed, four 

specific considerations will be covered: the crystal geometry; the crystal cooling; 

the diode pumping; and the bounce angle. 
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F ig 3.7. Laser crystal geometry showing crystal dimensions and crystallo-

graphic axes, top and bottom cooling faces with the direction of heat removal 

(blue arrows), angled end faces with anti-reflection coatings at 1064 

(AR1064) and the direction of pumping (red arrows). The diode pumping 

face is anti-reflection coated at 808 nm (AR808). 

3.3.1 C r y s t a l g e o m e t r y 

The Nd:YV04 crystals used in the experiments throughout this thesis were a-cut 

slabs, such that the crystal cut is perpendicular to the crystallographic c-axis, 

with dimensions 20 x 5 x 2 mm, as illustrated in Fig 3.7. The end faces were an-

gled off normal to prevent parasitic self-lasing within the high gain amplifier and 

in addition were anti-reflection (AR) coated for the lasing wavelength 1064nm to 

further limit parasitic oscillations. The slab was diode-pumped at 808 nm on the 

20 X 2 mm front face, which was AR coated for this wavelength to reduce loss of 

pump power due to reflections. Dopant concentrations for NdiYVO^ are commer-

cially available in the 0.25 - 3 at.% neodymium doping range, and experimentally 

1.1 at.% is typically used, although some work in this thesis was also carried out 

with 0.7 at.% doping. 

In experimental work in this thesis, two different variations of crystal geometry 

were used. The crystals had the same dimensions but one had end faces angled 

at 5°, the other at 14°. All details of the crystal cooling and diode pumping that 

are to follow are identical for both crystal configurations. After this, an analysis 

of the bounce angle for a general crystal with an arbitrary end face angle will be 

discussed. 
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3.3.2 C r y s t a l cooling 

The top and bot tom 20 x 5 mm faces were conduction cooled to remove the heat 

generated by diode pumping. This conduction was by copper heat sinks with a 

good thermal contact between the crystal and metal surfaces maintained by a thin 

intermediate indium foil. The copper heat sink was connected to a constant flow 

and constant temperature water supply, with the blue arrows in Fig 3.7 indicating 

the heat flow from the crystal to the cooling mounts. The heat transfer in this 

geometry is thus predominantly in the vertical direction and so it is expected that 

thermally induced lensing within the Nd:YV04 will be strong in this direction due 

to the large temperature gradient between the centre of the crystal and the top 

and bottom cooling plates. 

3.3.3 D i o d e p u m p i n g g e o m e t r y 

The crystals may be pumped by a single diode bar, multiple diode bars in combi-

nation, or a diode stack. Using multiple diode bars adds a small degree of extra 

complexity to an otherwise simple alignment, and diode stacks, while good for 

high power amplifiers, can result in slightly poorer beam qualities due the inher-

ent structure in the pump radiation and hence gain region. The work in this thesis 

is carried out solely using single diode bars. 

The diode bars had fast axis collimation and were focused onto the laser crystal 

using a vertical cyhndrical lens, VCLp. This formed a vertical line focus on the 

face of the crystal whose dimension depended on the focal length of the VCL used. 

For a typical VCL_d focal length of 12.7 mm, the line focus has a dimension in the 

vertical of ~100 jjxa.. The emission from the diode bars was polarised parallel to 

the c-axis of the crystals used, which means the high absorption coefficient in that 

axis of ~30 cm~^ is accessed. This results in strong absorption of the pump power 

and a gain region which extends below the pump face of the crystal by ~330 jim.. 

A schematic of the pump geometry is shown in Fig 3.8. 
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Fig 3.8. Diode pumping geometry showing the bounce off the pump face 

of the crystal and the diode focusing lens, VCLd-

3.3.4 B o u n c e angle 

In the bounce geometry amplifier, the bounce angle employed is shallow, and the 

typical working range is 2° < 6* < 12°, essentially limited by the depth of the gain 

region and the physical size of the crystal. Experimental studies performed prior to 

the work in this thesis have shown that a bounce angle of 7° is optimal for achieving 

the best combination of high efficiency and high spatial quality. The next section 

describes refraction through a crystal with end faces angled at a general angle Oc-

Refraction in crystals with faces angled at 5° and 14° is described, together with 

the motivation for a 14° crystal. 

3.3.4 .1 Refract ion through a crystal w i t h angled end faces 

For a beam incident through a crystal, refraction takes place at the crystal end 

faces, as shown schematically in Fig 3.9. A beam is incident at an angle of Ô xt 

with respect to the crystal's front face and is refracted at a bounce angle 6, also 

with respect to the crystal's front face. On leaving the crystal, the refraction is 

symmetric and the beam leaves at the angle Oext- Applying Snell's law to the beam 
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Fig 3.9. Refraction of a beam through a general crystal with end faces 

angled at Re-

entering from the left hand side of the crystal gives: 

"^air sin^^ea;̂  "4" ^c) — T^cry sin(0 4" Oq) (3. 

where Uair and Ucry are the refractive indices of air and the crystal respectively, 

and 9c is the angle of the end face with respect to the normal of the crystals front 

face, as illustrated. This equation can now be used to calculate refraction angles 

for the two crystal cuts used in this thesis. 

3.3.4.2 Crystal w i th 5° end faces 

The general case of a crystal with end faces angled at 6c is now modified to one 

of the specific crystal cuts used in this work where 6c = 5°. Taking a crystal of 

Nd:YV04 like that used in the experimental work, for the analysis, and using the 

refractive index Ucry = 2.16, together with the refractive index of air as n,air = 1, 

equation (3.2) gives: 

1 X sin(6'EA;4 + 5°) = 2.16 X sin(6' + 5°) (3.3) 

In order to reproduce the optimum bounce angle of 6 = 7°, the external angle 

relative to the pump face at which the input beam should be incident can be 

calculated from (3.3) by substituting 6 = 7° and solving for 6ext- This is calculated 
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F i g 3.10. Refraction through a crystal with end faces angled at 14° 

to be 9ext = 21.7°. As the angles involved are small, the small angle approximation, 

sin(6') % 6, can be used, and taking Ucry = 2.2, (3.3) can be rewritten as: 

'ext + 5° = 2.2 X (# + 5° 

so that an approximate expression for the internal bounce angle can be given by: 

n ^ext ~t~ 5 
2.2 

- 5 (3.5) 

Using this equation, an internal bounce angle of 9 = 7° is achieved by an external 

angle of = 21.4° relative to the pump face, which is almost identical to that 

calculated from the exact equation (3.3). This ~ 20° external angle can be tricky 

and awkward to arrange experimentally, and may well be inconvenient when more 

than one bounce amplifier module is required. As a result, a different geometry 

was designed with end faces cut at 14°. 

3 .3 .4 .3 C r y s t a l w i t h 14° e n d faces 

For a crystal with 14° end faces, the cut is in the opposite direction to the 5° 

crystal and an incident beam experiences refraction in this crystal as illustrated in 

Fig 3.10. Applying Snail's Law as before with 9ext = 14° and again using a crystal 

of Nd:YV04 with n.cry = 2.16 gives: 

sin(ge^( + 14°) = 2.16 x 8in(14° - (3.6) 
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For an internal bounce angle of ^ = 7°, the required external angle can be cal-

culated to be dext — 1.3° with respect to the front face of the crystal. For the 

small angle approximation used before, the internal bounce angle can then be 

approximated as: 

" " (3 7) 

Which also gives a value of 9ext = 12°, and shows that , to a good approximation, 

a beam incident parallel to the front face of the crystal will exit without angular 

deviation, having followed a path internally with a bounce angle of 7°. Experi-

mentally this "linear" amplifier arrangement is a simpler way to ensure that the 

optimal bounce angle of 7° is achieved, and is also advantageous if two or more 

bounce amplifier modules are to be used in series in a power amplification scheme. 

3.4 Bounce g e o m e t r y laser oscil lators 

Having now covered the fundamental design and operating principles of the bounce 

geometry amplifier module, the implementation as an amplifier in a laser oscilla-

tor, to take advantage of the high gain and spatial averaging effects to produce 

high efficiency, high power, high spatial quality laser sources can now be consid-

ered. The simplest case of a multimode laser oscillator is explained first and then 

the effect of an intra-cavity lens is covered so as to be able to take account of 

the thermal lensing effects that will occur in the amplifier. This will then help 

to explain how the multimode cavity can be modified to become a high power 

oscillator operating on a high quality, TEMQO spatial mode. 

3.4.1 M u l t i m o d e b o u n c e laser osci l lator 

The simplest case of a laser oscillator based on the bounce geometry amplifier 

with a crystal with 14° cut end faces, is the cavity shown in Fig 3.11. The cavity 

consists of a highly refiecting plane back mirror Ml (reflectivity R = 100 % at 

the lasing wavelength 1064 nm) and a partially reflecting plane output coupler 

OC (Roc < 100 % at 1064 nm). The back mirror is placed a distance LI from the 

centre of the crystal, and the output coupler a distance L2. In this first specific 
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F i g 3.11. An experimental, symmetrical bounce laser oscillator. The 

cavity is formed by a 100 % reflecting plane back mirror Ml, and a partially 

reflecting plane output coupler, OC. The arm lengths LI and L2 are in this 

case equal. Mode-matching of the cavity mode in the vertical dimension is 

done by cylindrical lenses VCLl and VCL2 positioned at their focal length 

(f = 50 mm) from the centre of the crystal. The diode radiation is brought 

to a line focus by VCLd. 

instance LI = L2. 

The crystal can be pumped by single diode, a combination of diodes, or a diode 

stack depending on the available power of individual diodes and the requirements 

of the system. For all the work carried out in this thesis, the laser oscillator was 

pumped by a single nLight diode bar rated to produce a maximum optical output 

power of 40 W at the pump wavelength of 808 nm. The emitter bar was 1 cm 

in length and consisted of 64 100 yUm sized emitters separated by 150 /im. The 

room temperature emission spectrum was ~ 2 nm wide and generally centred on 

a wavelength slightly larger than the 808 nm required. This was shifted by con-

trolling the temperature of the diode heatsink to match the maximum absorption 

of the crystal. The emitters had a slow axis divergence of ~10° and a fast axis 

divergence of ^36° which was collimated by a microlens mounted on the emitters 

at manufacture. This collimated pump radiation was brought to a line focus on 
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the front face of the amphfier crystal by use of a plano-convex vertical cylindrical 

lens, VCLg, of focal length 12.5 mm. 

Inside the cavity, two further plano-convex VCLs (VCLl and VCL2) with focal 

lengths f = 50 mm were positioned at roughly their focal length from the centre 

of the crystal, so that the size of the fundamental cavity mode in the vertical 

dimension was matched to the small size of the line-focused pump radiation in 

that same dimension. This contributes to a very good spatial overlap between 

the cavity mode and the gain region, thus helping to achieve a high power, high 

efficiency system. Additionally, VCLl and VCL2 were orientated with their plane 

faces closest to the crystal to minimise the negative effects of spherical aberration 

in the system. 

This initial system is known as a symmetric bounce oscillator because the 

back mirror and output coupler arm lengths (LI and L2) are set equal. The 

minimum dimensions of the cavity are limited by the position of VCLl and VCL2 

and are to some extent dependent on the specific system requirements, but are 

typically in the range 60 mm < L1,L2 < 100 mm. For this type of short cavity, 

the fundamental mode is small in both horizontal and vertical dimensions and 

so due to the asymmetric gain volume the beam has near single mode spatial 

quality in the vertical (M^ ~1) where the mode shape and gain region are well 

matched, but is multimode in the horizontal where the un-extracted gain region is 

large enough that higher order spatial modes can experience enough gain to reach 

lasing threshold. For this reason, the symmetric bounce oscillator is also known 

as a multimode bounce oscillator. 

This simple type of cavity has now been well studied and previous investiga-

tions have determined that the optimum reflectivity for the output coupler in this 

high gain laser oscillator is typically Roc = 30 %. Using this, previous work has 

also demonstrated multimode bounce laser oscillators with very high efficiencies 

(optical - optical ~ 60 %; slope ~ 70 %) and high output powers (>50 W). In a 

preliminary study for this thesis, a multimode bounce oscillator was constructed 

and the resultant power curve together with the spatial mode profile of the laser 

beam is shown in Fig 3.12. For the multimode case, the important performance 

parameters are output power, optical-optical conversion efficiency, and to a lesser 
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Fig 3.12. Power curve and transverse beam profile at maximum pump 

power (inset) for a compact, symmetric, bounce geometry laser oscillator. 

Maximum output power is 23 W at 40 W pump power, with a 68% slope 

efficiency. 

extent, slope efficiency. As can be seen from the power curve, the output power 

of 23 W from 40 W of pump power represents an overall conversion efficiency of 

57 % which is very good for this basic arrangement. The best reported in this 

geometery is ^ 68 % [26] and the discrepency here is attributed to a number of 

factors. Predominantly the spectral quality of the pump diode, where very narrow 

band emission is desirable to maximise the population in the upper laser level, but 

also partly a poorer thermal contact which increases the strength of the thermal 

lens and affects the cavity mode and gain region overlap. The overall efficiency 

can never be greater than 74 % due to the quantum defect, and so achieving 57 % 

clearly illustrates the potential of the bounce amplifier. Another point to note 

regarding this system is the very linear nature of the power curve. There is no 

apparent saturation of the amplifier at the higher pump powers, indicating that, if 

the pump power was available, much more output power could be obtained from 

this simple system at a comparable efficiency. The downside of this simple con-

figuration is that the beam quality is relatively poor; this is unavoidable in this 
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particular geometry and so the mulitmode bounce oscillator is particularly suited 

to high power applications where good beam quality is not critical. 

These multimode cavities are relatively simple to align and produce high power, 

high efhciency operation from a very compact resonator. In many cases this could 

represent acceptable operating specifications. However, the ideal operating regime 

for laser oscillators is the production of a high efficiency TEMqo beam, with the 

possibility of high power operation if required. With a slight modification to the 

multimode cavity design, a bounce geometry oscillator can be configured for this 

high efficiency, high power operation in a TEMqo mode. To achieve this, the 

cavity in Fig 3.11 is changed so that L2 > LI, thus producing an asymmetric 

cavity. Previous studies have shown that the optimum dimensions have L2 ~ 

300 mm and LI ~ 80 mm, and adjustment of these for a given pump power can 

optimise beam quality and output power. To understand why this asymmetric 

configuration produces TEMqo operation, and to gain an understanding of the 

operating stability of the cavity under varying pump powers, and hence varying 

thermal lens strength, it is necessary to look in a little more detail at the effect 

an intra cavity thermal lens has on the spatial modes of the cavity. 

3.4.2 Cav i ty s tab i l i ty a n d t h e effect of a n in t ra -cav i ty lens 

Knowledge of the cavity mode shape and its size, both in the gain region and on 

the output coupler, is a useful way of monitoring the performance of the oscillator, 

and an understanding of how they change with varying pump power will help when 

trying to design improvements to the cavity. For fixed cavity dimensions, an intra-

cavity lens will define the shape and size of allowed modes within the cavity and 

so varying the strength of the lens can cause significant changes to the form of 

the cavity mode. The refractive index gradients created in the laser crystal due 

to thermal loading act as a lens of this form. Therefore, as the strength of the 

thermal lens increases with the pump power, due to the increased thermal load, 

the cavity mode size and shape can change significantly and the performance of 

the system will vary. 

It was shown previously (Eqn(3.1)) that the strength of the thermal lens can 
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1 _ dn/dT ^Pp 
be given by: 

K = ^ = ni" 
'^p 

where ^ is the fractional heat load, Pp is the absorbed pump power and Wp is the 

1/e^ Gaussian radius of the pump beam. This is the case for an end pumped, 

cylindrical rod geometry with circular symmetry, as most of the work into ther-

mal lensing in solid-state media has considered. However, for the side pumped 

bounce geometry considered here, there is no cylindrical symmetry, the refractive 

index gradients are different in the horizontal and vertical directions and so the 

magnitude of the thermal lensing in the two directions will also be different. 

In the vertical direction (normal to the plane of the bounce), the thermal lens 

is expected to be strong because the small size of the pump region will give a large 

temperature gradient between this area of highest thermal loading and the cold 

heatsink. However, the mode size in the vertical is small due to the focusing of 

the vertical cylindrical lenses incorporated into the cavity, and so is limited by 

diffraction. The lensing in the horizontal direction (in the plane of the bounce) 

is weaker, but the beam size is relatively much larger than in the vertical and so 

the lensing effect becomes more significant. In a previous study, the astigmatism 

of the cavity has been characterised as the ratio between the dioptric powers in 

the vertical and horizontal directions, and was found to be approximately 20 [84]. 

Despite this, the effect of the thermal lens on the mode in the horizontal direction 

within a bounce cavity will be the most significant contributor to the stability and 

performance of the system. 

A model for finding mode sizes and describing the mode shape inside a cavity 

containing a thermal lens was first developed by Magni in 1986 [85]. He considered 

a solid state laser containing an amplifier rod which when pumped, acted as a 

thermal lens whose dioptric power increased with pump power. This was modeled 

as a thin lens positioned at the centre of the amplifier rod, a distance Li from a 

back mirror, and L2 from the output coupler. The cavity length is then: 

JL = 2,1 4-JD2 (3 8) 
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And the effective length of the cavity is defined as: 

L' = LI + L 2 - ^ (3.9) 

The p-parameters and ^2 used in resonator stability analysis are then given by: 

L2 L' 
T Ri 
Li V 
f ̂ R2 

(3.10) 

where Ri and R2 are the radii of curvature of the two end mirrors. For a plane-

plane cavity such as is used in the bounce, Ri = R2 = 00, and these simplify 

to: 

9. = l - y 

92 = 1 — Y (3-11) 

Resonator stability is given by the condition 0 < gig2 < 1 and a plot of pg as a 

function of gi is shown in Fig 3.13 to help understand the stability of the bounce 

cavity. The axes correspond to gipg = 0, the hyperbolae to gig2 = 1 and the two 

areas indicated Zone I and Zone II correspond to stable regions of operation of the 

laser cavity. Starting at the point 1 and following the line indicated corresponds 

to moving along a line of increasing thermal lens power within a fixed cavity. 

This shows that for a general, asymmetric cavity, there are two stable regions of 

operation separated by an unstable region and these are defined by the strength 

of the thermal lens at four specific points. The equation of this straight line may 

be written as: 

92 = + (1 — — ) (3.12) 

so the gradient of the line is defined by the ratio L1/L2, or the degree of asymmetry 

in the cavity. Thus, for the symmetric cavity, the line has a gradient of unity and 

passes through the origin of the stability plot, as indicated by the dotted line in 

Fig 3.13. This results in the symmetric cavity having a large single stability region 

up to high pump powers. It can then also be seen from Fig 3.13 that as the degree 

of asymmetry increases and the gradient of the line changes, the region of unstable 

operation becomes larger. 



Fig 3.13. A plot of the cavity stability parameters gi and 52 showing the 

cavity stability zones for an intracavity lens with focal length f. Zone I and 

Zone II are regions of stable cavity operation. Points 1-4 mark specific mode 

shapes inside the cavity. The hyperbolae represent gigg = 1. 

For the general, asymmetric case, the edges of the stability zones correspond to 

particular mode shapes determined by the power of the thermal lens, these points 

are shown schematically in Fig 3.14. For the case of no diode-pumping, there is no 

thermal lens ( 1 / / = 0) so = 5*2 = 1 and the cavity mode is as pictured in Fig 

3.14.1. The cavity is then stable under further pumping, until point 2 is reached, 

at which point the power of the thermal lens is 1 / / = I /L2 and is strong enough 

to form a waist at the mirror in the long arm of the cavity, Fig 3.14.2. The cavity 

is then unstable until point 3, when the pumping has produced a thermal lens 

with power 1 / / = l / L i , and the mode forms a waist at the mirror in the short 

arm of the cavity. Fig 3.14.3. The cavity is then stable until point 4 where the 

thermal lens is strong enough to form a waist on both mirrors. Fig 3.14.4, and has 

a power 1 / / == 1/Li + I/L2. 

To understand why the asymmetric case then leads to TEMQO operation, con-

sider how the power of the thermal lens affects the size of the mode in the gain 

region. Magni shows that the spot size on the thin lens being considered as the 
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Fig 3.14. Thermally-induced lensing effect on beam propagation through 

the cavity. Points 1-4 illustrate the mode shape at the edges of the stability 

regions marked in Fig 3.13 for specific values of the thermal lens power. G 

marks the position of the gain medium (and hence thermal lens). Li and 

L2 are the cavity arm lengths. 

gain region, can be expressed as 

A IKL1L12 Li -\- L2 

^ tt [(1 - v 2 ' 
(3.13) 

Fig 3.15 shows a plot of Wg against l / f for an asymmetric cavity, where the two 

stability regions can be clearly seen. The cavity is stable while the mode size in the 

gain remains a finite size, and so as the spot size asymptotically tends to infinity 

the cavity becomes unstable. These unstable points can be seen to coincide with 

the thermal lens powers of l / f = 0, I/L2, 1/Li, 1/Li + I/L2, as in the cavity 

mode shape discussion above. For high efficiency TEMQO operation, the cavity 

mode size in the gain region has to match closely the size of the gain region itself, 

therefore the minimum spot size Wgo should be close to Xg, the approximate size 

of the gain region as seen by the mode in the bounce geometry. Magni also shows 

that the minimum spot size in the gain region can be shown to be given by: 

2A 1 
w 90 TT A J 

(3^14) 

where A ( l / / ) is the width of the stability region as indicated in Fig 3.15 and is 

equal to l/Z/g. Therefore, Wgo (x y/L2 and as the length of the longer cavity arm 
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Fig 3.15. Stability curves for an asymmetric cavity where Wg is the spot 

size in the gain region that has size Xg. The higher order modes have much 

larger spot sizes and so suffer larger diffractive losses. 

is increased, the plot in Fig 3.15 shifts upwards and the minimum spot size of the 

cavity mode can be matched better with the gain region size. 

Equally important for TEMQO operation are the stability curves for higher order 

spatial modes of the cavity. These are shown on Fig 3.15 and have the same form 

as for the fundamental mode but with much larger spot sizes. This is significant 

for the operation of a TEMQO cavity. By operating the laser close to the beginning 

of one of the stability zones, it can be seen that while the fundamental mode may 

be smaller than the gain region, the higher order modes of the cavity are subject 

to far higher diffractive losses and are thus suppressed, even if there is a large 

amount of un-extracted gain. Thus, by suitable choice of cavity arm lengths, it is 

possible to configure a cavity such that for a certain region of pump powers (and 

hence thermal lens power) the only cavity mode that is stable is the TEMQO, and 

this is also well matched to the gain region for high efficiency operation. This has 

been achieved in a previous study where ultra-high efficiency operation (>68%) 

was obtained in a TEMQO beam with high power [26]. 
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Fig 3.16. An experimental, asymmetric bounce laser oscillator. The 

cavity is formed by a lOffVo reflecting plane back mirror Ml, and a partially 

reflecting plane output coupler, OC. Mode-matching of the cavity mode in 

the vertical dimension is again done by cylindrical lenses VCLl and VCL2. 

The diode radiation is brought to a line focus by VCLn. 

3.4.3 T E M o o a s y m m e t r i c b o u n c e laser osci l la tor 

The multimode bounce oscillator has been shown to be capable of producing high 

power, high efficiency laser beams, but is unable to produce the high spatial quali-

ties that are demanded of many applications due to the fact that the fundamental 

cavity mode size in the plane of the bounce is much smaller than the high gain 

region, and so higher order spatial modes may oscillate. TEMoo operation can 

be achieved by making the cavity arm lengths asymmetric which generates a bet-

ter matching between the gain and spatial mode, and also prohibits higher order 

spatial modes from oscillating and degrading the beam quality. In a preliminary 

study to this thesis, one such asymmetric cavity was constructed, and is shown 

in Fig 3.16. The cavity is very similar to the multimode oscillator in Fig 3.11 in 

that it consists of a 1.1 at.% neodymium doped Nd:YV04 crystal with end faces 

cut at 14°, pumped by a single diode bar rated to produce a maximum optical 

output power of 40 W at the pump wavelength of 808 nm, with the pump radia-
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F ig 3.17. Power curve for the asymmetric cavity, clearly showing the 

two stable regions of operation. Inset shows the output beam quality in the 

second stability region. 

tion brought to a hue focus on the front face of the amphfier crystal by use of a 

plano-convex vertical cylindrical lens, VCLj^ with focal length 12.5 mm. Inside the 

cavity, two further plano-convex VCLs (VCLl and VCL2) with focal lengths f = 

50 mm were positioned at their focal length from the centre of the crystal so that 

the size of the fundamental cavity mode in the vertical dimension was matched 

to the small size of the line-focused pump radiation in that same dimension. The 

cavity was once again formed by a highly reflecting plane back mirror Ml (re-

flectivity R = 100% at the lasing wavelength 1064 nm) and a partially reflecting 

plane output coupler, OC (Roc = 30% at 1064 nm). The back mirror was placed a 

distance LI from the centre of the crystal, and the output coupler a distance L2. 

For this asymmetric, TEMQO case, LI = 80 mm and L2 = 300 mm was chosen. 

The power curve for this cavity is shown in Fig 3.17 and is distinct from the 

multimode case in Fig 3.12 in that there are several different regions of operation 

clearly visible. From threshold, there is an initial increase in output power to a 

first peak. This corresponds to the first region of stability in Fig 3.13, between 

points 1 and 2. The power then drops significantly, despite the increased pumping, 

before starting to increase again, which corresponds to the unstable region in Fig 
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3.13 between points 2 and 3. The steady increase in power is then the second 

region of stabiUty in Fig 3.13, between points 3 and 4. It is seen that this cavity 

does not become unstable again and this is due to the thermal lens being too 

weak to be able to form a waist at both cavity mirrors. It is also worth noting 

tha t the slope efficiency of the laser is very different in the two stable regions. 

Indeed, in the second stability zone it seems that the slope efficiency is over or 

approaching 100 %, whereas the quantum defect hmit would suggest that the 

maximum attainable slope efficiency should be ~74 %. The large slope efficiency 

near the start of the second stabilty zone is in fact due to the rapidly improving 

overlap between the cavity mode and the gain region caused by the strong thermal 

lens. If the pump power could be increased further, the slope efficiency would 

reduce to a level similar to that seen in the first stability zone. 

Good beam quality is achieved throughout both stability zones, and the highest 

quality TEMQO operation is achieved at the start of the second stability zone, an 

example of the beam profile is also shown in Fig 3.17. The maximum output 

power from this cavity was 18.1 W, achieved with a pump power of 40 W. This 

is lower than the multimode case due to the reduced spatial overlap between the 

TEMoo cavity mode and the gain region, although the overall efficiency of 45 % is 

still excellent for this type of cavity. 

3.5 Conclusions 

This chapter has introduced the bounce geometry laser and how its unique features 

enable it to produce high power outputs with very high spatial quality. Initially, 

the thermo-optic effects in solid state media had to be considered and so the 

mechanisms of quantum defect heating, Auger upconversion, cross relaxation and 

excited state absorption, by which heat is deposited in the laser crystal, were 

detailed. This heating leads to refractive index gradients in the crystal which 

effectively act as a lens in the cavity, whose strength varies with the applied 

pump power, affecting the cavity stability. The heating also leads to expansion 

of the crystal which generates strain in the crystal lattice and results in stress 

induced birefringence which distorts the polarisation state of the laser beam. The 
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gain of the laser medium is polarisation dependent and so the beam experiences 

non-uniform gain across it 's transverse profile, degrading it's quality. These two 

effects are both more pronounced at high pump powers and can casue significant 

performance limitations in high average-power solid state systems. 

The concept of the bounce geometry is then introduced as a means of combating 

the thermal lens and gain non-uniformities present at high pump powers. The basic 

idea behind the bounce is shown to be that by taking a total internal reflection off 

the pump face of the laser crystal, the very high inversion region close to the surface 

can be accessed, and the bounce path enables significant averaging of both the gain 

non-uniformity and the thermally induced lens aberrations. The passage through 

the high inversion region at the pump face also means that the bounce geometry 

exhibits very high gain and optical-optical conversion efficiencies. The methods of 

cooling by which the excess heat is efficiently removed from the crystal is briefly 

detailed, together with the diode pumping geometry and the explicit geometric 

form of the laser crystals used in this thesis. 

Having covered the general operating principles of the bounce geometry, two 

specific experimental cavities are discussed. The first of these was a simple, com-

pact, symmetric cavity which produces a spatially multi-mode output of 23 W 

when pumped with a 40 W diode, giving an overall optical-optical conversion effi-

ciency of 57 % with a slope efficency of ^ 6 8 %. Before being able to describe the 

construction of a TEMQO cavity, the cavity stability theory of Magni is discussed. 

This describes the effect of an intracavity lens on the cavity mode shape and so 

is useful in describing the effect of the thermally induced lens. The theory shows 

that two distinct regions of stable laser operation should occur, depending on the 

position of the intracavity lens relative to the cavity mirrors. A second bounce 

geometry cavity is then detailed which has the laser crystal positioned asymmetri-

cally within the laser cavity. This is shown to produce a maximum output power 

of 18.1 W in a TEMQO beam, with two distinct regions of stable operation visible 

in the total operating range. 

In the context of this thesis, these two experimental cavities serve as a demon-

stration of the ease with which the bounce geometry can be used to produce a 

high power, TEMQO output. It is anticipated that obtaining stable modelocked 
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performance will be sensitive to the attainable beam quality and so a robust, 

high-power, high-beam quality cavity will be required. T h asymmetric bounce 

cavity provides this and so will be used as the starting point when it comes to 

designing a modelocked cavity. 
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Chapter 4 

A S E S A M modelocked bounce 

geometry laser oscillator 

4.1 I n t r o d u c t i o n 

With the function of the bounce geometry and the basic mechanisms of pulsed 

behaviour now understood, this chapter can move on to describe the main ex-

perimental work of the thesis. The aim of the work undertaken was to examine 

the feasibility of producing a high power, efficient, picosecond laser source based 

on the bounce geometry amplifier. In order to do this, one of the modelocking 

mechanisms described in Chapter 2 needed to be chosen. Saturable absorber mod-

elocking was the mechanism employed initially as it is generally the simplest to 

implement. The saturable absorber to be used will be a semiconductor saturable 

absorber mirror (SESAM) which is an integrated device based on a small number 

of semiconductor quantum wells grown on top of a Bragg mirror. This was chosen 

mostly for its simplicity and availability, with commercial devices being readily 

available with a range of operating parameters. The use of SESAMs for short 

pulse production in solid-state laser media is now widespread [86-95] and so the 

principles of operation are now well understood and the manufacturing processes 

are of a high quality. 
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Fig 4.1. Schematic cavity used to calculate transmission operators for the 

gain, loss, and saturable absorber (SA) elements 

The chapter begins by covering in more detail the saturable absorber modelock-

ing mechanism introduced briefly in Chapter 2. This is followed by a description 

of the form and function of the SESAM devices to be used in this experimental 

work. There is then a discussion of the design considerations that will be impor-

tant when building the modelocked cavity and the variables that will be available 

to modify the performance. The experimental laser cavities are then introduced 

as a development process of cavity modification, leading to the description of a 

picosecond modelocked bounce geometry laser oscillator with a 12 ps pulse dura-

tion, and 6.1 W of average power at a repetition rate of 81 MHz. The chapter 

is concluded with a brief discussion on power scaling, and an experimental im-

plementation of a Master Oscillator Power Amplifier system is demonstrated as 

a means of achieving high power modelocked operation. This results in a 30 ps 

pulse train with average power 60 W at a repetition rate of 77 MHz, through use 

of a bounce geometry amplifier that gives a 50 % extraction efficiency. 

4.2 Ac t ion of a s a tu rab l e abso rbe r 

Having looked briefly in an earlier chapter at the qualitative action of a saturable 

absorber in a cavity, the action of a fast saturable absorber is now considered in 

more detail. This theory was developed mainly by Haus, with some early work 

, done by Siegman and Kuizaga [96-98], although here the treatment by Svelto [99] 

will be outhned. 

Consider a schematic laser cavity such as the one shown in Fig 4.1 where the 

two cavity mirrors enclose a gain element, a non-saturable loss element, and a 

saturable loss element. The analysis proceeds by constructing transmission opera-



tors that describe the effect of each element on the pulse, for each of the elements 

in turn. These transmission operators are then combined together with the re-

quirement for replication of the pulse on one round trip in the cavity, to produce 

solutions that give the shape of the pulse. 

The first step is to construct a transmission operator for the gain element. 

This is done by considering the effect of a single pass through the amplifier on the 

spectral amplitude of the pulse, A^j. If is the amplitude before the amplifier, 

and A^^2 is the amplitude after, then tg, such that A^^2 = tgAj.i is given by: 

where n is the refractive index of the gain medium of length I, loq is the central 

laser frequency, and Aw is the FWHM of the laser line. The first term corresponds 

to a phase delay on passage through the ampifier and the second term describes 

the effect of the gain, such that the power gain of the amplifier is given by: 

= exp{^o(^)} (4.2) 

so tha t the frequency dependent gain, goiyj), is the expected Lorentzian lineshape 

for a homogeneous line. 

2o(k;) = —-;-2 (4-3) 
1 I j 2(a)-fajp) I 

( zku ; 

If it is assumed that the spectral width of the pulse is somewhat narrower than 

Aw then the argument of the second exponent in Eqn(4.1) can be expanded as a 

power series in (w — Wq), so that to second order: 

X exp < — 
/ 2(w — wo) 

Aw 
(4.4) 

The imaginary terms in the first exponent of Eqn(4.4) correspond to a phase delay 

acquired by the beam on passage through the amplifier. This corresponds to a 

time delay of the pulse, which is given by: 

= ^ + (4.5) 

dw c Aw 

Thus the delay is not simply nl/c but has an additional term contributed by 

the gain line which could be significant in certain applications. For example in 
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active modelocking schemes it needs to be accounted for so that the period of the 

modulator can be matched to the round trip time of the cavity. 

The pulse amplitude is generally considered in a suitable local time parameter, 

and since the current interest is only the effect of the amplifier on this pulse 

amplitude, the phase term will be ignored from now on so that the single pass 

transmission operator is: 

2(u — 
tg = exp 1 

Aw 
(4.6) 

Any loss introduced by the end mirror will also be ignored as this will be accounted 

for in the overall cavity loss. The modified pulse then passes through the amplifier 

again, experiencing another factor of tg so that the spectral amplitude after a 

double pass though the amplifier, ^1 ,̂3, is given by: 

exp < 0̂ 1 -
2(w — Wo) 

Aw 
(4/n 

Assuming that ^ 1 (this is not necessariy valid all the time, but makes the 

analysis simple), the exponent can be expanded to give: 

2(w — Wo) \ 
S 1 + 5'0 1 

Aw 
(4.8) 

This now describes the effect a double pass through the amplifier has on a pulse's 

spectral amplitude. To proceed further, one needs to know the effect of the trans-

mission in the time domain. To do this, use is made of the property of a Fourier 

transform which says that for a Fourier transform pair, v4(w) ^ 

d " a ( t ) ' 
FT 

Applying this to Eqn(4.8): 

df' 
— {i(w — wo)}"A(w) 

^3(^) — S 1 + 9o 
dt^ 

Ai{t) 

(4.9) 

(4.10) 

Where Ai{t) and A3{t) are the pulse amplitudes entering, and leaving the amplifier 

after one round trip. This then demonstrates that the effect of the amplifier on the 

pulses's amplitude after one round trip can be described by a round trip operator: 

Aw / di^ 
Tg — \ I + go 1 + o l l l ) 
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Next, the effect of cavity losses arising from partial mirror reflectivities and any 

other internal losses, not including the saturable absorber, are considered. These 

are all combined into a single loss parameter represented by the "loss" element in 

Fig 4.1. If A3{t) is the pulse amplitude entering the loss element, and the 

pulse amplitude after transmission, then: 

= [exp(-3/c/2)]A3(() (4.12) 

so that the ratio of the respective intensities, h / h = (A^/Ag)^, shows the ex-

pected value exp(-7c). The transmission factor for the round trip is then given 

by exp(—7c). This can be expanded to give a transmission operator for the non-

saturable round trip cavity losses of: 

31 = 1 ---yc (4.13) 

Finally, the action of the saturable absorber is taken account of. This is initially 

written in the same form as Eqn(4.12) 

tsa = e x p { — ( 4 . 1 4 ) 

where 'jsa is the single pass loss of the absorber, and is assumed to be of the form: 

Isa = ^ J (4-15) 

where 7' is the unsaturated loss of the absorber, I = I{t) is the pulse intensity, 

and Is is the saturation intensity of the absorber. The double pass transmission 

through the absorber is then — exp(—7^). Under the assumptions that 7' <C 1 

and {I/Is) 1 (again, these assumptions are not necessarily always valid, but 

make the analysis simple) the approximations: 

(4.16) 

are valid, and by introducing \A\^ as the beam intensity, the transmission operator 

for a double pass of the saturable absorber can be written as: 

7; . = 1 -- (4.17) 
's 
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Now that a full set of transmission operators for the elements in the cavity 

have been obtained, self-consistency of the propagating pulse requires that in the 

steady state: 

== ;i(z) (4.113) 

and so combining Eqns(4.11),(4.13),(4.17) with the assumption that {go, jc, Y ) 1 

results in: 

9o 

Which has solutions; 

where 

/ 2 
1 I j - 7 c - y + Y - ^ M W = 0 (4.19) 

Is 

A(t) = Aq sech(- ) (4.20) 
r 

r = 
. y y v l ^ l 

(4.21) 

and with Qq being such that: 

7= -k l / -- 2 , -- (/ls!2) 

It is therefore seen from Eqn(4.20) that the intensity profile, of steady state 

pulses in any cavity containing a saturable absorber is a sech^ form. It can also 

be seen from Eqn(4.22) that go < 7c + Y - This demonstrates that while the 

absorber is unsaturated, the saturated gain of the cavity is lower than the total 

unsaturated cavity losses and so the laser has a net loss. During the passage of 

the pulse through the absorber, the total cavity losses are reduced so that a time 

window of net gain exists only during passage of the pulse. 

4.2.1 Fas t a n d slow s a t u r a b l e a b s o r b e r s 

Up to this point, when considering the action of a fast saturable absorber on a 

cavity, it has been implicitly assumed that an ideal fast absorber whose absorption 

parameter reacts instantaneously to the intensity of the prevailing pulse is being 

considered. This resulted in the formation of a net gain window, which was opened 

and closed by the leading and trailing edges of the pulse. This window was open 

for a time comparable to that of the pulse duration, resulting in pulse shortening 
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Fig 4.2. Saturable absorber response for a slow absorber showing a long 

period of net gain in the tail of the pulse. (Adapted from [100]) 

on each pass through the absorber. In practice this is not the case however, as 

the processes leading to the saturation effect occur on a finite timescale. Typi-

cally, saturable absorbers can react effectively instantaneously to the intensity of 

the pulse in the leading edge, but once saturated, they require a relaxation time 

to decay to their unsaturated state so that subsequent pulses can saturate the 

absorber again. 

These relaxation times are typically lO's - lOO's picoseconds (even nanoseconds 

for some organic dyes) and so it is quite easy to imagine a situation in a solid state 

laser system, where the pulse duration is significantly shorter than the relaxation 

time of the saturable absorber which is supposed to be affecting it. We are not 

however, in a situation where the gain changes during passage of the pulse; the 

gain in solid state medium will saturate with the average intracavity intensity. The 

qualitative treatment described in §2.3.2 for a 'slow' saturable absorber therefore 

does not apply in this case. What is true, is that a situation arises where using 

an absorber with a relaxation time much larger than the duration of the pulses 

it is generating, results in a net gain window which can be open for a significant 

length of time after the pulse has passed (see Fig 4.2). 

Initially it seems as though this situation should not be possible. Pulses with 

durations much shorter than the relaxation time would not be stabilised by the 

absorber, because the long net gain window behind the pulse would amplify it 's 

trailing edge, or noise inside the cavity. This was assumed to be the case for a 

long time and so it was surprising when numerical modelling [101] showed that 
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pulses with durations much shorter than the relaxation time of the absorber could 

be sustained. In fact, these models showed that a guideline for the minimum 

achievable pulse duration with this type of 'slow' absorber was only ~10 % longer 

than for an ideal fast absorber. 

Two main things were found to contribute to this [100, 101]. Firstly, the 

losses due to the filtering action of the gain decrease quadratically with the pulse 

duration, Eqn(4.22), this means that the gain clamps to a lower value for the 

slightly longer pulse and so the net gain window is open for a shorter time in the 

tail (Fig 4.2). Secondly, the action of the absorber on the leading edge of the pulse 

effectively delays the pulse, shifting the peak backwards so that any noise can be 

absorbed before it has time to grow. From this consideration it is possible to 

obtain a guideline for the minimum pulse duration that can be supported stably 

by an absorber with a given recovery time [101]. 

The net gain immediately after passage of the pulse can be approximated as 

Y / S where S is the saturation parameter of the absorber, defined as the ratio of the 

pulse fluence to the absorber saturation fluence, Fp/Fgat- The absorber recovery 

follows an exponential tha t can be approximated to a linear decay immediately 

after the pulse peak (see Fig 4.2) with a slope — Y/rg, where TQ is the recovery 

time of the absorber. This allows us to define a time over which there is a net 

gain behind the pulse, measured from the peak of the pulse, this is = Ta/S. 

Numerical simulations have shown that the temporal shift of the pulse per 

round trip was: 

At % 0.12 X Y X Tp (4.23) 

for sech^ pulses of duration r^, and was only weakly dependent on S. Considering 

a small amount of noise at a time Ta/S behind the peak of the pulse, it experi-

ences a linearly rising gain as the pulse is slowly shifted backwards, and the total 

gain experienced by the noise before it completely merges with the pulse can be 

calculated as; 

" " " 

Setting the condition that this gain should be small enough so that the noise does 

not acquire energy comparable to the pulse energy allows an estimation of the 
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minimum pulse duration attainable. It is known that 60dB is enough to amplify 

quantum fluctuations to significant levels so if this is the maximum gain allowed, 

Qtot < In 10® ^ 14. Together with a saturation parameter of 5, this results in 

the simple stability condition that Tp > O.OISto, which says that an absorber can 

stably modelock a pulse with a duration up to 80 times shorter than its own 

recovery time. 

This condition is quite flexible though and depends on the saturation parameter 

chosen, as well as the accepted level of gain for the noise. However, because of 

the typically logarithmic nature of gain statements, a large change here does not 

strongly alter the limit. For larger saturation parameters, the net gain after the 

pulse is smaller, and the time window of net gain is shorter. This is only slightly 

offset by a smaller temporal shift of the pulse (Eqn(4.23)) and so even shorter 

pulses can be supported if the saturation is stronger. The criterion does not 

depend on the modulation depth of the absorber however, because a doubling of 

the modulation depth would give twice the net gain after the pulse, but also twice 

the temporal shift, so that the time for amplification is reduced by half and the 

total gain remains the same. 

What has just been shown then, is tha t within the type of modeloeking de-

scribed in §2.4.2.1 as 'fast saturable absorber', there is a further distinction be-

tween cases with an ideally fast absorber, and one with a recovery time significantly 

longer than the pulse duration obtained. This type of 'slow absorber' modelock-

ing is different from that described in §2.4.2.2 however because it does not make 

use of dynamic gain saturation. It requires a slightly different treatment than the 

ideal fast case to explain how the absorber can stabilise the pulse production when 

there is a net gain window of significant duration in the tail of the pulse. It was 

thus demonstrated, with a few simple assumptions, tha t a saturable absorber can 

produce stable pulses with durations significantly shorter than its recovery time. 

4.2.2 T h e Q-swi tch ing i n s t a b i h t y 

The discussion so far has been based around achieving CW modelocking (CWML), 

that is, a continuous train of pulses of equal duration and peak amplitude. How-
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Fig 4.3. The two different regimes of modelocking. Constant peak height 

CW (a), peak height modulated by a giant pulse Q-switched envelope (b). 

ever, because the cavity created has a time varying loss, together with a laser 

medium that has a relatively long upper state lifetime, it is possible for the cavity 

to operate in the regime of Q-switched modelocking (QSML). Here, a train of 

short pulses with the same duration, separated by the cavity round trip time is 

still generated, but this time the amplitudes are modulated by a giant pulse with a 

duration many times longer than the round trip time (see Fig 4.3). Typically, the 

modelocked repetition rate will be of the order megahertz, determined by the cav-

ity length, whereas the Q-switched repetition rate will be in the kilohertz range, 

determined by the relaxation oscillation period of the laser medium. For some 

applications involving second harmonic generation or other frequency conversion, 

micro-fabrication or surgery, this Q-switched form can be useful as it provides 

greater peak pulse energy but still in a modelocked pulse train. It is the inten-

tion though to produce a stable, CW modelocked source and so an idea of the 

conditions that have to be fulfilled in order to avoid Q-switched operation will be 

useful. 

Assuming a slow absorber and also that the absorber fully recovers in between 

each pulse, which is a reasonable assumption to make as the pulse separation will 

typically be several nanoseconds and the absorber recovery can quite easily be 

tens of picoseconds (for ultra high repetition rate lasers this condition may not 

necessarily be trivial), it can be shown that the mode-locked laser can be described 
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by the following coupled rate equations [102]: 

T r ^ = 5 - TO - {4.26) 

^9 ~9 ~ 9o Ep 
(4.26) 

dt tl ESLTR 

where ti is the upper state lifetime of the gain medium, Ep is the energy of a pulse 

in the cavity, Esl is the saturation energy of the gain, and % is the round trip loss 

in average power. For stability, it is required that the relaxation oscillations are 

damped so that no large scale oscillations can grow into Q-switched behaviour. 

Linearising the differential equations around the average values of g and Ep it can 

be shown that the stability condition is [103]: 

d% 
Ep 

dEp 
<: 4- (4.27) 

tl ESL 

where the bar denotes the average value of Ep. Physically, this can be understood 

as follows: If the pulse energy rises slightly from relaxation oscillations, the pulse 

energy will start to grow exponentially because of the stronger saturation of the 

absorber. This increased pulse energy however will also start to saturate the gain, 

and so the laser is stable against the relaxation oscillations (and hence Q-switching) 

if the gain saturation is strong enough to prevent this exponential growth in pulse 

energy. 

This equality can be easily transformed into a combination of easily deter-

minable experimental parameters if a series of common assumptions are made 

[102]. If it is first assumed that the modulation depth is small (4Cl), that the 

non-saturable losses are also small (effectively, the output coupler transmission), 

and that strong saturation of the absorber is present, qp can be replaced with: 

j?(j5p) = 1 -- (/lsi8) 
H/p 

where R{Ep) is the non-linear reflectivity of the absorber, AR is the modulation 

depth and Esa is the saturation energy of the absorber, which is related to the 

mode size on the absorber and so will depend on the specific geometry used. It is 

then assumed that operation is far above threshold so that the term involving tl 

in Eqn(4.27) can be neglected. The stability then depends only on the saturation 

107 



energy of the laser medium and Eqn(4.27) can be rewritten so tha t the criterion 

for stability against QSML is: 

All the parameters in this equation, although dependent on the specific geometry 

of the cavity, are relatively easily determined experimentally. There is likely to be 

some difficulty in estimating the mode size both on the absorber and in the gain 

medium, but as the expression above relies heavily on assumptions and approxi-

mations that may become invalid in certain cases, a sensible estimate should give 

some idea of how close to the stability limit one is. 

It has been seen that various systems do not necessarily correlate with this 

equality, especially ones involving ultra short pulses, and that there can be other 

effects that contribute to Q-switched formation, for this reason Eqn(4.29) should 

only be considered a very general rule of thumb for pulses in the picosecond range. 

What is clear though, is tha t although it may seem from §3.3 that a large modula-

tion depth is favourable for short pulse generation, this will also have a detrimental 

effect on the stability of the system and so any increase in AR has to be balanced 

by a corresponding increase in pulse energy. Whether this is always possible will 

depend greatly on the geometry of the laser system used. 

4.3 Semiconduc to r Sa tu rab l e A b s o r b e r M i r r o r s 

(SESAMs) 

Up to this point, saturable absorbers have been discussed as essentially 'black box' 

devices. The assumption has been that they exist, and have the properties desired 

of them, but very little has been said of how one might be realised in practice. 

The semiconductor saturable absorber mirror (SESAM) is now introduced as the 

saturable absorber that will be used in large part in this thesis to modelock a 

bounce geometry laser oscillator. As the name suggests, the device is based on 

absorption in a semiconductor material. In the vast majority of modern implemen-

tations, and in the devices used in this thesis, the absorbing region is integrated 

into a structure that also contains a highly reflecting mirror. Modelocking is then 
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relatively simple to implement as this monolithic structure simply replaces one of 

the highly reflecting cavity mirrors. 

The SESAM has evolved enormously since its inception, so that now the growth 

procedures and mechanism are very well understood and they can be virtually tai-

lor made over a wide range of design parameters to suit the particular application. 

They are very versatile and have been demonstrated in a vast array of different 

solid state and semiconductor laser schemes. They have been used in high average 

power systems at up to 80 W [104]; for ultra-short pulse generation where they 

have been used to generate 13 fs pulses direct from the cavity [105]; implemented 

in ultra-high pulse repetition rate systems up to 160 GHz [94]; in traditional solid 

state slab lasers with a variety of lasing species and host crystals [106, 107], in 

both diode and lamp pumped schemes, as well as in thin disc geometries [95]; in fi-

bre lasers [89] and in all-semiconductor VCSEL's to produce ultra-small, compact 

systems [108]. 

4.3.1 S E S A M device s t r u c t u r e 

A typical SESAM structure is shown in Fig 4.4. The absorption of the SESAM 

device comes from the use of a single, or small number, of quantum wells. This 

absorber-well is typically made out of InGaAs or AlGaAs depending on what 

wavelength range the laser will be operating in, and is sandwiched between half 

wavelength layers of GaAs. The concentrations of indium (In) and aluminium (Al) 

relative to the gallium (Ga) are the variables that enable the wavelength tuning. 

This well structure sits on top of a Bragg mirror suitably designed to give very 

high reflectance at the operation wavelength of the laser, and the whole structure 

is grown on a substrate, usually GaAs. 

An anti-reflection coating is also usually added to the front surface to reduce 

the non-sat urable insertion losses and provide another means of control over the 

saturation fluence. This is the most common structure these days and is known 

as an anti-resonant design. This design ensures that the standing wave electric 

field formed inside the structure has a minimum in amplitude at the surface of the 

device to minimise the likelihood of damage, and a local maximum at the location 
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Fig 4.4. Typical construction of an anti-resonant SESAM device. The 

quantum well sandwiched between A/4 layers of GaAs is usually a few 

nanometres in width and this is on top of a X/4 Bragg stack of GaAs and 

AlAs. This figure adapted from [109], 

of the quantum weU to maximise the absorption. The device is designed in this 

monohthic way so that it is very simple to implement. As the whole package 

contains the absorber and a highly reflecting mirror it can be used simply by 

inserting it in place of one the cavity mirrors. 

4.3.2 Ac t i on as a s a t u r a b l e a b s o r b e r 

The saturable absorption of the device arises because the absorber layers are iso-

lated quantum structures. The density of states at the band edge does not follow 

the bulk properties of the material and sharp structure due to the exciton (electron 

and hole bound state) resonance can be seen as in Fig 4.5. The excitons absorb 

the incident light and the electrons and holes become free carriers again. These 

free carriers can then screen the remaining excitons so that they do not absorb 

and as this process continues, eventually any remaining excitons are completely 
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Fig 4.5. Density of states for bulk GaAs and a multiple quantum well 

system (MQW) near the band edge. This figure adapted from [111]-

screened and no absorption takes place. As well as the position in wavelength of 

the resonance, the modulation depth of the absorber can be tuned via suitable 

choice of the well material, width, and potentially the number of wells used. This 

wide ranging variability means that it is now possible to produce SESAM devices 

with modulation depths from < 1 % up to as much as 45 % [110]. 

As has been seen, the recovery time of the absorber is also an important pa-

rameter to consider and contributes to determining the shortest pulse attainable 

from a system. The recovery time of the absorber relates to how quickly the free 

carriers created by the pulse can recombine to form excitons so that further ab-

sorption can take place. The recovery time typically shows a bi-temporal structure 

' as shown in Fig 4.6. There is an initial fast recovery on the scale of ~ 100 fs due to 

intraband thermalisation of the carriers. This is followed by a much slower (ps-ns) 

process of interband recombination. Pure SESAM structures have recovery times 

of many tens of nanoseconds, typical of bulk semiconductor materials, which is 

much too long for ultra-short pulse generation and was the chief concern in the 

, early development of SESAM devices. In order to reduce the recovery time of the 

SESAM, the interband recombination process is targeted and artificial defects are 

introduced into the structure via techniques such as proton bombardment [113] or 
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F ig 4.6. The bi-temporal form of the absorber recovery time (centre) 

caused by fast intraband thermalisation (left) followed by slower interband 

recombination (right). This figure adapted from [112]. 

ion implantation [109]. These sites act as recombination centres for the carriers 

and have resulted in commercial SESAM devices being available with recovery 

times of under 10 ps. 

The bi-temporal form can also help with the modelocking process. The longer 

time scale results in a reduced saturation intensity for a part of the absorption, 

which helps to make the modelocking mechanism self-starting from intracavity 

noise; the fast time constant is useful for shaping sub-picosecond pulses. 

4.4 Cavi ty design cons idera t ions for ex tens ion to 

modelocking 

The necessary tools have now been obtained to start modifying a standard bounce 

geometry cavity for modelocking. In theory, replacing one of the cavity mirrors 

with the SESAM device should produce modelocking, providing there is sufficient 

intensity at the SESAM that a random noise spike can start to saturate the ab-

sorber. However, CW modelocking is also desired, and so Eqn(4.29) must also be 

satisfied. This inequality places more stringent conditions on the cavity and so it 

is anticipated that some care will be needed to achieve this. Eqn(4.29) contains 

the parameters that will be available in order to construct a functioning CWML 
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cavity. These are, the pulse energy, Ep, the saturation energy of the SESAM, Esa 

and the modulation depth of the SESAM, AR. 

The saturation energy of the gain, Esl, is defined as the product of the mode 

size in the gain region and the saturation fluence of the gain (Fs = hi//2a). This 

is then fixed by the fundamental design of the basic oscillator and gain medium, 

so any change to this would require a complete redesign of the bounce geometry. 

This is not practical and so the available design parameters are limited to Ep, Esl 

and AR. These are often inter-related, but the design issues tha t could arise from 

trying to affect each one will now be covered briefly. 

4.4.1 Va ry ing t h e pu lse energy, Ep 

The intracavity pulse energy is calculated using the measured average output 

power of the laser together with the output coupler reflectivity, and the repetition 

rate of the cavity. Thus, for an otherwise fixed cavity, the pulse energy will vary, 

obviously, as the output power varies. The output power of the laser can be 

varied by changing the pump power, but this will affect the thermal loading on 

the crystal, leading to a different thermal lens strength. This altered lens power 

could affect the stability of the cavity, and require the cavity mirrors and any 

intracavity optics to be repositioned. For a given pump power and otherwise fixed 

cavity, the intracavity power can also be changed by varying the reflectivity of 

the output coupler. This will change the intracavity pulse energy but also affect 

the overall efficiency of the laser system, which has been shown to be optimal for 

Roc ~ 30 %. High output coupler reflectivities {Roc > 80 %) have also been seen 

to negatively affect the beam quality attainable from the bounce geometry due to 

extreme depletion of the gain region. 

For a fixed average output power, the intracavity pulse energy can also be 

varied by altering the length of the cavity. In a modelocked system, as has been 

seen, the pulse repetition rate is equal to the inverse of the cavity round trip time. 

If the same average output power can be maintained while, for example, reducing 

the pulse repetition rate by increasing the cavity length, then the energy per pulse 

will be greater. The concern is then how best to alter the length of the cavity 
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whilst maintaining the fundamental function of the bounce amplifier. The cavity 

should also be kept to a sensible length so that it is relatively compact and not 

unwieldy. Significantly varying the length of a laser cavity and trying to maintain 

its performance is not a trivial task. 

The question of pulse energy variability also raises a question over the desired 

performance of the laser itself. Is the design aim to achieve a high average power, 

with a relatively high repetition rate and low pulse energy; a high pulse energy, 

requiring a low repetition rate; ultra-high repetition rates with relatively modest 

pulse energies; or even high pulse energies and high repetition rates? The desig-

nated purpose of the final laser system will influence which parameters are most 

important, and thus determine the design path followed. 

It should also be noted that the inequality Eqn(4.29) depends on the square 

of the pulse energy and so small changes to this parameter will have larger effects 

than similar changes to the other variables. 

4.4.2 Vary ing t h e s a t u r a t i o n e n e r g y of t h e a b s o r b e r , Esa 

In a similar way to the saturation energy of the laser gain, Esa is defined as 

the product of the mode area on the SESAM, and its saturation fluence. The 

saturation fluence of any commercial device is fixed by its particular design and so 

the only way Esa can be influenced is by altering the mode size on the SESAM. 

The main issue with this is one of practical implementation. If the wish is to 

maintain the basic fundamental functioning of the bounce geometry, that is to say, 

the mode shape and size in the gain region, it is going to be necessary to greatly 

alter the cavity optics. A magnification system will be required which will add 

both length and complexity to the system. The extra length could also be useful 

in varying Ep, but the potential variability of the magnification factor is likely to 

be very discrete due to the discrete nature of lens focal lengths. Depending on 

resources available, it could also be difficult to vary the mode area on the SESAM 

by a small amount, whilst maintaining the cavity length and pulse energy. 

Adding an intracavity magnification system will also increase the losses in the 

cavity and care will need to be taken to minimise the introduction of aberrations. 
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If the SESAM is to be used as one of the cavity end mirrors, the incident mode will 

have to be a plane wavefront as SESAM devices are grown on plane substrates. 

Adding multiple lenses and magnification to the system could easily add astigma-

tism or spherical aberration that could affect the stability of the cavity and the 

quality of the output beam. 

Damage is also a concern when reducing the mode area on the SESAM. The 

device is a delicate structure and is not entirely passive, in the sense that it 

absorbs energy from the incident beam. This absorption could lead to heating 

and subsequent detuning of the SESAM, and other long term heat damage effects. 

As the situation also involves short pulses, the peak intensities on the surface could 

result in catastrophic ablation damage if the mode area is too small. 

On a related note, it is also possible to oversaturate the SESAM so that the ef-

fective modulation depth is reduced. If the pulse intensity is too high, the SESAM 

will saturate almost instantly and not be able to perform it's pulse shortening 

function in the build up to modelocking. 

4.4.3 Vary ing t h e m o d u l a t i o n d e p t h of t h e a b s o r b e r , AR 

As was seen in §4.2, the final pulse duration is inversely proportional to the mod-

ulation depth of the SESAM and so AR should be as large as possible. However, 

the dependence is relatively weak and a large AR has knock-on effects. Most com-

mercial SESAMs are available with modulation depths of a few percent because a 

large proportion of solid state laser systems operate with output coupler losses of 

only a few percent. This way, the variable loss from the the SESAM is compara-

ble to the normal cavity losses, and so the SESAM has a noticeable effect on the 

overall cavity dynamics. It is also quite difficult to engineer SESAM structures 

with modulation depths larger than 10 %. In the case of the bounce geometry 

however, the normal output coupler losses are ~ 70 %. Thus, in order to get the 

saturable and non-saturable losses comparable, a balance will need to be struck 

betwen the output coupler reflectivity and modulation depth, which will have an 

impact on Ep as discussed above. 

Growing these structures with large absorption coefficients also has an impact 
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on their other important properties. The general trend is that large AR SESAMs 

come with large non-saturable losses. In some solid state systems with otherwise 

low non-saturable losses, this addition could be significant and could make it dif-

ficult to reach laser threshold. With the bounce geometry this should be less of 

a problem as the gain is so high. What could be important is tha t the larger ab-

sorptions will lead to more significant heating effects and more easily to a damage 

threshold. The data for commercial devices usually show that high AR SESAMs 

have lower damage thresholds than their less absorbing counterparts. 

The high AR SESAMs also tend to show lower saturation fluences, and so a 

change from one SESAM to another may also require a readjustment of the cavity 

to ensure sufficient saturation. 

As has been seen, the recovery time of the SESAM is also an important param-

eter to consider. Most commercial devices available have recovery times of tens 

of picoseconds, which is more than short enough to stably modelock femtosecond 

pulses if the laser bandwidth allows. There is generally no variability available in 

this parameter. 

These are the design issues that could arise during the construction of a mod-

elocked bounce geometry cavity. It is hard to predict beforehand how a particular 

cavity will perform, and what effect certain changes will have on the performance. 

In this project, the modelocked cavity evolved over many iterations, each attempt-

ing to change only one of the possible parameters. The main initial aim was simply 

to produce a modelocked bounce geometry oscillator. Attaining a picosecond pulse 

train with a repetition rate of ~80 MHz, with an average output power of 10 W 

in a near diffraction limited beam would be considered an excellent result. 

4.5 Evolu t ion of t h e f u n d a m e n t a l laser cavity t o 

a C W M L laser oscillator 

The main iterations of the bounce cavity that helped move towards modelocking 

will now be discussed. The asymmetric cavity described in §3.4.3 is used as the ba-
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sis for all the modelocking work presented in this thesis. The commercial SESAM 

devices were obtained from BATOP and come soldered onto gold coated copper 

cylinders with 1" diameter, the same size as standard cavity optics. The initial 

SESAM chosen had AR = 3.1 % and non-saturable losses of 0.4 % which repre-

sented a compromise of maximum AR for short pulse durations and comparison 

to non-saturable cavity losses, low AR for avoiding QSML, and low non-saturable 

losses. Smaller values of AR might not be able to have sufEcient influence on 

the cavity dynamics to cause modelocking, and the larger values always had large 

non-saturable losses, up to 3 % for AR = 5 %. All the devices available had a 

stated recovery time of 10 ps which should be short enough to put us in the fast 

saturable absorber regime. 

4.5.1 C o m p a c t cavi ty w i t h no magn i f i ca t ion 

The most obvious first thing to try was to simply take the asymmetric bounce 

oscillator described in §3.4.3 and replace the highly reflecting back mirror. Ml , 

with the SESAM. This produced the cavity shown in Fig 4.7 where a 40 W diode 

bar was brought to a line focus on a 1.1 at.% doped Nd:YV04 slab with 14° end 

faces. Under low pumping conditions the cavity is in the first stability zone (c.f 

§3.4.2, Fig 3.14b) and the mode on the SESAM is approximately collimated in 

the horizontal dimension. This results in a relatively large illuminated spot size 

(~ 400 x 600 /im) on the SESAM and so no pulsed behaviour is produced due to 

the low fluence. 

At higher pumping powers the cavity should enter the second stability zone 

(c.f §3.4.2, Fig 3.14c) where a waist is formed at the SESAM in the horizontal 

dimension. This should reduce the spot size and increase the fluence, potentially 

giving pulsed behaviour. Unfortunately, this cavity did not make the transition 

to the second stability zone under the available pump power. This is due to a 

better-than-average thermal contact between the crystal and the heatsink remov-

ing excess heat from the crystal more efficiently, and thus reducing the power of 

the induced thermal lens. If the thermal lens power is weaker than normal so that 

a waist cannot be formed in the short arm of the cavity, then the second stability 
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F i g 4.7. A basic asymmetric bounce cavity with the plane back mirror 

replaced by a plane SESAM. VCLl,2 have f = 50 mm, VCLd has f = 25 

mm. LI = 80 mm, L2 — SOO mm. OC is a plane output coupler whose 

reflectivity was varied 

zone will never be entered. Otherwise, the cavity operated normally up to 40 W of 

pump power, producing 18 W of output power in a near-diffraction limited TEMQO 

beam. No pulsed behaviour was visible even at these higher pump powers. 

This cavity was initially constructed with an output coupler tha t had a re-

flectivity of 30 %, the same as would be used in a CW cavity. It should perhaps 

not be so surprising then tha t this first cavity did not modelock. The saturable 

losses are significantly lower than the non-saturable cavity losses (70 %), which 

will also result in low fluences at the SESAM tha t could not saturate its absorp-

tion. To counteract this, the cavity was also configured with output couplers tha t 

had i? = 50 %, 70 %, 80 % and 90 %. In each of these cases, the maximum output 

power was reduced from the basic case, reaching 6.4 W for i? = 90 %. The output 

beam was again near-diffraction limited TEMQO in all cases except R = 90 %. 

Here, the very strong depletion of the gain region due to the higher intracavity 

fluxes caused multimode structure to appear on the output . However, despite the 

higher fluences on the SESAM in these cases, no pulsed behaviour was seen with 

any of the output couplers. 
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Fig 4 .8. Introduction of a HCL with focal length / = 10 cm into the 

short arm of the cavity forces the cavity into the second stability zone, with 

a waist formed at the SESAM in the horizontal. 

4.5 .1 .1 Forcing the second stabil i ty zone 

To try and force the cavity into the second stabihty zone and create a smaller 

spot size on the SESAM, a HCL was introduced into the short arm of the cavity 

as illustrated in Fig 4.8. This acts in conjunction with the thermal lens to form a 

composite intracavity lens that is able to form a waist at the SESAM in the short 

arm of the cavity. In this configuration, it is expected that the cavity will transition 

to the second stability zone at very low pump powers, or possibly miss the first 

stability zone altogether. A plano-convex HCL with focal length / = 100 mm was 

chosen to approximately match the cavity arm length and was positioned close to 

the crystal with its flat face towards the crystal. 

This cavity was seen to be in the second stability zone very soon after lasing 

threshold was reached and produced near-diffraction hmited TEMQO output beams 

as before, though with slightly lower maximum output power. This configuration 

was tried with all the output couplers used before, but still only minor pulsed 

behaviour was visible at any available pump power. Occasional bursts of pulses 

lasting a second or so were seen at high pump powers with the high reflectivity 

output couplers. 
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Fig 4.9. An extended cavity for re-imaging the mode that would occur 

at Ml in the compact cavity. The configuration between Ml and the OC 

is identical to that in Fig4-8. The spherical mirror M2 has a radius of 

curvature Rc — 50 cm and the angle 6 is < 10° to minimise aberrations. 

The magnification factor between Ml and the SESAM is m — 1. 

4.5.2 E x t e n d e d cavi ty w i t h m = l 

Having been unsuccessful with the basic cavity, the next at tempt involved trying to 

increase the potential pulse energy, and hence fluence on the SESAM, by extending 

the length of the cavity. In order to maintain the mode shape in the bounce 

amplifier, this extension was to be achieved by imaging the position of Ml in the 

compact system. This would hopefully reproduce the beam waist of the compact 

system at the SESAM, thus retaining compact cavity performance, whilst adding 

length to the cavity to increase the possible pulse energy. 

4.5 .2 .1 Single spherical mirror 

To help keep the system relatively compact and simple, the cavity extension was 

initially done with a single spherical mirror M2, with a radius of curvature of 

50 cm, positioned as indicated in Fig 4.9. A curved mirror with radius of curvature 

Rc acts as a lens with a focal length of i?c/2, and so M2 was located 50 cm from 

the position of the back mirror in the compact cavity. The SESAM was then 

positioned a further 50 cm from the curved mirror so that the object (Ml) and 
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image (SESAM) are each a distance 2 / from the lens, giving a magnification factor 

m = 1. 

This cavity was more successful than the basic compact cavity. Stable QSML 

was seen with a strong Q-switched modulation. 2.9 W of output power was ob-

tained with 20 W of pumping power using the R — 90% output coupler as in the 

compact cavity. The output power is lower in this case because the beam degra-

dation that takes place due to the high intracavity power results in a loss of the 

pulsed behaviour. 2.9 W was the maximum output power that could be achieved 

whilst maintaining some form of pulsed output. The cavity was also configured 

with the R = 80% output coupler to try and improve the beam quality, but the 

pulsed behaviour became much more erratic and unstable. Bursts of QSML last-

ing up to a second would occur again but the laser would not operate in a stable, 

continuous pulsed state. 

4.5 .2 .2 Dua l spherical mirrors 

Now that stable pulsed behaviour with a strong Q-switching modulation had been 

obtained, the propensity for Q-switching needed to be reduced in order to produce 

a CW pulse train. The next iteration was to extend the cavity further, with the 

aim of increasing the pulse energy so as to tip the QS inequality (Eqn(4.29)) in 

favour of CWML behaviour. This was achieved by the use of a further spherical 

mirror, M3, with Rc = 25 cm, positioned 75 cm from M2, as illustrated in Fig 

4.10. The SESAM was then located 25 cm from M3 so that the intermediate image 

formed by M2 with m = 1, was further re-imaged by M3, again with m = 1. This 

should then reproduce the beam waist from the previous cavity, but add a further 

50 cm to the length. 

Once the intracavity lenses and the position of the SESAM had been optimised, 

this is the best performing cavity so far. The output beam was a stable train of 

CW modelocked pulses with no significant amplitude modulation apparent. The 

maximum average output power obtained was 16.7 W with 38 W of pump power 

using an ^ — 50 % output coupler. The beam quality was TEMQO though with 

some slight structure, and is shown together with the pulse train in Fig 4.11. 

The peak amplitude variation of the pulses shown in the figure is mostly due to 
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F i g 4 .10. Cavity using two spherical mirrors M2 and MS to extend the 

length of the cavity. Mirror M2 has Rc = 50 cm, MS has Rc = 25 cm and 

9 is again kept to < 10°. The configuration between Ml and the OC is 

identical to that in Fig 4-8. 
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F i g 4.11. The output modelocked pulse train on a nanosecond (a) and mi-

crosecond (b) timescale. The intensity autocorrelation of the output pulses 

(c). The spatial profile of the output beam (d). 
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F ig 4.12. A comparison of the output power of the modelocked cavity (red 

triangles) to a compact asymmetric cavity with the same output coupler 

reflectivity (black squares). 

aliasing on this timescale and the pulse-pulse variation in this case was < 4%. 

The total cavity length was then % 190 cm which gave a round trip time of 13 ns, 

and a pulse repetition rate of 77 MHz. The pulse train was analysed using the 

autocorrelator described in §2.5 and the pulses were found to have a FWHM of 

30±2 ps. It should be noted that this error is of purely experimental origin and 

there is likely to be at least as much uncertainty in the pulse duration derived 

from the assumptions inherent when extracting a value from the autocorrelation. 

These output parameters represent a very good performance for the cavity. It 

was stated initially that a 10 W average power, picosecond pulse train with an 80 

MHz repetition rate would be an excellent result, and this has been achieved here. 

The beam quality of the compact cavity has also been reproduced despite the 

extra complexity of the imaging optics. In fact, a comparison of the modelocked 

cavity to the compact asymmetric cavity shows how well the modelocked case is 

performing. A comparison of the power curves for the modelocked cavity and its 

base asymmetric cavity with an i? = 50% output coupler is shown in Fig 4.12. Here 

it is seen that the power output from the modelocked cavity is only slightly below 
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F i g 4 .13 . Higher order transverse modes than the fundamental TEMqq 

oscillate on slightly different longitudinal modes. 

t ha t of the compact, C W running cavity with an equivalent output coupler. This 

system was considered a significant result in the history of the bounce geometry 

and so was presented at an international laser conference (Europhoton '06), and 

accepted for publication in a peer reviewed journal [114]. 

While this is a good result, there are still one or two things tha t should be 

commented on. Although the pulses are of picosecond duration, they are still 

longer than could ideally be expected. The SESAM used has a recovery t ime of 

10 ps and so based on the 250 GHz gain bandwidth of NdiYVOi, pulses of 2 ps 

should be achievable. Tha t this is not the case suggests tha t the required fixed 

phase relationship between modes is not t rue across the full oscillating bandwidth. 

One possible cause of this is poor spatial quality of the propagating beam. Higher 

order transverse modes in a laser cavity will oscillate on sHghtly different longitu-

dinal modes to the fundamental , lowest order transverse mode (TEMQO, Fig 4.13). 

If the cavity mode has some components of these higher order modes, there is no 

reason why they should be oscillating in phase with the fundamental modes. This 

could affect the range of the phase locking, resulting in a limited pulse duration. 

Poor spatial quality could also have an effect at the SESAM. If the intensity 

profile of the spot on the SESAM is not uniform, the saturation of the beam will 

not be uniform. This could result in significant transverse structure which could 

affect the quality of the phase locking as just described. It is anticipated then, 

tha t it is important to have very good spatial quality at the SESAM. To check 
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F i g 4.14. Direct image of the mode formed on the SESAM using a wedge 

to image inside the cavity 

if this was the case, a wedge was inserted into the cavity between M3 and the 

SESAM to pick off a small fraction of the intracavity power and directly image 

the incident mode onto an IR camera. The visible mode is shown in Fig 4.14. 

Although the output beam appears to be of good quality (Fig 4.11) the mode at 

the SESAM is not a clean TEMQO form and exhibits higher order structure in both 

the horizontal and vertical dimensions. 

This examination of the mode at the SESAM also gave insight into another of 

the comment-worthy performances of the cavity. It should be noted that the opti-

mum performance reported above, made use of an output coupler with i? = 50 %. 

This is in distinct contrast to the preceding cavities with m = 1 imaging, where 

the pulsed behavior was best with R = 90% and showed little or no pulsed be-

haviour with R = 50%. The reasoning being that high intracavity intensities were 

needed to saturate the SESAM sufficiently. During optimisation of this cavity, 

output couplers with R — 90%o, 80 % and 70 % were tested. In some cases they 

could produce stable CW modeloeking, but it was found that i? = 50 % could 

also produce this behaviour, at a higher output power. The performance of this 

system is thus superior and is the version reported. 

Why could stable CW pulsed behaviour not be achieved with i? = 50 % in 

the previous m = 1 cavities? Whilst viewing the mode on the SESAM, it was 

noticed that the size of the mode was significantly smaller than expected. In the 
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base asymmetric cavity, the mode size at M l was measured to be ~ 400 x 600 fxm. 

In the extended m — 1 cavity, the mode size was seen to be ~ 300 x 500 /xm. 

The mode size is thus smaller than expected and so the intensities could be high 

enough to saturate the SESAM sufficiently. Coupled with the potentially higher 

pulse energies from the longer cavity, this could explain why modelocking was 

achieved in this case. 

The discrepancy between the measured and expected mode sizes is attributed 

to non-ideal imaging of the base cavity. The mirror spacings are determined by 

application of the lens equation 4- ^ = j ) which is based on ideal geometrical 

optics. In reality this is not the case and Gaussian optics is more proper description 

of the propagation of a beam waist through a multi-lens system. This will result 

in the lens system not performing the transformation intended. This is likely 

to be compounded by the fact that the mode shape at the position of M l in the 

extended cavity, is unlikely to be the same as the mode shape at Ml in the compact 

base cavity because the two cavities have different forms. This will be further 

exacerbated because the cavity mode behaves quite differently in the horizontal 

and vertical planes. The re-imaged horizontal waist may not be in the same 

position as the re-imaged vertical waist. There may then be no plane where 

the waist at M l is re-imaged, and the mode shape at the SESAM, while being 

optimised for the particular cavity configuration, may not bear any relation to the 

mode shape that was at Ml . The re-imaging principle that is used to extend the 

cavities should thus be viewed as a guide only. 

A final note on this cavity concerns the long-term stability of its performance. 

During operation, it was noticed that the beam quality and the pulsed behaviour 

would deteriorate over time, but recover if the system was turned off and restarted 

later. This was found to be due to severe heating of the SESAM and its mount, 

which in turn was partially attributed to the cumulative absorption of the low 

intensity 'cloud' around the centre of the beam in Fig 4.14. Further improvements 

to this cavity were thus focused on improving the beam quality at the SESAM 

and effective cooling of the device and its mount. 
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F i g 4 .15. Cavity with m = 1/2. Relay imaging is performed with lens 

LI, focal length f—50 cm, and spherical mirror M4, Rc=50 cm. The base 

cavity has the output coupler in the short arm and uses a 0.7 at.% doped 

Nd.-YVOi crystal with 5° end faces. The optics between Ml and the OC 

remain the same distances from the centre of the crystal as in Fig 4-8. 9 is 

% 20°, determined by the new crystal angle, t/j and (p are < 10°. 

4.5.3 Ex tended cavity wi th m = l / 2 

The next main iteration of the cavity tha t gave significant results is shown in 

Fig 4.15. This cavity produced stable CWML in an output beam with an average 

power of 6.1 W from 30 W of pump power. The pulses were measured using a 

manual autocorrelation and found to have a duration of 12±2 ps (Fig 4.16). The 

repetition rate was 81 MHz and the beam had a TEMQO spatial profile. 

As can be seen from Fig 4.15, the cavity has accumulated several changes 

from the last system. Perhaps the most noticeable of these initially is a change 

of the laser crystal. This system uses a crystal with end faces angled at 5° to 
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Fig 4.16. Manual autocorrelation trace of the pulses from the cavity in 

Fig 4-15 The pulses are seen to have a duration of 12 ps. 

the pump face, compared to one with 14° in the previous system. This crystal 

is also 0.7 at.% doped Nd:YV04, compared to 1.1 at.% doped. This change was 

not intended to achieve anything specific but was instead forced by experimental 

circumstance. Another main addition is a cooling heatsink mount for the SESAM. 

This takes the form of a water cooled copper head that clamps the copper cylinder 

the SESAM is mounted on. 

The further changes can be grouped roughly into two main categories: changes 

that aimed to improve the spatial quality of the mode on the SESAM; and changes 

that helped to keep the Q-switching inequality (Eqn(4.29)) balanced in favour of 

CW modelocking. 

4.5 .3 .1 Improving t h e spatial quality 

The first change was to try and improve the quality of the mode that was being 

re-imaged. In the compact cavity, forcing the second stability zone to produce 

a smaller spot on the SESAM might have been appropriate. When this spot 

is to be re-imaged however, the beam divergence in the horizontal and vertical 

planes are sufiiciently different that it introduces too much astigmatism which 

propagates through the system, distorting the beam quality. To improve this, and 

still maintain operation in the second stability zone, the base cavity is essentially 
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'switched' around. Instead of M l being in the short arm containing the HCL and 

the small beam waist, M l is positioned in the long arm and the output coupler 

is placed in the short arm. This gives a more circular, approximately collimated 

beam at Ml , with the divergence in the horizontal and vertical planes more closely 

matched. This results in the output from the cavity being highly divergent in the 

horizontal, but this can be compensated with a suitably positioned HCL outside 

the cavity. 

The second change involved the reahsisation that the re-imaging system used 

so far was not ideal. A better system is to use two lenses (LI, L2) separated by 

the sum of their focal lengths ( / i + /s), with LI positioned a distance f i from 

Ml , and the SESAM positioned a distance /g from L2. In this configuration, 

LI takes the mode at M l and produces the Fourier Transform at a distance f i 

on the image side, L2 then takes this Fourier Transform as its object, positioned 

at f i i and also produces a Fourier Transform in the image plane at a distance 

/2, the location of the SESAM. This multiple Fourier Transform, relay-imaging, 

completely reconstructs the mode shape present at M l at the SESAM, and removes 

any problem arising from the difference between the horizontal and vertical planes. 

In this cavity, the relay-imaging is performed by the spherical mirror with = 50 

cm and a lens with focal length / — 50 cm. 

The final adjustment to improve the spatial quality is to reduce the internal 

bounce angle in the amplifier. Normally, as discussed in §3.3.4, the bounce ampli-

fier is configured to function with an angle Oint ~ 7° between the pump face and 

the totally internally refiected propagating beam. This was previously determined 

to offer the best compromise of beam quality and high power. By reducing the in-

ternal bounce angle, the effective soft aperture of the gain seen by the propagating 

beam is narrowed. This aperturing effect forces the cavity mode towards TEMQO, 

improving the beam quality inside the cavity. The bounce angle used in this final 

system was 9int % 3.6°. The negative side effect of this change however, is that 

the mode overlap between the cavity mode and gain region is reduced, which will 

reduce the attainable output power. It was decided that a small drop in output 

power could be tolerated as this could be compensated for in an external amplifier. 
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4.5 .3 .2 Balanc ing the Q-switching inequal i ty 

Although not intended, the previous cavity design resulted in a reduction of the 

mode size between M l in the base cavity, and the SESAM in the extended cavity. 

It is thought tha t this contributed to the production of modelocking by increasing 

the fluence on the SESAM. The mode size on Ml in the 'switched' base cavity that 

is now to be imaged, is larger than before (measured to be ~ 600 x 550 /im) and 

given that a lower output power is also expected with the smaller bounce angle, 

a reduction factor of m = 1/2 has been applied to the relay-imaging of the mode. 

This reduced mode size reduces the saturation fluence of the absorber, Esa- The 

pulse energy, Ep, is also expected to be reduced however, because of the lower 

output power. Reducing the mode size thus helps to offset the effect of a lower Ep 

on the Q-switching inequality. 

The reduction factor of m = 1/2 could easily be obtained using the two spher-

ical mirrors from the previous system. The Fourier Transform, relay-imaging 

system now being used introduces a magnification factor of m = ^ to the final 

image. The two mirrors with effective focal lengths of 12.5 and 25 cm could there-

fore easily be combined to give m = 1/2. However, appropriately spaced, the total 

cavity length is reduced to ~100 cm from 190 cm of the previous system. The 

longer length of the cavity was seen to contribute positively to the production of 

modelocking, and a shorter cavity would also reduce the pulse energy even fur-

ther than already anticipated. Wishing to keep the cavity length similar to the 

previous system to maintain the 80 MHz repetition rate, the relay imaging was 

performed with a lens of focal length 50 cm, and the spherical mirror with effective 

focal length 25 cm {Rc = 50 cm). The mode on the SESAM was subsequently 

measured to be ~ 300 x 220 fim. 

As the output power from this system was reduced, the reflectivity of the 

output coupler had to be increased to provide sufficient pulse energy to both 

saturate the SESAM effectively and favour CWML in the Q-switching inequality. 

This of course reduced the output power and efficiency of the system. The R = 

80 % output coupler was found to provide the best combination of beam quality, 

power and stable CWML operation, with R = 90% once again displaying poor 
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beam quality and unstable modelocking, and R = 70% providing insufficient pulse 

energies to avoid QSML. 

During the re-design of the system, the SESAM had to be replaced due to 

' accumulated damage severely limiting its operation. In the intervening period, 

the SESAM vendor had increased the available range of modulation depths al-

though the previous values were no longer available. The replacement device has 

AR = 5 % which should help to reduce the pulse duration. 

Overall, this system is considered a good improvement over that in §4.5.2.2. 

The system as a whole was more robust and stable. CW modelocking could be 

maintained continuously over a number of hours with no degradation in the pulse 

train, output power or beam quality. The previous system would occasionally drift 

from its peak performance during prolonged use, with drops in output power and 

beam quality causing the modelocking to cease. Fine adjustment of the cavity 

was required to return to stable operation. This cavity displayed no such drift 

and would return to a stable, CWML state from turn on, with no fine adjustment 

required. The pulses were a factor of two and a half shorter than before, and 

although still not quite as short as the gain bandwidth could allow, were a marked 

improvement on the first system. 

The output power was the most significant casualty of this system and the 

overall efficiency has dropped from 44 % in the initial modelocked cavity (very 

good for this type of picosecond system) to 20 % (just about average for a picosec-

ond system) in the current form. This was due to two factors: the reduction in 

the bounce angle; and the increase in the output coupler reflectivity. The bounce 

angle was reduced to help improve the spatial quality of the beam by aperturing 

the cavity mode slightly, but this inevitably lead to a reduction in the overlap 

with the gain region. This then limited the available output power, which in 

turn necessitated an increase in the output coupler reflectivity to maintain suffi-

cient saturation of the absorber. The two effects thus combined to give a rather 

' significant drop in the overall system efficiency. 

A reduction in output power and efficiency had been anticipated so this was 

no surprise, but the output of 6.1 W did then fall slightly short of the ideal perfor-
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mance. The improvements achieved in beam quality, pulse duration and system 

stability however are considered significant enough that this fall in absolute power 

can be tolerated. If required, the extra power can be efficiently added by using 

a bounce geometry module as an external power amplifier with the modelocked 

cavity as a master oscillator. 

4.6 Power scaling t h e modelocked sys t em 

As has been highlighted previously, one of the advantages of the bounce geometry 

is its potential for power scaling due to the high gain, spatial averaging effects, and 

simple pump delivery. An aim of this work was to investigate whether this power 

scaling potential could be applied to a modelocked system. As demonstrated, the 

bounce geometry has been successfully applied to a modelocked system, producing 

a relatively high output power with high efficiency. The question is then, can 

this output power be increased further, whilst maintaining the other performance 

parameters (beam quality, CW-ML, pulse duration)? 

In principle, with all other things being equal, the output power and mode-

locked performance from a SESAM system can be scaled simply by scaling the 

mode area on the SESAM in proportion to the final output power. For example, if 

the pulse energy can be doubled by increased pumping, the fiuence on the SESAM 

can be kept constant by doubling the mode area. This should then reproduce the 

modeloeking conditions found in the lower power cavity. In practice, it is not so 

simple to keep all other things equal. The increased levels of pump power would 

produce more heating in the laser crystal and thus increase the strength of the 

thermal lens. This would alter the behaviour of the base cavity and the system 

would need redesigning around operation at high pump powers. Also, although 

the bounce geometry is very capable of mitigating adverse thermal effects, it never-

theless suffers under very high pumping conditions. This will still make it difficult 

to achieve the high beam quality needed for good modelocking performance. 

Another aspect to consider is the efficiency of the system. Assuming that 

the performance of the modelocked system could be reproduced at higher pump 

powers, the overall efficiency may still be lower than could be achieved with an 
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external amplifier. The first modelocked system produced in §4.5.2.2 for exam-

ple, had an overall optical-optical conversion efficiency of 44 %. This measure is 

somewhat worse in the final cavity in §4.5.3. If this performance could somehow 

be maintained by an effective reconfiguration of the cavity, it may be possible to 

achieve 44 % for the next 40 W of pump power. By contrast, the bounce ge-

ometry amplifier has been shown to operate extremely effectively as an external 

amplifier with optical-optical efficiencies of 50 %. Given that this is a relatively 

simple scheme to implement, it was decided that the best route to power scaling 

the modelocked system was to use an external amplifier. 

4.6.1 Mas t e r Oscillator - Power Amplif ier 

This arrangement of an external, independent amplifier used to amplify another 

independent oscillator is generically termed a master oscillator - power amplifier 

(MOPA) configuration. MOPA configurations have been demonstrated as reliable 

schemes for power scaling laser systems. Previous demonstrations of such configu-

rations have included a diode-pumped Nd:YAG system [115], an Nd:YAG MOPA 

with phase conjugate mirror [116], a combination of solid-state oscillator and fibre 

power amplifier [117, 118], as well as the bounce amplifier itself. For power scaling 

of bounce geometry laser systems, the MOPA configuration is attractive as the 

pump power may be distributed over multiple amplifier modules, which ensures 

that thermal lensing in each module is maintained at moderate levels. 

The oscillator to be amplified was be the modelocked system described in 

§4.5.2.2 running with 10 W of output power. The power amplifier was simply a 

bounce amplifier module without cavity mirrors, consisting of a 25 x 5 x 2 mm 

Nd:YV04 crystal, with 14° end faces and 1.1 at. % doping. This was pumped 

by an nLight diode bar rated up to 100 W of optical output power, temperature 

tuned so that its room temperature emission of 806.2 nm was shifted to the 808 

nm absorption band of the crystal. This was again brought to a line focus on the 

crystal's front face by a vertical cylindrical lens of focal length 25 mm. The output 

from the oscillator was spatially matched to the gain region of the amplifier by 

two cylindrical lenses, one horizontal and one vertical. This MOPA arrangement 
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F i g 4.17. Bounce geometry MOPA implementation. The HCL and VCL 

are used for mode matching the gain region in the amplifier. The amplifier 

crystal is 1.1 at. % doped Nd.'YVOi with 14° end faces and pumped with a 

100 W diode bar. 

is shown in Fig 4.17. 

The output power of the MOPA plotted against the amplifier pump power 

is shown in Fig 4.18. A maximum output power of 60 W was achieved at an 

amplifier pump power of 100 W with no degradation of beam quality or pulse 

behaviour. This corresponds to a total optical-optical conversion of 50 % for the 

MOPA system. As expected, this is better than would be achieved by scaling the 

oscillator. The pulses are transmitted with no increase in their duration because 

the amplifier crystal is made of the same material as the oscillator crystal and 

so exhibits the same gain bandwidth. This is a significant increase in power of 

the modelocked source, and if so desired, it would be possible to add successive 

amphfier modules to push output power to 100 W and beyond. 
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F ig 4.18. Output power from the MORA as a function of amplifier pump 

power. The maximum output power from an input of 10 W was 60 W. 

4.7 Conclusions 

This chapter looked in more detail at saturable absorber modelocking, in particular 

the SESAM device. Picosecond modelocking was achieved for the first time in a 

bounce geometry oscillator and amplification up to the 60 W level was achieved 

by the use of a bounce amplifier MOPA system. 

The action of a saturable absorber to produce modelocking was described by 

considering transmission operators for gain, loss and saturable absorber elements 

inside a cavity. The self-consistency requirement for propagating laser modes 

produced pulsed solutions with a sech^ temporal form. A distinction was made 

between fast and slow saturable absorbers where the recovery time is shorter or 

longer than the pulse duration. The pulse stabilisation mechanism was seen to 

be qualitatively different in the slow case. An approximate inequality was shown 

that provides guidance when trying to avoid the Q-switching instability in a mod-

elocked cavity. Cavity design considerations were discussed based on satisfying 

this inequality by making alterations to affect the pulse energy, mode area on the 
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SESAM and modulation depth of the absorber. 

The SESAM device was introduced and its structure described, as well as its 

action as a saturable absorber. The multi-quantum well structure results in a 

sharp exitonic band edge with absorption at the design wavelength that can be 

saturated by carrier screening. The recovery time of the SESAM is influenced 

by intraband thermalisation and interband recombination of carriers, leading to a 

bi-temporal decay form. 

The evolution of the compact asymmetric CW bounce oscillator into a mode-

locked source was outlined. Initial at tempts were based on 1:1 re-imaging of the 

compact cavity to elongate the cavity and increase pulse energy. This resulted in 

the first production of a modelocked bounce geometry oscillator, with a 77 MHz, 

30 ps pulse train of average power 16.7 W achieved. Alterations were made to 

this system which improved the beam quality at the SESAM device and reduced 

the incident mode size. The result was a modelocked oscillator that produced an 

81 MHz pulse train of 12 ps pulses with an average power of 6.1 W. There was a 

drop in system efficiency from 44 % to 20 % as well as the drop in output power, 

and this was due to the reduction in the bounce angle and the increase in the out-

put coupler reflectivity implemented in this system. These two changes enabled 

the reduction in pulse duration and improvement in output beam quality and so 

despite the loss of power, this was the best performing cavity. 

Power scaling of the modelocked oscillator was discussed whereby the mode size 

on the SESAM is varied in proportion to the increase in pump power to maintain 

the saturation parameters of the cavity. Even if this were to have been done ideally 

using the final cavity as the parent, the overall system efficiency would still not be 

expected to be much above the 20 % achieved in this cavity. External amplification 

using a secondary bounce geometry module however, potentially allowed power 

increases with a much greater efficiency. A bounce geometry MOPA system was 

thus constructed with the modelocked oscillator as an input, and a modelocked 

average output power of 60 W was recorded with an amplifier efficiency of 50 %. 

This was achieved with no degradation in the beam quality or measured pulse 

duration, demonstrating that with sufiicient pump power, this technique could 

potentially produce 100 W of average power in a picosecond pulse train, much 
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more efficiently and simply than directly scaling the oscillator. 
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Chapter 5 

Quantum dot SESAM devices 

5.1 I n t r o d u c t i o n 

The SESAM devices used so far in this work have all been based on quantum well 

absorbers as described in chapter 4. It is also possible to construct SESAMs using 

quantum dots as the saturable absorber component and there has been extensive 

research into the growth of quantum dots. One of the groups that has been at the 

forefront of this research drive is a group from the same institution as the present 

author. They have been developing techniques for growing dots and have started 

to look at implementing them in SESAM structures. A collaboration was thus set 

up between the two groups whereby the quantum dot SESAM (QDSAM) devices 

could be tested for functionality in a bounce laser oscillator. 

Initially, the concept of quantum dots is briefly developed, together with a 

comparison with the quantum well structures. The growth procedure is then out-

lined and the characteristics of the devices are highhghted. The first testing run 

is then covered, where some simple samples are used to produce pulsed behavior 

in a bounce geometry laser, similar to that used in chapter 4. The results of this 

test are then used to inform modification of the design of the QDSAM devices. 

A second set of devices is produced to a different design, and post-growth modi-

fication of the device properties is performed. These post-growth procedures are 
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outlined in brief before the second testing run is described, where improved pulsed 

behaviour is achieved from the QDSAMs in a bounce geometry oscillator. 

5.2 Q u a n t u m do t s 

The term 'quantum dot' describes a system of electronic confinement which ap-

proaches a regime of quasi-zero dimensionality, leading to a discrete spectrum of 

well separated allowed energy states. If the symmetry of a bulk semiconductor 

crystal is disturbed by an interface with a different semiconductor, interesting and 

important electronic bandstructures can be engineered via the form of the interface 

and the choice of semiconductors. The quantum well is a very important example 

of such a system, where a thin layer of one semiconductor is deposited on a dissim-

ilar bulk semiconductor host material, and the quantum well layer is then capped 

by another bulk region of the host material, forming what is known as the double 

heterostructure. A particularly useful double heterostructure is formed when the 

well material has a potential well for both electrons in the conduction band and 

holes in the valence band, and is known as the type I double heterostructure. Free 

carriers in this kind of system can be effectively confined in the potential well, and 

when the dimensions over which the carriers are confined is on the scale of several 

nanometres or less, the allowed energies and momenta of the carriers are described 

by the solutions to the one-dimensional Schrodinger equation for a finite square 

well potential. 

The confinement of carriers and advances in crystal growth technology have 

allowed the realisation of high-quality, nanoscale structures. This is turn has led to 

significant efficiency improvements in the field of semiconductor optoelectronics. 

However, more than one degree of confinement is possible using the semiconductor 

heterostructure. The quantum wire confines carriers in two dimensions leaving 

only one degree of freedom, but a more intensively researched low-dimensional 

structure is the quantum dot, where the carriers in the dot are confined in all 

three dimensions. GaAs and InAs form a type I heterostructure and it is in this 

material system which forms the basis for the QDSAMs studied in this work. 

Using QDs in SESAMs is a recent development and has numerous advantages 
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over other absorbing media such as quantum wells. The first demonstration of a 

QDSAM was in 2001 [119] and since then QDSAM structures have been imple-

mented successfully in several systems [120-126], demonstrating their capabilities 

as passive mode-locking elements in the near infra-red. However, there is still a 

large amount of work to be done to realise the full potential of QDSAMs and so 

studies like this are an important step in the development of high performance 

systems. 

5.2.1 Q u a n t u m dots vs Q u a n t u m wells 

For use in SESAMs, quantum dots would ideally fulfill several criteria; firstly, 

be able to accurately target specific wavelengths to coincide with laser operation. 

Secondly, they should exhibit a fast recovery time for ultrashort pulse shaping and 

for use in high repetition rate systems. Thirdly, they should have sufficient absorp-

tion to function well as saturable absorbers. Quantum dots fulfill all these criteria, 

but then so do quantum wells. Quantum dots are interesting predominantly for 

the tunability they exhibit, and have a number of other useful properties. 

The spectral characteristics of the dots can be modified post-growth using 

a simple rapid thermal annealing process. This will be outlined in more detail 

shortly, but the result is that the chemical composition, and hence electronic 

spectrum, of the dots can be altered, enabling tailoring of the dot spectra without 

the need to sacrifice high dot densities. This gives the possibility of producing 

devices of different performance characteristics from a single growth run. It also 

means that any deviation of the dot characteristics from the design parameters, 

due to irregularities in the growth procedure for example, can be corrected simply 

without the error causing wastage. There is also a large inhomogeneous broadening 

observed under certain annealing conditions which gives the potential for wide 

bandwidth absorption, suitable for femtosecond pulse generation. Additionally, 

and possibly most importantly for the international research drive, the tunability 

of quantum dots means that they are particularly suited for the important 1.3 jim. 

telecommunications window, without the need for dilute nitride materials. 

One of the main disadvantages of quantum dots is the reduced absorption 
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coefficients compared to quantum wells. As with quantum wells, the absorption 

is provided by excitonic confined states and the absorption coefficient is therefore 

related to the density of states. The density of states for the dot ensemble is 

governed by the volume dot density, and so quantum dots will always suffer from 

reduced absorption relative to quantum wells due to the lower coverage in the xy 

plane, which results in an effectively reduced density of states. The nature of dot 

growth limits the attainable dot density and thus the amount of absorption which 

can be achieved from a single layer. It is thus not possible to achieve densities 

sufficiently high to compete with the density of states of a quantum well material. 

To tackle this issue and achieve high modulation depths in quantum dot saturable 

absorbers, the simple solution is to use more dot layers. The three dimensional 

carrier confinement and large absorption cross section of the quantum confined dot 

shape does lower the saturation fiuence as well. This makes dots more suitable 

to systems where low saturation fiuences are critical, such as high repetition rate 

systems or solid state lasers with long upper state lifetimes. 

Another possibility for increasing the absorption is to make use of excited 

state absorption. Previously, all work on quantum dot saturable absorbers has 

been concentrated on using the ground state of the dot system as the absorbing 

transition. The QDSAMs investigated in this work are the first in the world to 

make use of an excited state transition. The photoluminescence (PL) spectrum 

shown in Fig 5.1 illustrates the first four absorbing transitions in a simple quantum 

dot system at 12 K. At room temperature, this spectrum will shift and the position 

of the third excited state (X3) can be estimated as R^1060 nm. The annealing 

process can then be used to tune this transition more precisely to the required 

position of 1064 nm. This figure also helps to show how a single quantum dot layer 

could in theory be used to give functional absorption at multiple wavelengths. 

The significance of using this excited state transition is illustrated in Fig 5.2 

which shows the calculated absorption coefficients for the the first three dot exci-

tonic states, assuming the states are initially empty. This shows that the absorp-

tion coefficients for a single layer of dots is significantly increased for the excited 

state transitions, and so multiple layers could give the necessary absorption for 

effective QDSAM devices. This improvement arises because the higher lying ex-
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Fig 5.2. Simulated absorption coefficients for the first three exitonic tran-

sitions in a quantum dot ensemble [127]. 
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cited states turn out to have an increased degeneracy to the lower lying states, 

and so the overall density of states is increased. Utilising this elevated absorption 

coefficient is an attractive feature of excited state quantum dots for SESAM ap-

plications, and the choice of dot state used as the absorptive transition provides 

a useful degree of flexibility. 

Another potential benefit of using the excited state transition is that there are 

a greater number of decay pathways for the carriers. This offers the potential for 

faster absorption recovery dynamics than ground-state devices, which is suitable 

for ultrashort femtosecond pulse shaping. 

Quantum dots then, can match quantum wells in the important parameters for 

effective saturable absorber action. The absorption coefficient can be competitive 

through the use of multiple layers and suitable transition choice, and the confine-

ment of the dots leads to low values of saturation fiuence. The dot states also 

exhibit sufficiently fast recovery times to be useful in ultrashort pulse shaping. 

The main draw of quantum dot devices however is the enhanced tunability of op-

erating wavelength and the possibility for easy implementation in the important 

1.3 /xm telecommunications band. 

5.2.2 G r o w t h of q u a n t u m dots 

Quantum dots are grown epitaxially by a process known as Stranski-Krastonow 

growth. The lattice constant of InAs is approximately 7 % larger than GaAs, and 

when InAs is deposited on to GaAs it is compressively strained. The first 1.6-2.0 

monolayers of InAs are deposited as a highly-strained, layer known as the wetting 

layer. A critical thickness is reached whereupon it is energetically favourable for 

the material to organise into 3D island structures. This is to relieve the high strain, 

which has been accommodated by this elastic relaxation as opposed to dislocation 

in the crystal structure. This island formation allows for very high luminescence 

efficiency and very low defect density, even with large lattice mismatches as in the 

InAs/GaAs material system. The density of the dots formed can be controlled by 

the growth rate and the substrate temperature and the size of the dots is governed 

by the total InAs coverage for a given dot density. Figure 5.3 shows an atomic 
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F i g 5.3. A IjjLm x Ifim atomic force microscope image of uncapped InAs 

dots grown on GaAs [127]. The dots are typically a few nanometers in 

height. 

force microscope image of a typical distribution of uncapped dots with a density of 

approximately 1.6 x 10^° cm~^. A single layer of dots can have a room temperature 

ground state transition ranging from < 1000 nm to around 1300 nm by controUing 

substrate temperature and InAs coverage. In order to reach 1300 nm the cap layer 

is modified. By capping the dots with an InGaAs alloy, with a lattice constant 

closer to the InAs dots, the strain is reduced allowing the formation of large indium 

rich dots. This method of capping is termed 'dots in a well' and has been successful 

in producing dots capable of emitting at long wavelengths [128]. 

In order to reach wavelengths longer than 1300 nm, two main routes are avail-

able. The first is to incorporate a dilute concentration of nitrogen into the crystal. 

The presence of nitrogen in the crystal reduces the bandgap of the material, but 

the process is not yet fully understood. The luminous efficiency and homogeneity 

of the quantum dots are reduced by the incorporation of nitrogen [129]. In addi-

tion, the small atomic radius and large electronegativity of N compared to As can 

lead to strain and compositional fluctuations during growth, and redistribution of 

the N is needed by post-growth annealing [130]. 

A different way of reaching long wavelengths is to use quantum dot bilayers, 

which is a precise and reproducible way to obtain ground state emission wave-

lengths as long as 1520 nm [131, 132]. If the separation between the multiple 

quantum dot layers is small, of the order of 10-40 nm, then the lower layer, known 

as the seed layer, can influence the electronic properties of the dots in the layer 
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Fig 5.4. Schematic view of a strain coupled quantum dot bilayer system 

with vertical alignment [127], 

above. The strained region around the seed layer dots extends through the spacer 

layer and affects the surface morphology of the surface on to which the second 

layer of dots is deposited. The dots of the second layer are seen to preferentially 

form directly above the dots beneath, due to a locally enlarged lattice constant 

at these points. Under the right growth conditions the dots in the layers are per-

fectly vertically aligned and the density of the upper layer is fixed by the lower 

layer [133, 134], shown schematically in Fig 5.4. The fixing of the density al-

lows the substrate temperature to be changed without altering the dot density. 

By lowering the substrate temperature during the growth of the second layer it 

is therefore possible to form large, indium rich dots which produce long wave-

length emission, without sacrificing a high areal density. The close proximity of 

the vertically aligned dots produces a strongly coupled system, where carriers in 

the seed layer can efficiently relax into the upper layer and radiatively recombine. 

In a well coupled bilayer, emission from the seed layer dots is almost completely 

extinguished and the emission spectrum is dominated by the upper layer. 

5.2.2 .1 Rapid Thermal Anneal ing 

Precise independent control of dot densities and spectral characteristics during the 

growth procedure can be difficult. However, rapid thermal annealing (RTA) en-

ables dot properties to be modified post-growth in order to tailor the dot emission 

and absorption without affecting the dot density. The effect of RTA on quantum 

dots has been studied in depth [135-140] and it has been found that thermally ac-

tivated In /Ga interdiffusion leads to a blue-shift in the dot emission. This means 

that RTA can be used to modify the properties of quantum dots post-growth, thus 
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enhancing the tunability of the devices. 

Rapid thermal annealing subjects the dots to very high temperatures for a 

controlled amount of time, with fast ramping and cooling to the anneal tempera-

ture. Typical temperatures for annealing QDs range from around 700 — 1000°C. 

The rapid thermal annealer used to treat the QDSAMs being investigated in this 

experiment heats the samples using banks of high power UV lamps to irradiate 

a silica platter, on which the sample is placed. Argon gas is passed through the 

heating chamber of the annealer to create an inert atmosphere, and the surface 

of the sample is protected either with a GaAs proximity cap (essentially a piece 

of GaAs wafer placed directly on top of the exposed surface of the sample), or 

alternatively the surface is coated with a layer of deposited SiOg. The purpose of 

these treatments is to minimise the desorption of arsenic from the sample which 

occurs at temperatures above 600°C and can leave the surface Ga rich [141, 142]. 

For the quantum dots used in this work, most of the annealing processes have 

been conducted using proximity capping due to the simplicity of this approach. 

The collaborating group grew a set of dots with a ground state emission at 

295 K of 1237 nm and then annealed them under a GaAs proximity cap for a 

range of temperatures between 750 — 900°C for a range of durations up to 40 s. 

The peak emission energy at 10 K for the annealed samples is shown in Fig 5.5. 

The magnitude of the blue-shift increased with the annealing temperature, as the 

thermal energy of the constituent atoms in the crystal rises and increases the rate 

of interdiffusion events. At 700°C no blue-shift occurred, and much longer anneal 

durations may be required to see an appreciable change in the ground state energy. 

The greatest blue-shift rates occurred at short anneal times, and although exact 

quantitative comparisons cannot be made, there was no significant reduction in 

the emission intensity of the annealed samples. This suggested that significant 

generation of defects in the dots as a result of the annealing did not take place. 

For short anneal durations and at low anneal temperatures the emissio^FWHM 

of the samples was seen to increase. This is shown in Fig 5.6, which displays the 

low temperature ground state linewidth as a function of shift in ground state 

energy. The broadening of the spectrum could be very useful for QDSAMs de-

signed for femtosecond pulse generation, enabling saturable absorption over wider 
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band widths than as-grown dots. 

5.3 Inves t iga t ion of Q D S A M devices 

To create a functional quantum dot SESAM device, five dot layers were grown 

inside a low-finesse resonant micro-cavity, shown in Fig 5.7. The resonant design 

maximises the field strength in the cavity and ensures that the anti-nodes of the 

standing field pattern coincide with the location of the dot layers, thus maximising 

the absorbing power, and minimising the saturation fiuence. The low-finesse cavity 

was formed by a 25 period AlAs/GaAs DBR designed for operation at 1064 nm, 

and the top surface of the structure. This design minimises the transmission 

(and hence non-saturable) losses and makes the device more fiexible for post-

growth modification. There are a number of different techniques for modifying 

the properties of the SESAM structure, all of which involve adding or subtracting 

material from the surface of the device. Forming the cavity from two DBRs would 

make alteration of the structure impossible and so any errors in the growth of the 

device could not be corrected, unlike with the low-finesse design. The nominal 
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F i g 5.8. The basis of the cavities for the QDSAM investigation. LI and 

L2 are lenses with focal lengths fi and ^ and these were changed to alter 

' the magnification between Ml and the QDSAM. 

optical thickness of the cavity was 13A/4 and the dots were grown so that the 

laser wavelength of 1064 nm corresponded to the third excited state. Operating 

on the excited state transition makes use of the higher degeneracy of these states, 

increasing the absorption coefficient per layer and thus increasing the modulation 

depth of the device. 

The QDSAMs were to be tested in a bounce geometry cavity similar to that 

described in Chapter 4, Fig 5.8. The saturation fluence of the QDSAMs is much 

lower than the commercial SESAMs used previously and so a lower pulse fluence 

may be required to obtain modeloeking, so as not to oversaturate the devices. 

To achieve this, the same approach was used as in Chapter 4, whereby the pulse 

fluence is reduced by enlarging the mode size on the QDSAM. This again will 

be done through suitable choice of optics in the relay-imaging system. To start 

149 



with, a magnification factor of 2 was chosen to produce a large mode area, in a 

cavity of similar length to that in §4.5.3. Over the full range of pumping available, 

no modelocking was observed in this configuration, with only sporadic bursts of 

pulsed behaviour observed. The magnification factor of the relay-imaging system 

was gradually reduced step-by-step by varying LI and L2 to t ry and increase the 

pulse fiuence to the correct level. Magnification factors of 1.66, 1.2, 1, 0.83, 0.6 and 

0.5 were tested, each time trying to keep the cavity length as similar as possible. 

The quality of the pulsed behaviour gradually increased as the pulse fiuence 

rose, until stable modelocking was achieved in the 0.6 and 0.5 systems. The output 

power levels of 1-2 W from ~20 W of pumping was slightly lower than those in 

the commercial SESAM systems, suggesting lower values of the pulse fiuence at 

the QDSAM. Unfortunately, the shortest pulse duration measured in these two 

systems using the manual autocorrelator was 200±21 ps, which is significantly 

longer than that obtained with the quantum well-based commercial devices. The 

large error is due to the fact that the pulses were too long to completely fit into 

the scan range of the autocorrelator and so to enable a curve to be fit to the data, 

the base level of the scan had to be set manually (Fig 5.9). This was far from an 

ideal situation, but the pulses were so much longer than would be expected that 

something was clearly wrong with the functioning of the system anyway. 

This poor performance was found to be due to defects in the growth of the 

QDSAMs. Errors in the MBE machine had resulted in an anomalously thick 

layer in the DBR structure, and slightly thinner layers than the design dictated. 

This resulted in a modified cavity length and a shift in the refiectivity spectrum. 

Transmission electron microscopy (TEM) measurements of the layer thicknesses 

are shown in Fig 5.10 together with the measured normal incidence refiectivity 

measurements of the sample. The refiectivity measurements showed that the QD-

SAM resonance had shifted to ~1045 nm, well away firom the design of 1064 nm. 

This resulted in a modulation depth at 1064 nm of % 0.7 %, which is too small to 

perform adequate pulse shaping in this system. Additionally, the spectrum also 

revealed that even on resonance, the maximum modulation depth of the five dot 

layer QDSAM would only have been 2 %, which may well also have been too little 

to produce short pulse modelocking. 
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Fig 5.10. a)TEM of the QDSAM showing an anomalously thick Ga layer; 

b)Normal incidence reflectivity of the QDSAM showing a shift, in the ab-

sorption resonance to ^1045 nm [127]. 
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5.4 QDSAMs wi th higher modula t ion dep ths 

In order to test a QDSAM with a larger modulation depth, a sample containing 

fifteen dot layers was grown. The dot layers were positioned in groups of three 

layers, separated by 40 nm of GaAs and centred at the anti-nodes of the standing 

• field in the same low-finesse resonant cavity as before. The dots were nominally 

identical to those contained in the previous device containing five layers. Assuming 

the thickness of the dot layers to be negligible, the cavity resonance coincides with 

the design wavelength of the DBR. In this case the standing wave field pattern for 

a resonant sample ends on an anti-node at the sample/air interface, as indicated by 

the dotted lines in Fig 5.11. However, the large number of layers in this structure 

means the dot layers cannot be neglected; their presence increases the effective 

cavity length and consequently detunes the cavity resonance away from the design 

wavelength of the structure. The solid lines in Fig 5.11 show the standing wave 

pattern inside the cavity region at A q , including the quantum dot layers. Now, the 

structure does not have an anti-node at the GaAs:air interface and the relative field 

strength inside the cavity is much reduced. In addition, because of the thickness 
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contribution from each dot layer the anti-nodes of the field at Aq inside the cavity 

are not perfectly aligned with the dot layers, which reduces the overall absorption 

compared to a structure where the dots are aligned exactly with the anti-nodes. 

The reduction in the relative strength of the field inside the cavity (a ratio 

known as the enhancement factor), due to the presence of the quantum dots, 

lowers the modulation depth and raises the saturation fiuence at Aq by a factor 

of ~9 relative to the nominal design. In order to correct for this, the effective 

cavity length must be modified to tune the cavity through resonance at A q . The 

effectively elongated cavity region in these samples has shifted the cavity resonance 

to 1091 nm. This can be easily corrected by a simple process of chemical etching. 

5.4.1 Chemical e tching 

In order to tune the cavity resonance through the design wavelength, the upper 

surface of the mirror was etched using a 2:1 solution of H2O2 and citric acid. This 

technique is attractive due to the simple processing requirements and nanometre 

precision possible using slow etch rates and is an alternative to other techniques for 

changing the effective cavity length, such as dielectric capping. Figure 5.12 shows 

normal incidence refiectivity for a range of etch durations, illustrating the shift 

in cavity resonance as the effective cavity length was reduced. A total of 70 nm 

was etched from the surface of the QDSAM to produce this range of resonance 

shift. There is a slight reduction in the depth of the reflectivity dip at the cavity 

resonance for successive etches due to the shorter anti-node spacing of the fleld in 

the cavity for shorter wavelengths. Consequently, the effective overlap of the dots 

and the field is slightly reduced as the resonance blue-shifts. This effect is also 

visible in Fig 5.11 where the anti-node spacing of the 1064 nm field was different 

to the dot spacing. 

Another advantage of the etching process is that the reflectivity of the upper 

surface of the cavity remains unchanged. Consequently the enhancement factor on 

resonance is unity for a low-finesse, resonant cavity over a wide range of resonant 

wavelengths. The deposition of a lower index cap layer to modify the resonant 

wavelength however, reduces the enhancement factor on resonance by an amount 

153 



A s grown 

2 min 
> 0 .6-

# 4 m m 
m 0.4 5 m m 

7 m m 

10 m m 

1000 1050 1100 
Wavelength /nm 

1150 

Fig 5.12. The measured low intensity reflectivity of the QDSAM for a 

range of etch durations, demonstrating the shift of the resonance as the 

effective cavity length is reduced [127]. 

dependent on the cap index and thickness, which in turn reduces the modulation 

depth and increases the saturation fluence. 

The measured modulation depth and saturation fluence of the etched samples 

are shown in Fig 5.13 as a function of the detuning of the cavity resonance from 

the design wavelength. The sensitivity of AR to the etching process provides 

a useful method to tune the QDSAM, allowing optimisation of the modulation 

depth to best suit the particular laser system requirements. However, the change 

in saturation fluence with etching must also be taken into account and may require 

changes of the intracavity power or the spot size on the QDSAM to compensate. 

5.5 Investigation of high modula t ion dep th QD-

SAM devices 

The aim was to eventually test all of the etched samples to see if they acted as 

effective saturable absorbers, and to see if there was any variation in the pulsed 

behaviour for the range of modulation depths. Firstly though, the aim was to try 

to improve on the pulse duration obtained with the 5-dot layer samples. To do this, 
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ments against the detuning of the cavity resonance from the design wave-

length [127]. 

the QDSAM that had been etched so that its resonance now coincided with the 

operation wavelength of the laser was used. As can be seen in Fig 5.13, this sample 

had the largest modulation depth of approximately 4 %, and lowest saturation 

fluence of approximately 12 //J cm~^ at 1064 nm. The modulation depth is thus 

comparable to that of the commercial quantum well based devices used in chapter 

4 and significantly larger than the previous QDSAMs, which should help improve 

the pulse shaping dynamics in the cavity. The saturation fluence however was also 

significantly lower than the commercial devices and this will have implications 

on the suitable cavity design, where the intracavity pulse fluence may have to be 

reduced. 

The QDSAM was tested in the same set of cavities described in §5.3, starting 

with the largest mode size on the QDSAM and reducing as necessary. Despite 

the low saturation fluence, it was again found that the optimal performance was 

achieved in the cavity which reduced the mode dimensions by a factor of two from 

those in the basic bounce cavity, albeit at a lower output power than achieved 

with the commercial devices. The minimum pulse duration obtained was 84±4 ps 
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Fig 5.14. Manual intensity autocorrelation of the shortest pulses achieved 

from the QDSAM devices. The pulses are determined to have a duration of 

84^4 ps-

with an average output power of 3.0 W from 25 W of pumping, in a 78 MHz, 

TEMoo beam. This is an improvement on the previous QDSAMs, although still 

not at the level that would be expected from this system. This could be due to a 

number of reasons: the pulse duration may be limited by the recovery time of the 

QDSAMs; the devices could be oversaturated, therefore not maximising the full 

modulation depth and restricting the pulse shaping. 

The quantum dots should have a recovery time similar to that of the quantum 

wells, if not less. However, without actual tests of the carrier temporal dynamics 

it cannot be said for certain if this is the case. It is though, unlikely that the 

recovery time is so long as to give the significant pulse limiting seen here. 

More likely is that the pulse fluence on the QDSAM is not at the right level to 

maximise use of the modulation depth. A simple test of this is to increase the pulse 

fluence by increasing the pump power of the system to see if any change is observed 

in the minimum pulse duration. The increased pump power may require some 

slight cavity modifications to maintain modelocking, but these changes should be 

small enough that they are insignificant to the overall laser performance and allow 

a fair comparison. 

When the pump power was changed to increase the output power from 3.0 W 

to 5.7 W, the measured pulse duration increased from 84 ps to 145 ps. This is a 
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ment with the modification to the modulation depth (red circles). 

significant degradation in performance and suggests that the device performance 

is very sensitive to the pulse fluence. However, no significant trend was seen if the 

pulse fluence is reduced, although the amount of reduction possible was limited 

by lasing threshold in this case. 

Following this, the rest of the QDSAMs with varying modulation depths were 

tested. Again, each was tested in a variety of cavity configurations that varied the 

mode size on the QDSAM, to determine the minimum pulse duration from each. 

All the samples produced stable, self-starting modelocking, and again it was seen 

that the best performance, in terms of modelocking stability, output power, beam 

quality and pulse duration, was to be found in the 'factor of two' cavity. Each 

device was investigated over a range of pump powers, and the minimum attainable 

pulse durations for all the samples are plotted against the modulation depth in 

Fig 5.15. Here we see that, as expected, the shortest pulses are produced from the 

QDSAMs with the largest modulation depths. As well as neatly illustrating the 

tuning potential of the QDSAM devices, all of this work represents the first time 

modelocking has been achieved with excited state absorbing, quantum dot based 

SESAMs. 
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5.6 Conclusions 

This chapter has looked at the implementation of SESAM devices based on quan-

tum dots (QD), as opposed to the commercial standard of quantum wells (QW). 

More specifically, this work represents the first modelocking operation of QD-

SAMs that utilise excited state transitions in the QD confined states to provide 

the saturable absorption. 

Initially, the concept of a quantum dot was introduced as a quantum system 

which is confined in all three spatial dimensions. This was then compared to the 

use of QWs in SESAM structures where it was illustrated that QDs have suitable 

properties for use in SESAMs, but also exhibit a number of advantages. 

One of the main advantages was the ability to tune the electronic structure of 

the QD system post-growth. The electronic structure is determined by the size 

of the dots and their chemical composition. An initial layer of QDs may have an 

absorptive transition at 1000 nm, but several processes are available that allow 

modification of the chemical composition of the dots and their local environment. 

These can then allow the absorptive transition to be tuned to as high as 1500 nm. 

This covers the important telecomms band and also means that devices can be 

tailored to a particular laser system from a single growth sample. This tunability 

' also means that any imperfections in the grown sample can be corrected easily. 

One disadvantage that the QDs have is that they exhibit much lower absorp-

tion coefficients than their QW counterparts. This limits the modulation depths 

available from QD devices, which may need to be large in certain systems. This 

is compensated for by using multiple dot layers and making use of excited state 

, absorptions which have higher absorption coefficients than the usual ground state 

transition. 

The growth process of the QDs was outlined in brief, together with the post-

growth modification technique of rapid thermal annealing, which also demon-

strated an increase in the linewidth of the transitions, making the dots suitable 

for high bandwidth, short pulse operation. Following this introduction, a set of 

QDSAMs using 5 dot layers as the saturable absorber were tested in a bounce ge-

ometry oscillator and used to produce modelocked pulses of 200 ps duration. This 
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was much longer than expected, and the relatively poor performance is attributed 

to the low modulation depth of < 1 %, which itself is identified as being due to 

errors in the growth procedure. 

A second set of QDSAMs were grown that used 15 dot layers to provide the 

saturable absorption. The presence of so many dot layers in the SESAM structure 

modified the internal field pattern from that calculated in the system modelling, 

where the optical properties of the thin dot layers are not taken into account. This 

resulted in a significant shift in the spectral properties of the real QDSAM devices 

from the modelled design. This was compensated for by the further post-growth 

technique of chemical etching which produced a set of QDSAMs with varying 

modulation depths at 1064 nm. 

This set of QDSAMs were tested in the bounce geometry oscillator and it 

was found that the variation in modulation depth resulted in a variation in the 

minimum pulse duration. The shortest pulses of 84 ps were obtained when using 

the QDSAM with the highest modulation depth and the variation in pulse duration 

across the sample set was seen to be 96 ps. This pulse duration was still somewhat 

longer than obtained with the commercial QW-based SESAM devices (13 ps) and 

it was seen that the pulse duration from a given QDSAM was very sensitive to the 

incident pulse fiuence. This suggested that the cavity was not optimally configured 

for the QDSAM parameters and more fine tuning of the illuminated mode size 

on the QDSAM is required. Despite the poorer than expected pulse durations, 

the work with the QDSAMs was the first time that excited-state quantum dot-

based SESAM devices have been used to produce modelocked pulses and the work 

described led to the publication of two peer reviewed papers [42, 43]. 
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Chapter 6 

Non-linear mirror modelocking 

6.1 In t roduc t ion 

This chapter will introduce the second major modelocking mechanism to be used 

in this thesis. The non-linear mirror mechanism combines second harmonic and 

difference frequency generation in a non-linear optical crystal, together with a 

dichroic mirror, to produce an intensity dependent reflectivity. This intensity de-

pendent reflectivity can then lead to modelocking as described in previous chap-

ters. The non-linear conversion processes that give rise to the absorber effect are 

essentially instantaneous and so there is no physical process that limits the final 

pulse duration, as is the case with SESAM modelocking. This mechanism should 

therefore be able to support pulses limited only by the oscillating bandwidth of the 

laser. The non-linear processes are also parametric and so the final system should 

be much more robust against heating damage, unlike the SESAM systems which 

are susceptible to both high intensity ablation damage and long-term degradation 

due to heating. 

This chapter will begin by giving a basic outline of the origin of non-linear opti-

cal effects. The non-linear polarisation of a media will be introduced together with 

the higher order susceptibilities and this will be shown to give rise to frequency 

conversion and mixing effects. Second harmonic and difference frequency genera-
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tion will be highlighted in particular. A few potential non-linear optical media will 

be discussed and their relative benefits analysed. The concept of phase-matching 

for these non-linear processes and the methods for achieving it are outlined be-

fore going on to cover in more detail the non-linear mirror modelocking (NLM) 

technique. This then leads into an experimental study of NLM modelocking in 

the bounce geometry. Three non-linear optical media are utilised and new bench-

marks for this type of system are achieved with respect to both output power and 

pulse duration. 

6.2 Non-l inear optics and t he susceptibili ty 

An ideal linear optical medium has an entirely linear response of its polarisation 

as a function of incident electric field: 

P = eoxE (6.1) 

where cq is the permittivity of free space and % is the dielectric susceptibility of 

the medium. This can then be used as the source term in the electromagnetic 

wave equation which will describe the propagation of the wave in the medium: 

where /̂ o is the permeability of free space. This is sufficient to describe propagation 

in most transparent optical materials, as long as intensity levels are low. 

In general however, the polarisation is a non-linear tensorial relation of the 

form: 

P = -h + . . . } (6.3) 

The expression now contains higher-order susceptibilities (%(^\ etc.) that arise 

from anisotropy in the medium. The even order susceptibilities for example, are 

only present in non-centrosymmetric media where P{—E) ^ —P{E). Now, when 

this expression is used as a source term in Eq(6.2) the resulting expression is 

called the non-linear wave equation (NLWE) and the terms involving powers of 

E result in the production of additional frequency components of the propagating 

field. Most ordinary media have zero or negligible high-order susceptibilities and 
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so these extra components do not manifest themselves under normal conditions. 

Certain special media however can have significant values of etc. and 

under sufficiently intense field conditions the magnitude of these components can 

be large. This leads to a material which exhibits a strongly non-linear response to 

the electric field. Depending on which order susceptibilities this highly non-linear 

medium presents, different frequency components and effects are seen. One of the 

most common, useful and simple effects in non-linear media, is second harmonic 

generation. 

6.2.1 Second ha rmonic genera t ion 

Second harmonic generation (SHG) occurs in non-linear media with a strong 

susceptibility. Consider an electric field at frequency w, 

E = Eo cos Lot (6.4) 

incident on such a material. According to Eqn(6.3) and Eqn(6.1), the resulting 

polarisation of the medium will be of the form: 

P/^Q = cos cot + cos^cot (6.5) 

= cos Lot 4- + cos 2w() (6.6) 

This then contains a component at the incident frequency u , but also a component 

at 2w, the second harmonic frequency. When this is used as a source term in 

Eqn(6.2), assuming monochromatic, linearly polarised plane waves, the resulting 

field is a superposition of two plane waves: 

E(w, z, t) = ^{Ew(z) exp - k^z) -t- c.c.} (6.7) 

E{2u},z,t) = ^{E2UJ{z) expi{2ujt - k2u;z) + c.c.} (6.8) 

This is a field at the original incident frequency LO, and also a newly created field 

at 2w. It is this new superposition of fields that then needs to be used in the 

NLWE. Using this, the NLWE can be split into two coupled equations at cu and 

2w which need to be solved simultaneously. If an additional assumption is made 

that Ei^{z) = const, then the equation need only be solved to see how E{2u>) 
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evolves in the non-linear crystal. The assumption E^{z) = const, is valid in the 

regime of low conversion efficiency from w —̂  2w so that the 'pump' field at w is 

undepleted over the length of the crystal. 

The polarisation source term in the NLWE also needs to be modified now that 

two fields are present. The correct form is now: 

f (2w, z, t ) /6o =^{%^'G2w(z) exp2(2wt - A;2wz) + c .c .} 

+ e x p 2 i { u j t - k^^z) + c.c. + DC term} (6.9) 

The first term corresponds to the linear response of the medium at 2w. The second 

term corresponds to the non-linear response of the medium induced by the pump 

at Lo. It is assumed for now that the 2w field is too weak to excite any non-linear 

response in the medium. Using this in the NLWE and neglecting the DC term 

gives: 

d^e%.̂  . . . d e . 
^ - 22a:2w—^exp(-%a:2wz) - ^l-^2wexp(-ia;2wz) 

+ ^ ( 1 + %^)^2w exp(-2a;2(^z) = — e x p ( - 2 z a ; w z ) 

dz^ dz 
A 9 

(6.10) 

The third and fourth terms cancel by virtue of the fact that 1 -t- The 

slowly varying envelope approximation is also used so that the first term can be 

neglected. This then finally results in a differential equation for the evolution of 

the 2w field; 

dE^u} 2 

-x, j^^ 'e^expiakz a k = k2uj — 2kî  (6.11) 
dz 

To calculate the total second harmonic intensity, integrate this expression over 

the crystal length, L: 

E2UZ = L) = j expzAAz dz (6.12) 
C A2w JO 

then. 

— L) — goc|e2w('^ — -^) | 
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/ 
Ak = 0 

a k ^ o 

Fig 6.1. Second harmonic growth in the non-linear crystal for Ak = 0 and 

, Ak ^ 0. The dashed line represents the phase matched second harmonic 

growth for the more realistic case where pump depletion is significant i. e. 

Ecj{z) 7^ constant. 

This is the form of the evolution of the 2w field inside the crystal. Two impor-

tant features of SHG are visible from this equation. Firstly, the efficiency of the 

conversion process from w 2w, given by is linearly proportional to the 

intensity of the fundamental wave. Secondly, the key parameter determining the 

SHG efficiency is Ak. For Ak = 0, the second harmonic intensity increases as 

Z/̂ . For a non-zero Ak the intensity follows a sinc^ function inside the crystal and 

never grows beyond a small value. This is illustrated in Fig 6.1. The key factor 

then in maximising the efficiency of the SHG is to ensure that the ^-vectors of 

the fundamental and second harmonic fields are such that Ak = 0. This concept 

is known as phase-matching and turns out to be critical in all non-linear optical 

processes. 

An alternative view of SHG is to consider the photon picture. Depicted in 

Fig 6.2, SHG occurs when two photons of frequency u are absorbed simultane-

ously in a transition. The subsequent decay releases the energy in a single photon 

of frequency 2w. The cross section of this process is small and so high numbers 

of photons (high intensities) are required to produce significant effects. Momen-

tum conservation in this process then simply gives the phase matching condition 
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Fig 6.2. The photon picture of SHG whereby two fundamental photons are 

absorbed in a single transition but the subsequent decay produces a single 

photon that has the combined energy of the two initial photons. 

required. 

(6.14) 

6.2.2 Difference f requency genera t ion 

Another non-hnear process that arises from the susceptibihty that will be 

important when discussing NLM is difference frequency generation. Consider two 

fields of frequencies Ui and W2 incident upon a media. The total field is given 

by Etot = El expiujit + Eg expico2t + c.c. where Em are generally complex spatial 

amplitudes. As before, the non-linear polarisation term contains and in this 

case the total field has to be used so that the expression for the second order 

polarisation, P2 = is: 

P2 cc E'^ exp i2uJit 

+ E2 e x p i2w2t 

+ 2E1E2 exp + u)2)t 

-\- 2,EIE2 expi(c4/'i — 

+ const. 

S H G 

S H G 

S F G 

DFG 

DC terms (6.15) 

This polarisation then contains terms at the second harmonic frequencies of both 

input fields, as well as the sum frequency (SFG) uJi + W2 and difference frequency 

(DFG) u i —UJ2. All of these fields will be generated in the crystal, but which one is 
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Non-linear crystal 

^ 2(0 

• CO 

Fig 6.3. General case of SHG in a birefringent non-linear crystal. An 

incoming field at a frequency u) with wave vector k at an angle 0 to the 

crystallographic c — axis, is a mixture of o- and e-polarisation states. The 

different polarisation states will experience different refractive indices and 

can combine to generate a field at 2lo. 

to dominate is determined by the phase matching condition. In the case of DFG, 

the phase matching condition required is k{to^ = ui — W2) = k(ui) — k{uj2). 

6.3 Phase matching considerations 

In most cases, material dispersion in an isotropic medium means that n2w 7̂  

and therefore k̂ ,̂ 7̂  This results in a finite value of AA; and so the efficiency 

of the non-linear process is low. In order to achieve the required phase-matching 

then, advantage is taken of the birefringence of many non-linear materials. 

Consider a birefringent crystal with an input field that has a wave vector fc, 

entering at an angle 9 to the crystallographic axis c. Fig 6.3. In general, the incom-

ing beam is composed of two polarisations, the ordinary (o-wave, perpendicular 

to the plane of c & /c) and the extraordinary (e-wave, parallel to the plane of c & 

k) polarisations. The refractive index for the o-polarisation is independent of 

whereas the refractive index for the e-polarisation depends on its principal value 

Mg, rio and the phase matching angle 9. For the case of a negative uniaxial crystal 

where rig < tIq, the extraordinary refractive index is given by: 

- V 2 COS 9 sin 9 

^:(w) 
(6.16) 

In the case of SHG, if the dispersion of the non-linear crystal is such that Me(2w) ~ 

no{cu), then the phase matching condition can be achieved by tuning the angle 9 
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0 variation 

• CO 

Fig 6.4. Example refractive index curves for a negative uniaxial crystal. 

Angle tuning is used to ensure that ne(2w) = uo^u). 

^ 2(0 

CO 

• CO 

0„ + o,. 2̂(0 

Fig 6.5. Polarisation states for type I phase matching. Two ordinary 

waves at the fundamental frequency combine to give a second harmonic 

wave with extraordinary polarisation. 

such that ne{2u,6) = n,o{uj), Fig 6.4. The imphcation in this statement is that if 

the incident fundamental wave is an o-wave, then the resultant second harmonic 

wave is an e-wave. In fact, this situation is one of the two types of phase-matching, 

known as Type I and Type II. 

6.3.1 T y p e I phase-match ing 

Again considering the simple case of SHG, Type I phase-matching in a negative 

uniaxial crystal is summarised in Fig 6.5. The input field at wis a linearly polarised 

o-wave that sees a refractive index no(u;). The second harmonic field at 2u> is an e-

wave and sees an angle dependent refractive index 7ig(2w, 6). The phase matching 
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n (̂2a),8) = n,((o) 

Fig 6.6. Refractive index ellipsoids for type I phase-matching in a neaga-

tive uniaxial crystal. The phase-matching condition is satisfied when the 

two curves intersect at angle 6j. 

condition A k j = ke(2u, 9i) — 2ko(u) — 0 is then satisfied if: 

me(2w, (6.17) 

In order to calculate 6'/, the refractive index ellipsoids for a birefringent crystal 

can be considered. Shown in Fig 6.6, the surfaces relate a propagation direction 

relative to the optic axis, to a refractive index. The curve for rio is a circle as its 

value does not change with propagation direction. The curve for rie is an ellipse 

because its value does change with propagation direction. The phase-matching 

condition is met when the two curves intersect at the angle 9j, given by: 

sm = 
(zv 
\ no 

- 1 

iq (2w) \ 
(6.18) 

ne(2uj) J 

From this picture it can be noted that this intersection will only happen if ne(2w) < 

no{u)), otherwise the ellipse for lies wholly outside the circle for Uo- Thus, 

ne{2uj) < no{oj) < n,o(2w), which shows that the crystal birefringence must be 

greater than the crystal dispersion. 

mo(2w) — 'n,g(2w) > 7io(2w) — ^^(w) (6.19) 
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Fig 6.7. Polarisation states for type II phase matching. With the pump 

beam polarised at 45° to the a and e axes, one ordinary wave and one 

extraordinary wave at the fundamental frequency combine to give a second 

harmonic wave with extraordinary polarisation. 

Type I phase-matching in a negative uniaxial crystal can also be summarised by: 

+ ow ^2u (6.20) 

which says that two input waves at w with o-polarisations can combine to give an 

e-polarisation wave at 2u. 

6.3.2 T y p e I I phase-match ing 

The second type of phase-matching that is possible occurs when (again in a nega-

tive uniaxial crystal) an o-wave and an e-wave at u combine to give an e-wave at 

2u). 

ow + cw 2̂lo (6.21) 

This is achieved by having the input field polarised at 45° to the c—k plane, which 

excites both o and e-wave components (Fig6.7). The phase-matching condition is 

then given by: 

afcj/ = ke{2uj,9ji) — [ko{(jj) -t- ke{l0,9ii)] (6.22) 

So that A/cj/ = 0 for: 

n,g(2w, gjj) = [̂?%o(w) + 91e(^, ^7/)] (6.23) 
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Fig 6.8. The Poynting vectors are perpendicular to the refractive index 

ellipsoids and so in critical phase-matching, the fundamental and second 

harmonic beams walk-off from each other, even though they are still correctly 

phase-matched. In non-critical phase-matching, propagation is along knc so 

the beams do not walk-off. 

In general, type I phase-matching refers to situations where the input fields have 

the same polarisation, and type II to situations when they are orthogonal. 

6.3.3 Non-cri t ical phase match ing 

The discussion on phase-matching so far has been about what is known as critical 

phase-matching. That is, phase-matching is achieved by precise alignment of the 

non-linear crystal with respect to the input wave vector. There is an effect called 

beam walk-off however that can affect the phase-matching, even if the required 

conditions are satisfied. In a birefringent crystal, the Poynting vector is not neces-

sarily in the same direction as the A;-vectors. In fact, the Poynting vector is drawn 

as the tangent to the refractive index ellipsoid, at the point of intersection be-

tween the ellipsoid and the D vector (which is perpendicular to k), drawn through 

the origin (see construction in Fig 6.8). At the phase-matching angle then, the 

energy flow of the second harmonic wave is in a different direction to that of the 

fundamental wave. The two beams thus walk-off from each other, although still 
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satisfying the phase-matching criteria, which hmits the interaction length in the 

crystal, and thus the total SHG possible. 

This limitation could be overcome if the beams were to propagate at 90° to the 

optic axis. In this case, both refractive index curves are parallel and the Poynting 

vectors would point in the same direction. However at this angle of propagation, 

there is still a finite difference between rio^uj) and n^{2oj) and the phase-matching 

condition is not satisfied. This can be overcome in some crystals by using the 

temperature variability of the refractive index. The refractive index is typically 

temperature dependent, and the o and e-indices also show a differential variability 

with temperature. It is thus possible to achieve the phase-matching condition at 

an angle of 90° by carefully controlling the temperature of the non-linear crystal, 

typically to within 0.1°C. This method is known as non-critical phase-matching 

and potentially allows longer interaction lengths in the non-linear crystal to achieve 

higher conversion efficiencies. 

6.3.4 Non-l inear media 

With the advancement of materials technology, there are now a large number of 

suitable non-linear materials available. The most appropriate for any particular 

circumstance will depend upon the specific requirements of the application. In 

general, a 'good' non-linear medium will have a high where the order of 

the non-linear susceptibility will vary depending on the intended application; be 

transparent at the wavelengths in use; phase-matchable by either type I, type 

II, critical or non-critical phase-matching; available in sizeable samples of optical 

quality; exhibit robust mechanical and chemical stability (some non-linear media 

are hygroscopic and have to be kept at a high temperature, others undergo phase 

changes at certain temperatures and can shear apart); and have a high damage 

threshold. 

As well as these properties, some other figures-of-merit are used when dis-

cussing non-linear media. In SHG, the sensitivity to the phase-matching angle in 

critical phase-matching means that the angular spread of a non-collimated beam 

can result in varying phase-matching efficiency across its transverse profile. The 
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L B O K I P B i B O B B C K N b O j 

f [pmA^] 2 .30 6.6 6 .4 4 .28 24 .6 

AG L [°cm] 1.79 1.82 0 .07 0 .03 0 .028 

AT L ["C cm] 3.2 24 .0 2 .17 51 .0 0 .29 

P M Type I II I I I 

Table 1. Summary of some key optical properties of non-linear 
crystals at 1064 nm 

acceptance angle is thus used to describe the change in angle over which the 

conversion efficiency has halved. Temperature sensitivity A T can also be impor-

tant for long term system stability and these are usually quoted as length products. 

A summary of some popular non-linear materials for SHG at 1064 nm is shown in 

Table 1 . 

6.4 T h e Non-l inear mirror (NLM) modelocking 

technique 

The basic setup for non-linear mirror modelocking is shown in Fig 6.9. A non-

linear medium is introduced into the cavity and optimised to produce second 

harmonic radiation. A dichroic mirror at the end of the cavity has a high re-

flectivity ^2w for the second harmonic radiation, but only introduces a partial 

reflectivity at the fundamental. The loss of this mirror acts as the output 

couphng for the laser fundamental (TL ~ 1 — After reflection from the end 

mirror, on its way back through the non-linear crystal the second harmonic can 

be partially converted back into fundamental radiation by means of DFG, if the 

phasing is correct. To achieve the desired phase difference between the funda-

mental and second harmonic, dispersion in air can be used and controlled by the 

mirror-crystal displacement. Alternatively, some simple dispersive media such as 

a glass plate could also be used. This thus results in a greater overall loss for the 

fundamental at low SHG conversion efficiencies. The SHG conversion efficiency is 

determined by the intensity of the fundamental radiation (Eqn (6.13)) and so a 
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Fig 6.9. The basic function of a non-linear mirror, consisting of a non-

linear crystal (NLC) and a mirror with high reflectivity for the second har-

monic but much lower reflectivity for the fundamental. 

short pulse will suffer greater attenuation in the low intensity wings, than at the 

high intensity centre. This creates a shuttering mechanism similar to that of the 

SESAM, and modelocking can be realised as described in previous chapters. This 

process was first put forward by Stankov [62] who gave a detailed analysis of the 

resulting reflectivity of the non-linear device [143]. 

Since the non-linear behaviour of the device is expected to be more pronounced 

for high conversion into the second harmonic, the depletion of the fundamental 

is significant and can not be neglected as in §6.2.1. The exact solutions for the 

amplitudes of the fundamental and harmonic waves are therefore needed. Addi-

tionally, the treatment assumes plane waves, perfect phase-matching {Ak = 0), 

and non-critical phase-matching so that the walk-off effect is avoided. 

The real amplitudes of the fundamental and second harmonic are denoted by 

Ai and Ag and a new variable S is introduced; 

a == -k (6.S!4) 

where C is a constant which includes , z is the distance traveled by the waves 

in the non-linear crystal, and the quantity in brackets is the total power flux. The 

normalised amplitudes for the fundamental F and second harmonic SH: 

u (6 .25a) 

V — — (6.25b) 
(yl2 4- yis) i 
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, then obey the equations; 

dz/-

— = —uv sinA(^ (6.26a) 

^ sin A<̂  (6.26b) 

where = 2(f)̂  — (̂ 2̂  is the initial phase difference between the two waves at the 

entrance to the crystal. 

The solution to these equations are given by [144]; 

V — tanh(5 + 6o) (6.27a) 

u = sech(5 + (5o) (6.27b) 

and these form the basis of the NLM mechanism. If the amplitude of the SH is 

initially zero, ^2(0) = 0, the constant (5o = 0 and the second harmonic intensity 

increases with propagation distance in the crystal. This is the normal case of 

SHG and occurs when the incident light travels from right to left in Fig 6.9. If 

Ai(0) ^ 0 ; ^2(0) 7̂  0 and the initial phase difference at the crystal boundary is 

n/2 then the second harmonic will be amplified first, Jq > 0 and the fundamental 

wave may be completely converted into second harmonic. However, if A0 = —7r/2 

then the fundamental will be amplified first, 60 < 0 and the second harmonic could 

be completely converted back into fundamental. This is the desired situation when 

the light is incident on the crystal from the left to the right in Fig 6.9 and the 

' phase difference has been properly adjusted. 

The analysis can be simplified by using relative intensities to calculate the non-

linear reflectivity, and introducing the second harmonic power conversion efficiency 

rj. The relative intensity of the fundamental is set to Ai(0) = 1 so that the 

normalised amplitudes of F and SH after the first (right to left) pass through the 

, crystal are; 

V = (6.28a) 

u — \ / ( l — 7y) (6.28b) 

and b is given by: 

b = atanh ^ (6.29) 
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If the power reflectivities for the dichroic mirror are and R2u then the 

amphtudes for F and SH as they enter the crystal on the second (left to right) 

pass are given by; 

A!^ = u \ / ^ (6.30a) 

^2 = \/R^uj (6.30b) 

So that the total power flux that enters the crystal after reflection by the dichroic 

mirror is + A'2)^ and the new 5 is given by; 

because 5 = CAi(0)z and Ai(0) = 1. 

The new value of the normalised SH at the exit face of the non-linear crystal 

in the left to right direction is then given by; 

v" = tanh (5 — 5o) (6.32) 

The constant 5o is determined by the initial conditions at the entrance to the 

crystal in the left to right direction by: 

& = atanh ^2 (6.33) 

Then the normalised intensity of the fundamental wave emerging from the non-

linear crystal is; 

u " 2 ^ 1 (6xm0 

It is also noted that the scale for the reflected waves is decreased by a factor 

of {A[̂  + A'2 )̂ so that the intensity of the amplified fundamental represents the 

non-linear reflection coefficient fZyvi, so that; 

fzarc = 4- /l^*) (6x35) 

Substituting Eqns(6.28)-(6.34) into Eqn(6.35), the final form of the overall non-

linear reflectivity for the device is found to be; 

RNL = P X 1 — tanh^ ( Vo atanhVn — atanh^ 
I V f y J (6 516) 

p = r}R2uj + (1 — Tj)R(^ 
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Fig 6.10. A non-linear mirror modelocked bounce cavity. LI and L2 form 

a telescope with unity magnification and an internal focus to enable efficient 

SHG from the non-linear crystal (NLC). M4 is a partially reflecting mirror 

at 1064 nm. M5 is dual coated for high reflectivity at 1064 and 532 nm. 

fgw is the residual second harmonic that remains after the DFG. 

The required non-hnearity may not be immediately obvious, but arises from the in-

tensity dependent form of the second harmonic conversion efficiency, r] (Eqn(6.13)). 

The intensity dependent non-linearity is weaker than in the saturable absorber case 

and so the pulse shortening effect takes a longer time to build up. It is still suffi-

cient however to induce the required shutter effect and has been used effectively 

to produce a modelocked source [145-156]. 

6.5 A N L M modelocked bounce geometry laser 

oscillator 

In order to realise an NLM modelocked bounce geometry laser, the standard com-

pact asymmetric cavity used previously was extended as in Fig 6.10. The crystal 

was a 1.1 at.% doped NdiGdVO^ with 5° angled end faces. This is different to 

the crystals used in all the earlier systems, which was an unfortunate situation 

but one again forced by the availabilty of laser crystals in the laboratory. The 

Nd:GdV04 has better thermal properties than the NdiYVOi and so the strength 
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of the thermal lensing discussed in §3.2.5 can be reduced. The spectroscopic prop-

erties do not change significantly however, and so the NdiYVO^ systems can still 

be broadly used as a benchmark for performance. The approximately colli mated 

long arm of the cavity was extended by the use of two folding mirrors, coated for 

high reflectivity at 1064 nm, to a simple telescope. The telescope consisted of two 

spherical lenses with focal lengths / = 10 cm positioned 20 cm apart so that they 

provided a total magnification of unity. The purpose of the telescope was to pro-

duce a small intracavity waist that could be used for efficient SHG. A non-linear 

crystal was thus located inside the telescope to coincide with the position of the 

focal region and take advantage of the higher intensities created to effect efficient 

SHG. 

The back mirror of the NLM is required to have a very high reflectivity at 

the second harmonic wavelength but some arbitrary lower reflectivity for the fun-

damental. This would require a specially dual coated mirror and so for initial 

experiments the differential reflectivity was achieved by use of a dual coated mir-

ror with nominal 100 % reflectivity at both 1064 and 532 nm (M5 Fig 6.10), in 

combination with a standard low reflectivity IR mirror positioned at an angle to 

the beam line, M4 Fig 6.10. Mirror M5 then provides the high reflectivity needed 

at 532 nm and M4 provides the loss at 1064 nm by coupling the fundamental 

radiation out of the cavity. This obviously creates two output beam paths, Pi on 

the first right-left pass through M4, and P2 on the second left-right pass. This 

would not be ideal for a real world application but allows the proof of principle 

of operation to be obtained, and fine tuning of the performance without requiring 

many specialist mirror coatings to be tested. 

This arrangement allows the fundamental reflectivity of the NLM, to be 

varied continuously by changing the angle of the mirror, M4. Standard dielectric 

mirrors are designed for operation at a designated angle of incidence, in this case 0°. 

However, the reflectivity is in fact angle dependent and at angles much greater than 

this, the reflectivity is reduced from its design value. This allows the IR output 

coupling strength to be varied continuously to achieve the optimum conditions for 

modelocking. 

The actual angular dependence of the reflectivity is unknown and so the value 
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is determined empirically during operation. Considering the radiation incident on 

M4 from the right and the left in Fig 6.10, the ratio of the powers Pi and P2 is a 

function of the effective reflectivity, -Re//, of M4 as; 

^ (6,37) 
r1 Keff 

The effective fundamental reflectivity of the NLM device is then given by; 

= (1 — ReffY (6.38) 

and can be calculated by measuring the powers in the two output arms. In these 

initial experiments, M4 was a standard 50:50 IR beamsplitter, designed to have 

50 % reflectivity at 1064 nm for an incident angle of 45°. 

The non-linear crystal used could be a number of different materials, each 

with its own advantages and disadvantages. Three that were readily available and 

suitable were KTP, BiBO and LBO. Each of these were tried in the cavity with 

varying degrees of effectiveness and will be considered separately here. 

6.5.1 N L M wi th t y p e I I phase ma tched K T P 

The first crystal chosen was KTP (KTiOPO^) because it has a large non-linearity 

and large acceptance angle (see Table 1). This should easily give a high conversion 

efficiency to the second harmonic. KTP is also a type 11 phase matched crystal 

so the incoming radiation has to be polarised at 45° to the o and e axis. The 

output from the bounce cavity is linearly polarised and so the rotation is achieved 

by the use of a A/2 waveplate between M3 and LI in Fig 6.10 to produce the 

correct orientation. This is determined by maximising the SHG from a single pass 

through the KTP. 

Once the SHG has been optimised, the correct phasing between the funda-

mental and second harmonic for the DFG part of the process is achieved using 

dispersion in air. By varying the position of M5, a phase difference of A0 = 7r/2 

can be obtained whereby the second harmonic lags behind the fundamental.The 

mechanism is particularly sensitive to this phase difference and so M5 is mounted 

on a micrometer controlled translation stage. 
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Fig 6.11. Output beam quality (a), modelocked pulse train (b), intensity 

autocorrelation trace (c) and measurement (d) from the NLM mode-

locked oscillator with KTP. The pulses are seen to have a duration of 57 ps. 

Correct alignment is indicated by the production of a pulsed output. Prelimi-

nary to this, guidance is provided by monitoring the second harmonic power in the 

backwards direction, P2w Fig 6.10. This will be minimised when the DFG process 

is optimised and so provides a useful indicator of whether the correct phasing is 

being approached. 

Once the correct delicate conditions have been met, the NLM system with 

KTP as a non-linear crystal produced a total of 11.3 W of average output power 

from 40 W of pumping, in a pulse train of 57±2 ps pulses at a repetition rate of 

140 MHz. The pulse train, output beam quality, autocrrelation and M^ measure-

ment are shown in Fig 6.11. The beam was measured to have an M^ of 1.5 in the 

horizontal and 1.2 in the vertical, which is favourably comparable to the standard 

asymmetric cavity. The output power of 11.3 W is the highest ever reported power 
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for a non-linear mirror modelocked system [145-156]. The effective fundamental 

reflectivity of the NLM was calculated to be ^ ^ 70 % which is comparable to 

the reflectivity for the SESAM modelocked systems. This level of output coupling 

allows sufficient intracavity intensity to provide efficient SHG and a significant 

non-linearity, without compromisnig the overall efficiency of the system too much, 

or degrading the beam quality. 

Although the output power is a record, the pulse duration is significantly longer 

than would be expected from this system. As mentioned previously, there is no 

physical timescale limiting the pulse duration and so bandwidth limited pulses of 

~ 5 ps would be expected. It is supposed that this is due to the use of KTP as 

the non-linear element. 

6.5.1.1 Dispersion problems with K T P 

KTP is a type II phase matched material and so the propagating beam is com-

posed equally of o- and e-waves. This is necessary for phase-matching in both the 

forward and backward directions. It also means however, that the two component 

polarisations will travel at different speeds in the KTP. In effect, this will spread 

out the pulse in time, thus limiting the pulse duration. Moreover, the laser crys-

tal itself is birefringent and so further spreading will occur here too. KTP has a 

birefringence of An = 0.0898 and so for a crystal of length L = 13 mm the delay 

between the ordinary and extraordinary waves after a double pass is: 

2L 
At = —5n % 8ps (6.39) 

co 

where cq is the speed of light in vacuum. The GdV04 laser crystal has a birefrin-

gence of An = 0.22 and so a double pass of a 20 mm crystal results in delay of 

At % 30 ps. The combination of the two crystals thus results in a total delay of 

~40 ps which is then the lower limit on the pulse duration. 

In addition to this, the polarisation state of the beam will be distorted by 

double passage through the KTP and waveplate. The beam enters the KTP 

linearly polarised at 45° but because of the birefringence will emerge elliptically 

polarised. The return passage through the KTP and waveplate will not return the 

beam to a linear polarisation and the effect will be further amplified by passage 
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t h r o u g h t h e laser crystal . I t is t h u s r emarkab le t h a t t h e b e a m qual i ty r emains 

so good in sp i te of this , b u t t h e n p e r h a p s no surpr ise t h a t t h e pulse d u r a t i o n is 

l imi ted. 

These polar is ing effects will be an issue wi th all t y p e II phase -ma tch ing m a -

ter ials in th i s sys tem, a n d so t o avoid t h e m , t h e switch t o t y p e I phase -ma tch ing 

was m a d e . 

6.5,2 N L M wi th t y p e I phase ma tched B iBO 

T h e crys ta l chosen for t h e t y p e I phase -ma tch ing is B i B O (BiBgOg). I t has a h igh 

like K T P b u t a lower accep tance angle which m e a n s t h e efficiency of t h e S H G 

could b e compromised . T h e conf igura t ion of t h e cavi ty is essential ly ident ical t o 

t h a t w i t h K T P except t h a t t h e wavepla te is no longer needed. T h e o u t p u t f r o m 

t h e laser c rys ta l is vert ical ly polar i sed so all t h a t is needed is for t h e o rd inary axis 

of t h e B i B O to b e al igned wi th this . 

T h e a l ignment of t h e cavi ty is much more sensit ive due t o t h e small accep tance 

angle of B iBO, however, w h e n correct ly configured th i s sy s t em p r o d u c e d a t r a i n of 

modelocked pulses w i th a d u r a t i o n of 6 ± 1 ps. Th i s is t h e shor tes t pulse du ra t i on 

ever ob ta ined by t h e non-l inear mir ror modelocking mechan ism. T h e average 

power of t h e pulse t r a i n is 7.2 W f r o m 33 W of p u m p i n g w i t h a r epe t i t ion r a t e 

of 144 MHz, which is t h e second highest o u t p u t power ever recorded f r o m t h e 

N L M technique . T h e b e a m quality, o u t p u t pulse t r a in a n d au tocor re la t ion f r o m 

t h e B i B O cavi ty are shown in F ig 6.12. Th i s t ime , t h e M^ values are greater t h a n 

2 in b o t h t h e hor izonta l a n d vertical . 

T h e long t e r m s tabi l i ty of b o t h t h e K T P a n d B i B O sys tems was l imited, a n d 

cont inuous ope ra t ion w i t h o u t a d j u s t i n g t h e a l ignment could b e achieved for a few 

minu te s a t a t ime, a l though t h e effect was more p ronounced for B iBO. Th i s is a 

very long t i m e compared to t h e t imescale of typical laser processes however, a n d so 

t h e dynamics of t h e N L M mechan i sm are no t in quest ion. Th i s t imescale suggests 

t h a t more macroscopic p roper t ies of t h e sys tem are affect ing t h e per formance . 

O n e of t h e m a i n p rob lems seemed t o be air t u rbu lence c rea ted by moving ob-

jects , a n d also hea t ing effects t h a t resul ted f rom t h e very high in t ra-cavi ty powers. 
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F i g 6.12. Output beam quality (a), modelocked pulse train (b) and in-

tensity autocorrelation trace (c) from the NLM modelocked oscillator with 

BiBO. The pulses are seen to have a duration of 6 ps. 

T h e s e lead t o changes in air c o m p o s i t i o n a n d so t h e d ispers ive p h a s e d i f ference be-

tween t h e f u n d a m e n t a l a n d second h a r m o n i c m a y change . Addi t iona l ly , all op t i ca l 

e l e m e n t s in t h e s y s t e m i n t r o d u c e d i spe r s ion a n d 1 m m of B K 7 glass p r o d u c e s a 

p h a s e d i f ference of a b o u t 13 x 27r t h a t also changes as t h e t e m p e r a t u r e varies. Fi-

nally, t h e t h e r m a l lens ing effect w i t h i n t h e s y s t e m changes as i ts power f luc tua t e s . 

T h e ang le a t wh ich t h e b e a m en t e r s t h e S H G c rys t a l m a y t h u s vary, a n d d u e t o 

t h e ve ry smal l a c c e p t a n c e angle of B i B O , th i s changes t h e s y s t e m ' s p e r f o r m a n c e 

signif icantly. 

T h e s e s t ab i l i t y issues a r e r e p o r t e d in var ious works on t h e topic . In p a r t i c u l a r , [148] 

f inds t h a t t e m p e r a t u r e s t ab i l i t y of t h e non- l inea r c rys t a l is one of t h e key requi re -

m e n t s for s t a b l e m o d e l o e k i n g a n d q u o t e s a t e m p e r a t u r e a c c u r a c y of a b o u t 0.1°C. 
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T h i s accuracy is for L B O , which has a higher t e m p e r a t u r e sensi t ivi ty t h a n K T P 

b u t a lower one t h a n BiBO. T h i s migh t in p a r t expla in t h e instabi l i t ies found 

w i t h t h e sys tems, as t h e oven used t o m a i n t a i n t h e t e m p e r a t u r e of t h e non-l inear 

c rys ta l h a d only a very coarse control . Addit ional ly , th i s explains why t h e B i B O 

sys t em h a d a poore r s tabi l i ty t h a n t h e K T P sys tem. 

6.6 Conclusions 

T h i s chap te r has covered t h e t echn ique of non-l inear mi r ror (NLM) modelocking 

appl ied to a bounce geome t ry laser oscillator. Before t h e N L M mechan i sm could 

be descr ibed in detai l , t h e concept of non-l inear opt ics was in t roduced t h r o u g h t h e 

discussion of t h e non- l inear i ty in t h e po la r i sa t ion of t h e m e d i u m . W h e n th is 

was used as t h e source t e r m in t h e wave equa t ion it was shown t o lead to several 

f requency mixing effects. T w o of these effects t h a t are i m p o r t a n t for t h e N L M 

mechan i sm are second ha rmon ic genera t ion (SHG), which is a degenera te f o r m of 

t h r ee wave mixing, a n d difference f requency genera t ion (DFG) . 

T h e concept of phase -ma tch ing was in t roduced , which is crucial for all fo rms of 

non- l inear processes. In order for t h e correct phase re la t ionship to exist be tween 

t h e different f requency componen t s so t h a t t h e y mix efficiently, the i r wave vectors 

m u s t b e m a t c h e d t o a h igh degree of accuracy. However, due t o ma te r i a l dispersion 

th i s is a very non- t r iv ia l condi t ion to mee t . To sa t i s fy th i s cri teria, advan tage is 

t a k e n of t h e bi refr ingence of m a n y non-l inear mater ia l s . Using t h e ref rac t ive index 

var ia t ion be tween t h e o rd ina ry a n d ex t r ao rd ina ry axes enables t h e wave vectors 

to b e m a t c h e d . Th i s gives rise to two types of phase -ma tch ing known as t y p e I, 

where similar polar i sa t ion s t a tes are mixed, and t y p e II where different polar i sa t ion 

s t a t e s are mixed . 

T h e N L M technique combines SHG, differential reflect ivi ty be tween t h e fun-

d a m e n t a l a n d second h a r m o n i c waves, a n d subsequent D F G , to crea te a sys tem 

t h a t p roduces a non- l inear loss. T h e init ial SHG process is in tens i ty dependen t 

a n d so by in t roduc ing a grea ter loss for t h e un-conver ted rad ia t ion , t h e cavi ty 

preferent ia l ly re ta ins high in tensi ty rad ia t ion . Th i s creates an effective shu t t e r for 

p r o p a g a t i n g pulses, a n d modelocking is achieved by t h e s ame mechan i sm as for a 
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s a tu r ab l e absorber . 

Th i s t echn ique was appl ied to a bounce geomet ry amplif ier using two different 

, non- l inear mate r ia l s . T h e first a t t e m p t used t y p e I phase -ma tched K T P because 

it h a d a h igh non- l inear i ty a n d large accep tance angle. Th i s resul ted in t h e h ighest 

average o u t p u t power ever d e m o n s t r a t e d f rom an N L M sys tem. A pulse t r a in of 

140 M H z was p r o d u c e d wi th a n average power of 11.3 W in a high qual i ty spa t ia l 

mode . T h e pulse d u r a t i o n in th i s sys t em was measu red t o be 57 ps, which was 

much longer t h a n t h e 5 ps t h a t would b e expec ted f r o m t r a n s f o r m h m i t e d pulses 

in t h e laser med ium. T h e d iscrepancy was a t t r i b u t e d t o t h e t i m e delay in t roduced 

w h e n a pulse of mixed polar i sa t ions (required for t y p e II phase -match ing) passes 

t h r o u g h b o t h a b i ref r ingent non-l inear crystal , a n d a b i ref r ingent laser crystal . 

T h e po ten t i a l sp read ing was ca lcula ted to be app rox ima te ly 40 ps which t h e n 

accounted for t h e long pulse du ra t ion . 

To coun te rac t th i s effect, a second non-l inear c rys ta l was used t h a t used t ype 

I phase -match ing . T h e crys ta l was B i B O which h a d a similar non- l inear i ty t o 

K T P b u t a m u c h smaller accep tance angle a n d was more sensit ive t o t e m p e r a t u r e 

var ia t ions . Th i s resul ted in a sys tem t h a t h a d poorer b e a m quality, a n d exhib i ted 

m o r e long t e r m opera t iona l ins tabi l i ty t h a n t h e K T P sys tem. However, s t ab le op-

e ra t ion was ob ta ined a n d t h e B i B O sys tem p roduced an o u t p u t of 6 ps pulses w i th 

a n average power of 7.2 W in a 144 M H z pulse t ra in . T h i s represents t h e shor tes t 

pulses ever ob t a ined f r o m an N L M sys tem, as well as t h e second highest recorded 

average o u t p u t power. B o t h of these resul ts were presen ted a t an in te rna t iona l 

conference [44]. 
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Chapter 7 

Conclusions 

7.1 Introduction 

T h i s final chap te r presents a s u m m a r y of t h e thesis followed by a brief overview of 

possible f u t u r e work re la ted to t h a t p resen ted here. Th i s thesis h a s p r imar i ly been 

concerned wi th achieving modelocked pe r fo rmance us ing t h e bounce geomet ry 

laser oscillator, a laser amplifier conf igura t ion t h a t exhibi ts a h igh gain, a n d gives 

considerable spa t ia l averaging of t h e gain a n d t h e r m a l non-uni formi t ies t h a t occur 

in t h e laser cavity. Th i s makes t h e sys tem par t i cu la r ly su i ted to high power, 

h igh efficiency, h igh spa t ia l qual i ty opera t ion . Following an in t roduc t ion to t h e 

pr inciples a n d imp lemen ta t i on of modelocking, a n d a deta i led account of t h e fo rm 

a n d func t ion of t h e bounce geomet ry laser amplifier, t he th ree m a i n resul ts of 

th i s thesis were t h e successful p roduc t ion of a picosecond modelocked bounce 

geomet ry oscillator t h a t was subsequent ly amplif ied t o t h e 60 W level; t h e first 

d e m o n s t r a t i o n of modelocking us ing exc i ted-s ta te q u a n t u m do t -based s a tu r ab l e 

absorbers ; a n d t h e shor tes t pulses a n d highest power ever achieved f r o m a non-

l inear mi r ror (NLM) modelocked laser sys tem. 
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7.2 Thesis summary 

T h e open ing chap te r of th i s thesis , C h a p t e r 1, a imed t o place t h e resul ts a n d 

achievements of t h e thesis in contex t by in t roduc ing t h e concepts of sol id-s ta te 

lasers a n d pulse p r o d u c t i o n m e t h o d s . I t s t a r t e d w i t h a brief h i s to ry of t h e solid-

s t a t e laser, f r o m t h e first d e m o n s t r a t i o n of lasing in ruby, t h r o u g h t o t h e m o d e r n 

day genera t ion of femtosecond pulses in T i : sapphi re , a n d i ts i m p o r t a n c e in science 

a n d indus t ry . T h e p u m p i n g m e t h o d s a n d laser geometr ies available were men-

t ioned briefly, before t h e first i n t roduc t ion t o t h e bounce geomet ry amplifier . A 

discussion of pulsed sources followed, which inc luded t h e varied appl ica t ions t o sci-

ence a n d i n d u s t r y a n d a n o u t h n e of t h e two types of pulsed behaviour , Q-swi tching 

a n d modelocking. Th i s enabled t h e mot iva t ion for t h e thesis t o be identif ied as 

an invest igat ion into whe the r t h e m a n y benef i ts of t h e bounce geomet ry amplif ier 

could be appl ied to p roduce a h igh power, picosecond modelocked source. 

C h a p t e r 2 provided a more de ta i led s t u d y of modelocking a n d modelocked 

sources. I t b e g a n wi th t h e f requency doma in p ic tu re of modelocking, a n d showed 

t h a t t h e coherent superpos i t ion of m a n y longi tud ina l cavi ty modes leads t o t h e 

p r o d u c t i o n of a t r a in of shor t , in tense pulses t h a t are s epa ra t ed in t ime by 

where L is t h e leng th of t h e cavity. T h e t i m e doma in p ic tu re was t h e n also 

in t roduced , where modelocking ac t ion is descr ibed by t h e effect of a shu t t e r inside 

t h e cavity, which only allows t h e passage of a single p ropaga t i ng pulse, once every 

r o u n d t r ip . T h e two m a i n categories of modelocking were t h e n in t roduced as act ive 

a n d passive, which spli t modelocking mechan i sms based on how t h e shu t t e r ac t ion 

in t h e cavi ty is in t roduced . Act ive modelocking uses an ex te rna l signal t o drive 

t h e modu la t i on , whereas passive modelocking uses t h e ac t ion of t h e p ropaga t i ng 

pulse on some non-hnear opt ica l p rope r ty of a su i table ma te r i a l t o affect t h e 

modu la t i on . Passive modelocking is now t h e mos t prevalent ca tegory due to i ts 

general ease of imp lemen ta t i on a n d abil i ty to genera te shor te r pulses, a n d so t h e 

m o s t c o m m o n types: s a tu rab l e absorber , Ker r lens, addi t ive pulse a n d non-l inear 

mi r ror modelocking, were t h e n out l ined in brief. T h e chap te r finished wi th an 

exp lana t ion of how u l t ra - shor t pulses are measu red us ing an au tocor re la to r , a n d 

a descr ip t ion of sp inning mir ror design t h a t was used in th i s thesis. 
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C h a p t e r 3 was all a b o u t t h e b o u n c e geomet ry laser. I t began by looking a t 

t he rmo-op t i c effects in solid s t a t e m e d i a a n d how processes such as q u a n t u m defect 

hea t ing , Auger u p conversion, cross re laxa t ion a n d exci ted s t a t e absorp t ion all lead 

t o a ne t depos i t ion of h e a t in t h e laser crystal . I t was t h e n discussed how th is 

hea t ing leads t o re f rac t ive index gradients in t h e crys ta l which effectively act as a 

lens in t h e cavity, whose s t r eng th varies w i th t h e appl ied p u m p power, affect ing t h e 

cavi ty stabil i ty. T h e hea t ing also leads t o expans ion of t h e crys ta l which genera tes 

s t ra in in t h e c rys ta l la t t ice a n d resul ts in s t ress induced birefr ingence. These two 

effects b o t h lead to deg rada t ion of laser pe r fo rmance at high p u m p powers a n d t h e 

bounce geomet ry is i n t roduced as a m e a n s of comba t ing t h e m . T h e basic concept 

of t h e bounce is shown t o be t h a t by t ak ing a t o t a l in te rna l reflection off t h e p u m p 

face of t h e laser crystal , t h e very high inversion region close t o t h e surface can 

b e accessed, a n d the bounce p a t h enables significant averaging of b o t h t h e gain 

non-un i fo rmi ty a n d t h e t he rma l ly induced lens aber ra t ions . Deta i l was given on 

t h e specific c rys ta l geomet ry a n d b o t h t h e cooling a n d diode p u m p i n g mechan i sms 

before two exper imenta l bounce cavities were discussed. T h e first of these was a 

simple, compac t , s y m m e t r i c cavi ty which p roduced a spat ia l ly mu l t i -mode o u t p u t 

of 23 W w h e n p u m p e d wi th a 40 W diode, giving a t o t a l conversion efficiency of 

57 %.The re t h e n followed a brief out l ine of t h e cavi ty s tabi l i ty t heo ry of Magn i 

in order t o u n d e r s t a n d t h a t t o c rea te a spat ia l ly single m o d e o u t p u t (TEMQO), 

t h e s imple s y m m e t r i c cavi ty is m a d e asymmet r ic . Th i s a symmet r i c cavi ty was 

t h e n de ta i led a n d shown t o p roduce a m a x i m u m of 19 W in a TEMQO b e a m , w i t h 

two dis t inc t regions of s tab le ope ra t i on visible in t h e t o t a l ope ra t ing range, as 

p red ic ted by t h e Magn i theory. 

C h a p t e r 4 looked in more de ta i l a t s a tu rab l e absorber modelocking, in pa r t i cu-

lar a n expe r imen ta l sy s t em based on t h e semiconductor s a tu rab l e absorber mir ror 

(SESAM) . To begin, t h e ac t ion of a s a tu rab l e absorber t o p roduce modelocking 

was descr ibed by considering t ransmiss ion ope ra to r s for gain, loss a n d s a tu r ab l e 

absorber e lements inside a cavity. Th i s enabled it t o b e shown t h a t passive mod-

elocking resul ts in pulses w i t h a sech"^ t e m p o r a l form. T h e t heo ry of P a s c h o t t a et 

al was highl ighted, t o arr ive a t a n inequal i ty t h a t gave a n approx ima t ion for t h e 

onset of Q-swi tching as opposed to modelocking when using sa tu rab l e absorbers . 
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T h e S E S A M device itself was t h e n descr ibed, inc luding b o t h i ts in te rna l s t ruc tu re , 

consis t ing of mul t ip le q u a n t u m wells on t o p of a D B R , a n d t h e way in which t h e 

q u a n t u m wells ac t as a s a tu r ab l e absorber . T h e r e was t h e n a brief discussion of 

how t h e Q-swi tch ing inequal i ty could b e used t o guide cavi ty design, by varying 

t h e i l lumina ted m o d e size on t h e SESAM, varying t h e cavi ty length , or changing 

t h e m o d u l a t i o n d e p t h of t h e absorber . Th i s was t h e n appl ied to t h e a symmet r i c 

bounce cavi ty previously descr ibed a n d t h e evolut ion of t h e cavi ty to a modelocked 

oscillator was detai led. T h e r e su l t an t oscillator p roduced 16.7 W average power, 

in a 77 M H z pulse t r a in of 3 0 ± 2 ps pulses. Th i s was t h e n used as t h e source for 

a m a s t e r oscillator power amplif ier ( M O P A ) conf igurat ion, and ampl i f ica t ion to 

60 W average power was achieved wi th an amplif ier ex t rac t ion efficiency of 50 %. 

A bounce geomet ry modu le was used as t h e amplif ier in th i s case, a n d so t h e 

spa t i a l qua l i ty was r e t a ined u p to th i s h igh power level. T h e pulse d u r a t i o n of 

th i s sy s t em was longer t h a n expec ted , w i t h 2 ps be ing t h e theore t ica l m i n i m u m 

b a n d w i d t h l imi ted du ra t ion . F u r t h e r evolut ion of t h e cavi ty resul ted in a sys tem 

t h a t p roduced an 81 MHz, 1 2 ± 2 ps pulse t ra in , a lbei t w i th a lower average power 

of 6.1 W. 

C h a p t e r 5 covered a col laborat ive p ro jec t w i th t h e exper imen ta l solid s t a t e 

g roup a t t h e s ame ins t i tu t ion as t h e present au tho r . T h e y were developing tech-

niques for growing q u a n t u m dots , a n d using these as t h e absorb ing layers in 

S E S A M devices. T h e t e s t ing of these devices to see if t h e y func t ioned well as 

s a tu rab l e absorbers fo rmed p a r t of t h e exper imenta l work of th i s thesis. Initially, 

t h e concept of a q u a n t u m do t (QD) was in t roduced as be ing a sys tem which is 

confined in all t h ree spa t ia l d imens ions (c/. a q u a n t u m well where conf inement 

is in one d imension only). W h e n used as S E S A M devices, th i s gave t h e m some 

advan tageous , a n d some d isadvantageous proper t ies compared to q u a n t u m wells, 

which are out l ined. T h e growth process of t h e do t s was t h e n descr ibed, toge ther 

w i th t h e pos t -g rowth technique of r ap id t h e r m a l annea l ing (RTA) which enables 

t h e abso rp t ion wavelength of t h e do t s to be t u n e d over a large range. A set of 

QD-based S E S A M s ( Q D S A M ) were t h e n t e s t ed in a bounce geomet ry oscillator, 

a n d a l t hough modelocking was observed, t h e pulse du ra t ions of 2 0 0 ± 2 1 ps were 

much longer t h a n would be expected . Th i s poor pe r fo rmance is a t t r i b u t e d to t h e 
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very low m o d u l a t i o n d e p t h of t h e Q D S A M devices, which is inheren t in t h e Q D 

design. In order t o overcome this , a second set of Q D S A M s was p r o d u c e d t h a t 

h a d m u c h larger m o d u l a t i o n d e p t h s t h r o u g h t h e use of m a n y Q D layers. T h e s e 

samples were again t e s t ed in t h e bounce oscillator a n d it was f o u n d t h a t t h e min-

i m u m achievable pulse du ra t i on varied over 96 ps, in line w i th t h e var ia t ion in t h e 

m o d u l a t i o n d e p t h s of t h e devices. T h e m i n i m u m pulse d u r a t i o n of 8 4 ± 4 ps was 

ob ta ined us ing t h e Q D S A M wi th t h e largest m o d u l a t i o n dep th . Th i s d u r a t i o n was 

recognised as much longer t h a n should be possible, a n d t h e difference is a t t r i b u t e d 

t o a non- ideal value of t h e pulse f luence on t h e Q D S A M s , which are much more 

sensi t ive t o th i s p a r a m e t e r t h a n t h e well-based SESAMs. Desp i te this , th is is t h e 

first t i m e t h a t th i s k ind of Q D S A M has been used to p roduce modelocked pulses. 

C h a p t e r 6 was t h e f inal exper imenta l chap te r a n d looked a t a different m e t h o d 

of modelocking t h a n t h e SESAM-based work of t h e previous chapters . Th i s chap-

te r was concerned wi th t h e t echnique of non-l inear mir ror (NLM) modelocking 

which h a d briefly been in t roduced in C h a p t e r 2. As a s t a r t i ng poin t , a brief 

overview was given of some relevant non-l inear optics, s t a r t i n g wi th t h e non-l inear 

suscept ibi l i ty of a m e d i u m a n d showing how th i s leads t o p h e n o m e n a such as sec-

ond h a r m o n i c genera t ion (SHG) and difference f requency genera t ion (DFG) unde r 

ce r ta in electric field condi t ions. T h e concept of phase m a t c h i n g for opt imis ing t h e 

efficiency of non-l inear processes was t h e n in t roduced , toge ther wi th four ca te-

gorisat ions of such processes ; t y p e I, t y p e II, cri t ical a n d non-cri t ical . Having 

covered t h e necessary background mate r ia l , t h e cons t ruc t ion of a non-l inear mir -

ror was t h e n e x p o u n d e d in more detai l , descr ibing how a par t i cu la r combina t ion 

of S H G a n d D F G could p roduce a uni t t h a t exhibi ts an in tens i ty dependen t re-

flectivity. Th i s is akin t o a sa tu rab le absorber , and wi th t h e act ion of a s a tu rab le 

absorber as a su i tab le modelocking e lement a l ready d e m o n s t r a t e d , t h e N L M was 

t h e n inco rpo ra t ed in to a bounce geomet ry oscillator. Initially, N L M based on a 

non-l inear c rys ta l of K T P was used t o p roduce a modelocked source, a n d th is re-

su l ted in t h e highest average power ever recorded f r o m an N L M sys tem of 11.3 W . 

T h e o u t p u t was a 140 M H z t r a in of 5 7 ± 2 ps pulses a n d it was again no ted t h a t th i s 

d u r a t i o n was m u c h longer t h a n expec ted . Th i s is a t t r i b u t e d t o t h e fac t t h a t t h e 

t y p e of phase -ma tch ing employed resul ts in mixed polar isa t ion s t a t e s p ropaga t ing 
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in t h e cavity, a n d t h e b i ref r ingence of t h e laser a n d non-l inear crystals causes a 

t i m e delay be tween t h e s t a t e s which l imits t h e m i n i m u m pulse du ra t ion . To over-

come th is p rob lem, a n a l t e rna t ive non- l inear c rys ta l was used which m a i n t a i n e d 

a single po la r i sa t ion s t a t e , a n d us ing this , a modelocked sys tem was c rea ted t h a t 

p r o d u c e d t h e shor tes t pulses ever recorded f r o m an N L M sys tem, w i th a d u r a t i o n 

of 6 ± 1 ps. T h e average o u t p u t power in th i s case was lower, a t 7.2 W , b u t th i s still 

r epresen ted t h e second highest o u t p u t power ever achieved f r o m an N L M sys tem. 

7.3 Future work 

Thi s thesis has d e m o n s t r a t e d t h e feasibil i ty of us ing t h e bounce geomet ry laser 

as a h igh power modelocked source, however the re is still much of in teres t t h a t 

could b e done t o develop th is po ten t i a l fu r the r . T h e r e is still some ref inement t h a t 

needs t o b e done wi th some of t h e sys tems presen ted here, especially t h e Q D S A M 

a n d N L M oscillators. T h e Q D S A M sys t em needs to be inves t igated to de t e rmine 

if t h e l imi ted pulse d u r a t i o n is due to t h e Q D S A M devices or t h e conf igurat ion of 

t h e laser cavity, a n d t h e long t e r m s tab i l i ty of t h e N L M sys tem also needs to be 

improved. 

However, t h e m o s t in teres t ing possibil i t ies t ake th i s work a l i t t le f u r t he r . T h e 

mos t obvious is t o e x p a n d t h e wavelength ope ra t ing range of all t h e sys tems. T h e 

bounce geomet ry has been used previously t o p roduce rad ia t ion a t 1.3 yum by m a k -

ing use of a different a tomic t r ans i t ion in N d ; Y V 0 4 a n d th i s could also b e appl ied 

to t h e modelocked sys tems. Lasing a t 1.3 jim. a n d t h e n also using th is as a m e a n s 

for S H G ( T H G a n d F H G as well) allows different po ten t i a l indus t r ia l appl ica t ions 

to b e t a rge ted . T h e h igh p e a k powers p r o d u c e d in pulsed sources m e a n t h a t t h e 

ha rmon ic conversion efficiencies can be very high. T h e r e are Q D S A M devices 

r eady for use a t 1.3 ijxa. a n d in fac t for m a n y indus t r i a l appl ica t ions sub-100 ps 

are all t h a t is required, mean ing t h e relat ively poor pe r fo rmance of t h e Q D S A M 

sys tem in th i s thesis need no t be too much of a concern. T h e N L M sys tem should 

in pr inciple also b e easy to ex tend t o func t ion a t 1.3 ^ m , a l t hough as w i th all t h e 

bounce geomet ry sys tems, t h e challenge is usual ly to suppress t h e ex t remely high 

gain a t 1 / /m enough t h a t lasing a t 1.3 j im m a y occur. B o t h t h e 1 ^ m a n d 1.3 ^ m 
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could t h e n be used for supe rcon t i nuum genera t ion in opt ical fibres. 

O t h e r wavelength conversion processes a re also available. In t racav i ty S H G is 

possible which t akes advan tage of t h e high in t racavi ty power t o enable very efficient 

conversion a n d p r o d u c e a n o u t p u t direct ly a t h a r m o n i c wavelengths . I t would also 

be possible t o use non- l inear processes such as s t imu la t ed R a m a n sca t t e r ing (SRS) 

a n d s t imu la t ed Bri l louin sca t t e r ing (SBS) inside t h e cavi ty t o p roduce f requency 

sh i f t ed o u t p u t s which would t h e n allow h a r m o n i c conversion in to t h e yellow for 

example . 

Beyond wavelength diversification, t h e power scaling po ten t i a l of t h e bounce 

is still t o b e exploi ted fully. Whi l e power scaling of t h e modelocked oscillator 

m a y n o t b e t h e m o s t economical m e a n s of reaching h igh power , mul t ip le bounce 

amplif iers should enable picosecond pulse t r a in s w i th average power at t h e 100 W 

level a n d beyond to b e reached. T h e s a t u r a t i o n energy of t h e gain in a typical 

b o u n c e amplif ier modu le is a few microjoules; an 80 MHz pulse t r a in of 2 / / J 

pulses cor responds t o a n average power of 160 W a n d so th i s level should b e 

reachable . Th i s could even b e readi ly increased by enlarging t h e gain region to 

increase t h e s a t u r a t i o n energy of t h e gain. Pulses w i th an energy of 2 / i J a n d 

d u r a t i o n of 10 ps have a p e a k power of ^ 1 8 0 k W ; Q-swi tched sys tems in t h e 

bounce geomet ry lab have been d e m o n s t r a t e d wi th p e a k powers of 1 M W a n d 

so t h e d a m a g e l imits of opt ica l componen t s should be able to cope wi th these 

high power levels. Ul t imately , t h e s a t u r a t i o n energy of t h e gain will l imit t h e 

power available di rect ly f r o m t h e oscillator as t h e pulse energies are m u c h higher 

intracavi ty . Assuming t h e d imensions of t h e gain region are to be ma in t a ined a t 

t h e size t h e y are in th i s work, t h e oscillator could be scaled to ~ 4 0 W , assuming 

t h e re levant modelocking condi t ions could still b e me t . Even th is could b e scaled 

f u r t h e r by increasing t h e size of t h e gain region t o increase t h e s a t u r a t i o n energy, 

b u t t h e efficiency of t h e oscillator is unlikely to change and it would r emain an 

inefiicient way to scale power. It would also be in teres t ing t o t ake t he sys tems 

p resen ted here a n d p e r f o r m some k ind of ex t racav i ty pulse-picking t o reduce t h e 

repe t i t ion r a t e of t h e pulse t ra in , a n d t h e n ampl i fy th is t o p roduce pulses w i t h 

ex t remely high peak powers. 

T h e r e m a y also be some benef i t in a ma te r i a l s tudy. Laser crysta ls m a d e 
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of N d : G d V 0 4 like t h a t used in t h e N L M work have been shown to have some 

advan tageous proper t ies . T h e t h e r m a l conduc t iv i ty is m u c h higher which m e a n s 

t h a t c rys ta l cooling is m u c h more effective a n d t h e de t r imen ta l effects of t h e r m a l 

loading in t h e c rys ta l are reduced . Th i s is offset however by a reduced emission 

cross sect ion which raises t h e lasing th reshold . Recently, mixed v a n a d a t e s of 

t h e f o r m Nd;Y^Gdi_a;04 have been inves t iga ted which allow for ta i lor ing of t h e 

physical a n d spect roscopic p roper t i e s of t h e laser gain med ium. These , a long 

w i t h highly doped ceramic mate r i a l s m a y offer some improvement of t h e laser 

pe r fo rmance , a l t hough th i s is by no m e a n s res t r ic ted t o modelocked sys tems. 

7.4 Conclusions 

T h e m a i n goal of t h e work presen ted in th i s thesis was essentially to pe r fo rm a 

feasibil i ty s t u d y t o assess t h e po ten t i a l of t h e bounce geomet ry for appl ica t ion to 

h igh power modelocked sources. T h e b o u n c e geomet ry h a s a l ready been demon-

s t r a t e d t o p e r f o r m except ional ly well w i th respec t t o b e a m quality, o u t p u t power 

a n d efficiency over a wide range of ope ra t ing schemes (CW, Q-switched, adapt ive , 

power amplif ier) , so could th is be ex t ended to include u l t ra - shor t pulse modelocked 

genera t ion? T h r e e m a i n approaches were invest igated: semiconduc tor s a tu r ab l e 

absorber modelocking (SESAM); q u a n t u m dot s a tu rab l e absorber modelocking 

( Q D S A M ) ; a n d non-l inear mir ror modelocking (NLM). 

T h e S E S A M modelocking s t u d y resul ted first in a 16.7 W average power os-

cil lator t h a t p roduced a 77 MHz modelocked pulse t r a in of 30 ps pulses. Th i s was 

t h e n used as t h e m a s t e r oscillator in a mas t e r oscillator power amplifier ( M O P A ) 

conf igura t ion using ano the r bounce geomet ry m o d u l e as t h e amplifier, t o achieve 

60 W of average power in a modelocked pulse t ra in . Th i s represented an ampli-

fier ex t rac t ion efficiency of 50 % wi th no degrada t ion of b e a m qual i ty or pulse 

t ra in , a n d th is resul t was presen ted a t an in te rna t iona l conference a n d in a peer 

reviewed journa l . A l though t h e efficiency of t h e oscillator is good for a laser of i ts 

type , h igh power ope ra t ion would b e bes t achieved by increasing t h e a m o u n t of 

ampli f icat ion, e i ther t h r o u g h s t ronger p u m p i n g or mul t ip le amplifiers, r a t h e r t h a n 

t h e considerable design effort t h a t would be required to scale t h e oscillator much 
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beyond 20 W o u t p u t . T h e effort would b e bes t used t o reduce t h e pulse dura t ion , 

a n d th i s was achieved w i t h t h e real isa t ion of an 81 MHz, 6.1 W average power, 12 

ps pulse t r a in . 

T h e Q D S A M s t u d y looked t o see if t he r e was a n y advan tage to us ing a new 

genera t ion of q u a n t u m dot S E S A M devices. Ul t imate ly , t h e m i n i m u m pulse du ra -

t ion ob t a ined w i t h these was 84 ps, which is m u c h longer t h a n wi th t h e commercia l 

devices, a n d a t lower powers. T h e l ikelihood is t h a t t h e Q D S A M s are more sen-

sit ive t o t h e cavi ty ope ra t ing p a r a m e t e r s a n d so f u r t h e r work could reduce th i s 

pulse d u r a t i o n a n d increase power. However, for m a n y appl icat ions , sub-100 ps 

pulses are m o r e t h a n a d e q u a t e a n d t h e opera t iona l s tabi l i ty of t h e Q D S A M s could 

well jus t i fy the i r use. T h e y are also likely t o be b e t t e r equ ipped for use a t 1.3 jum, 

where s t a n d a r d S E S A M s are difficult t o come by, a n d t h e fast carrier dynamics 

should m a k e t h e m su i tab le for femtosecond pulse genera t ion , a l t hough th is could 

n o t b e inves t iga ted wi th t h e mate r ia l s available here. Desp i te t h e relat ively poor 

pe r fo rmance of t h e sys tem, t h e s t u d y was publ i shed in a peer reviewed jou rna l 

a n d presen ted a t an in te rna t iona l conference. 

T h e f inal s tudy, of t h e of t neglected N L M modelocking scheme, promised 

shor te r pulses t h a n t h e S E S A M sys tems a n d more robus tness agains t damage . 

Initially, t h e bes t p e r f o r m a n c e was a 140 MHz pulse t r a i n of 57 p s pulses w i t h an 

average power of 11.3 W . Th i s is t h e highest power ever recorded f r o m th is t y p e of 

sys t em a n d was presen ted a t a n in te rna t iona l conference. T h e pulse du ra t i on was 

still qu i t e long however, a n d t h e ful l po ten t i a l of th i s sy s t em was not realised un t i l 

t h e p r o d u c t i o n of a 144 MHz pulse t r a i n of 6 ps pulses w i th an average power of 

6.6 W . T h i s is t h e shor tes t pulse du ra t i on ever ob ta ined f rom th is t ype of sys tem. 

T h e downside to th i s however is t h a t t h e modelocking mechan i sm is except ional ly 

a l ignment-sensi t ive, a n d so long t e r m opera t ing s tabi l i ty is a problem. T h e N L M 

scheme defini tely offers po ten t i a l for h igh power modelocked opera t ion , b u t t h e 

issues w i th ope ra t ing s tabi l i ty need t o be addressed first. 

Overal l then , t h e bounce geomet ry cer ta inly has po ten t i a l for appl ica t ion in 

h igh power , modelocked ope ra t ing schemes. T h e q u a n t u m do t -based S E S A M s 

have still t o prove their wor th in picosecond sys tems a n d lag some way beh ind t h e 

commercia l ly available quan tum-wel l devices, a l t hough this is no t really a surpr ise 
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for such a young a n d complex technology. 

T h e S E S A M a n d N L M mechan i sms are very similar in t e r m s of overall per-

fo rmance . At th i s t imescale a n d for appl ica t ions in i n d u s t r y t h e r e is no t a grea t 

deal of difference be tween 12 ps a n d 6 ps a n d so b o t h sys tems are similar in th i s 

respect ; w i t h f u r t h e r op t imisa t ion t h e S E S A M sys tem should b e able to p roduce 

shor te r pulses anyway. T h e m a i n pe r fo rmance d i f ferent ia tors for indus t r ia l ap-

pl ica t ion are therefore efiiciency a n d stabili ty. A t t h e shor tes t pulse dura t ions , 

b o t h sys tems h a d similar overall opt ical -opt ical conversion efficiencies ( ~ 25 %) 

a l t hough it seems very likely t h a t th i s could be improved in b o t h cases. T h e r e is 

a significant difference however in t h e ease of cons t ruc t ion a n d ope ra t ing s tab i l ty 

be tween t h e two. T h e S E S A M sys t em requires carefu l t h o u g h t dur ing t h e cavi ty 

design process, b u t once cons t ruc ted requires l i t t le f u r t h e r effort t o p roduce mod-

elocking a n d will t h e n do so consis tent ly for several hours . B y cont ras t , t h e N L M 

sys t em is sl ightly easier t o design ini t ial ly b u t requires much more i te ra t ive work 

a n d effort beyond th i s t o opt imise and p roduce modeloeking. It is also yet t o be 

d e m o n s t r a t e d in a r epea ted ly s tab le sys t em a n d would requi re a g rea t deal of engi-

neer ing before be ing useful in an indus t r i a l env i ronment . T h e S E S A M mechan i sm 

t h u s looks t o be t h e m o s t p romis ing for long t e r m inves tment , a n d in any case, 

t h e b o u n c e geomet ry M O P A conf igura t ion is an except ional ly promis ing r o u t e for 

h igh power scaling. 
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