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"Approach love and cooking with reckless abandon "
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From where the imagination goes

To plan on where the seahorse roams...
Out to sea and up the river
Intoport there to deliver

A well-earned harvest's time ofrest.
The galaxy ofnight's greatportals brings
Our dreams of time on beauty's wings.

Anthony JAgate
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Abstract

In this thesis, the development of a number of compact, efficient and robust diode-pumped

femtosecond Cr:LiSAF lasers is described which demonstrate a simplified and practical design

that offers true portability. Rather than utilising the impressive power characteristics and poor

beam quality of conventional broad-stripe laser diodes as a pump source, inexpensive, near-

diffraction-limited single-narrow-stripe laser diodes are incorporated into a compact and low-

threshold cavity design with modelocking thresholds as low as 25 mW. The extremely low

electrical power requirements of these diodes allows these Cr:LiSAF lasers to boast superior

electrical-optical efficiencies of any previous femtosecond source. As a result of the associated

low pump-powers, no active electrical or water cooling of the Cr:LiSAF laser crystal or of the

pump diodes is required. In addition, these diodes are easily powered by standard AA batteries,

which therefore liberates these efficient and compact lasers from the confines of the optical

laboratory.

With reduced-scale pump stages, improved use of available diode pump power, and a

reduced component count, a considerable reduction in laser footprint is demonstrated, while

increasing operational efficiencies and maintaining satisfactory levels of performance.

Modelocking is initiated and stabilised with a SESAM modelocking element which has a low

insertion loss and creates an entirely self-starting mechanism for modelocking.

Stable femtosecond pulses are generated from efficient diode-pumped Cr:LiSAF lasers:

in single-prism and prismless configurations; over tunable broad bandwidths; with kilowatt

peak powers; at gigahertz repetition-rates; and efficiently in the blue spectral region. These

laser designs afford an attractive degree of flexibility and thus have the potential to open up

applications that had been inaccessible to their lab-bound predecessors. This research indicates

that it is now entirely practical to design relatively versatile, efficient, reduced-scale, portable

femtosecond lasers.
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Synopsis

In Chapter 1, I will introduce the reader to a number of key issues surrounding ultrashort

optical pulses, and will pay particular attention to their generation, characterisation and

applications. I will describe relevant aspects of key nonlinear effects induced by the

propagation of such pulses through dispersive media, and will explain modelocking techniques

which lead to ultrashort pulses of femtosecond duration. The practice of autocorrelation will

also be summarised, whereby such pulses can be measured. The general information in this

initial chapter represents a basis on which the work described in this thesis is built.

Chapter 2 will concentrate on the specific design issues relating to this project, namely the

construction of effective low-pump-power femtosecond lasers, with correspondingly low

continuous-wave (cw) and modelocking thresholds. Such design considerations allow short

pulse operation at low intracavity powers from Cr:LiSAF lasers pumped with inexpensive

(—£30), single-narrow-stripe laser diodes. I will address the issues of intracavity dispersion

management, and fully justify the selection of CnLiSAF as a gain medium in such low-

threshold systems. These combined measures will lead to low-threshold CnLiSAF lasers with

reduced cavity losses, enhanced simplicity, and impressive compactness. As no active

electrical or water cooling of the CnLiSAF laser crystal or of the pump diodes is required in

these CnLiSAF lasers, each of the lasers described in this thesis is potentially entirely portable.

I will then begin to implement these concepts in Chapter 3 by constructing and characterising

both cw and femtosecond CnLiSAF lasers which demonstrate very low cw and modelocking

thresholds of 5.5 mW and 25 mW respectively. The impressive electrical-optical efficiency of

the modelocked system is achieved as a result of the extremely low electrical drive

requirements of the single narrow-stripe pump laser diodes. A single-prism approach to

dispersion compensation rather than a conventional prism-pair demonstrates a significant

reduction in the laser footprint.
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In Chapter 4,1 will investigate a further design enhancement by way of femtosecond Cr:LiSAF

lasers which incorporate mirror-based (prismless) dispersion-compensation schemes. A simple

reduction in the number of cavity elements leads to lower intracavity losses, increased stability,

and enables the design of shorter resonators - thereby offering higher pulse repetition-rates.

Unlike the single-prism scheme described in Chapter 3, these entirely mirror-based lasers also

avoid any spatial dispersion of the output beam. As chirped mirrors remain too lossy for these

low-threshold lasers, I will describe the successful implementation of Gires-Tournois

Interferometer (GTI) and multi-cavity GTI (MCGTI) mirrors in a number of Cr:LiSAF laser

cavities. To the author's knowledge, this is the first time that prismless bulk solid-state lasers,

pumped with narrow-stripe diodes, have been reported.

In Chapter 5,1 will describe versions of Cr:LiSAF lasers that take advantage of a compact and

integrated approach to dispersion compensation which leads to a number of simplified, efficient

and reduced-scale femtosecond Cr:LiSAF laser cavity configurations. In particular, an ultra-

compact, robust, self-starting and entirely portable femtosecond laser source is described with

an impressive electrical-to-optical efficiency of nearly 4 %. While typical modelocked

titanium-sapphire lasers exhibit electrical-optical conversion efficiencies of between 0.004 %

and 0.04 %, this 4 % represents the highest reported efficiency for any femtosecond laser. The

integrated dispersion compensation (IDC) utilises the serendipitous GTI-like dispersive

properties of a specific set of intracavity mirrors. The dispersion profile of these mirrors is

determined with a white-light interferometry technique.

Chapter 6 will then demonstrate the benefits of doubling the available diode pump power in

these Cr:LiSAF laser systems. By utilising two pairs of pump laser diodes instead of one, the

performance and diversity of potential applications of such compact CnLiSAF lasers are further

enhanced. Efficient and potentially portable femtosecond laser systems are demonstrated with

gigahertz repetition-rates and with kilowatt peak-powers, thereby opening up interesting

avenues in the fields of data communications and broadband continuum generation. Broad
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wavelength tunability is also reported in single-prism and prismless tuning schemes with a

smooth, continuous, modelocked tuning range of up to 50 nm.

In Chapter 7, I will reveal how the tunable femtosecond CriLiSAF laser reported in Chapter 6

can be used in parallel with a straightforward frequency-conversion scheme to efficiently

provide femtosecond pulses in the blue spectral region. This approach represents an effective

way to achieve highly-efficient frequency conversion in a simple and practical configuration.

A bulk potassium niobate (KNb03) crystal provides up to 12 mW of blue power at an overall

electrical-to-blue efficiency of 1 % - the highest reported efficiency of any femtosecond blue

source to date. Complimentary results from a periodically-poled potassium titanyl phosphate

(ppKTP) waveguide crystal provides 5.6 mW of blue power at a slope efficiency of 5.5 %pJ_1

which is the highest reported slope efficiency for frequency conversion into the blue spectral

region.

I will also provide the details of how the ultraviolet (UV) spectral region could be

accessed via the third harmonic of a Cr:LiSAF laser in a dual-periodically poled crystal of

lithium tantalate (LiTa03). Such an investigation would provide a portable pulsed laser source

in the UVB spectral region which would be of practical use in the photobiological study of the

p53 cancer-suppressive gene.

In Chapter 8, I will summarise the achievements of this project and will offer a number of

suggestions for new avenues of investigation relating to this research topic. Many of these

proposals would have been incorporated into this thesis had more time been available.
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Chapter 1
Introduction and Background

1.1 'The Crown of Thorns'

In 1954, Harold Edgerton took high-speed photographs of a droplet hitting a liquid surface

and captured the aesthetic beauty of fluid physics. His observations of the "crown of thorns"

created by the droplet impact remain well within the public eye, and many people have since

replicated the phenomenon to equally stunning effect (Fig. 1.1).

Fig. 1.1 The "crown ofthorns" - photograph requiring a microsecondflash of light1'1.

This stop-action photograph captures an event which lasts for a very short period of time. In

such high-speed photography, Edgerton required a flash of light lasting around one millionth

of a second - one microsecond (10"6 s). While such a timescale may seem almost too short to

comprehend, the technology of ultrafast optics can now generate flashes of laser light lasting

for around one thousand millionth of a microsecond - namely a femtosecond (10"15 s).
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Fortunately, for as long as there have been scientists to create these impressively short-lived

events, there have been those who have devised synonyms in an attempt to bring these

timescales a little closer to human perception. As an example, more than ten times as many

femtoseconds elapse every second than hours have passed since the big bang[2]. Or, thinking

in terms of distance, there are as many femtoseconds in one second as there are millimetres

in 25,000 laps of our Earth (Fig. 1.2).

Fig.1.2 Thefemtosecond timescale.

Such 'ultrashort' pulses can be used to study many of the fundamental processes which

occur in the universe, such as the breaking and forming of molecular bonds or the motion of

electrons around atoms, which occur on timescales of a number of femtoseconds. As

ultrafast science now moves into the attosecond regime (thousandths of a femtosecond),

ultrashort laser pulses will continue to play a vital role in many areas of science and

technology. The communications industry will be keeping a close eye on proceedings as

ultrashort optical pulses will play a vital role in helping to meet the ever-increasing data bit-

rate demands of the internet revolution. We will also be able to probe even deeper into the

mechanisms of the atom, and be able to directly observe the motion of electrons, protons and

neutrons.

1-2
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1.2 Applications of Ultrashort Pulses

It has taken some time for lasers to earn their reputation as a high-tech tool of the modern

age, as the first large-scale commercial applications for lasers were in the unlikely areas of

sewer line grade control, agricultural irrigation, and building construction alignment. Of

course, the laser has now earned a more high-profile status, and has been the key to

worldwide technological advances such as CDs, DVDs and laser printers. With ultrashort-

pulse lasers, the extent of their potential and diversity of their applications is particularly

impressive. The processes at the heart of photosynthesis occur on picosecond (10"12 s)

timescales, and have been studied using short-pulse lasers. Many atomic and molecular

processes also occur on picosecond or femtosecond timescales. With the birth of

femtosecond lasers, we effectively have access to an 'ultrafast camera' and the ability to

probe further into these processes, leading to a deeper understanding of some of the basic

physics which holds our universe together.

The high peak-power characteristics of an ultrashort pulse mean that, when tightly

focused, they can be used in the ablation ofmany materials. This offers advantages in areas

of micromachining, where very high precision can be obtained, with virtually no heat-

induced damage to the surrounding area (Fig. 1.3).

Fig. 1.3 Laser micromachining - a 200fs pulse produces a very smooth hole in steel by ablation (left).
Pulses ofhalfthe power and lasting 16 times longer melt the surrounding areas (right)121.

1-3
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Conventional bio-medical imaging techniques have been improved, as ultrashort-pulse-based

systems provide significant improvement in image resolution, with 3D and 4D (3D and time)

images of living tissue obtainable at deeper penetration depths. In the past, typical imaging

techniques relied on special dyes or molecules in tissues producing fluorescence when

illuminated by ultraviolet (short-wavelength) light, which is usually a single-photon

absorption process. By exploiting a multi-photon absorption process - the simultaneous

absorption of less energetic photons - infrared (longer-wavelength) light can be used, which

penetrates deeper into the tissue sample, and causes less cell damage. This multi-photon

absorption only becomes significant at the very high intensities achievable with ultrashort

laser pulses, and this intensity can be adjusted such that fluorescence occurs primarily at the

beam focus to provide improved resolution. Confocal microscopy is another valuable tool

for obtaining high-resolution images and 3D reconstructions of a variety of biological

specimens. Semiconductor devices have been imaged by scanning focused femtosecond

pulses across them and recording the photocurrent induced by two-photon absorption'3'.

Real-time medical imaging'4'5' has been improved with the birth of fluorescence life-time

imaging (FLIM), where an ultrashort pulse is used to excite a sample, and subsequent

analysis of fluorescent lifetimes allows discrimination between cancerous and healthy

tissue'6'. The technique has also been adapted to generate fluorescent lifetime images in four

dimensions (three spatial dimensions and time) by incorporating holographic detection'7'.

Elsewhere in femtochemistry, the study of light propagation in scattering media may lead to

applications in optical mammography'8', and the generation of white-light broadband spectra

allow simultaneous assessment of all relevant wavelengths in the study of absorptive and

scattering properties of tissues'8'.

Finally, we should recognize the role that lasers have played in the internet revolution.

The internet continues to grow at an amazing rate - the internet browser was only developed

in 1991 - and it continues to demand an ever-increasing capacity at higher and higher data

bit-rates. The telecommunications industry has been doing its best to meet the demand, and

by the turn of the past century, optical data had been transmitted at 1.28 Tb/s over 70 km'9' -

1-4
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the equivalent of almost 2000 CDs every second. However, current technology will cease to

meet the projected demand of the global internet network in less than 10 years. This

achievement of 1.28 Tb/s was close to the limits of optical time-division multiplexing

(OTDM)[10], with a bit-separation of only 800 fs, and it is now widely accepted that to meet

to enable the demands to be met, the new generation of network technology will have to

combine the merits ofOTDM with wavelength-division multiplexing (WDM)[I01. Ultrashort

laser pulses offer solutions in both of these domains - their broad spectral bandwidths

provide many wavelength channels, while their extremely short durations make way for

high-speed data rates. In addition, their broad-band coherence can be used to encode various

types of optical data via code-division multiple access (CDMA)[10], and their high peak-

powers can be used for further spectral extension.

Applying this ultrafast technology in any such real-world application has often been

limited by the fact that most femtosecond lasers are bulky, expensive, and struggle to operate

outside of the optical laboratory. Only a decade ago, many of the applications mentioned

above were out of the question. Fortunately, femtosecond laser sources are now shrinking in

size and cost, and are more efficient and reliable than ever. Some systems can even be

integrated as an internal component in imaging or diagnostic equipment. The development

of small-scale, highly-efficient, inexpensive, and entirely portable femtosecond laser sources

has been the main objective of the project described in this thesis. As an example, a truly

portable femtosecond laser with unprecedented efficiency will be demonstrated in Chapter 5.

1.3 Behaviour of Pulses in Optical Materials

As an optical pulse propagates around a laser resonator, it will experience and interact with

the intracavity optical elements. These interactions, defined as linear and nonlinear

responses of each cavity element to a changing electromagnetic field, are often deleterious to

the desirable characteristics of the optical pulse. However, in some cases, they are vital to

1-5
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the generation of picosecond and femtosecond pulses. Therefore, if we seek to produce

ultrashort pulse durations from a given laser system, these linear and non-linear effects

should be carefully managed. Without such measures, it is doubtful that the femtosecond

regime would be accessible at all.

By definition, a dielectric material under the influence of an electromagnetic field will

produce an intensity-dependent polarisation response, P(E), of the form

E(E) = £0(xmE + xmE2 + X(i)E3 +••••) (11)

where s0 is the permitivity of free space, E is the applied electromagnetic field and X(n) is the

n,h order susceptibility of the material. The first-order term, X(i)■> is the linear susceptibility

which describes linear optical phenomena such as reflection, refraction, diffraction and

dispersion. The higher-order terms, X(2.3...), are terms of n"1 order dielectric susceptibility and

refer to weaker nonlinearities. The second-order term, X(2), describes nonlinear effects such

as second harmonic generation (SHG) and sum-frequency mixing (SFM), whereas the third-

order term, xpj, accounts for higher-order nonlinear responses like third harmonic generation

(THG) and the optical Kerr effect. This X(3) response is non-zero in the majority of dielectric

media, and is a significant nonlinear propagation phenomenon which will be described in

section 1.3.2.

1.3.1 Linear Pulse Propagation

First, let us consider the propagation of optical pulses through a dielectric medium that has a

linear response. This relates mainly to the subject of material dispersion, which is by far the

most important phenomenon when considering ultrashort pulse generation. It should be

noted that, while a linear material is defined as one which has negligible contributions of x<2)

and X(3) t° susceptibility, no material which experiences ultrashort pulses can be truly linear

since the characteristic high intensities access the X(3) susceptibility in the form of the optical

Kerr effect (described later).

1-6
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An optical pulse passing through a linear dielectric material, of length L, will experience a

frequency-dependent phase change, </>(co), defined as

where co is the angular frequency, X is the wavelength, c is the speed of light, and nQ(X) is the

wavelength-dependent refractive index of the material, defined as

From eq.(1.3), we can see that the first-order susceptibility, X(i)-> is related directly to

frequency, and it is this dependence which leads to the effects of dispersion in such dielectric

materials. If we then expand eq.(1.2) as a Taylor series, centred around the central

frequency, co0, as

we can then identify the individual phase terms of cj)(co) as follows: <p(co0) and <j> are related

to the phase velocity, v,j,=L((oJ(j)((o0)), and group velocity, vs=L(dco/d<j>), of the pulse

respectively; cj) is related to the first derivative of the group velocity, and is usually referred

to as the group delay dispersion (GDD) or the 'quadratic spectral phase'; Finally, c/> is the

derivative of the GDD, and is known as third-order dispersion (TOD). The important point

to note here is that the third term, relating to GDD, will lead to temporal broadening of the

propagating pulse. By its nature, an ultrashort laser pulse has a large frequency bandwidth,

and this broad range of spectral components will experience a distribution of group

velocities. Longer, 'red' wavelengths will tend to travel faster through intracavity dispersive

elements than their shorter, 'blue' counterparts, and it is this material dispersion (or GDD)

which can be compensated with intracavity prism-pairs, as discussed below. The higher-

order GDD terms in eq.(1.4), specifically TOD, can also contribute significantly to the

dispersive effects a pulse may encounter. It should be noted that although the terms

<t>(co) = Ln0(X)— =
2n

_ a)Ln0 (co)
A c (1.2)

(1.3)

1-7
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'quadratic phase' and 'GDD' are both used to describe the <j> term in eq.(1.4), the term

'group velocity dispersion' (GVD) is often more commonly used, and is defined slightly

differently as:

dv
GVD =—- =

dco

f 2 2 \
COVS
2ncL

GDD (1.5)

Table 1.1 illustrates some calculated values of if) and (f> for Cr:LiSAF and Ti:Sapphire

crystals and a few prism materials, which propagating pulses encounter in our experimental

laser systems.

Dielectric material <|> (fs2mm"') <|) (fs3mm"1)
CrrLiSAF 9.7 28.6

Ti:Sapphire 52.0 44.7

Fused Silica 32.2 29.4

BK7 40.0 33.9

LaK31 63.4 50.8

SF10 145.5 98.0

SF14 162.7 110.2

Table 1.1 Calculated values of (/> and <j> for various materials at A„ =850 nm'"1.

Dispersion Compensation

As we observed from eq.(1.3), the refractive index of each intracavity optical element varies

as a function of frequency, and therefore each of the different laser modes that exist within a

gain bandwidth have different velocities. In other words, different wavelengths experience

different effective cavity lengths, with blue components effectively travelling further than

red, leading to a positive dispersion of the pulse. In some circumstances, a linear material

may introduce negative dispersion, where the refractive index response, dn0(X)/da>, is

negative, but a positive dn0(A,)/da> is more typical, and will be considered here.

1-8
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As we have discussed, in any laser oscillator a circulating optical pulse will experience a

number of dispersive elements and will be broadened in time. For ultrashort pulses to be

realised, some degree of negative dispersion must therefore be introduced into the system.

This 'dispersion compensation' is most commonly achieved by introducing low-loss

prisms'121 (Fig. 1.4) which provide a path length difference between the wavelength

components exactly opposite to that created by the dispersive gain medium. Although the

prisms themselves actually introduce further positive dispersion, they can be positioned in

such a way as to compensate for this as well as for the dispersion of other intracavity

elements.

Another well-established method of introducing negative dispersion into a laser is through

the fabrication of chirped dielectric mirrors'13,14]. As can be seen in Fig. 1.5, these mirrors

reflect longer wavelengths at deeper positions within the structure and therefore also

introduce negative dispersion by correcting the differences in the optical path lengths that the

components experience within the gain medium. The corresponding group delay profile

(Fig. 1.5b) illustrates the wavelength dependence of the structure. There is, however, an

ongoing setback in chirped mirror implementation, related to their characteristically high

insertion loss which renders them impractical for use in low-pump-threshold laser systems,

on which this thesis is based.

►

Chirped pulse

ML

Fig. 1.4 Negative group velocity dispersion with prism pairs. Corrective optical
path lengths are experienced by the 'red' and 'blue' spectral components

within the material of the two central prisms.
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Fig.1.5 (a) Optical layer thickness coefficients ofan ultra-broadband chirpedmirror design1141.
The layers are Ti02 and Si02. (b) The group delay profile ofsuch a structure.

Prism-pairs are extremely effective, but the required physical separation of these prisms can

often be the limiting factor in how compact an overall femtosecond laser system can be. In

the last few years, more advanced methods of dispersion compensation have been

demonstrated which have allowed for a significant reduction in the overall scale of a laser

system. Recent demonstrations of single-prism'151 and prismless'16' 171 dispersion-

compensation schemes are of particular interest, and alternative, low-loss dispersion-

compensating elements such as the established Gires-Tournois interferometer (GTI)

mirror'16' 181 are still being considered. Single-prism, prismless and GTl-based dispersion

compensation will all be demonstrated and discussed in detail in chapters 3, 4 and 5.

1.3.2 Nonlinear Pulse Propagation

Now we will look at the propagation of optical pulses through dielectric media having a

nonlinear response. Here we will look at the phenomena of the optical Kerr effect, self-

phase modulation (SPM), self-focusing and solitonic pulse-shaping, all of which directly

relate to the Xft) term °f tte polarisation response described in eq.(l.l). Although X(s) is a

third-order susceptibility, ultrashort pulses possess extremely high peak intensities, and the

intensity-dependent X(i) processes can still make a significant contribution to certain pulse-

shaping effects.
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The Optical Kerr Effect

Chapter 1 - Introduction and Background

In the presence of a strong electromagnetic field, E(t), a dielectric material will exhibit a

^-induced change in refractive index, An. The refractive index can be expressed in terms

of linear (n0) and nonlinear (h2e) refractive index coefficients as:

n = n0+n2E\E(t)f , n2E =~^L (1.6)8nQ

In this case, the electromagnetic field is associated with an intense optical pulse, and so

eq.(l .6) can be written in terms of the intensity, I(t).

2/7
n = n0+n2II(t) , n2I =—— (1.7)

£ocno

where n2j is the related nonlinear refractive index coefficient and is positive. Therefore, an

increasing pulse intensity gives rise to an increasing refractive index. This optical Ken-

effect is responsible for the self-focusing effect in Kerr-lens modelocking (KLM)'19"2'1 and

for the spectral-broadening phenomenon of self-phase modulation (SPM).

Self-Phase Modulation

In the majority of materials, the Kerr effect can be treated as instantaneous. The change in

refractive index, An, corresponding to the changing intensity of an incoming pulse profile,

will reach a maximum at the pulse peak, and will result in a phase shift, A<f>(t), (from eq.1.7))

and therefore a change in frequency, Aco, as described in eq.(1.8).

d / . d
A<y =—(A<f>(t)) =— —Ln2II{t)dt dt

27t

A
(1.8)

where L is the propagation length in the material and I(t) is the pulse intensity. As the

leading edge of the pulse rises in intensity, the refractive index increases, and the velocity is

reduced. Therefore, the frequency components at the front of the pulse undergo a red shift.
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Conversely, during the falling intensity of the trailing pulse edge, the frequency components

are blue shifted (Fig. 1.6), and the spectral bandwidth of the optical pulse is therefore

broadened.

Time (fs)

Fig. 1.6 Phase andfrequency changes across a self-phase modulatedpulse.

This occurs by means of the phase modulation introduced by the pulse itself and is also

known as frequency chirping. Positive chirp relates to > 0 and vice versa. Self-phase

modulation (SPM) is vital in achieving ultrashort pulses because in broadening the frequency

bandwidth, it distributes the intracavity power among more of the oscillating modes,

affording the generation of shorter pulses - eq.(1.15). Although this spectral broadening

occurs independently of pulse duration, the significant phase shifts brought about by high

peak intensities mean that the SPM must also be compensated for. However, it should be

noted that the effects of SPM cannot be completely removed as different parts of the pulse

profile experience different degrees of chirp. Without such SPM considerations, a given

laser system would not generate pulses as short as might be predicted from the gain

bandwidth.
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Self-Focusing

As with SPM, the intensity-dependent change in refractive index due to the optical Ken-

effect also plays a key role in the phenomenon of self-focusing. The intensity distribution of

a circulating optical pulse within a laser cavity is usually Gaussian-like in cross-section,

similar to the 'incoming pulse' depicted in Fig. 1.7, with the highest intensities on the axis of

the resonator.

Phase fronts in Kerr medium

*.y

Incoming pulse
Outgoing

focused pulse

x.y

Fig. 1.7 Self-focusing ofa pulse within a gain medium

Because of this non-uniform intensity distribution, there will be a non-uniform response of

the refractive index across the beam. The greater refractive index experienced at the beam

centre with respect to the beam edge will then result in a lower phase velocity at the beam

centre, and an actual lensing takes place in the so-called 'Kerr medium', thereby focusing the

beam (Fig. 1.7). It is this lensing action, along with SPM, which is so cleverly exploited in

the technique ofKerr-Lens Modelocking, which is mentioned briefly in section 1.4.

Solitonic Pulse Shaping

An optical soliton'22"241 is defined as a perfectly dispersion-balanced optical pulse that

propagates indefinitely and unchanged, assuming a lossless nonlinear system. In a laser

cavity that generates well-defined ultrashort optical pulses, each circulating intracavity pulse

can be thought of as being soliton-like in nature, providing it is virtually free of dispersion.

In order for a given laser to exhibit soliton-like pulse formation, the two counteracting pulse-

shaping effects ofGVD and SPM must be carefully balanced.
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Typically, the formation, propagation, manipulation and interaction of optical solitons has

been studied within the confines of optical fibres'22"251, where the nonlinear properties can be

most easily controlled and, therefore, where a soliton is most easily created. In these optical

fibres, SPM broadens the spectral bandwidth, while creating a 'chirped' frequency

distribution, Sco(t), as described in Fig. 1.6. At certain wavelengths, where the inherent

dispersion (GVD) of the fibre is negative, the chirped pulse can be compressed in time,

resulting in shorter pulses. Once the pulse duration reaches its minimum (at the stability

limit) it will begin to lengthen again, due to the continued effects of dispersion. SPM will

then counteract the temporal broadening, and if the GVD and SPM are correctly balanced,

short, dispersion-free, soliton-like pulses will propagate. In solitonic modelocking, the

stability of the solitonic pulse against its losses (known as a continuum) determines the

shortest possible pulse duration. Under these conditions of the solitonic pulse-shaping

model, pulses will have a sech2 profile and their durations will be limited by higher order

(2(2), %(3)) nonlinear processes and especially dispersive effects such as third-order dispersion

(TOD).

1.4 Modelocking - The Femtosecond Gateway

The most successful technique in generating ultrashort laser pulses is that of

modelocking'261, which remains the sole route into the femtosecond regime. Although

entire volumes could be written on this subject alone, only a brief outline will be given in

this thesis, as there is much literature available which would satisfy even the most

demanding reader. Two particular modelocking techniques will be illustrated - the

revolutionary and hugely successful Kerr-Lens modelocking (KLM) will be mentioned,

followed by an insight into solitonic modelocking which is employed by each of the laser

systems in this thesis.

Although several approaches exist, the fundamental physics of modelocking remains

the same. We first require a laser gain medium with a sufficiently large spectral bandwidth

1-14



Portable andEfficient FemtosecondCr.LiSAF Lasers Chapter I - Introduction and Background

(~1 Hz), that can support a large number ot oscillating modes. From the bandwidth theorem

(eq.( 1.15)), the broader the spectral bandwidth, the shorter the pulse can be. Many

longitudinal cavity modes (standing waves) will exist within the cavity, separated by a

frequency Ao = c/2L, where L is the cavity length. Each of the modes that exist beneath the

spectral bandwidth of the gain medium will then oscillate, and are then available to

contribute towards the making of the ultrashort modelocked pulse.

The actual 'mode-locking' now takes place, where these randomly-phased oscillating

modes are forced to oscillate 'in phase' with one another. Once this fixed phase relationship

has been established, these individual modes will add together constructively and

destructively to produce a stream of discrete ultrashort pulses (Fig. 1.8). In standing-wave

cavities, these generated pulses are separated by the cavity round-trip time, 2nL/c.

In-phase wavefronts

wwv

m
mm
vwvwwwwv

—ll 1,
H- -!\ A

> Stream of discrete.If 1 | time ultrashort pulses
2nl7c

■4 K

Fig. 1.8 Illustration ofmodelocking, where a number ofoscillating modes are combined together
'in phase' to generate a stream ofultrashort laser pulses.

Intensity >-
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It is the distinctive ways in which the individual modes are forced to develop their fixed

phase relationship that define the different modelocking techniques that now exist. The

procedure involves subjecting the laser to some form of modulation at, or at a harmonic of,

the cavity frequency. This can be done either 'actively', where the modulation is applied by

an externally-controlled cavity element (such as an acousto-optic modulator) or 'passively',

where a nonlinear element within the cavity introduces some form of intensity-dependent

loss, and allows to laser to modelock itself. Both active and passive modelocking techniques

are practical, but it is the passive modelocking approaches which have been most successful.

Passive Modelocking with Saturable Absorbers'271

When an intracavity saturable absorber is used as a passive modelocking element, a loss

modulation is obtained by self-amplitude modulation (SAM), where the pulse saturates the

absorber. In such passive modelocking, small-scale noise spikes are often sufficient to

initiate the saturation process, which results in a preferential condition for their continued

round-trip oscillation and gain. However, the parameters of the saturable absorber should be

chosen to ensure that the system is 'self-starting' - i.e. that the modelocked pulse train will

evolve naturally from the inherent noise spikes of the laser. Q-switching instabilities can

also occur if the loss modulation becomes too large and bleaches the saturable absorber due

to overly high intensities.

In slow saturable absorber (SSA) modelocking, the saturable absorber's recovery time

is long compared to the pulse duration. Given a relatively slow recovery time, the

mechanism of SSA modelocking relies on the presence of 'dynamic gain saturation' which

describes a fast recovery of the gain saturation between successive pulses. Together, the

gain saturation and slow recovery time of the absorber create the required short net gain

window (Fig. 1,9a).

In the case of solid-state lasers, however, no significant dynamic gain saturation exists

because the corresponding upper-state lifetimes (~ps) are typically much longer than the
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pulse repetition period (~ns). Solid-state lasers therefore require a fast saturable absorber

which is itself capable of producing the short net gain window in the absence of gain

saturation (Fig. 1.9b).

LOSS

time' time
(a) (b)

Fig. 1.9 Mechanisms ofpassive modelocking using saturable absorbers: (a) slow saturable absorber
(SSA) modelocking with dynamic gain saturation, (b) fast saturable absorber (FSA) modelocking.

The success of such passive modelocking mechanisms in solid-state lasers can be well-

explained by two fundamental models - fast saturable absorber (FSA) modelocking and

solitonic modelocking.

1.4.1 bast Saturable Absorber (FSA) Modelocking

Instead of relying on dynamic gain saturation, FSA modelocking requires a saturable

absorber modelocking element with a fast recovery time in order to create the brief net-gain

window that is required (Fig. 1.9b). By far the simplest and most successful FSA-based

modelocking technique is that of Kerr-Lens Modelocking (KLM), in which the laser crystal

itself is encouraged to behave like a saturable absorber of this kind.

Kerr-Lens Modelocking (KLM)

The KLM, or self-modelocking'19', technique relies on the intense circulating optical pulse

undergoing self-focusing within the gain medium - the so-called Kerr lens - which has an
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intensity-dependent refractive index. Under continuous wave (cw) conditions, the

unfocused, broad beam is either severely attenuated by an intracavity slit (hard-aperture

KLM) or is provided with an unfavourable pump-beam geometry (soft-aperture KLM). But

under modelocked conditions, the highly intense optical pulses will see a significant change

in refractive index due to the optical Kerr effect (as well as a spectral broadening due to

SPM) as discussed in section 1.3.2. Since the beam has a Gaussian radially-varying intensity

profile, the induced change in refractive index acts as an intensity-dependent lens, and the

modelocked pulses are self-focused into a favourable environment for oscillation. Because

the intensity-dependent reduction of the beam diameter at an aperture introduces less loss at

high intensity and more loss at low intensity, the Kerr lens in KLM in this case effectively

forms a fast saturable absorber. However, the Kerr lens can be manipulated to produce a

larger or smaller mode size at any given position within the cavity.

All that is required to initiate modelocking is the presence of a noise burst of sufficient

amplitude. Unless self-starting, this noise burst can be created by the simple tapping of an

end mirror, and will gradually grow to eventually become a train of self-modelocked

ultrashort pulses.

1.4.2 Solitonic Modelocking[13'27'30]

In solitonic modelocking, the pulse-shaping that leads to modelocked operation relies on the

formation and propagation of optical soliton-like pulses, via the careful balancing of

intracavity group velocity dispersion (GVD) and self-phase modulation (SPM). Because the

dominant pulse formation process in solitonic modelocking is assumed to be the initial

solitonic pulse formation, the pulse may therefore be approximated as soliton-like in nature.

For the perfect soliton, the negative dispersion ofGVD inside the cavity exactly balances the

positive dispersion of SPM, and the pulse duration varies linearly with the amount of

negative GVD. However, since the balancing of SPM and GVD involves discrete

oscillations in the net dispersion, 'classical' solitons are not actually formed.
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In solitonic modelocking an additional loss mechanism, typically a saturable absorber, is

required to initialise the formation of solitonic pulses from background noise spikes, and to

stabilise the solitonic pulses once they have formed. As the soliton formation itself is

thought to be the dominant pulse shortening mechanism, the short net-gain windows of SSA

and FSA modelocking are not necessary, and solitonic modelocking can involve a relatively

long net-gain window (Fig. 1.10). This strongly relaxes the constraints on the saturable

absorber, as it may now have a recovery time that is much longer than the pulse duration.

Fig. 1.10 Solitonic modelocking - slow saturable absorption in a solid-state laser, where a longer
upper-state lifetimeprovides a longer net-gain window.

Various mechanisms can explain the processes of pulse formation and pulse shaping in the

different types of modelocking I have described. Which of these mechanisms becomes

dominant in any given environment depends critically on the properties of both the absorber

and the rest of the laser cavity. In particular, there remains some debate as to the primary

mechanism in solitonic modelocking. Some would argue that solitonic modelocking should

be considered independently from KLM, but the use of a saturable absorber to initiate and

stabilise modelocking as I have just described will inevitably involve the presence of a

strong Kerr-lens within the gain medium.
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1.4.3 Semiconductor Saturable Absorbers'28,29,31'33]

Typically, the saturable absorber which is used to initiate and sustain passive modelocking in

a solid-state laser is known either as a semiconductor saturable absorber mirror (SESAM) ,

or as a saturable Bragg reflector (SBR) . Both of these devices have an intensity-

dependent reflectivity (Fig. 1.11), such that the oscillation of the intense pulsed mode is

favoured over the continuous wave. They are designed to exhibit a broad, flat reflectivity

spectrum under the high-intensity illumination of such pulses. These two devices are

structurally very similar, and SBRs are really just a specific type of SESAM. However,

some sources would maintain that SBRs deserve to be considered as a device in their own

right. Any slight differences that do exist are found within the details of the semiconductor

layer structure, but in fact the eventual performance of the semiconductor device relates

more strongly to the growth techniques and to post-processing. In general, the absorber

layer within a SESAM is grown at lower temperatures (~300°C) than for an SBR, which

affects the spectral and temporal response of the saturable absorber. SBRs tend to exhibit

sharply peaked responses in both the temporal and spectral domains, while SESAMs display

profiles which are somewhat broadened. This distinction between SBRs and SESAMs is,

however, related to growth temperature, rather than physical structure.

These devices can be designed for operation at optical wavelengths, and for the

generation of picosecond to sub-10 femtosecond pulses. The use of such devices also

provides 'turn-key' operation, with a modelocking mechanism that is entirely self-starting.

Important Saturable Absorber Parameters

There are five important macroscopic properties of SESAMs and SBRs which determine the

operation of a passively modelocked laser[27]: impulse recovery time, xA; modulation depth,

AR; non-saturable loss, ARNS; saturation fluence, Fsat,A and spectral bandwidth, AA,a.
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As discussed earlier, the impulse recovery time, xA, of the saturable absorber is the time

taken for the saturable absorber to recover from pulse-induced saturation. xA can be up to 10

times that of the pulse duration, under conditions where solitonic modelocking is dominant.

When FSA modelocking (such as KLM) is the dominant mechanism, the recovery time must

be much shorter (of the order of the pulse duration). The impulse recovery time is

independent of the mirror structure in which the absorber is placed.

The modulation depth, AR, is the maximum nonlinear change in reflectivity, between

a small and large pulse signal that bleaches the absorber (Fig. 1.11). This bleaching, which

makes the absorber transparent, can be achieved by an incident pulse fluence (energy density

per unit area) that is much larger than the saturation fluence of the absorber (described

below). While an increasingly large modulation depth permits a progressively shorter pulse

duration'351, as well as relaxing the requirements for self-starting operation'351, the Q-

switching instabilities of solid-state lasers are also exacerbated if the modulation depth is too

large'35'36]. The modulation depth can be manipulated by varying the reflectivity of the front

surface of the absorber, or by changing the absorber thickness, and is typically AR ~l-2 %.

The non-saturable loss, ARNS, is the remaining loss of the device when it is bleached

by a highly intense pulse (Fig. 1.11). This loss factor relates strongly to the design of the

device, and low-temperature-grown absorbers (such as typical SESAMs) tend to exhibit

much higher non-saturable loss than higher-temperature-grown absorbers (such as typical

SBRs). Included in ARns are the less-than-100 % reflectivity of the bottom Bragg mirror

(see Fig. 1.12), scattering losses and residual absorption. In the development of low-

threshold laser systems, such as those discussed in this thesis, intracavity losses must be as

low as possible. Non-saturable loss should be well below 1 %. The unsaturated low

intensity reflectivity, R0RNs, is the device reflectivity when the incident pulse fluence is near-

zero, and Rns is the device reflectivity when it is fully saturated (bleached), for an incident

pulse of very high fluence.
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Fig. 1.11 SESAM reflectivity as afunction ofincident pulsefluence.

The saturation fluence, F^, is defined as the pulse fluence required such that the fraction of

the modulation depth remaining unsaturated after such a pulse is l-e"1[301 (Fig. 1.11). The

saturation fluence should be kept reasonably small, because by then operating the absorber

close to full saturation (near bleaching), residual losses are reduced, and the use of available

absorption depth is maximised, thereby reducing the minimum achievable pulse duration and

maximising the self-starting potential. Q-switched modelocking is also more likely if the

saturation flucncc is too high'36'. Keller and co-workers suggest that, under conditions where

soliton-like modelocking is dominant, the incident fluence on a low-temperafure-grown

saturable absorber (such as a SESAM) should be around 3-5 times the saturation

fluence' 35'. The incident fluence can be simply controlled by adjusting the intracavity spot

size on the device. In this thesis, the specific cavity design of SESAM-modelocked

CrrLiSAF lasers enables the incident fluence to be adjusted between ~0 1 and -5000 pJ/cm2,

for a saturation fluence of around 160 pJ/cm2. The saturation fluence can also be adjusted by

making changes to the reflectivity of the top-mirror or to the position of the absorber layer

within the device (see Fig. 1.12).

The spectral bandwidth of the saturable absorber imposes limits on the pulse duration

which can exist within the cavity, and is usually limited by the bandwidth of the lower Bragg

mirror and top mirror which surround the absorber layer (see Fig. 1.12). In this thesis I will
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describe a CrrLiSAF laser which is tunable over a 50 nm bandwidth, where the tuning range

is limited by the Bragg mirror. In some SBR structures, post-production selective oxidation

of the semiconductor layer structure has been used to increase the refractive index contrast,

thereby increasing the reflectivity bandwidth.

SESAMs - the low-finesse A-FPSA

The careful control of epitaxial growth techniques, such as molecular beam epitaxy (MBE)

and metal-organic chemical vapour deposition (MOCVD), can be used to tailor the linear

and nonlinear optical properties in ultrathin layer structures. Such growth techniques are

used to integrate a semiconductor saturable absorber directly onto a mirror structure,

resulting in a device with a reflectivity that increases with the incident optical intensity - a

SESAM. The most widely used SESAM is currently the low-finesse anti-resonant Fabry-

Perot saturable absorber (A-FPSA/37'381 (Fig. 1.12).

GaAs
substrate

Bottom Bragg Mirror
25x AlAs/AIGaAs layers

_

mm mf m i i :

860nm

850nm

840nm

Fresnel reflection at

air-GaAs Interface

Bottom Bragg Mirror

— nd = A/2
Fabry-Perot cavity

AlAs spacer layers

z (position)

Low-temperature-grown
GaAs absorber layer (15nm)

Fig.1.12 SESAM structure - the low-finesse A-FPSA. The standing wave intensity distributions of
three separate wavelengths within the structure are illustrated!39.
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As the base mirror, a Bragg stack of ultrathin alternating GaAs and AlGaAs layers of X/A

thickness is grown onto a substrate of GaAs. A single quantum well (SQW) GaAs saturable

absorber layer is then grown (along with AlAs spacer layers) within the Fabry-Perot cavity

that now exists between the two mirrors. The thickness of the total absorber and spacer

layers - the Fabry-Perot thickness - is adjusted such that the Fabry-Perot operates in anti-

resonance. When this condition is fulfilled, the interference of partially-reflected waves at

the Fabry-Perot mirrors is destructive, and anti-resonance therefore results in a device that is

broadband and has minimal GVD. An effective top reflector is formed by the Fresnel

reflection of the semiconductor-air interface (R~30 %) at the top of the absorber/spacer

layer. The spectral bandwidth of the A-FPSA is limited by the free spectral range of the

Fabry-Perot or the bandwidth of the Bragg mirror. Reducing the top reflectance typically

requires a thinner saturable absorber and a higher bottom mirror reflectance to minimise the

reflection loss. Because the absorber layers are therefore typically very thin (<30 nm), the

saturation fluence can be also changed by varying its position within the Bragg mirror.

The absorption of the semiconductor structure exhibits an inherent wavelength-

dependence. Since an extremely thin absorber layer placed at the node of the standing wave

intensity distribution will not introduce any absorption, and that different wavelengths have

different positions for their nodes in the standing wave profile, the wavelength dependence

of the absorber edge can be reduced, and the device can exhibit a broadband performance.

Other SESAMs and the SBR

Rather than utilizing a Fresnel reflection as an effective top mirror, the /zzg/z-finesse A-FPSA

uses a highly-reflecting Si02/Ti02 Bragg mirror as the upper extreme of the Fabry-Perot

cavity. An absorber and spacer layer is grown between the two Bragg mirrors, rather than

within them. The AR-coated SESAM is a low-finesse A-FPSA (Fig. 1.12) with an AI2O3

anti-reflecting (AR) top mirror replacing the upper spacer layer, with a XIA Fabry-Perot

width. With this device, the saturation fluence can still be optimised by changing the
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physical position of the absorber, and hence the position relative to the standing wave

intensity pattern, within the Fabry-Perot cavity.

The typical SBR structure is almost identical to the low-finesse A-FPSA described

above, except that the total absorber and spacer layer is of thickness UA, rather than A./2.

The very thin SQW saturable absorber is inserted into the final quarter-wavelength layer of

an AlAs/AlGaAs Bragg stack (Fig. 1.13). As mentioned earlier, the absorber layers within

SBRs tend to be grown at higher temperatures, resulting in a structure that displays lower

unsaturated loss.

Fabry-Perot cavity

Fig. 1.13 An example ofan SBR structure - a low-finesse A-FPSA, with the standing-wave intensity
distribution ofX = 860 nm illustrated.

1.5 Characterisation of Ultrashort Pulses

As we have discussed, a femtosecond laser pulse lasts for a very short period of time, which

has made temporal measurement of these ultrashort pulses an interesting challenge. As a

rule, the timescale of any given event is determined via correlation with another event of

known shorter duration. However, as femtosecond and attosecond pulses are easily the

shortest ever man-made events, no faster event exists with which to make a comparison. The
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pulse is therefore compared with itself- in the technique of autocorrelation. This tends to be

a somewhat ambitious process because such procedures require prior information about the

pulse-shape. In general, assumptions have to be made regarding pulse profiles.

1.0n

Time (fs)

Fig. 1.14 Comparison ofsech-squared and Gaussian pulse-shapes.

As can be seen from Fig. 1.14, the form of a 'Gaussian' and 'sech-squared' pulse (described

below) may seem very similar, but the precision of the autocorrelation analysis will depend

in part on 'guessing' the correct pulse-shape before you begin. Also, pulses are not expected

to be mathematically perfect. Nevertheless, measurement on femtosecond timescales is

anything but trivial, and the autocorrelation technique has proven itself to be an effective and

reliable technique in providing a good estimate of the duration of ultrashort pulses.

An optical pulse has a time-dependent electric field, E(t), associated with it, which has

a complex field amplitude:

E(t) = s{t)e,mem (1.9)

where s(t) is the time-varying electric field envelope, f(t) is the phase variation across the

pulse, O)o is the angular frequency at t = 0,

e(t) = £0sech
/
t A

(1.10)

and ts is related to the FWHM pulse duration, At, by
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A T

Ts= (1.11)s
1.763

for a pulse exhibiting zero frequency chirp (i.e. for (f>(t) - constant). The pulse shape is also

often referred to as a 'hyperbolic secant squared', or 'sech-squared' pulse in intensity, I(t):

I(t) ~ |£"(0|2 = £02sech2
f
t A

(1.12)

Another fundamental property of an ultrashort pulse is that the temporal and spectral

characteristics a given pulse are Fourier transforms of one another. The Fourier transform of

the temporal pulse, I(t), in 'real space' produces the spectral pulse, I(a>), in 'reciprocal

space', where

I(a>) oc sech2
f
7TC0TS ^
2

with a dispersion-free {<j>(t) # 0), full width half maximum (FWHM) bandwidth of

(1.13)

A® = (1.14)

Fundamentally, therefore, the temporal (Ax) and spectral (Ao) bandwidths of an ultrashort

pulse cannot vary independently, and this leads to the 'bandwidth theorem' (for a sech-

squared pulse profile):

AuAt > 0.32 Bandwidth theorem (1.15)

When dealing with a Gaussian pulse shape, this 'time-bandwidth product' becomes 0.44. If

the characteristics of an optical pulse were ideal - such that the associated time-bandwidth

product was exactly 0.32 - then the pulse would be said to be 'bandwidth-limited' or

'transform-limited', and the pulse would be at its shortest possible duration, given the

available spectral bandwidth. The pulse would also be considered to be completely free of

frequency chirp - the ultimate objective of introducing dispersion compensation as discussed

earlier. More often than not, of course, the dispersion compensation being used will not be

perfect, and the pulse will be somewhat longer in duration for the available spectral

bandwidth, resulting in a time-bandwidth product ofAoAx exceeding 0.32 to some extent.
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1.5.1 The Two-Photon Absorption Autocorrelator

There are a number of slightly different autocorrelation techniques, but the one that is

described here is perhaps one of the simplest and cheapest - namely the 'two-photon

absorption autocorrelator' (Fig. 1.15). This technique is a very simple adaptation of the well-

known second-harmonic generation (SHG) autocorrelator'40"421, which uses the combination

of an SHG crystal and photomultiplier tube as a detector in a Michelson interferometer type

of arrangement. In this case, the frequency-doubled signal from the SHG crystal has a

quadratic response to intensity, which is detected by the photomultiplier tube. Such SHG

crystals do, however, tend to be rather expensive, and must be chosen carefully to ensure an

adequate phasematching bandwidth while minimising the unwanted effects of group velocity

mismatch (GVM). These issues will be discussed in detail in Chapter 7. The two-photon

absorption autocorrelator, however, requires no expensive and specific doubling crystal.

Instead, it makes use of the quadratic response to two-photon absorption in a simple

semiconductor device, such as a photodiode or LED'43"481. Typically, photons of energy

E > Eg, where Eg is the semiconductor bandgap, will be absorbed linearly with respect to the

incident power. However, if the intensity of the incoming photons is high enough (i.e.

intensities of ultrashort pulses), then less energetic photons, of energy '/iEg < E < Eg, will

undergo efficient two-photon absorption. The resulting photocurrent has a quadratic

response to the incident intensity. If an appropriate semiconductor device is selected to

satisfy the wavelength condition above, this response is equivalent to the combination of

SHG crystal and photomultiplier tube. In this project, the lasers operated around 850 nm,

which determined the selection of a GaAsP photodiode {Gil 15, Hamamatsu). Due to the

range of energies over which the two-photon process can be detected (!^Eg to Eg), this

simplified technique is perfectly capable of detecting the large bandwidths of ultrashort

pulses.
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Fig. 1.15 The two-photon absorption autocorrelator

An incoming pulse is initially split into two equal intensity components, which are directed

along separate paths of equal length, and then recombined in a two-photon detector (GaAsP

photodiode). As one of the interferometer mirrors is mounted on an oscillating bass speaker

cone, we can introduce a slight change to one of the path lengths, and therefore a relative

time delay, t, between the two equal pulse components. The net electric field at the detector,

resulting from the two overlapping pulse components, can be expressed as:

E(t) + E(t -r) (1.16)

where x is the delay of the second pulse with respect to the first. The two-photon detector

will measure the combined signal of the two pulses, which is proportional to the degree of

overlap, and can be described as:

for

G(r)= J|[R(f) +£(/-r)f
-oo

E(t) = e{t)e'mem"<

dt (1.17)

(1.18)

where s(t) is the real electric field amplitude of the pulse and <j>(t) is the phase at angular

frequency, (Oo- The overlap of the two pulse components will result in some degree of two-
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photon absorption, which will generate a quadratic response in the GaAsP photodiode

detector. In the varying of the delay, x, the autocorrelator transforms a temporal

measurement into a spatial (delay) measurement.

Intensity Autocorrelation

If the two-photon detector is calibrated for a relatively slow frequency response, the

autocorrelator will record a time-averaged intensity autocorrelation (Fig.l .16), defined as

for

G,(r) = l + 2g(r)

g(r) = -

jl(t)I(t-r)dt
-oo

00

jl(t)2dt

(1.19)

(1.20)

where g(r) is the background-free autocorrelation function. As eqs.(1.19) and (1.20) are

functions only of intensity, and not of phase, the intensity autocorrelation will not provide

any information about the frequency chirp in the pulse being measured. The intensity

autocorrelation trace must exhibit a 3:1 contrast ratio (as shown in Fig. 1.16), otherwise any

information the trace provides will be inaccurate.

Delay (fs)

Fig.l.16 Typical intensity autocorrelation trace, showing the ideal 3:1 contrast ratio.

1-30



Portable andEfficient Femtosecond Cr.LiSAFLasers Chapter 1 - Introduction andBackground

Calibration of the autocorrelator involves altering the delay, x, by translating the position of

the 'moveable' mirror in Fig. 1.15 by a known distance, d. There is therefore an additional

path length experienced by the optical pulses, 2d, which is completed in a known time,

t = 2d/c. The corresponding change in position of the autocorrelation signal on the

oscilloscope allows the arbitrary temporal scale to be calibrated accordingly. The intensity

autocorrelation width can then be measured directly, and in real-time. Given the measured

intensity autocorrelation width, At,, the pulse duration, At, can be obtained via

At
At =—>(1.21)

K

where k, is the conversion factor relating to the previously assumed pulse shape (Table 1.2).

When using the intensity autocorrelation technique, a measure of the pulse spectrum is also

required to obtain information on how chirped the measured pulse is, via the bandwidth

theorem, in eq. (1.16).

Pulse Shape AoAx ki kr

Gaussian 0.441 1.414 1 607

sech2 0.315 1.543 1.897

Table 1.2 Intensity and lnterferometric conversion factorsfor transform-limitedpulses.

Interferometric Autocorrelation

By increasing the speed of response of the detector (or, by slowing the scan rate of the

speaker in the autocorrelator) a fringe-resolved, or interferometric autocorrelation

(Fig. 1.17), is obtained. In normalised form, this is defined as:

jW) +£('-r)] dt

G/(0 =- = (1-22)
l\\E(t)\'dt
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For transform-limited pulses, the constructive interference of the electric field amplitudes of

the two pulse components corresponds to the upper fringe envelope, g/u(r), defined as:

j"|e{t) + s{t - dt
-oo

00

2 Js{tfdt
(1.23)

and the destructive interference of the electric field amplitudes of the two pulse components

corresponds to the lower fringe envelope, gji(t), defined as:

gfi<j)=-
\\e(t)-e(t-T)\* dt

-QO

00

2 \e{tfdt
(1.24)

Just as we defined a 3:1 contrast ratio for the intensity autocorrelation trace above, we now

expect an 8:1 contrast ratio for the interferometric autocorrelation (since G/r=0) = 8 and

Gft—>±oo) = 1) as shown in Fig. 1.17.

0

Delay (fe)

Fig. 1.17 Typical interferometric autocorrelation trace, G/z), showing the ideal 8:1 contrast ratio.
gfi,(z) andgji(t) represent the upper and lowerfield envelopes respectively.

As long as the pulses are near-transform-limited, calibration of the interferometric

autocorrelation is straightforward, as the time period between each fringe is known. For

example, because the maximum and minimum value of each fringe half-period corresponds
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to a change of delay of Ax = ± 7i/co, each fringe ofG/t) corresponds to a duration of 8.9 fs at

850 nm. Given the measured interferometric autocorrelation width, Atj, the pulse duration,

At, can be obtained via

Atf
Ar =—— (1.25)

kf

where kf is the conversion factor relating to the previously assumed pulse shape (Table 1.2).

Although interferometric autocorrelation is a more quantitative technique than intensity

autocorrelation, it is also more sensitive to alignment, sensitive to frequency chirp, and can

involve a larger degree of error in the information it provides. Failure to achieve the correct

contrast ratio in interferometric analysis will lead to greater inaccuracies in the pulse

duration measurements than in intensity analysis. For chirped pulses, the upper and lower

envelopes of the interferometric trace will become distorted, because there will only be a

perfect interference between them when they are exactly overlapped in time, at x = 0. The

presence of frequency chirp will be also be apparent in the interferometric trace, in the form

of an asymmetric oscillation period, similar to the corresponding electric field pattern in

Fig. 1.18b.

^ 0.5
3
3

p
vi 0
a
OJ

"5
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Time (fs)
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=

3

Fig.1.18 Electricfield ofa 20fs pulse that is (a) transform limited and (b) positively chirped.
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In Fig. 1.18, the upper trace shows a pure, transform-limited pulse with a constant electric

field oscillation. The lower trace shows how the presence of positive chirp creates a gradient

of change on the period of oscillation. A negatively chirped pulse would generate the

opposite image, mirrored across the vertical axis.

The interferometric trace does, therefore, provide some information on the chirp of the

pulse, and this phase information has been successfully retrieved from the trace with the

PICASO technique'491. Since the interferometric approach demands a higher contrast ratio,

and because the autocorrelation traces are now a function of phase, cj)(t), the interferometric

autocorrelation reveals more information relating to pulse shape and to frequency chirp.

1.5.2 Enhanced Pulse Characterisation Techniques

Over the last 10 years or so, several new techniques have been introduced to make a more

comprehensive characterisation of optical pulses, and to remove some of the ambiguities

associated with autocorrelation. By definition, a 'full characterisation' requires information

on the intensity and phase of both spectral and temporal pulse components, without first

having to assume a pulse shape, as with autocorrelation. These techniques can be divided

into two main categories - those that operate within the time-frequency domain, and those

which use interferometry. The former include such techniques as the frequency-resolved

optical gating (FROG)'50"521 geometries, DP-TROG'53"551, and sonogram'48'55"581. The latter

includes SPIDER'59'601. The sonogram is currently one of the leading contenders in the race

to achieve a real-time pulse characterisation system. Video-rate acquisition of a sonogram

trace combined with readily available fast retrieval algorithms provide temporal, spectral and

phase information of a pulse at fast update rates.
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1.6 Conclusions

In this chapter the particular features of ultrashort optical pulses have been discussed.

Particular attention has been given to their generation, characterisation and applications. I

have also described relevant aspects of the propagation of such pulses through dispersive

media and the resulting nonlinear effects, modelocking techniques which lead to ultrashort

pulses of femtosecond duration, and the practice of autocorrelation whereby such pulses can

be measured. This general information represents a basis on which the work described in

this thesis is built. In the next chapter, I will concentrate on more specific themes, such as

the design of efficient, low-threshold femtosecond laser systems using the chromium-doped

colquiriite gain medium of CnLiSAF, and the pumping of such systems with single-narrow-

stripe laser diodes.
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Chapter 2
Designing an Efficient, Low-Threshold
Femtosecond Laser Source

2.1 Introduction

As the highly simplified and compact femtosecond lasers presented in this thesis involve the

optical pumping of a CnLiSAF crystal with inexpensive, low-power, single narrow-stripe

laser diodes, the successful operation of each laser system will require low operational

thresholds. Because the maximum diode pump power from each device is only 60 mW, the

successful construction of any such laser scheme demands a highly efficient use of the

available diode power, as well as a knowledgeable approach to the design of the cavity

configuration. Research at the University of St.Andrews has already demonstrated a KLM-

based femtosecond CnLiSAF laser, pumped by one single-spatial-mode laser diode, with

demonstrated pump-power thresholds for modelocking as low as 22 mWII4l

This chapter will concentrate on the main issues surrounding the design of effective

low-pump-power femtosecond lasers, with correspondingly low cw and modelocking

thresholds that ensure short pulse operation at low intracavity powers. I will highlight the

important considerations surrounding the management of intracavity dispersion, and verify

that the selection of CnLiSAF is fully justified in its suitability for low-threshold laser

systems. In addition, I will validate the selection of an asymmetric Z-cavity laser

configuration, and summarise effective methods in maximising the use of available diode

pump power. These measures have ensured reduced cavity losses, overall compactness,

enhanced simplicity, and low thresholds in the CnLiSAF lasers that have been investigated

in this project.
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2.2 Towards Low Thresholds in Femtosecond Lasers

CW Threshold

When designing a laser with low pump-power requirements, an initial priority lies in

minimising the cw threshold. From the work of Alfrey'51 on the behaviour of a Ti:sapphire

laser pumped by a diffraction-limited pump beam, an expression has been derived to

describe the cw threshold power in relation to the laser characteristics:

fr- (2.1)
e pf 6

4crrAnan r—dzp p]w2p(z) + w2c(z)

P,h is the incident threshold pump power, T is the transmission of the output coupler, cq is the

scattering loss in the crystal, 77 represents the remaining fractional losses, cr and r are the

absorption cross-section and upper-state lifetime of the crystal respectively, and ap is the

absorption coefficient at the pump wavelength, A.p. L is the length of the crystal and the

diverging spot sizes of the cavity and pump modes, wc(z) and wp(z), through the crystal are

defined as:

V00=wCo2 J 1 (Z Zl)
2 4 2

X Wq, nc

(z-z2)2ap2
1

2 4 2
n wPn nP

(2.2)

(2.3)

where z is the axial distance through the laser crystal, z; and z2 are the positions of the cavity

and pump mode waists, nc and np are the refractive indices at the cavity and pump

wavelengths, and and Wpo are the respective pump and cavity mode waists. The

expression of eq.2.1 illustrates that the cw threshold is proportional to the total losses,

(T + 2oCcL + 7i), and inversely dependent on the material absorption, ap. A low-loss cavity is

therefore crucial in achieving a low cw threshold. An increase in ap, via the proportional
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doping level of active ions in the host material, will also reduce the lasing threshold.

However, any increase in doping level concentration will be limited. In the Ti:sapphire

crystal, too great an increase in doping level will have the effect of reducing the crystals

figure of merit (FOM), defined as FOM = a/a/, where ap is the absorption at the pump

wavelength and at is the residual absorption at the lasing wavelength, because «/ also

increases with doping concentration. In the case of the Cr:LiSAF crystal, the upper

limitation on ap is set by the thermal lifetime quenching due to increased localised heating at

high doping levels. The growth of crystals having high doping levels may also result in poor

optical quality. Therefore, some degree of trade-off is required in optimising ap. The

expression of eq.2.1 also infers that the lasing threshold, P,h, is inversely proportional to the

err product of the gain medium. Not only does Cr:LiSAF boast a high absorption cross-

section (5.4 x 10"20 cm2), but its or product (32 x 10"19 cm2ps"1) is almost three times that of

Ti:sapphire (12.2 x 10"19 cm2p.s"'). Pth is also inversely proportional to the pump wavelength,

Ap, which affords Cr:LiSAF the further advantage of pump wavelengths (peaking around

670 nm) that are somewhat longer than those for Ti:sapphire (peaking around 530 nm),

thereby reducing the associated quantum defect.

A further observation from eq.2.1 is that a low cw threshold requires small pump and

cavity mode spot sizes within the gain medium, as well as a strong overlapping of the two

modes as they propagate through the absorption length (Fig.2.1). A low-threshold laser

system therefore requires tight foci in the ciystal, and a diffraction-limited pump beam,

which assists in generating good overlap of pump and cavity modes and increases the

Rayleigh range for a given waist size. An effective approach is to generate similar waist

sizes of the two modes at the same position within the crystal. As can be seen from Fig.2.1,

thresholds are significantly reduced if tight foci occur at the front-end facet of the crystal.

The demand on a diffraction-limited pump beam (i.e. one with an M2 of ~1) is illustrated in

Fig.2.2, where an increase in the M2 parameter results in a significant increase in the cw
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threshold. Figs. 2.1 and 2.2 assume a 3 mm Cr:LiSAF crystal, an absorption coefficient,

Op = 2000 m"1 (for p-polarisation) and a 660 nm, diffraction-limited (M2 =1) pump beam.

Fig.2.1 (a) Variation in threshold ofa Cr.LiSAF laser with position ofpump and laser cavity waists,
(i) Coincidentpump and laser cavity beam waists.

(ii) Laser cavity beam waist, with pump waistfixed 0.5 mm inside thefrontface ofthe crystal.
(Hi) Pump waist, with laser cavity beam waistfixed 0.5 mm inside thefrontface ofthe crystal.

(b) Variation in cw thresholdofa Cr.LiSAF laser with size ofpump and laser cavity modes,
(i) Identical pump and laser cavity beam waists.

(ii) Laser cavity beam waist, with pump waistfixed at 20 pm.
(iii) Pump waist, with laser cavity beam waistfixed at 20 pm.

UH 1 1 1 1 1 1 1 1 ■
0 10 20 ao 40 50

M2 of pump beam

Fig.2.2 Variation in cw threshold ofa Cr.LiSAF laser with M2 ofthe pump beam.
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Modelocking Threshold

As discussed in Chapter 1, self-modelocked lasers rely on the self-amplitude modulation

(SAM) of the cavity mode within a Kerr medium to favour the high-intensities associated

with pulsed operation over the low intensities that relate to the continuous-wave (cw)

regime. This SAM is brought about by the optical Kerr effect (OKE) in the form of an

intensity-dependent lensing of the cavity beam inside the gain medium. In the soft-aperture

case, a more favourable pump beam geometry is provided for the oscillation of the narrow-

beam modelocked field than for the broad-beam cw field. In order to increase the potential

for successful modelocking at low intracavity powers, the nonlinear lensing must therefore

be maximised. While self-focusing becomes most effectual when the beam waist (and

localised lensing) is situated at the end of the laser rod, the tight focusing of laser and pump

modes within the Kerr medium will also enhance the nonlinearity. This can been

demonstrated in a simple 2-mirror cavity, where the two mirrors are of identical radius of

curvature and separated by a distance L, and a gain medium is placed at the centre. The gain

medium is considered to be thin to avoid propagation effects within the crystal. The

behaviour of the time-averaged intensity circulating in the gain medium, Iav, and the focal

length of the effective nonlinear lens,/® are described by[6]:

(2He) ' J"L 2AKI0
; fNL*^T77T (2-4)

where tp is the pulse duration, is the instantaneous pulse intensity, I0 is the peak pulse

intensity, and:

K = n2 (2.5)
X

where n2 is the nonlinear refractive index and Lm is the thickness of the Kerr medium.
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Fig.2.3 Variation in (a) pulse intensity and (b) focal length ofnonlinear lens withposition
ofseveralfoci spot sizes.

The expressions of eq.(2.4) are represented in Fig.2.3a, where it can be seen that the highest

pulse intensities within the Kerr medium are generated for small spot sizes, and in Fig.2.3b,

where it can be seen that the strength of the nonlinear Kerr lens increases significantly as

reductions are made in the mode waist at the cavity focus. For self-modelocking to be

successful at low intracavity powers, a cavity design is required which enhances both the

accessibility of any intensity-related nonlinearity, and the differentiating effect of any

induced lens on the overall laser system.

The selection of a low-loss Brewster-angled crystal in such a cavity configuration is an

important factor in the reduction of parasitic reflection losses at the crystal facets. However,

the Brewster angles of the crystal will introduce unwanted astigmatism to the cavity mode,

i.e. a displacement of the sagittal and tangential foci. Such astigmatism is generally removed

by the similar but opposing effects introduced by the angles of the cavity folds in standard Z-

cavity or V-cavity design. However, the use of a Brewster-angled crystal will still create a

distributed focus of tangential and sagittal planes within the gain medium, resulting in an

increase in cw threshold and some deforming of any Kerr lens. Anti-reflection (AR) coated,

plane-parallel crystals do have the advantage of introducing no astigmatism, thereby

allowing for an improved circular overlap of pump and laser cavity modes, but the residual
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reflectivity of AR-coatings increase the net intracavity losses over those experienced by a

Brewster-angled rod.

Although it is solitonic modelocking which is considered to be the dominant pulse-

formation process in the lasers of this project, the optical Kerr effect (OKE) (and particularly

self-phase modulation (SPM)) within the gain medium plays a vital role in maintaining the

stability of the solitonic modelocked regime. The issues that apply to the strengthening of

the OKE (by way of an amplified incident intensity) for efficient self-modelocked operation

are equally valid in solitonic modelocked systems, where the OKE is still making an

important contribution.

Dispersion Management

Once these threshold conditions have been overcome and a solitonic modelocking

mechanism has initiated a train of short optical pulses from an initial noise spike, each pulse

will settle into a well-defined steady-state where the combined effects of SPM and net GVD

define the pulse duration. As discussed in Chapter 1, a laser cavity will generally impose

some degree of positive GVD on the oscillating pulse, from interactions with the various

intracavity elements as well as the effects of SPM from the tight foci in the gain medium.

An optimisation of the pulse duration is therefore dependent upon sufficient 'compensation'

being introduced into the cavity by some element or elements exhibiting negative GVD, such

that the overall net GVD is close to zero.

In low-threshold laser systems, the crucial management of intracavity dispersion is of

further importance in relation to the intracavity power and pulse duration. The soliton model

described in Chapter 1 can be used to define the following relationship between the

intracavity pulse energy, Ep, and the 1/e pulse duration, At}*\

(2.6)
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where weg is the effective beam radius, n2 is the material nonlinear refractive index and /? is

known as the second order GVD parameter, which is assumed equal to the net round-trip

dispersion divided by the round-trip path length within the dispersive elements. The

significance of this expression is illustrated in Fig.2.4. Fig.2.4a shows that for low

intracavity pulse energy (i.e. low average output power), the net intracavity GVD must be

minimised for shorter pulse durations. Fig.2.4b demonstrates that the required tight focus in

the crystal for low thresholds is also important for reducing the pulse duration in relation to

dispersion.

Fig.2.4(a) Normalised intracavitypulse energy, Ep, required to support various pulse durations as the
GVD parameter in Cr.LiSAF, /?, is varied (for beam waist of20pm).

(b) Normalised intracavity pulse energy, Ep, required to support various pulse durations as the
laserfocusing within the Cr.LiSAF crystal is varied (for ft = 1).

Once the overall effects of GVD within a given laser cavity have been sufficiently

minimised, the third-order dispersion (TOD) becomes increasingly important. Without

adequate compensation of TOD at this stage, a laser system will fall short of generating the

shortest pulses ofwhich it is capable, given the available spectral bandwidth. TOD generally

arises from the material dispersion of the intracavity elements, especially that of the SESAM

modelocking element, and this source of TOD is always positive. A standard compensation

ofTOD is provided by a GVD-compensating intracavity prism pair. While the separation of

these prisms and the intraprism path lengths (i.e. the amount of prism glass through which

the intracavity beam propagates) can be varied to control the overall effects of GVD, the

intraprism path length can also be chosen to generate negative TOD. Given the correct
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prism material, prism separation, and intraprism path lengths, it is possible to eliminate GVD

and TOD simultaneously for a particular wavelength'71. However, as mentioned briefly in

Chapter 1 (page 1-10), such prism pairs often involve significant physical separations which

detract from the compactness of the laser system - a fundamental criterion of the design

objectives in this project.

Several methodologies for the dispersion compensation in compact, low-threshold,

diode-pumped Cr:LiSAF lasers were investigated as part of this project, and these will be

discussed in the forthcoming chapters. However, the main emphasis has been on the

effective optimisation of second-order dispersion (GVD) in these compact lasers, and the

compensation of third-order effects (TOD) was not a priority at this stage in their

development. As a result, the pulse durations of the lasers reported in this project remain

above 100 fs, while Cr:LiSAF lasers with sufficient GVD- and TOD-compensation have

generated pulses shorter than 20 fs'81.

Summary of Low-Threshold Requirements

To ensure the successful reduction in cw and modelocking thresholds for an efficient, low-

pump-power laser, a number of important criteria are clear. The primary objective is that of

coincident tight foci of pump and laser modes on the front face of the gain (Kerr) medium,

which ensures the required strong nonlinear lensing for successful low-power modelocking.

The cw threshold is further reduced if the round-trip cavity losses are minimised, and a gain

medium is used which exhibits a high pump absorption coefficient and or product.

Avoiding the deleterious effects of thermal lifetime quenching in the laser crystal will set

limits on the maximum doping level and hence pump absorption coefficient. At low

intracavity pulse energies, shorter pulses can only be supported when the net intracavity

GVD is close to zero. Once this GVD is controlled, TOD becomes the limiting factor to

pulse duration. Therefore, effective and low-loss dispersion-compensation techniques must

also be employed to ensure reliable and efficient modelocked operation.
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Highly Asymmetric Z-Cavity Configuration

The standard geometry employed for constructing standard self-modelocked lasers is the

four-mirror, symmetric Z-cavity, as was demonstrated in the first KLM-based laser191. Such

a design allows tight focusing of the pump and laser modes within the crystal, produces a

circular output beam, affords astigmatic compensation of a Brewster-angled crystal with the

angled folding arms, and provides a well-collimated beam in one arm for dispersion

compensation (Fig.2.5a). This collimated arm also allows for simple variation in repetition-

rate via the translation of the end mirror. An additional advantage of the Z-cavity design is

that a tight focus exists on one end mirror, where a SESAM modelocking element could be

placed. The intracavity power can then be varied (i.e. different output coupling) while

maintaining the same incident fluence on the SESAM, by simply translating the position of

the end mirror to alter the incident spot size. However, the symmetry of such a design only

allows the tangential and sagittal modes to coincide at the centre of the gain medium, and as

has been discussed, low-threshold operation requires that coincident foci occur at the crystal

face. Such a cavity configuration can be adapted to allow these foci to co-exist at the crystal

face by introducing some degree of asymmetry. In such a design, one folding arm

compensates for all of the astigmatism via a relatively large fold angle, whereas the second

fold angle is very small (Fig.2.5b).

Fig.2.5 Examples ofthree types ofcavity configuration suitablefor SESAM-modelocked lasers.
The asymmetric Z-cavity provides the conditions suitablefor low-threshold operation,

while maintaining a collimated, circularised output.
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Other cavity configurations such as the three-mirror V-cavity (Fig.2.5c) or two-mirror linear

cavity are generally pursued in order to obtain higher repetition-rates (-few GHz). Such

designs often involve a more unstable and non-self-starting KLM modelocking, the absence

of a useful intracavity collimated arm, a highly-divergent output beam from a curved mirror,

or even a multiple-beam output from a fold-mirror output coupler. The three cavity

configurations illustrated in Fig.2.5 all create a tight focus at a plane end mirror, and are

therefore suitable for SESAM-based modelocking. For the many reasons already

highlighted, the cavity configuration utilised for the investigations of low-threshold

CnLiSAF lasers described in this thesis has been the asymmetric Z-cavity, with a Brewster-

angled gain medium, as shown in Fig.2.5b.

2.3 The CrtLiSAF Laser Crystal

The notable progress which has been made recently in the development of low-threshold,

highly efficient femtosecond laser sources is mainly due to the beneficial properties of the

chromium (Cr3+) doped lithium strontium aluminium fluoride, Cr3+:LiSrAlF6 (CnLiSAF)

crystal. Based on the colquiriite structure of Cr:LiCaAlF6 (CnLiCAF), CnLiSAF and its

fellow Cr3+ doped colquiriite vibronic gain media are ideal materials for the production of

directly-diode-pumped solid-state lasers. Since the absorption peak of CnLiSAF lies at

-650 nm (Fig.2.6a), the direct pumping of this crystal becomes immediately accessible with

readily available GalnP/AlGalnP red laser diodes. Devices from Hitachi (HL6503MG) and

Mitsubishi (ML1013R) exist with output powers of 50 mW & 60 mW, at 660 nm & 685 nm

respectively. These narrow-stripe laser diodes are inexpensive (-£30), have much better

beam quality and lower astigmatism than their broad-stripe counterparts, and their

diffraction-limited output allows for an improved mode overlap within the gain medium.

Ti:sapphire remains unsuitable for such diode-pumped implementation, because laser diode

technology is as yet insufficiently developed in the blue-green spectral region. In addition,
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the poor or product of Ti:sapphire (12.2 x 10"19 cm2ps"1) increases the cw threshold, P,h, and

unattainable high doping levels of the Ti3+ ion results in a low absorption coefficient, ctp.

Emission

Wfervetength (nm)

Absorption
p^arisatiori
s^Mlariaallcn

Wavelength (nm)

Fig.2.6 (a) Absorption and (b) emission spectra ofCr.LiSAFfor bothp- and s-polarisations.

There exists an ample absorption band around 650 nm in CnLiSAF, and a broadband

emission spectrum of almost 400 nm (Fig.2.6b) which can support extremely short pulses of

10 fs[101 and a wide tuning range. In addition, the thermal conductivity of CnLiSAF,

although poor in comparison to Ti:sapphire (kcr;LiSAF= 3.1 Wnf'K"1; kTi:sapphire = 25 Wnf'K"1)
means that at respectable pump powers (-200 mW), active crystal cooling is not required.

The CnLiSAF gain crystal also satisfies the necessary spectroscopic requirements for

a low-threshold diode-pumped femtosecond source. As discussed earlier, the successful

design of a laser system with low operational thresholds requires a gain medium with high

pump absorption coefficient and or product. While the absorption cross-section of

CnLiSAF of 5.4 x 102° cm2 is sufficiently high, the significant advantage that CnLiSAF

holds over titanium-sapphire is in respect of the at products: aTTi:SapPhire = 1.3 x 10"24 cm2s

and aicr LiSAF = 3.4 x 10"24 cm2s. A summary of optical and laser properties of the CnLiSAF

crystal is presented in table 2.1.
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Property Value

Linear refractive index, n 1.41

Nonlinear refractive index, y (x 10"20 m2W"') 1.5

Absorption peak, Xabs (nm) -650

Emission peak, Xtm (nm) 846

Linear thermal expansion coefficient, a, (x 10"6 K"1)
-9 (||c)
18 (lc)

Thermal conductivity coefficient, k (W'mK"')
1.68 (||c)

1.0 (1c)

Absorption cross-section, aem (x 10"20 cm2)
5.4(|| c)
2.8 (±c)

Absorption coefficient, ctp (m"1) 2300 (||c)
(at a 5.5% atm doping level) 1200 (_Lc)

Fluorescence lifetime at room temp., t (ps) 67

Stimulated emission cross-section, ciabs (x 10'20 cm2) 3-2 (||c)
Saturation fluence, F^, (Jem"2) 7.5

Melting point (°C) 766

Table 2.1 Optical and laserproperties ofthe Cr.LiSAF crystal1"'l2j
(Lc & 11 c: perpendicular & parallel to crystal c-axis)

To its disadvantage, CrrLiSAF does encounter some high order spectroscopic effects which

lower the expected operational efficiency. Two such effects are the loss mechanism of

excited-state absorption (ESA)[13,141 and the process of upconversion'141 which reduces the

fluorescence lifetime. ESA is an inherent characteristic of the gain medium that describes

absorption from the excited upper laser level, leading to a population in higher states. The

associated reduction in gain of the Cr:LiSAF medium is significant mainly for s-polarised

light, where the gain is completely suppressed by ESA. No such evidence exists for the p-

polarisation, for which only a 30 % gain reduction is observed. At 845 nm, the measured

ESA cross-section for unpolarised light is ctesa = 1.6 x 10"20 cm2. The associated

upconversion process also reduces the upper-state lifetime as the chromium-ion doping

concentration is increased, leading to a reduced ctt product and increased cw threshold.

Higher-power systems will experience a significant thermally-induced reduction in upper-

state lifetime, resulting in a quenching of the emission process.
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Upper Laser Level
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Fig.2.7 Energy level diagram ofCr3' .LiSAF crystal

Associated with any broadband vibronic gain media containing Cr3+ ions, there are two

principal pump absorptions which correspond to the energy level transitions of 4A2—>• 4T| and

4A2—► 4T2, where 4A2 is the ground state, 4Ti and 4T2 are the pumping bands and 2E is the

upper laser level (Fig 2.7). For the red absorption band of Cr3+:LiSAF the 2E level lies

within the broad 4T2 band which provides the wide emission/absorption features of the

crystal and prospect for laser tunability and/or ultrashort pulse generation. Once excited to

the 2E level, electrons from the chromium ions will quickly fall to the lowest level of the 4T2

band through non-radiative phonon relaxation. The electrons then drop to an excited lattice

state of the 4A2 ground state, emitting photons in the process. This excited lattice state

undergoes further non-radiative phonon relaxation to return the overall system to its overall

vibrational and electronic ground state. Because the energy gap between the two laser

transition levels can vary due to the broad energy bands, a relatively large distribution of

photon energies is generated, representing a vibrationally broadened 4-level laser system.
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2.4 Diode'Pumping of a Low-Threshold Laser

Conventionally, diode-pumped CnLiSAF crystals have been optically excited with broad-

stripe, non-diffraction-limited, high-power laser diodes. However, these expensive devices

generally produce poor beam quality and require extensive pump-optics and stabilisation

electronics that bring about problems with the simplicity and overall size of the laser system.

In order to realise an efficient, compact and versatile femtosecond laser source, we have

investigated an alternative to this standard approach. As has been mentioned, all of the

diode-pumped CnLiSAF lasers investigated in this project have been designed such that

their operational thresholds are low enough to allow the direct diode-pumping with single,

narrow-stripe laser diodes. Such devices are inexpensive (~£30), easily obtainable and can

produce beams of quality approaching the diffraction limit - a fundamental priority in the

design of laser configuration with sufficiently low threshold (Fig.2.2). Although the stripe

(typically 3 pm x 1 pm) produces an elliptical output beam, this ellipticity can now be

circularised by the insertion of a small microlens adjacent to the emitting region. With

transmission as high as 99 %, these small lenses greatly enhance the mode overlap within the

crystal at very little cost to the operating power. Laser diodes with circularised output and

low-M2 (near-Gaussian beam divergence) also reduce thresholds by obtaining a small spot

size and improved mode-overlap within the gain medium. Research at the University of

St.Andrews has already demonstrated a KLM-based femtosecond CnLiSAF laser, pumped

by one such single-spatial-mode laser diode, with modelocking pump-power thresholds as

low as 22 mW[M].

The aluminium gallium indium phosphide (AlGalnP) laser diodes implemented in this

project are described in table 2.2. Each near-diffraction-limited device has been

'circularised' with the insertion of a microlens inside the diode can, and was typically

operated at some 10 % below the hard upper limit quoted by the manufacturer.

Circularization of the elliptical diode beams means that excellent mode overlap can be

achieved in the laser without resorting to anamorphic prism pairs or cylindrical lens
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combinations. As can be seen, the circularised diodes produce a near-circular beam with low

divergence. The low M2 characteristic, good output power and suitable wavelength (Fig.2.8)

confirm them as very promising pump sources for low-threshold Cr:LiSAF lasers.

Mitsubishi Hitachi
ML1013K HL6503MG

Wavelength -685 nm -660 nm

Output Power 55 mW 45 mW

Operating Current -120 mA -100 mA

Max. Output Power 60 mW 50 mW

Current Threshold 30 mA 49 mA

Beam Ellipticity *1.05 : 1 1.03 : 1

Uncircularised Ellipticity *2.1 : 1 2.3 : 1

Beam Divergences (FWHM)
*fast 8.0°
♦slow 7.6°

fast 8.0°

slow 7.8°

♦Uncircularised Divergences
(FWHM)

fast 20°
slow 9.5°

fast 21°
slow 9.0°

Table 2.2 Measuredproperties ofthe two 'circularised' single narrow-stripe AlGalnPpump laser
diodes utilised in this project (*manufacturer specifications).

Wavelength (nm)

Fig.2.8 660 nm and 685 nm AlGalnP laser diode operation within Cr.LiSAF absorption bandwidth

The schematic of Fig.2.9 illustrates the mechanics of the utilised pump stages, where each

diode is situated within a housing tube containing an aspheric collimating lens. These diode

collimating tubes are each mounted on x-y translation stages. All the components are fixed
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onlo ari aluminium base, so that once the diode coupling is correctly aligned and optimised,

the entire pump system is effectively portable and can be treated as a single unit. Effective

heat sinking between the diode and the collimating tube was ensured by inserting an

aluminium ring, bonded to the diode with thermal paste, and to the tube walls with silver-

loaded grease. These measures have ensured better thermal contact throughout the system,

thereby improving the heat dissipation away from the diode.

The standard method of coupling together a pair of pump diodes is that of polarisation

coupling (Fig.2.9a). In this technique, an s-polarised diode (rotated 90° in polarisation by a

half wave-plate (HWP)) is combined with a p-polarised diode in a polarising beam-

combining cube. However, this is not the most efficient use of available pump power, as

losses are incurred both in the beam-combining cube and significantly (~10 %) by the s-

polarisation at the incident surface of a Brewster-angled laser crystal. The availability of

commercial AlGalnP red pump diodes at two different wavelengths (660 nm and 685nm)

near the peak of the CnLiSAF absorption (Fig.2.8) has allowed us to use wavelength-

combining as a more efficient technique of diode-coupling (Fig.2.9b). Significantly, such a

(a)

660nm

AlGalnP diode
(p-pntarited)

SSSnm
AlGalnP
diode

(r>-poterisad)

collimating
lens

dichroic
mirror

(b)

collimating
tube

pump
focus

circularising
microlens aspheric "" focusing

lens

Fig.2.9 Schematic of the (a) polarisation-coupling and (b) wavelength-combining approaches to the
direct-diode-pumping ofa Cr.LiSAF laser with single narrow stripe AlGalnP laser diodes.

wavelength-combining scheme simplifies the optics and reduces the component count of the

pump-stage mechanics. In addition, because a shorter absorption depth is accessed by the p-

660nm
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(s-potartsed)

collimating
tube

660nm
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polarisation (relative to the s-polarisation), the pump power is absorbed in a smaller volume,

improving the pump absorption within the crystal and reducing the threshold. A simple off-

the-shelf dichroic mirror (Chroma Inc.), coated for high-transmission at 685 nm and high-

reflection at 660 nm, is used as the coupling optic in place of a half-wave plate and

combining cube. In the laser systems of this project, where the anisotropic CrrLiSAF crystal

is Brewster-angled, a 15 % increase in absorbed pump power is achieved, compared to the

more conventional polarisation coupling. Assuming a 2 % loss per beam in the polarisation

cube, and a 10.5 % loss of the s-polarisation at the Brewster surface of the Cr:LiSAF crystal,

a pair of 50 mW diodes provide 93 mW of absorbed pump power in polarisation coupling,

whereas a 50 mW and 60 mW diode combination provides 108 mW of absorbed pump

power in wavelength-combining. This efficient use of the available diode pump power is

achieved in parallel with the development of highly effective and compact stand-alone pump

stages that utilise uncomplicated coupling optics.

2.5 Conclusions

In this chapter I have concentrated on the issues surrounding the design of an efficient, low-

threshold femtosecond laser source. Attention has been given to the ways in which cw and

modelocking thresholds in a solid-state laser can be reduced sufficiently to allow the optical

pumping of a CnLiSAF crystal with low-power, inexpensive and high beam-quality single

narrow-stripe laser diodes. Consideration has also been given to the importance of

intracavity dispersion management, design of the cavity configuration, and effective

methodologies for the efficient coupling together of more than one pump laser diode. In

Chapter 3, I will implement the concepts arising from the results discussed in this second

chapter with regards to the design, construction and characterisation of a diode-pumped

CnLiSAF laser. Both the continuous wave and modelocked regimes will be investigated.
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Chapter 3
Initial CW and Modelocked Cr:LiSAF Laser Systems

3.1 Introduction

In Chapter 2 I discussed several key issues relating to the design of an efficient, low-

threshold femtosecond laser source. In this chapter I will describe the implementation of

these concepts by constructing and characterising both cw and modelocked Cr:LiSAF laser

configurations which demonstrate very low cw and modelocking thresholds of 5.5 mW and

25 mW respectively. The operational efficiencies of these lasers are very impressive,

reaching 30 % and 20 % optical-optical conversion in the cw and modelocking regimes. The

corresponding overall electrical-optical efficiency is as high as 7 % and 4 % respectively,

due to the modest electrical power requirements of the pump laser diodes (each diode

requires -215 mW of electrical power and -100 mA of drive current).

I will begin this chapter by presenting some initial modelling results which indicate

the optimum threshold conditions for different pump focusing and Cr:LiSAF crystal lengths

(and dopings). I will then summarise the specifications of the individual optical components

used to construct the Cr:LiSAF lasers of this project, before describing the construction of a

cw Cr:LiSAF laser involving an optimisation of its lasing threshold. Modelocked operation

will then be reported in Cr:LiSAF lasers which utilise both prism-pair and single-prism

approaches to dispersion compensation. The single prism approach allows for a significant

reduction in the footprint of the overall laser arrangement. No active electrical or water

cooling of the Cr:LiSAF laser crystal or the pump diodes is required in these CnLiSAF

lasers, which therefore offer the potential to be entirely portable.
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3.2 Optimisation of Pump Focusing and Crystal Parameters

In the previous chapter, the work of Alfrey'1' was used to demonstrate that the cw thresholds

(and hence the modelocking thresholds) of a longitudinally-pumped solid-state laser can be

minimised provided that adequate attention is paid to the cavity design. In addition to those

issues already described, the strength of pump focusing as well as the length and doping of

the gain medium can be selected in such a way as to minimise these thresholds.

First of all, the effects of Cr:LiSAF crystal length and doping level on the cw

threshold of a longitudinally-pumped CnLiSAF laser must be considered. By way of

equation 2.1 (page 2-2), the LCAV cavity simulator program, and appropriate CnLiSAF

data'2"61, the effects on the cw threshold for changes in crystal doping level are illustrated in

Fig.3.1a. Similarly, Fig.3.1b illustrates how the cw threshold relates to changes in crystal

length. This analysis assumes: a single p-polarised pump laser diode (A. = 660 nm); a 50 mm

pump focusing lens; a 1 % output coupler; fractional losses, rj, of 0.05 % through each HR

mirror plus 0.5 % loss due to the SESAM modelocking element. The effects of excited-state

absorption (ESA)'7] have been included.

Both Fig.3.1a and Fig.3.lb are characterised by a steep rise in threshold at low doping levels

and crystal lengths respectively, due to an associated lack of pump absorption. The less

exaggerated rises in threshold at high doping levels and crystal lengths arise from increases

in parasitic loss. Clearly, shorter crystals provide lower thresholds. As a result of this

modelling, two lengths and dopings of CnLiSAF crystal were obtained: 3 mm (5.5 atm%)
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and 4 mm (3 atm%). Two 7 mm (1.5 atm%) crystals were also obtained to allow effective

comparisons of laser performance to be made with previous investigations into low-threshold

Cr:LiSAF lasers'51.

The manner in which the strength of pump focusing affects the cw threshold is of key

relevance. Alfrey'1' has already indicated that tight foci on the front face of the gain medium

is one criterion that must be met in order to achieve low thresholds. It is therefore no

surprise that Fig.3.2 illustrates low thresholds will exist for pump focusing lenses with short

focal lengths. The pump mode size for a given focusing lens was calculated using ABCD

matrices'81, assuming a single p-polarised pump laser diode (X = 660 nm), an 8 mm aspheric

diode collimating lens, a 50 mm ROC pump folding mirror, and a laser waist of 20 jam in the

crystal (see Fig.3.8).

Focal length of focusing lens (mm)

Fig.3.2 Variation in cw threshold withfocal length ofpumpfocusing lens. The advantage of
'circularising' the output ofthe AlGalnP pump laser diodes is also evident at shorterfocal lengths.

Fig.3.2 confirms that the procedure of 'circularising' the outputs of the AlGalnP pump

diodes (as discussed in Chapter 2) allows greater overlap of the tightly focused pump and

laser modes, further minimising the cw threshold. One practical design constraint relating to

Fig.3.2 is that the distance between the Cr:LiSAF crystal and the pump lens (roughly equal

to the focal length) is limited by the cavity configuration. In the majority of cavities

described in this thesis, a pump lens of 38 mm focal length will be used. This is as short as

is practically possible due to the 50 mm radius of curvature pump mirror being situated

approximately 25 mm from the crystal face.
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3.3 Optical Components of a Cr:LiSAJb Laser

The key specifications of the constituent optical components available for CnLiSAF lasers

constructed in this project are summarised in table 3.1, and in Fig.3.3 to Fig.3.6.

Component Description Reflectivity Dispersion at 850nm Source

HR Mirrors
Planar, 30, 50, 75,

100mm ROC

(1" and 0.5")

HR @ 856nm, 0°
AR@ 670nm, 0°
(see Fig.3.3a)

~10fs2 ofGDD
~100fs3 ofTOD
(see Fig. 3.4)

Laser

Optik

HR Mirrors
Planar, 30, 50, 75,

100mm ROC

(1" and 0.5")

HR@ 856nm, 0°
AR @ 650-690nm, 0°

(see Fig.3.3b)

Estimated to be
similar to Fig.3.4 QTF inc.

Output
Coupler

0.5, 0.75, 1, 1.5,2%
(1" and 0.5")

Various T @ 856nm
AR@ 670nm, 0°

~10fs2 ofGDD
~100fs3 ofTOD
(see Fig.3.4)

Laser

Optik

SESAM Low-finesse A-FPSA
HR@ ~820-880nm

(see Fig.3.5)

~0fs2 ofGDD
~400fs3 ofTOD
(see Fig.3.6)

ETH,
Zurich

CnLiSAF

crystal

4x4x3mm (5.5atm%)
4x4x4mm (3atm%)
4x4x7mm (1.5atm%)

Brewster/Brewster

(no AR coatings)
22.7fs2 mm"1 ofGDD
22.5fs3 mm"1 ofTOD VLOC

Table 3.1 Specifications ofthe Cr.LiSAF optical components availablefor the lasers ofthis project.

Fig.3.3 Transmission vs. wavelength specificationsfor the intracavity mirrors used in
the Cr.LiSAF lasers ofthisproject. The mirror sets were obtainedfrom

(a) Laser Optik GmbH and (b) Quality Thin Films inc.

The reflectivity curves of the high-reflector (HR) mirrors from Laser Optik GmbH and

Quality Thin Films (QTF) are shown in Fig.3.3a and Fig.3.3b respectively. The superiority

of the QTF mirror transmission at the pump wavelengths (660 nm and 685 nm) is clearly

evident.
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The dispersive properties of the HR mirrors and output couplers from Laser Optik GmbH are

shown in Fig.3.4. The second-order dispersion (GDD) at 850 nm is approximately 10 fs2 per

bounce, which is as low as one would expect from a typical dichroic Bragg mirror. The

third-order dispersion (TOD) at 850 nm is approximately 100 fs3 per bounce. The measured

dispersion profile of the equivalent HR mirrors from Quality Thin Films was estimated at

this time to be of similar specifications to Fig.3.4, but will be discussed further in Chapter 5.

Wavelength (nm)

Fig.3.4 Group delay dispersion (GDD) and third-order dispersion (TOD) profiles ofthe output
couplers (OC) and high-reflector (HR) mirrors (Laser Optik GmbH) used in the Cr LiSAF laser

cavities ofthis project191.

The SESAM element (ETH, Zurich) used in this work to facilitate robust, self-starting and

stable modelocked operation to each of the CnLiSAF lasers is a low-finesse anti-resonant

Fabry-Perot saturable absorber (A-FPSA), as discussed in Chapter 1 (section 1.4.3). Details

of the SESAM properties are listed in table 3.2.

Property Value

Saturation Fluence, F^a 160 pJ/cm2
Modulation Depth, AR 1.4%

Non-Saturable Loss, ARNS >0.5 %

Unsaturated Reflectivity 98.5 %

Spectral Bandwidth, AA.a 50 nm

Centre ofBragg-Stack, Xc 850 nm

Top surface Reflectivity -31 %

Bragg stack Reflectivity >99.5 %

Table 3.2 Details ofthe SESAMmodelocking element (low-finesse A-FPSA) used in the
Cr.LiSAF lasers ofthis project15'.
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The reflectivity and dispersive characteristics of the SESAM are illustrated in Fig.3.5 and

Fig.3.6 respectively. While the GDD contribution of the SESAM is negligible at 850 nm

(Fig.3.6a), the amount of TOD introduced to a laser by the SESAM will be a minimum of

400 fs3 per bounce (at 850 nm). The SESAM is therefore responsible for the largest

contribution to TOD in the CnLiSAF lasers evaluated in this project.

500 600 700 800 900 1000

Wavelength (nm)

Fig.3.5 Reflectivity vs. wavelength specificationsfor the SESAMmodelocking element
used in the Cr.LiSAF lasers ofthis project191.

Fig.3.6 (a) Group delay dispersion (GDD) and (b) third-order dispersion (TOD) profiles
ofthe SESAMmodelocking element used in the Cr:LiSAF lasers ofthis project^91.

The CnLiSAF crystals (VLOCj were all Brewster-Brewster angled and so AR-coatings were

not involved. Each length of crystal (3, 4 and 7 mm) had cross-sectional dimensions of 4x4

mm. The gain medium introduced 22.7 fs2 mm'1 ofGDD and 22.5 fs3 mm'1 of TODll0]. Due

to the relatively low pump powers (up to a maximum of-180 mW), the Cr:LiSAF crystals

required no active cooling mechanism in any of the lasers described in this thesis.
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3.4 Continuous-wave Cr:LiSAF Lasers

The initial cw CnLiSAF laser to be constructed is illustrated in Fig.3.7. The configuration

makes use of a 3 mm (5.5 atm%) CnLiSAF crystal, a pair of polarisation-coupled AlGalnP

pump diodes (7^=660 nm) as described in Chapter 2 and a 38.1 mm pump focusing lens.

The asymmetric Z-cavity design was selected to assist low-threshold operation via the tight

foci on the CnLiSAF crystal face and on the planar HR mirror (the eventual location of the

SESAM in the modelocked version).

HR
(75mm HOC)

Fig.3.7 Schematic ofa continuous-wave (cw) Cr:LiSAF laser.
(660: wavelength ofAlGalnP 'circularised'pump laser diodes; PC: polarisation cube; HWP: half
waveplate; f: pumpfocusing lens (f=38.1 mm); HR: dichroic high-reflectors; 1 %: output coupler).

1000
75 ROC

Spot radii (pm)
HR mirror 23 23
75 ROC 967 957
Crystal 20 21
50 ROC 345 346
OC 289 291

Tangential

100 200 300 400

Cavity position - distance from HR mirror (mm)

Fig.3.8 Sagittal and tangential spot sizes propagating in the cw Cr.LiSAF laser cavity.
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The required tight foci at the end FTR mirror and crystal are more apparent in Fig.3.8, which

depicts the propagating cavity mode sizes in the sagittal and tangential planes. The size of

the focused spot on the HR mirror was selected in order to provide an incident fluence of

~780 pJcm"2 which was sufficient to permit stable modelocking once the SESAM was

inserted (the saturation fluence, F^ a, of the SESAM is 160 pJcm"2). The stability regions of

many design parameters in such an asymmetric cavity design are very small, and the cavity

must therefore be constructed with a high degree of accuracy. The specifics of the cavity

dimensions are shown in Fig.3.9.

Cavity property Diagram Dimensions

HR mirror (M1) to M2 mirror (mm) D1 80

Folding mirror ROC (mm) M2 75

Full fold angle on M2 (°) 0 10

M2 to back crystal facet (mm) D2 68.5

Crystal length (ncr:LiSAF=l -41) (mm) L 3

Front crystal facet to M3 (mm) D3 26.2

Pump folding mirror ROC (mm) M3 50

Full fold angle on M3 (°) * -4

M3 to output coupler (M4) (mm) D4 -200

Fig.3.9 Cavity configuration details ofthe continuous-wave Cr.LiSAF laser.
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As summarised in table 3.1, a number of optical components were available for the

construction of the cw laser in Fig.3.7. Using these available components, the laser

performance was optimised in terms of minimising the laser threshold and maximising the

average output power. Initial investigations therefore centred on identifying the most

appropriate HR mirror set (i.e. those from Quality Thin Films or Laser Optik), pump diodes

('circularised' or 'uncircularised' Hitachi and Mitsubishi diodes as discussed in Chapter 2),

and CnLiSAF crystal (length and doping). The strength of pump focusing was maximised as

far as the physical limits of the cavity configuration would allow (f= 38 mm).

The comparable performance of the cw CnLiSAF laser for different HR mirror sets is

illustrated in Fig.3.10. A pair of uncircularised Hitachi diodes were used in a polarisation-

coupled pumping geometry. Fig.3.10a and Fig.3.10b illustrate how the cw output power

varies for a given pump power entering the crystal when using Quality Thin Film mirrors and

Laser Optik mirrors respectively. In each case, three different output couplers were

investigated, and a cw lasing threshold was obtained. For each output coupler, both the cw

threshold and the average output power were superior for the Quality Thin Films mirrors.

This was undoubtedly due to the improved pump transmission of these mirrors, as well as a

probable higher reflectivity at the lasing wavelength (-850 nm). The lowest cw threshold

achieved in this evaluation was 25 mW for a 0.75 % output coupler.

O.C. {%) P,h<mW)
0.75 25

1.0 32

1.5 45

10 20 30 40 50 60 70 80 90

(|}) Pump power entering crystal (mW)
3 ' 20 * 40 ' 60 80

Pump power entering crystal (mW)

12-

5 10-
E

<D 8
i
8. 6-
*-»

f 4-

8 2

0-

Quality Thin Films, inc. LaserOptik, GmbH

Fig.3.10 Comparison between theperformance of the HR mirror sets from (a) Quality Thin Films
and (b) Laser Optik in a cw Cr. LiSAF laser
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The comparable performance of the cw CnLiSAF laser for different crystal lengths (and

dopings) is illustrated in Fig.3.11. Fig.3.11a and Fig.3.1 lb illustrate the average output

powers and pump thresholds for two crystals, 3 mm (5.5 atm%) and 4 mm (3 atm%), at

various levels of output coupler. This analysis was performed with 'circularised' Hitachi

diodes and cavity mirrors from Quality Thin Films. The combined merits of the

'circularised' diodes with a shorter crystal length are evident in cw lasing thresholds as low

as 12 mW for a 1 % output coupler and 3 mm crystal. The corresponding drive current from

a single diode for 12 mW of pump power was 55 mA.

0 20 40 60 80

Pump power entering crystal (mW)

0 20 40 60 80

Pump power entering crystal (mW)

4mm CnLiSAF crystal3mm CnLiSAF crystal

Fig.3.11 Comparison between the performance of(a) 3 mm and (b) 4 mm Cr.LiSAF crystal lengths
in a cw Cr. LiSAF laser

The maximum output power achieved from the cw CnLiSAF laser of Fig.3.7 was 25.4 mW.

The laser was using 'circularised' Hitachi pump diodes, which provided 96 mW of launched

pump power (83 mW incident at the crystal), and represented an improvement over a similar

laser when using 'uncircularised' diodes (20.7 mW). Further improvement was realised

when a wavelength-combined pump-stage was used (see page 2-17). In this case, 100 mW

of pump power was incident on the crystal, and the maximum output power rose to 30 mW

with a 1 % output coupler. The corresponding optical-optical efficiency was 30 %, and

because each pump diode requires only -215 mW of electrical power, the electrical-optical

efficiency was as high as 7 %. The cw threshold was approximately 12 mW incident on the

crystal for a 1 % output coupler, and was as low as 5.5 mW for a 0.07 % output coupler.
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3.5 Modelocked Cr:LiSAF Lasers

As has been discussed, the cw and modelocking thresholds of a longitudinally-pumped solid-

state laser are closely related. Therefore, having successfully demonstrated a cw CrrLiSAF

laser with a threshold as low as 5.5 mW, the initial modelocking of such a laser was then

attempted. A SESAM modelocking element was inserted in place of the HR end mirror, and

a conventional prism-pair (LaK31 prism material) was used for dispersion compensation

(Fig.3.12).

SESAM

Fig.3.12 Schematic ofa modelocked Cr.LiSAF laser with aprism-pair (to scale)
for dispersion compensation. The optimum prism separation is ~220 mm.

Modelocking average output powers of 17 mW were achieved in pulses of 105 fs in duration

for an optimum prism separation of 220 mm. The spectral bandwidth (AT.) was 7.5 nm and

the central wavelength (k) was 855 nm. A time-bandwidth product ofAuAr -0.32 indicated

transform-limited operation (i.e. little pulse chirp was present). Because the use of a prism-

pair for dispersion compensation typically demands an impractical prism separation of

approximately 250 mm, this detracts from this investigation into the design of compact laser

systems. The laser of Fig.3.12 was therefore not fully optimised, and full attention was

instead given to a laser design that required only a single prism for dispersion compensation.

3-11



Portable andEfficient FemtosecondCr:LiSAF Lasers Chapter 3 - Initial CWand ModelockedCr:LiSAF Laser Systems

Single-Prism Dispersion Compensation

The idea of using only one prism for dispersion compensation rather than the customary

prism pair has been investigated by a number of authors'5,8'1M4]. Although such a design

results in a spatially dispersed output beam (Fig.3.13a), it reduces the number of intracavity

elements (thereby reducing the cavity losses), allows lossless wavelength tunability (no

aperture is required), and permits a significant reduction in the size of the laser footprint.

blue or

Fig.3.13 Equivalent dispersion compensation schemes with a (a) single prism and (b) prism pair.
The secondprism, PI, in the prism pair approach is located at the intersection point, X1'1.

In order to understand how a single intracavity prism introduces negative dispersion,

consider an analogy between a single prism (Fig.3.13a) and prism pair (Fig.3.13b)

configuration. In this analogy, an intracavity mode is described as a superposition of

monochromatic spatial modes. Two reference beams (red and blue) represent the longer and

shorter oscillating wavelengths respectively. In the case of the prism pair, the component

reference beams only follow different optical axes between the first prism (PI) and the end

mirror (Fig.3.13b). However, the angular dispersion of the single prism causes the different

wavelengths to follow different optical axes throughout the entire cavity (Fig.3.13a). Given

an appropriate choice of cavity optics, an intersection point, X, will exist at some focal

length, f. With this intersection, the single prism will introduce negative dispersion between

X and the output coupler (OC) in a full analogy to a prism-pair with the apex of prism PI at
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the point X. The angular dispersive contributions of the remaining cavity optics are

considered to be negligible.

The amount of negative dispersion the single prism introduces is proportional to the

effective prism separation, L. The position of the intersection point X is determined by the

cavity optics, and can even exist at a negative focal length (i.e. L > D). In this case, X would

not exist in the same cavity arm as the prism, but elsewhere such as the in the folding section

of a Z-cavity. Indeed, this is the case in the CnLiSAF laser described below (Fig.3.14),

where the intersection point, X, exists between the crystal and the 75 mm ROC folding

mirror. Such a condition allows for an even more compact resonator designs, as the effective

prism separation, L, is incorporated into the existing cavity length. In order to achieve

negative dispersion with the single prism, the condition [D > L + f] must be satisfied.

Based on the design described by Hopkins'5', a modelocked CnLiSAF laser cavity

consisting of a single prism is illustrated in Fig.3.14. Clearly, a move from the conventional

prism-pair (Fig.3.12) to a single prism for dispersion compensation allows for an immediate

reduction in the overall cavity size. The example of such a laser cavity demonstrated here

measures only 15 cm by 6 cm.

< 15cm ►

Fig.3.14 Schematic ofa modelocked Cr.LiSAF laser with a single prism
for dispersion compensation.

Pulse durations of 113 fs have been achieved with average output powers of 15 mW and a

spectral bandwidth of Ak -6.5 nm (centre wavelength, X -843 nm). The time-bandwidth

product was AoAx -0.32 (Fig.3.15). At slightly longer pulse durations of 150 fs, the output
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power was as high as 20 mW, resulting in an optical-optical efficiency of 20 % and an

electrical-optical efficiency of 4 %. This laser performance represents an improvement over

that previously reported by Hopkins'51 where in his single-prism Cr:LiSAF lasers he achieved

133 fs pulses at average output powers of around 5 mW. This observed improvement was

attributed to the enhancement of the pumping scheme (described in Chapter 2).

AX ~ 6.5nm
X ~ 843nm

835 840 845 850 855

Wavelength (nm)

Ax~113fs

T*ne(b)

Fig.3.15 (a) Spectrum and (b) intensity autocorrelation ofa Cr.LiSAF laser incorporating
a single prism for dispersion compensation.

The mode locking threshold of the laser in Fig.3.14 was measured to be as low as 25 mW

incident on the gain medium with a 0.07 % output coupler. This is comparable with

previous work on low-threshold CrrLiSAF lasers which has demonstrated modelocking

thresholds as low as 22 mW[15l

42
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Fig.3.16 Variation ofpulse duration with prismposition in a Cr. LiSAF laser incorporating
a singleprismfor dispersion compensation.
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In a single-prism dispersion compensation scheme, it is the length of the intracavity beam

path through the prism glass (the degree of prism insertion) as well as the position of the

prism which provides control of the amount of negative group velocity dispersion (GVD)

within the cavity. Following the optimisation of prism position in terms of the pulse

duration (Fig.3.16), the single prism was located at a distance of 160 mm from the pump

mirror (resulting in a pulse repetition-rate of 430 MHz). Given the optimum prism-pair

separation in the laser of Fig.3.12 was 220 mm, the position of the intersection point X in the

equivalent single-prism laser of Fig.3.14 is therefore approximately midway between the

crystal and the 75 mm ROC fold mirror.

3.6 Conclusions

In this chapter, I have described the implementation of the design requirements set out in

Chapter 2 for a low-threshold femtosecond CnLiSAF laser. I have demonstrated Cr:LiSAF

lasers with veiy low cw and modelocking thresholds of 5.5 mW and 25 mW respectively.

The optical-optical efficiencies are 30 % and 20 % for the cw and modelocked systems, and

the corresponding electrical-optical efficiencies are 7 % and 4 % respectively. The

impressive electrical-optical efficiencies are due to the veiy modest electrical requirements

of the pump laser diodes, each of which requires ~100 mA of drive current and -215 mW of

electrical power.

Having demonstrated a compact, low-threshold femtosecond CnLiSAF laser, the

content of this thesis will now concentrate upon adapting this design for different operational

regimes, such as GHz repetition-rates, kW peak powers, broad wavelength tunability, and

efficient ultrafast blue light generation. Each of these designs as described in the following

chapters boasts high operational efficiencies and is potentially entirely portable. In Chapter

5, this potential will be demonstrated in the construction of a truly portable and practical

femtosecond laser source. Firstly, in Chapter 4 I will investigate the merits of prismless

Cr:LiSAF lasers by way of Gires-Tournois interferometer (GTI) mirrors for dispersion

compensation.
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Chapter 4
Cr:LiSAF Lasers Incorporating Gires-Tournois
Interferometer Mirrors

4.1 Introduction

In Chapter 3, a modelocked Cr:LiSAF laser was described which utilised an effective and

compact dispersion-compensation scheme comprising of only a single intracavity prism.

While such a design is a significant step forward from that of a conventional prism-pair,

mirror-based (prismless) dispersion-compensation schemes obviously provide further design

enhancement. In the development of compact and robust femtosecond lasers, all-mirror

resonators offer significant advantages over prism-based systems. A simple reduction in the

number of cavity elements leads to lower intracavity losses, increased stability, and enables

the design of shorter resonators - thereby offering higher pulse repetition-rates. Unlike the

single-prism scheme described in Chapter 3, these entirely mirror-based lasers also avoid any

spatial dispersion of the output beam.

Chirped mirrors'1'21 can now offer bandwidths of up to -150 THz (-300 nm centred at

800 nm) of low, constant, negative group delay dispersion (GDD)'3', and are often integrated

into prismless laser schemes. Unfortunately, their inherently high losses (0.1-0.2 %

reflection loss at best) mean that they remain unsuitable for the low-threshold Cr:LiSAF

lasers of this project. They also require a large number of bounces per round trip to generate

sufficient net negative GDD, and therefore detract from the simplicity of the laser design. In

contrast, it will be shown in this chapter that Gires-Tournois interferometer (GTI) mirrors'4"71

do have distinct merits for low-threshold lasers. These structures are capable of introducing

relatively high negative dispersion (GDD) across a reasonable bandwidth while providing

negligible losses as low as those typical of a standard high-reflector (-0.02 %). The GDD of

a GTI is also adjustable via the incident angle of the intracavity field. However, the negative
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GDD bandwidth of a typical GTI dispersion curve is limited to -25 THz (-50 nm centred at

800 nm), which restricts the pulse duration to -40-50 fs (whereas the broad bandwidths of

chirped mirrors allow sub-5 fs pulses), and there is also an unavoidable presence of higher-

order dispersion. Nevertheless, such GTI structures have already been shown to be

successful in a SESAM-based, diode-pumped Cr:LiSAF laser[8], as well as in a KLM-based

CnLiSAF system'41. Although chirped mirrors have been successfully implemented within a

diode-pumped femtosecond CnLiSGAF laser'9], the design required 16 bounces per round-

trip on the chirped mirror structure, which implies considerable cavity losses.

A recent modification of the GTI design, in the form of the multi-cavity GTI mirror

(MCGTI)'3' will also be described here. The MCGTI mirror combines the superior negative

GDD bandwidth of the chirped mirror with the low losses of the GTI structure, and therefore

appears to be a very promising component in the development of mirror-based dispersion

compensation. Initial MCGTI designs have been reported with a constant negative GDD of

-50±1 fs2 over a bandwidth of 56 THz (-120 nm centred at 850 nm), while maintaining a

reflection loss of <0.03 % per bounce'3'. In addition, MCGTI mirrors promise to impose

much less higher-order dispersion onto the laser pulse - an unfortunate and deleterious

characteristic ofGTI mirrors. On the other hand, this does mean that MCGTI mirrors can be

engineered to provide higher-order dispersion compensation for the third-order dispersion

(TOD) and fourth-order dispersion (FOD) of the SESAM, which is known to be significant

(as discussed in Chapter 3).

This chapter will begin with a brief discussion of multilayer dielectric mirrors and

their dispersive properties. The physical structures and dispersive characteristics of both the

GTI and MCGTI mirrors will then be described. Several compact, robust and prismless

CnLiSAF lasers will be demonstrated which take advantage of the mirror-based dispersion

compensation which these structures provide. To the author's knowledge, this is the first

time that prismless solid-state lasers, pumped with narrow-stripe diodes, have been

demonstrated.
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4.2 Dispersion of Multilayer Dielectric Mirrors

Just as with chirped mirrors (CM), dichroic high-reflectors (HR) and output couplers (OC),

the structure of a GTI mirror is based on a dielectric multilayer structure of alternating

quarter-wavelength (A/4) layers of high and low refractive index. Such a multilayer structure

provides extremely high reflectivities at the reference wavelength, XR, and is known to

impose a frequency-dependent phase shift, <p(co), on a reflected laser pulse. The effects of

group delay (GD), group delay dispersion (GDD) and third-order dispersion (TOD) are

respectively determined as the first, second and third derivative of the phase shift, tf>(co), with

respect to angular frequency, co. In any multilayer dielectric mirror, there are two main

physical effects responsible for the frequency-dependent group delay (GD) imposed on the

incident pulse - the frequency-dependentpenetration depth and the resonance.

The frequency-dependent penetration depth, exploited efficiently by chirped mirrors,

typically provides a longer path difference deeper within the multilayer structure for 'longer'

wavelengths than for 'shorter' wavelengths. A multilayer mirror exhibits the highest

reflectivity for the reference wavelength, XR, because the partial reflections from adjacent

high-low index surfaces meet exactly in phase on leaving the structure (Atp - 0). The

reflectivity of this quarter-wavelength stack then gradually decreases as the incident

wavelength is de-tuned away from XR, due to a corresponding increase in that phase

difference (A/p > 0). This decrease in reflectivity then results in an increase in the

penetration depth, leading to a frequency-dependent group delay on reflection. The profile

of this 'GD versus wavelength' function (Fig.4.1a) represents the standing wave electric-

field distribution within the multilayer mirror. In the case of the chirped mirror, there is

typically a relatively flat GD profile across a broad bandwidth. The group delay (GD) and

dispersive properties of a chirped mirror are therefore ultimately governed by this

penetration depth.
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Fig.4.1 Group delay vs. wavelengthfunction of (a) a quarter-wavelength multilayermirror and
(b) a Gires-Tournois Interferometer (GTI) mirror(H, L: high, low refractive index layers).

Thefunction represents the form ofthe standing wave electricfield distribution within each structure.

The effects of resonance within a multilayer mirror can best be described in a simple Gires-

Tournois Interferometer (GTI), which is simply an etalon with one (ideally) perfect back

mirror (R=100 %) and one imperfect front mirror (R<100 %), creating a resonant cavity

(Fig.4.2). When experiencing the reference wavelength AR (in this example, AR = 800 nm),

the GTI will be operating at resonance, and will introduce rapid phase changes to a reflected

pulse corresponding to a maximum group delay (GD). Shorter wavelengths (A.<AR) will

experience negative (anomalous) dispersion, and longer wavelengths (T>T«) will experience

positive (normal) dispersion. This is represented by the strength of the electric field

distribution within the resonant cavity (Fig.4.1b). Dispersion-compensating mirrors that are

based on the GTI design concept therefore exploit the effects of resonance rather than

penetration depth in order to generate a frequency-dependent change in group delay (GD).

R =100% R <100%

X/2

Fig.4.2 A simple Gires-Tournois interferometer (GTI). One (ideally) perfect rear mirror
and one imperfectfrontmirror are separated in a resonant cavity.
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4.3 GTI'based Cr:LiSAF Lasers

The GTI Mirror

The GTI mirror exploits the resonance-related change in group delay, and provides a

controllable amount of negative dispersion via tuning of the incident angle. It is constructed

by the addition of a weak cavity to the front of a typical quarter-wave length multilayer

mirror. This is done by simply inserting a half-wavelength spacer layer of low refractive

index behind a top quarter-wavelength layer of high refractive index (Fig.4.3). This weak

cavity has no noticeable effect on the reflectivity of a dichroic high-reflector (-99.98 %), but

provides sufficient negative dispersion across enough bandwidth to support -50 fs pulses.

High Reflector Tio
U— "nOj/sio2 —J i2

substrate =4 Si02F-
spacer
(N x A/2)

Fig.4.3 Structure of the GTImirror^. One A12 'spacer layer' oflow refractive index (SiO^ is placed
behind a high refractive index (Ti02) layer at thefront ofa standard A/4 multilayer mirror.

The GTI mirror utilised in this project was provided by David Burns (University of

Strathclyde, Glasgow). It consists of 23 alternating A/4 layers of Si02 and Ti02, followed by

a single A/2 layer of Si02 and a single A/4 layer of Ti02. The Si02 and Ti02 are the low

(nsi02 = 1-48) and high (nTi02 = 2.35) refractive index layers respectively. At normal

incidence, this structure is designed to provide a maximum negative group delay dispersion

(GDD) of approximately -175 fs2 per bounce at 852nm. As the incident angle is increased,

the amount of negative GDD is reduced, and the peak tunes to lower wavelengths. For
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example, at an incident angle of 15°, the maximum negative GDD is reduced to

approximately -165 fs2 per bounce at 850 nm (Fig.4.4).

Wavelength (nm)

Fig.4.4 ComputedGDD ofthe GTImirror used in this project, illustrating the reduction in central
wavelength and absolute GDD contributionfor increasing incident angle151.

The computed GDD and TOD characteristics of the GTI mirror'101 are illustrated in Fig.4.5b,

along with confirmation of the layer structure (Fig.4.5a). The second-order and third-order

dispersion characteristics of the GTI mirror illustrate the typical GDD response, leading to

the limited bandwidth of negative GDD around the region of laser operation. While the

amount of GDD per bounce from the GTI mirror (up to -150 fs2 in this case) is higher than

that available from chirped mirrors (usually ~50 fs2 per bounce), the available bandwidth of

negative GDD is somewhat inferior, as mentioned earlier. Fig.4.5b also illustrates the

significant higher-order dispersion (i.e. TOD) which is unavoidable in GTI mirrors, due to

the strength of the group delay vs. wavelength function within the resonant cavity (Fig.4.1 b).

Fig.4.5 (a) Layer structure and (b) computed dispersion profile ofthe GTImirror used in this project.
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GTI'based Cr:LiSAF Lasers

In the asymmetric Z-cavity design of the Cr:LiSAF lasers being investigated in this project,

the collimated long arm is the only possible location for the GTI mirror, because these

specific devices are planar (not curved), and are not designed to allow efficient transmission

at the pump wavelength. This design constraint also applies to the MCGTI-based lasers of

section 4.4. A single GTI mirror positioned at this location will make an extra fold of the

intracavity field but, as can be seen from Fig.4.6, this additional fold does not compromise

the advantage in compactness of the single-prism design (Chapter 3). The single GTI mirror

used in this way will introduce between -250 and -350 fs2 of GDD per round-trip (2

bounces), depending on the incident angle. More than one GTI mirror may be used if

necessary, but the positive dispersion present in these CnLiSAF lasers suggests that only one

GTI mirror is required (see table 4.1).

Dispersive contributor GDD (fs2)
CrLiSAF / mmA 22.7

SPM -120

SESAM" -5

Cavity mirror / bounce" -10

Laser with 3 mm crystal 300

Laser with 4 mm crystal 340

I ,aser with 7 mm crystal d80

Table 4.1 Estimates ofthe round-trip contributions to +GDD in the GTl-based laser
ofFig.4.4, including the overall +GDD presentfor that laser when using a

3, 4 and 7 mm Cr.LiSAF crystalfRef11 Chapter 3)

The single GTI mirror used in the laser of Fig.4.6 is able to contribute between -250 and

-350 fs2 of GDD per round trip at 852 nm - the peak of the Cr:LiSAF emission bandwidth.

From the data of table 4.1, the estimate of positive GDD per round trip present in the laser of

Fig.4.6 is approximately 300 fs2, providing a 3 mm CrLiSAF crystal is used. It appears that

adequate dispersion compensation is achieved for this design configuration, and a 3 mm

CrLiSAF crystal was therefore used for initial investigations. In fact, this length of

CrLiSAF crystal was used by Robertson et al[5], for which the GTI mirror used here was
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designed. In this reported work, Robertson and co-workers obtained pulses as short as 94 fs

in duration with a time-bandwidth product of 0.32.

Fig.4.6 Cr:LiSAF laser incorporating a GTImirrorfor dispersion compensation.
(660: wavelength ofAlGalnP laser diodes; PC: polarisation cube; HWP: halfwaveplate;

HR: dichroic high-reflectors; 1 %>: output coupler; SESAM: modelocking element).

Our laser was pumped with a pair of polarisation-coupled diodes, providing a total absorbed

pump power of ~93 mW. Attempts at modelocking the laser were unsuccessful initially for a

wide range of incident GTI angles. Modelocking was only achieved with some modification

to the cavity design, involving an increase in the length of the long cavity arm from -200 to

-900 mm. At this stage, the laser produced relatively long (but near-time-bandwidth-

limited) pulses of 274 fs in duration, at a centre wavelength of 830 nm (AX -3 nm, AuAx

-0.36). The average output power was 12 mW. Since the centre of the CnLiSAF emission

spectrum is -850 nm, this operating wavelength of 830 nm was considered to be unusually

low. As a result, the laser was operating close to bandwidth edge of the SESAM (AA,sesam

-50 nm, Xc -850 nm), thereby leading to a limitation on the pulse bandwidth, and on the

pulse duration.

The increase in cavity length reduced the pulse repetition-rate, thereby increasing the

intracavity pulse energy and leading to a rise in positive GDD via an increase in self-phase

modulation (SPM). The increase in positive GDD required to successfully modelock the

laser of Fig.4.6 (via the extension of the long cavity arm) therefore implied that the estimates

of cavity dispersion in table 4.1 may be inaccurate. In fact, as will be discussed in detail in

Chapter 5, there was at this stage an additional unknown source of negative GDD within the

cavity. While this was unconfirmed at the time, there was still evidence to support the belief
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that a further increase in positive dispersion would assist in improving the laser performance.

The presence of an additional source of negative GDD within the cavity would certainly ease

the contribution of negative GDD required from the GTI mirror. Optimal dispersion

compensation would therefore necessitate large angles of incidence on the GTI element,

which in turn would reduce the operating wavelength towards the edge of the SESAM

bandwidth, as was observed here. Indeed, the wavelength of operation (A -830 nm) is

somewhat lower than has been predicted with this GTI structure. For the incidence angle of

10°, Robertson et al'5^ calculate that the laser should operate between 840 nm and 850 nm.

A deliberate increase in the positive GDD within the cavity was then undertaken in

order to allow modelocking at shorter (and more practical) cavity lengths. Smaller incident

angles on the GTI were still permitted as was a central wavelength far enough from the

SESAM bandwidth edge to avoid any restrictions being imposed on the pulse bandwidth.

Initially, the 3 mm CnLiSAF crystal was replaced with a 4 mm crystal in a cavity otherwise

identical to that of Fig.4.6. With the long arm reduced from -900 mm to 660 mm, and an

angle of incidence of -11°, the laser produced slightly shorter pulses of 253 fs in duration

(AA -4.6 nm, AuAx -0.33) at a slightly longer central wavelength of 834 nm. Once again,

the average output power was 12 mW. Further reduction in the length of the long cavity arm

to -200 mm resulted in an increase in output power to 15 mW, but further bandwidth

restriction on the pulses was observed (AA -3.5 nm). With a further increase in the length of

CnLiSAF crystal (7 mm), transform-limited pulses of 145 fs were produced (AA -5.2 nm,

AuAx -0.32) for an incident angle of-12° and a long arm length of 215 mm (Fig.4.7). The

centre wavelength was 843 nm and the average output power was 15 mW.
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Fig.4.7 (a) Spectrum and (b) intensity autocorrelation ofa Cr.LiSAF laser
incorporating a 7 mm crystal and a GTImirror

4.4 MCGTI-based Cr:LiSAF Lasers

The MCGTIMirror

Before the recent birth of multi-cavity GTI (MCGTI) mirrors, chirped mirrors and GTI

mirrors were the only means by which mirror-based dispersion compensation in ultrafast

solid-state lasers could be achieved. Although they incorporate considerably lower losses,

GTI mirrors have been unable to compete with chirped mirrors on the bandwidth of negative

GDD they provide. While chirped mirrors have been too lossy for practical use in low-

threshold femtosecond lasers, GTI mirrors have imposed restrictions of their own, in setting

lower limits to the achievable pulse duration. Initial studies of the MCGTI mirror suggest a

compromise in that they exhibit extremely low reflection losses, and demonstrate a very

constant level of negative GDD (-50±1 fs2) over as much as 56 THz (-120 nm at 850 nm)[3l

In contrast to GTI mirrors, a further advantage is that the MCGTI mirrors offer the broad

bandwidth of negative GDD in the absence of higher-order dispersion.

Whereas the GTI mirror achieves its frequency-dependent group delay via the

resonance of a single half-wavelength layer embedded within a dichroic multilayer mirror,

the dispersive properties of the MCGTI mirror originate from coupled resonances in multiple

half-wavelength cavities. The MCGTI mirrors utilised in this project were provided by

Robert Szipocs (R&D Lezer-Optika Bt., Budapest). They contain three resonant cavities
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near the top of a quarter wavelength multilayer mirror (Fig.4.8). Once again, Ti02 and Si02

are used as the high and low refractive index layers respectively. Each spacer layer creates a

weak resonant cavity with the front surface of the MCGTI mirror (Fig.4.9a).

High Reflector
- TiQ2/Si02 —^

TiO-,

4

substrate k-t k-l k-H
Si02 spacer layers

Fig.4.8 Structure ofthe MCGTImirror. Three AJ2 'spacer layers' oflow refractive index are placed
behind one high and one low refractive index layer at thefront ofa standard A/4 multilayer mirror.

The measured dispersion (GDD and TOD) of the two MCGTI mirrors which have been used

in this project (MCGTI-9 and MCGT1-12) are shown in Fig.4.9b. While the GDD dispersion

profiles may not be as flat as predicted for these structures, there is sufficient negative GDD

available over a bandwidth of at least 80 nm, and the GDD-per-bounce available is

approximately -100 fs2 between 840 nm and 860 nm. The TOD is also not as flat as

predicted, but both MCGTI mirrors do exhibit almost zero TOD at -850 nm.

Fig.4.9 (a) Approximate layer structure131 and (b) measured dispersion profile ofthe two
MCGTImirrors used in this project1121 (MCGTI-9 and MCGTI-12).
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The relative dispersion characteristics of the GTI and MCGTI mirrors become more evident

when plotted together, as in Fig.4.10. Although the MCGTI mirrors do not provide a

negative GDD profile as constant as that reported elsewhere (50±1 fs2)'3', the mirrors

MCGTI-9 and MCGTI-12 do still demonstrate a number of advantages over the GTI mirror

used in the laser of Fig.4.6. Although the amount of negative GDD available from the

MCGTI mirrors varies between -50 fs2 and -100 fs2 (which remains less than the -150 fs2

available from the GTI mirror) the available bandwidth of negative GDD from the MCGTI

mirror is at least 80 nm (Fig.4.10a). The TOD profile of the MCGTI mirrors is also

significantly reduced, and much more constant, as we would expect (Fig.4.10b).

Fig.4.10 Comparison of (a) GDD and (b) TOD ofthe GTI andMCGTImirrors used
in this project, illustrating the reduced, constant and broader -GDD,

and much reduced TOD, ofthe MCGTImirrors.

Although the bandwidth provided by the MCGTI structure is, in principle, sufficient to

support pulses as short as -10 fs, the CrrLiSAF lasers described in this project will be unable

to produce such pulses. The bandwidth of the SESAM modelocking element (-50 nm), as

well as the significant higher-order dispersion characteristics of the MCGTI mirrors are

much more likely to be the limiting factors.
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MCGTI'based Cr:LiSAF Lasers

The investigation into the MCGTI mirrors was undertaken following a modification to the

pump stage. This modification concerned the coupling together offour pump laser diodes,

thereby almost doubling the available pump power (to ~180 mW). This 'double-pumping' is

described fully in Chapter 6, and is illustrated in the MCGTI-based laser of Fig.4.11.

Fig.4.11 CrtLiSAF laser incorporating three bounces per round trip on intracavity
MCGTImirrorsfor dispersion compensation. (660, 685: wavelengths of
AlGalnP laser diodes; DM: dichroic mirror; 0.5 %>: output coupler)

Referring back to table 4.1 and Fig.4.6, we recall that approximately -300 fs2 of GDD was

required to compensate for the positive dispersion of SPM and the cavity elements (when

using a 3 mm Cr:LiSAF crystal). The measured GDD profile of the MCGTI mirrors

(Fig.4.9b) indicates that each MCGTI mirror provided approximately -100 fs2 of GDD per

bounce between 840 nm and 860 nm. Therefore, a cavity configuration incorporating around

three bounces per round trip on the MCGTI mirrors was expected to be the best option.

Initial studies of MCGTI-compensated, modelocked CnLiSAF lasers concerned cavities

which involved two and four bounces per round trip as illustrated in Fig.4.12a and Fig.4.12b

respectively. Theses configurations allowed modelocked bandwidths (and average output

powers) of 5 nm (23 mW) and 3.7 nm (19 mW) respectively. Considering the significant

bandwidth now available from the MCGTI mirrors, the performance of these lasers was

4-13



Portable andEfficient FemtosecondCr.LiSAF Lasers Chapter 4 - Cr.LiSAF Lasers Incorporating GTIMirrors

somewhat below what had been expected. Indeed, the bandwidths of 5 nm and 3.7 nm

represented pulse durations of no shorter than 155 fs and 210 fs respectively.

Fig.4.12 Cr.LiSAF laser cavities incorporating (a) two bounces, and (b) four bounces
per round trip on intracavityMCGTImirrors for dispersion compensation

It is imperative to note that, contrary to the reasonable assumptions made at the time, the

dichroic high-reflectors (HR) in the GTI- and MCGTI-based lasers investigated to this point

were in fact contributing a considerable amount of negative dispersion. This factor is

discussed in detail in Chapter 5, where the dispersive properties of these mirrors are

analysed, and where these mirrors themselves are seen to behave in a similar fashion to that

of GTI-like device. The complex GDD structure exhibited by these high reflectors (QTF

inc) has therefore significantly 'overpowered' any dispersion exhibited by the GTI or

MCGTI mirrors, and may well explain the poor performance of the lasers investigated so far

in this chapter.

The remaining investigation into MCGTI mirrors was therefore undertaken in

Cr:LiSAF lasers which utilise nominally identical high reflectivity mirrors from a different

manufacturer (Laser Optik GmbH) which have had their flat, near-dispersion-free

characteristics confirmed (see Chapter 5). A systematic variation of a number of parameters

was performed, as summarised in table 4.2.
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Parameter Range

CnLiSAF crystal length 3, 4, 7 mm

Output Coupler HR, 0.5, 0.75, 1, 1.5,2%

MCGTI bounces per round trip 1,2,3,4

Length of long arm up to -500 mm

Incident angle on MCGTI 0 to -20° full angle

Table 4.2 Parameters varied in the investigation ofMCGTI-based Cr. LiSAF lasers

As a general trend, cavities using shorter CnLiSAF crystals produced the broadest

bandwidths for longer cavity lengths, lower output coupling, and fewer bounces on the

MCGTI mirror(s). These measures can all be associated with reducing the amount of net

negative GDD per round trip in order to accommodate the relatively small contribution of

material (positive) GDD from the shorter crystals. The optimal performance of the laser

with the 3 mm crystal was characterised by a spectral bandwidth of AA -9.5 nm at an

average output power of 10 mW (A -850 nm). This laser configuration involved two

bounces per round trip on MCGTI-12 as in Fig.4.12a, but with a output coupling of 0.5 %.

Although this bandwidth of 9.5 nm (which may represent pulses as short as -80 fs in

duration) is not as broad as had been hoped, it still represents an improvement on the 5 nm

bandwidth achieved prior to the discovery (and subsequent replacement) of the dispersive

dichroic high-reflectors.

The 3 mm crystal was then replaced by a 4 mm crystal, thereby increasing the material

dispersion within the cavity that allowed for a higher output coupling to achieve higher

output powers. With the 4 mm crystal and a 1 % output coupler in place, a spectral

bandwidth of AA ~11 nm at A -850 nm was achieved, with an output power of 15 mW. This

spectral bandwidth represents the broadest of any laser system reported in this thesis. With

the bandwidth at a slightly below-optimal 9 nm, the measured pulse duration was -113 fs,

with a bandwidth product of AuAx -0.42. While these pulses were observed to be slightly

chirped, bandwidth-limited pulses were obtained at a narrower spectral bandwidth of-7 nm

(Ax -110 fs, AoAt -0.33, A -850 nm). While replacing the 4 mm crystal with the 7 mm
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crystal did not provide further improvement on the spectral bandwidth, the average output

powers did reach 20 mW for a configuration using four bounces per round trip (Fig.4.12b)

on the MCGTIs and a 1.5 % output coupler. The spectral bandwidth was 7 nm (A, -841 nm).

The central wavelength appeared to shift to shorter wavelengths with the addition of

more bounces on the MCGTI mirrors. Fig.4.9b illustrates the measured GDD profile of

these MCGTI mirrors, and demonstrates that the GDD response becomes more negative at

longer wavelengths. Therefore, additional bounces per round trip on the MCGTI mirrors

will have caused a self-optimisation of the cavity dispersion by a drop in the wavelength of

operation. In the investigation into MCGTI-based dispersion compensation of the CnLiSAF

lasers, modelocked operation was observed at central wavelengths between 830 and 855 nm.

Tuning of the laser wavelength is therefore an obvious consideration as it would allow a

fine-tuning of the cavity dispersion. Broadly tunable, highly compact femtosecond sources,

including an MCGTI-based tunable system113'14], are investigated in Chapter 6.

4.5 Conclusions

In this chapter, I have investigated the merits of mirror-based (prismless) dispersion

compensation as a means to further simplify the design of low-threshold, diode-pumped

Cr:LiSAF lasers. Chirped mirrors have often been the device of choice for prismless

dispersion compensation, but they remain too lossy for the low-threshold lasers that were the

subject of this project. As an alternative, both the Gires-Tournois Interferometer (GTI) and

multi-cavity GTI (MCGTI) mirrors have been successfully implemented into a number of

laser cavities. To the author's knowledge, this is the first time that prismless solid-state

lasers, pumped with narrow-stripe diodes, have been reported.

It is apparent that neither the GTI- nor the MCGTI-based lasers described in this

chapter have performed to their full potential. Given the broad negative GDD bandwidth of

the MCGTI mirror, it had been expected that sub-100 fs pulses would have been generated.
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Although much of the work on the GTI- and MCGTI-based lasers was carried out under

conditions when there was significantly more negative GDD present in those laser cavities

than had been supposed at the time, subsequent modifications to the overall presence of

intracavity GDD failed to produce much improvement. It is now believed that the limiting

factor on the pulse duration in these lasers may have been the third-order dispersion (TOD),

of which there is considerable presence due to the high TOD characteristics of both the

SESAM (see Chapter 3) and the GTI mirror. In addition, the lower reflectivity of the Laser

Optik HR mirrors with respect to those from QTF inc. (as measured in Chapter 3) explains

the reduction in average power. Therefore, the use of the Laser Optik high reflectivity

mirrors will have resulted in those lasers operating under a gain-related bandwidth

constriction, setting further limits on the achievable pulse duration.

In Chapter 5, I will describe an investigation into the unexpected presence of

considerable negative GDD from the standard high reflector mirrors (QTF inc) used in the

initial investigations of the GTI- and MCGTI-based lasers. I will demonstrate how this

serendipitous discovery has led to a new design for an integrated approach to dispersion

compensation (IDC). This in turn will illustrate how this IDC has spawned much success

within the low-threshold femtosecond CnLiSAF lasers developed in this project.
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Chapter 5
Integral Dispersion Compensation
and an Ultra-compact Femtosecond Laser

5.1 Introduction

In the compact femtosecond Cr:LiSAF lasers which have been described thus far, several

methods have been explored for dispersion compensation that bypass the impractical

physical separation introduced by the conventional prism-pair. The single-prism design

outlined in Chapter 3 and the GTI-based mirror-dispersion schemes of Chapter 4 have

demonstrated just how effective these alternatives can be. In this chapter, I will describe

versions of CnLiSAF lasers that take advantage of a compact and integrated approach to

dispersion compensation11'. This is shown to lead to a number of simplified, efficient and

reduced-scale femtosecond CnLiSAF laser cavity configurations. In particular, an ultra-

compact, robust, self-starting and entirely portable femtosecond laser source is described

with an impressive electrical-to-optical efficiency of nearly 4 %'1]. While typical

modelocked titanium-sapphire lasers exhibit electrical-optical efficiencies of no higher than

0.04 %'21, this 4 % represents the highest reported efficiency for any femtosecond laser.

The scheme that has led to an integrated dispersion compensation (IDC) utilises the

serendipitous GTI-like dispersive properties of a specific set of intracavity mirrors, and has

been realised in a number of different prismless laser systems. Such IDC-based

arrangements have enabled the demonstration of a miniaturised femtosecond laser source

(mentioned above), as well as performance enhancements that include gigahertz repetition-

rates'31, kilowatt peak-powers'11 and efficient second harmonic generation'4"61, all ofwhich are

discussed in chapters 6 and 7. The GTI-like dispersion profile of the dispersion-

compensating high reflectors (DC-HRs) has been determined with a white-light

interferometry technique'71, which has confirmed that these dispersion features are directly

related to the performance characteristics of this type of laser.
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5.2 Integral Dispersion Compensation (IDC)

In the construction of a standard, compact CnLiSAF cavity similar to those described in

previous chapters, it was noted that the laser was successfully modelocking in the absence of

any intentional form of dispersion compensation. In this configuration, the laser crystal was

pumped with two wavelength-combined AlGalnP diodes (660 nm and 685 nm). The

resonator included only a 3 mm (5.5 atm%) CnLiSAF laser crystal, two dichroic high-

reflectors, a SESAM modelocking element and an output coupler, as illustrated in Fig.5.1.

< 14cm ►

Fig.5.1 Modelocked Cr. LiSAF laser incorporating integral dispersion compensation (IDC).
(660, 685: Wavelengths ofAlGalnP laser diodes; DM: dichroic mirror; HR: dichroic
high-reflectors (QTF inc.); 1 %: output coupler; SESAM: modelocking element).

The generation of transform-limited pulses of 136 fs duration, centered at 859 nm and at a

repetition-rate of 470 MHz, was observed. Average output powers of up to 20 mW were

achieved for -95 mW of incident pump power, corresponding to an optical-optical efficiency

of 21 %. With the spectral bandwidth of -6 nm this implied a time-bandwidth product of

0.33 (Fig.5.2)

The observation of femtosecond pulses from this laser was unexpected, given the

amount of intracavity positive dispersion which was present. Pulses generated under

uncompensated conditions would typically be highly unstable and/or picosecond in duration,

which implied that there must have been some source of negative GVD within the cavity.

However, none of the components in the laser cavity of Fig.5.1 could readily be associated
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with the introduction of negative dispersion. The low-finesse A-FPSA SESAM is designed

to have a low, constant level of positive dispersion over a -50 nm bandwidth (centred at

Ac = 850 nm)[8,9], and a HR mirror operating near its bandwidth centre would be expected to

operate in a similar fashion. Also, the laser was seen to be modelocking in a soliton-based

regime, which would require the presence of some negative GVD to balance the self-phase

modulation (SPM), leading to pulses which are much shorter than the SESAM recovery time

(-few picoseconds).

Fig.5.2 (a) Intensity autocorrelation and (b) spectrum ofa Cr.liSAF laser
incorporating integral dispersion compensation (IDC).

(Ar = 136fs; AX = 6 nm; ArAv- 0.33; Rep. Rate = 470 MHz; P = 20 mW)

From Fig.5.3, which illustrates the amount of GDD and TOD which should be present in

each round trip of the laser cavity of Fig.5.l'101, it can be seen that in the region ofCnLiSAF

laser operation, near 860 nm, the amount of positive GDD present is -200 fs2. This assumes

a double-pass through a 3 mm CnLiSAF crystal'11', a single-bounce from both the SESAM'121

and output coupler'131, and two bounces from each of the curved HR mirrors'131.

Fig.5.3 Expected intracavity (a) GDD and (b) TOD of the IDC laser ofFig. 5.1.
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In order to ascertain the source of negative dispersion (of magnitude -200 fs2), a systematic

replacement of individual cavity elements was undertaken. An identical laser system was

constructed using a second, essentially identical SESAM, a new gain crystal and separate

dichroic high-reflectors of identical specification and from the same coating run (Quality

Thin Films (QTF) inc.) as those used in the laser of Fig.5.1. This laser proved

straightforward to construct, and stable, self-starting modelocking was again achieved

without difficulty. Bandwidth-limited pulses of 143 fs duration were generated at 859 nm,

with AX, -5.2 nm and AuAx -0.32. At this stage, two stable modelocked laser systems

exhibiting the integral dispersion compensation (IDC) were operating simultaneously. In a

further investigation, an identical laser was constructed using dichroic high-reflectors of very

similar specification (HT centred at 670 nm, HR centred at 850 nm) but from a different

manufacturer (LaserOptik GmbH). In this case, modelocking attempts were unsuccessful,

which indicated that there may have been a significant difference in the dispersive properties

of the two manufacturers' mirror coatings.

The assumption at this stage was that the set of cavity mirrors from QTF inc were the

unspecified source of negative GVD. Although this was not entirely conclusive, further

attempts to modelock this latter system (with LaserOptik mirrors) with very low output

coupling for increased intracavity power remained unsuccessful. The contrasting dispersion

profiles of the QTF and LaserOptik mirrors, both of which were measured with a white-light

interferometry technique, provided conclusive evidence as to the origin of the integral

dispersion compensation (IDC). The white-light interferometry technique and the dispersion

characteristics of both sets ofmirrors are described in section 5.3.

The demonstration of this integral dispersion compensation (IDC) in the laser of

Fig.5.1 leads to further cavity simplicity, with the system now requiring only a Cr:LiSAF

gain medium, a SESAM modelocking element and suitable cavity mirrors. The

configuration easily allows short cavity lengths, providing femtosecond pulses at repetition-

rates as high as 600 MHz, and ultimately up to 1.2 GHz[3] - the highest reported pulse

repetition-rate from any fundamentally modelocked, diode-pumped laser (described in
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Chapter 6). By simple translation of the output coupler position, the cavity length was varied

to provide femtosecond pulses at a range of repetition-rates (Fig.5.4).
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Fig.5.4 Pulse duration vs. repetition-rate for the translation ofthe output couplerposition
in the IDC laser ofFig. 5.1.

Increases in the pulse repetition-rate through reductions in the cavity length lowers the

energy per pulse, and therefore reduces the positive dispersive effects of self-phase

modulation (SPM) introduced by the laser crystal. By simply changing the cavity length

with the position of the output coupler, some control of the cavity dispersion is therefore

possible. Fig.5.4 illustrates how the IDC laser produced modelocked pulses from 107 fs to

145 fs, with the shortest pulses at a repetition-rate of 230 MHz. A decrease in repetition-rate

to below 470 MHz (and the resultant rise in the effects of SPM) corresponded to a clear

decrease in pulse duration, which suggests that the integral dispersion compensation in the

laser of Fig.5.1 (operating at 470 MHz) was leading to an overall excess of negative GVD.

Section 5.3 will discuss this further.

Asymmetric Spectra

Additional evidence of the unoptimised dispersion in Cr:LiSAF lasers utilising integrated

dispersion compensation (IDC) is presented in the appearance of the pulse spectra. Although

symmetric spectra were observed, asymmetric spectral profiles of the kind shown in Fig.5.5a

were also typical. As well as the additional spectral component at a shorter wavelength than
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the main profile, an asymmetry appeared in the form of one side of the main spectral feature

rising more steeply than the other. As depicted in Fig.5.5b, further investigations into this

regime of operation have yielded pulses as short as 107 fs in duration. It is significant,

however, that these asymmetric spectra coincide with autocorrelation traces which produce

bandwidth-duration products (AuAx) of less than 0.315 - the established 'bandwidth limit'

for sech2 pulses.

Fig.5.5 (a) Typical asymmetricpulse spectra and (b) interferometric autocorrelation
from a Cr. LiSAF laser exhibiting IDC.

As a general trend, symmetric spectra were observed mainly at the shorter cavity lengths,

with typical AoAx values of 0.32-0.33. The central operating wavelength, A,c, was as much

as 5 nm less than the usual 860 nm, and average output powers were ~18 mW. An increase

in cavity length then generally led to a reduction in the measured AoAx values to below 0.3,

a rise in ^ to as much as 8 nm above the usual 860 nm, and a fall in operating power to less

than 12 mW. The low AoAx values may have been the result of inaccuracies in the intensity

autocorrelation data, since the response of the Timewarp autocorrelator device was

insufficient to fully average out the interferometric fringes. As can be seen in Fig.5.2a, the

residual fringe structure at the peak of the intensity autocorrelation trace led to uncertainty in

the position of the autocorrelation peak, which resulted in an error margin of 15 % in the

determined Ax. For a typical bandwidth-limited pulse of 130 fs duration

(AoAx -0.315, AX -6 nm, A,c~860 nm) underestimating the pulsewidth by 15 % (i.e. 110 fs)

results in a low bandwidth product of AoAx -0.27. There is also uncertainty in the
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measurement of spectral width, Ak, because additional oscillating spectral components exist

outwith the main bandwidth. From spectra such as that in fig5.5a, a misinterpretation of the

6 nm bandwidth by 10 % (i.e. 5.4 nm) leads to a low bandwidth product ofAoAx -0.28.

Alterations to the structure of the asymmetric spectra have been observed. The central

wavelengths of the two spectral components were separated by as much as 20 nm, and this

separation was reduced by an increase in cavity length, and hence an increase in positive

GVD by enhanced SPM. If the laser cavity is operating under excessive negative GVD, this

merging of the two components would coincide with a move towards a near-zero dispersion

condition. A similar effect of the two spectral components moving towards each other has

been observed with a reduction in pump power.

A number of possible explanations for the observed spectral asymmetry exist. In his

PhD thesis'14. Finch reproduces theoretically-similar asymmetric spectra by assuming

asymmetries in the sech2 pulseshape. Given the correct degree of asymmetry, small

wavelength 'features' are reproduced, with only minor distortions to the interferometric

autocorrelation. Since no obvious distortion of the interferometric trace is observed in

Fig.5.5b, such asymmetric sech2 pulses may be present here. Further, Finch predicts

AuAt values of less than 0.3 for 'bandwidth-limited' pulses of this type. Similar spectral

features of those in Fig.5.5a have also been observed experimentally by Curley et al[15], who

worked with a self-modelocked Ti:sapphire laser. Under conditions of overall negative

GVD, Curley observed a second spectral feature, corresponding to a longer (-picosecond)

pulse co-propagating with the shorter (femtosecond) one. With an increase in positive GVD,

such that the overall GVD approached zero and third-order dispersion (TOD) became

dominant in limiting the pulse duration, this additional spectral feature became more

pronounced. This secondary feature represents conditions of excessive residual TOD, which

leads to the generation of a dispersive wave. Based also on self-modelocked lasers, Knox[16]

attempted to determine the connection between intracavity dispersion and modelocking

stability. He concluded that a certain amount of negative dispersion is required to maintain a

good degree ofmodelocking stability, where unstable modelocking is defined as the onset of
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picosecond or CW components into the modelocked spectrum. More recently, Dudley et

al[17] performed a FROG analysis of a self-modelocked Ti:sapphire laser operating in a near-

zero GVD regime. For small values of negative GVD, he also observed a dispersive wave in

the pulse spectrum, which arises from TOD and is associated with a low-amplitude pulse

pedestal. In his FROG analysis, the dispersive wave in the spectrum is also manifested in

the measured FROG trace. Pulse retrieval from the FROG data leads directly to the

observation of a leading edge pedestal on the retrieved pulse. Interestingly, Dudley also

observed the two spectral components move together with an increase in positive dispersion

- a move towards near-zero GVD.

While these observations are based on self-modelocked lasers, solitonic modelocking

does involve a pulseshaping process which leads to a reduced pulse duration via a near-

balancing of SPM and GVD. In solitonic-based systems, reduced negative GVD via

increased SPM will also result in the significant pulse-limiting effects ofTOD.

5.3 White-light Interferometry: A Dispersion Analysis

To gain further insight into the integral dispersion compensation (IDC) exhibited by the

lasers of the type illustrated in Fig.5.1, the dispersive properties of the dichroic high-

reflectors (labelled 'HR' in Fig.5.1) were analysed by my colleague, Barry Stormont, using a

technique based on white-light interferometry17'1 . The intention of this experiment was to

confirm that these 'HR' mirrors were indeed the source of negative GVD which should be

present in these cavities.

White-light interferometry uses a Michelson interferometer arrangement to make

accurate measurements of the GVD of an optical material using a technique based on

recording white-light interferometric fringes. Consider a travelling wave with a group

velocity, Vg(A) = dcol dk, where co and k are the angular frequency and wavevector

respectively. The associated group delay, t(co), defined as the distance travelled by the pulse

divided by its group velocity, is often expressed as a function of a> and phase, (jr.
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T(O)) = (5.1)
dco

A measure of the optical phase across a range of frequencies (provided by the white light)

therefore allows the group delay of a sample to be deduced. The derivative of group delay

then provides the group delay dispersion (GDD). As discussed in chapter 1, the strict

definition of GVD differs slightly from that of GDD, as illustrated in table 5.1, where is

the group velocity, c is the speed of light, and L is the length of material. However, the

absolute values ofGVD and GDD are generally used interchangeably.

Term Expression

Group Delay Dispersion GDD = d *
do)

Group Velocity Dispersion

i f 2 2 \dv0 CD v„
GVD = g = s GDD

dco \lncL ^

Table 5.1 Expressions defining GDD and GVD.

The optical set-up for the white-light dispersion analysis (Fig.5.6) consists of two combined

Michelson interferometers, operating in tandem. Each interferometer is aligned for equal

path-length in its arms, and each shares a pair of back-to-back oscillating mirrors which

provide a synchronised and simultaneous linear scan of both interferometers across their

respective zero path difference. Detected by individual photodiode detectors, each

interferometer generates its own interference pattern (interferogram).
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Helium-Neon
calibration

interferometer

White-Light
measurement
interferometer

Fig. 5.6 Optical set-up for the dispersion analysis using white-light interferometry171

From Fig.5.6, the 'upper' interferometer acts as a calibration device, utilising the well-

defined, single frequency of a typical helium neon laser as a means of calibrating the time

axis of the measurement signal. The accuracy to which the emission of the HeHe laser is

known (k = 632.8 nm) allows the time axis to be calibrated by means of counting the number

of interference fringes. From c=oA., each fringe = l/o = 2.11 fs. The Tower' interferometer,

containing the sample mirror to be analysed, exploits the broad bandwidth of a white-light

halogen lamp to generate the measure of optical phase across the required large range of

frequencies (eq.5.1). Due to its narrow spectral bandwidth, the HeNe laser has a

significantly longer coherence length (Lc = X1 / n.AA) than the white-light source, and

therefore requires less accuracy in the matching of the interferogram arm lengths.
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In the dispersion analysis, two white-light interferograms are measured. The first is a control

signal, which characterises the actual dispersion of the 'lower' interferometer in the absence

of the sample mirror (replaced by a mirror of known, flat dispersion). The second is a

measurement signal, which is made with the sample mirror in place. By then subtracting one

interferogram from the other, the unknown phase dispersion of the sample mirror, <j>s((o), is

measured. Once the phase dispersion has been determined, the wavelength-dependent group

delay, t(co), of the sample mirror is deduced from eq.(5.1). The derivative of this group

delay provides then provides the group delay dispersion (GDD).

White'light Results - The Dispersive Properties of the HR' Mirrors

In the analysis of the 'HR' mirrors of Fig.5.1, the control signal was obtained with a silver

mirror (New Focus, 5103) in place of the sample mirror in Fig.5.6. Such silver mirrors are

known to have a continuous, linear change of group delay (i.e. a constant, flat GDD

response) across a very broad wavelength range. The silver mirror introduces very little

GDD per reflection and is assumed to be dispersion-free. Replacing the silver mirror with

the sample mirror, the measurement signal and HeNe calibration fringes were then recorded

simultaneously using a suitable oscilloscope.

A standard dichroic high reflector is slightly dispersive, and such a mirror analyzed in

this way would generate a near-linear GD profile, with an associated small amount of

positive GDD in the region of laser operation. However, as can be seen from Fig.5.7, the

'HR' mirrors from Fig.5.1 generate a very different GD response, which is not linear.

Instead, the observed GD profile (Fig.5.7a) is characterized by a series of periodic, strongly

negative GD spikes, consistent with a series of high-finesse GTI-type structures. It is

believed that fabrication effects in the manufacture of the 'HR' mirror structure have led to

these distinctive GD features, one of which serendipitously exists over an acceptably broad

wavelength range near the CnLiSAF lasing wavelength.
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Fig.S. 7 (a) Measuredgroup delay (GD) of 'HR' mirrors (QTF inc.,) in Fig.5.1 with white-light
interferometry. (b) The corresponding group delay dispersion (GDD).

(c) Detail ofthe GDD in the region ofthe Cr.LiSAF laser operation (dashed lines).

From the derivative of the profile in Fig.5.7a - the GDD versus wavelength (Fig.5.7b), it can

be seen that the dispersion curve of the 'HR' mirrors is similar to that of a GTI type of

mirror1191 (discussed in chapter 4), which has dispersion-compensating features. Increased

detail of the GDD curve (Fig.5.7c) demonstrates that the amount of generated negative GDD

is significant (-40,000 fs2) near the Cr:LiSAF lasing wavelength. This confirms that the

'HR' mirrors are, as suspected, the source of negative GVD which is accountable for the

integral dispersion compensation (IDC) observed in the lasers of the kind in Fig.5.1. Since

these IDC-based lasers have been operating in the solitonic modelocking regime, the

intracavity dispersion should, by definition, be close to zero. As only -200 fs2 of negative

dispersion is required to approximately balance the amount of intracavity positive dispersion

which is present (Fig.5.3), laser operation will be centered somewhere in the longer-

wavelength, shallow wing of Fig.5.7c (dashed line). As a close approximation, the

dispersion-compensating 'HR' mirrors of Fig.5.1 (known as DC-HRs hereafter), are
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therefore acting as GTI mirrors. They offer a high transmission at the pump wavelength, and

can therefore be used as pump mirrors (input couplers).

The magnitude ofGVD that a GTI-type mirror will introduce decreases as the position

of the incident field on the mirror rises above zero incident angle. It should be noted that the

absolute values of GDD illustrated in Fig.5.7 represent conditions in the interferometer

where the sample mirror was analyzed at zero-angle, rather than at the few degrees

encountered in the laser cavities. Furthermore, the analyzed mirror was planar, whereas

those utilized in the IDC lasers are curved. Investigations have been unable to clarify how

the dispersive properties of the 'HR' mirrors vary from device to device.

A dispersion analysis of the dichroic high-reflectors from LaserOptik GmbH was also

undertaken in the same manner. These mirrors, while possessing very similar specifications

to the DC-HRs from QTF inc (HT centred at 670 nm, HR centred at 850 nm), exhibit very

low dispersion at around 860 nm and the surrounding wavelengths (Fig.5.8b), which is as

one would expect from such a mirror structure (Fig.5.8).

Fig.5.8 Measured (a) group delay (GD) and (b) corresponding group delay dispersion (GDD)
ofstandard dichroic high reflectors (LaserOptik GmbH) using white-light interferometry.

The dashed lines indicate the region ofCr.LiSAF laser operation.

There is an obvious contrast between the dispersion characteristics of the QTF mirrors

(Fig.5.7) which enabled successful femtosecond operation from a modelocked CnLiSAF

system (Fig.5.1), and those of the LaserOptik mirrors (Fig.5.8) which were unable to repeat

the modelocking success in an identical system. This provides conclusive evidence of the

origin of negative dispersion in lasers exhibiting integral dispersion compensation (IDC).
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The discovery at this stage in this research project that the dichroic mirrors from QTF inc

were in fact dispersion-compensating high-reflectors (DC-HRs) is a significant one. For

some time, these mirrors were treated as standard dichroic mirrors, and had been

incorporated as such into previous laser systems which utilised alternative and intentional

means of dispersion compensation. The laser systems in question are the single-prism and

GTI-based lasers described in sections 3.2 and 4.1 of this thesis, and these dispersion

mechanisms will therefore have been more intricate than had been assumed at the time.

However, in the design of compact, simplified, low-threshold femtosecond Cr:LiSAF lasers,

the IDC effect provides superior operational performance from an extremely effective

dispersion-compensating mechanism. Due to the success and relative simplicity of this

approach, the remainder of this thesis will deal with a wide variety of CnLiSAF lasers in

which this IDC effect has been exploited.

5.4 An Ultra'Compact, Portable Femtosecond Laser

The first successful implementation of the IDC effect was made in the construction of a

miniaturised femtosecond laser source. To further reduce of the overall system footprint of a

compact CnLiSAF laser, a version of the laser in Fig.5.1 was constructed using small-scale

optomechanical components, based on the initial attempts of Hopkins1201. Polarisation-

coupling was used instead of wavelength-combining because a miniaturised pump stage had

been developed to accommodate the half waveplate (HWP) and polarisation cube (PC).

Because the pair of pump laser diodes each require only ~300 mW of electrical drive, they

were easily powered by six penlight (AA) batteries, and the miniature laser is therefore

entirely portable. These batteries, together with very simple stabilisation electronics (a small

voltage regulator circuit) enable very stable, self-starting modelocked operation to be

achieved for more than 12 hours, and permit an overall system electrical-to-optical efficiency

as high as 4 % - the highest reported efficiency for any femtosecond laser1'1. The entire laser
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system, including the pump stage, power source and drive electronics, is entirely self-

contained and fits on an A4 (22x28 cm) breadboard (figs.5.9 and 5.10).

28cm

6 xAA batteries
and

stabilisation

+_ electronics

DC-HR
(75mm ROC)

22cm

Fig. 5.9 Schematic ofthe ultra-compact, entirelyportablefemtosecond laser, self-contained on an A4
breadboard. (HWP: halfwaveplate; DC-HR: dispersion-compensating high-reflectors', PC:

polarisation cube)

Fig.5.10 Photograph ofthe ultra-compact, portablefemtosecond laser. A set ofsix standardAA
penlight batteries (seen behind the green Cr:LiSAF crystal) powers the pump diodes, and an

oscilloscope behind the laser measures the ~130fs pulses being generated.
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The miniature pump stage provides 91 mW of pump power, which matches its larger

predecessors. Initial results have demonstrated 14 mW of modelocked output with pulses of

130 fs duration (Fig.5.11), at 470 MHz repetition-rate and a time-bandwidth product of 0.42

(for AX, ~8 nm). The laser operates with a superior electrical-optical efficiency of 4 %, and

an optical-to-optical efficiency of -15 %.

Fig.S.ll (a) Intensity autocorrelation and (b) spectrum ofthe ultra-compact,
portablefemtosecond laser ofFig.5.9 andFig. 5.10.

The asymmetry of the spectrum in Fig.5.1 lb illustrates the continued presence of the

possible dispersive wave'15"171 in the IDC-based lasers. In the miniature laser, the strength

and position of this secondary spectral peak at shorter wavelengths was observed to be

inconsistent as the laser system was optimised. Operating regimes were found where any

observed evidence of a dispersive wave was seen to be altogether absent (Fig.5.12a), and

regimes were found where it was highly accentuated (Fig.5.12b).

Fig. 5.12 Spectra from the ultra-compact, portablefemtosecond laser ofFig. 5.9,
indicating (a) no evidence and (b) strong evidence ofa dispersive wave.
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Any estimate of the spectral bandwidth of fig5.12b is, of course, very difficult, and such

spectra may easily lead to inaccuracies in the time-bandwidth product. The effect of utilising

a mirror-based dispersion-compensation scheme will be that small changes in the alignment

of the intracavity field will introduce changes to the intracavity dispersion. This is

particularly true if, as is the case with IDC, where GTI-type mirrors are situated at the folds

of a Z-cavity design. The position and magnitude of the dispersion from these types of

mirror vary with the operating wavelength and with the incident angle of the cavity field, so

it is not surprising that the strength of a dispersive wave will vary as these IDC-based lasers

are optimised for alignment and performance.

5.5 Conclusions

In this chapter, I have introduced an integrated approach to dispersion compensation (IDC)

which takes advantage of the dispersive characteristics of a set of intracavity mirrors. The

dispersion-compensating mirrors (DC-HRs), which were analysed with white-light

interferometry and found to be GTI-like in nature, have facilitated the construction of low-

threshold femtosecond Cr:LiSAF lasers which demonstrate enhanced simplicity, reduced

overall scale, and superior efficiency. Based on this concept, a miniaturised, entirely

portable femtosecond laser has been constructed which fits entirely onto an A4 (22x28 cm)

breadboard. Powered by six AA batteries, the overall electrical-to-optical efficiency is 4 %,

which is, to the author's knowledge, the most efficient femtosecond source yet reported'11.

Given the success of the IDC approach, the remainder of this thesis will deal with

IDC-based lasers, and will demonstrate the flexibility of their design. In Chapter 6, I will

discuss such Cr:LiSAF lasers which utilise twice as much pump power as those discussed so

far. 'Double-pumping' schemes for these lasers with two pairs of pump laser diodes will be

shown subsequently to permit the generation gigahertz repetition-rates'31 and kilowatt peak-

powers, as well as access to broad wavelength tunability'211.
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Chapter 6
Double-Pumped Cr:LiSAF Lasers

6.1 Introduction

The major limitation on the performance of the laser systems described so far in this thesis

has resulted from the lack of power of the narrow-stripe pump laser diodes that are available.

As the current technology of these diodes is largely governed by the technical demands of

the DVD market, there is little motivation for such manufacturers to push forward in

improving the output powers above the currently available 60 mW. Therefore, to further

improve the performance of the diode-pumped CnLiSAF lasers which were the subject of

this project, effective and optimal use of the presently available diode pump power is

essential. The move from polarisation-coupling to wavelength-combining pairs of these

diodes initially increased the use of available pump power by 10 % as well as improving the

efficiency of its utilisation (section 2.4). Even so, the average output power of the compact,

modelocked Cr:LiSAF lasers has so far been limited to -20 mW. At typical repetition-rates

of 450 MHz and pulse durations of 130 fs, this corresponds to peak powers of up to 350 W

and pulse energies of up to 50 pJ.

By polarisation-coupling the outputs of two pairs of wavelength-combined laser

diodes, the available diode pump power can be almost doubled to 180 mW. With this

significant increase in available pump power, these compact CnLiSAF lasers can operate

further above their lasing thresholds. This allows an attractive degree of flexibility in cavity

design while maintaining impressive operating efficiencies and superior performance. In this

chapter a four-diode pump source will be described, and its success will be demonstrated in

the adaptation of the compact CnLiSAF laser to provide both kilowatt (kW) peak powers'1'

as well as gigahertz (GHz) repetition-rates'2'. The gigahertz system demonstrates the highest

ever pulse repetition-rate from a directly-diode-pumped femtosecond laser. Both of these
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achievements, particularly the gigahertz system, owe their success in part to the integral

dispersion compensation (IDC) described in Chapter 5. The insertion of an intracavity prism

or bireffingent filter (BRF) also permits a continuous, smooth modelocked tuning of a

compact Cr:LiSAF laser over 50 nm and 22 nm bandwidths respectively'31. In so doing,

tunable modelocking with a BRF is reported for the first time in a compact Cr:LiSAF laser'31.

The 'double-pumping' of such CrrLiSAF lasers has provided cw average output powers of

60 mW, and modelocked average output powers as high as 46 mW, with pulse energies of

150 pJ. Optical-to-optical and overall electrical-to-optical efficiencies of these modelocked

systems reach as high as 33 % and 4 % respectively.

6.2 Four-Diode Pump Source

The combination of polarisation-coupling and wavelength-combining techniques allows two

pairs of 660 nm and 685 nm AlGalnP single-narrow-stripe laser diodes to be coupled

together with high efficiency, because the total required electrical drive power for the four

pump diodes is less than 1.2 W. A single, more powerful pump beam can then be used in the

identical single end-pumped geometry already implemented, making the introduction of such

a pump source to the already established cavity configurations extremely simple. This four-

diode, or 'double-pump' configuration is illustrated in Fig.6.1, and a photograph is shown in

Fig.6.2.
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DM PC lens

Fig.6.1 Thefour-diode pump source, providing 180 mW ofavailablepumppower. (660 and 685 nm:
AlGalnP laser diodes; DM: dichroic mirror; PC: polarisation cube; HWP: halfwave-plate)

Fig.6.2 Photograph ofthefour-diode pump source (660 and 685: AlGalnP laser diodes; DM:
dichroic mirror; AL: aspheric lens; PC: polarisation cube; HWP: halfwave-plate)
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6.3 Double'Pumped Femtosecond Cr:LiSAF Laser

The initial investigation into the effects of introducing the four-diode pump source involved

the construction of a standard Z-cavity configuration, shown in Fig.6.3. The laser made use

of the integral dispersion compensation (IDC) scheme described in Chapter 5, where the

dichroic folding mirrors contributed the negative group velocity dispersion (GVD) necessary

to counterbalance the positive dispersion of the laser crystal and other cavity elements.

These mirrors are referred to as dispersion-compensating high reflectors (DC-HRs). With

almost twice as much pump power now available (180 mW), up to 60 mW was achieved in a

cw configuration, corresponding to an optical-to-optical efficiency of 33 %. When

modelocked with the SESAM, 46 mW of average output power was obtained (25 % optical-

to-optical efficiency and almost 4 % overall electrical-to-optical efficiency), at a repetition-

rate of -650 MHz. The measured pulse duration was 120 fs, with a spectral bandwidth of

6.6 nm for which the time-bandwidth product of 0.32 implied the generation of transform-

limited pulses.

PC 38mm DC-HR
(75mm ROC)

Fig.6.3 A double-pumped Cr. LiSAF laser. (DC-HR: dispersion-compensating high-reflectors,
1.5 %: output coupler; SESAM: modelocking element)
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By then increasing the length of the cavity by altering the position of the output coupler

(1.5 %), it was possible to observe the changes in spectral bandwidth and pulse peak-power

as a function of repetition rate, as shown in Fig.6.4.

300 350 400 450 500 550 600 650

Repetition Rate (MHz)

Fig.6.4 Variation ofspectral bandwidth andpulse peakpower with repetition-rate.

The widest spectral bandwidths were obtained a repetition-rate of 360 MHz, corresponding

to a long cavity arm length of 250 mm, and an overall cavity length of of 420 mm. The

measured spectral and autocorrelation data for this configuration implied AX, ~6.6 nm and Ax

-120 fs respectively, which corresponds to a time-bandwidth product of 0.32. The average

output power was 40 mW, with pulse energy of 111 pJ and a peak power of 926 W.

1.1

0.5
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6.4 Kilowatt-Peak'Power Cr:LiSAF Laser

As can be seen from Fig.6.4, the reduction in repetition-rate below 350 MHz brings about

the generation of femtosecond pulses with peak powers in the kilowatt (kW) regime. By

extending the long arm of the cavity further (Fig.6.5), peak powers as high as 1.2 kW were

obtained, for a repetition-rate of 239 MHz, corresponding to a total cavity length of 630 mm.

-* 45 cm »•

660 40>
Fig.6.5 A kilowatt-peak-power Cr:LiSAF laser.

At this long-arm length, the average output power dropped to 35 mW - due to the imperfect

collimation of the intracavity field along this arm - corresponding to and optical-to-optical

conversion efficiency of 20 % and pulse energies of 146 pJ. Because the four pump diodes

require an electrical drive power of less than 1.2 W, the overall electrical-to-optical

efficiency of the kilowatt-peak-power system is greater than 3 %. The measured spectral and

interferometric profiles for the kilowatt-peak-power laser are shown in Fig.6.6, and the

propagating mode sizes within the cavity are plotted in Fig.6.7.
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AX ~ 6nm

865 860 865 870 875

Wavelength (nm)

At - 122fs

-300 -200 -100 100 200 300

Time (fs)

Fig. 6.6 (a) The spectrum and (b) intensity autocorrelation ofthe kilowatt-peak-power laser
(At - 122 fs; AX = 6 nm; AtAv~ 0.3; Rep. Rate = 239 MHz; P = 35 mW)

Cavity position - distance from SESAM (mm)

Fig.6.7 Sagittal and tangential spot sizes propagating in the kilowatt-peak-power laser cavity.
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The presence of twice as much pump power in these four-diode-pumped laser systems means

that the circulating intracavity power is increased, and the incident fluence on the SESAM

must be therefore be reduced to a suitable level, by either a larger output coupling or an

increased incident spot size. As mentioned in Chapter 1, the incident fluence should be at

least -3-5 times the saturation fluence (160 pJcm"2) of the SESAM to minimise residual

losses and to avoid the risk ofQ-switching. In the kilowatt-peak-power laser, the 13 p.m spot

radius incident on the SESAM, combined with the 1.5 % output coupling produced an

incident fluence of 1840 pJcm"2, which is almost 12 times higher than the saturation fluence.

The details of the kilowatt-peak-power cavity configuration are illustrated in Fig.6.8.
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Cavity property Diagram Dimensions

SESAM (Ml) to M2 mirror (mm) D1 81

Folding mirror ROC (mm) M2 75

Full fold angle on M2 (°) 9 10

M2 to back crystal facet (mm) D2 69

Crystal length (nCr:LiSAF=l-41) (mm) L 3

Front crystal facet to M3 (mm) D3 25

Pump folding mirror ROC (mm) M3 50

Full fold angle on M3 (°) * -4

M3 to output coupler (M4) (mm) D4 -450

Fig.6.8 Cavity configuration details ofthe kilowatt-peak-power Cr.LiSAF laser.

By demonstrating this three-fold increase in the peak power of these compact CnLiSAF laser

systems, an interesting possibility is opened up to the application of such lasers in the world

of photonic crystal fibres (PCFs). Recently, Ranka and co-workers generated a 500 nm-wide

white-light continuum from a silica microstructured fibre, using pump pulses with a peak

power of only 1.6 kW[41. The kilowatt laser described here is considerably simpler, and

much more compact and practical than the lasers typically used for continuum generation,
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and even boasts potential portability (as demonstrated in Chapter 5). The 1.2 kW peak

powers could easily be increased by designing a similar cavity configuration that used two

sets of four-diode pump sources, configured to pump the CnLiSAF laser crystal from either

end. Such a system would increase little in overall size, and providing the cavity design

allowed full use of the available pump power, the kilowatt peak powers available from such

a system would exceed 2 kW.

6.5 Gigahertz Repetition-Rate CrtLiSAF Laser

The demonstration of the integral dispersion compensation (IDC) that was described in

Chapter 5 has perhaps been most beneficial for the implementation of very short cavity

lengths in compact CnLiSAF lasers because no additional intracavity optical elements are

required for dispersive purposes. Of course, the more compact the laser cavity, the higher

the repetition-rate of the generated pulses. Since the repetition-rate, Rrep= c/2L, a cavity

length of L < 150 mm is required for operation in the gigahertz (GHz) regime. In deciding

on a cavity configuration for such a system, a three-mirror 'dog-leg' cavity, as illustrated in

Fig.6.9, was considered initially.

Ml

Fig.6.9 Initially considered cavity configurationfor gigahertz Cr.LiSAF laser.

In such a system, the M2 and M3 mirrors would contribute the negative group velocity

dispersion (GVD) as in those cavity configurations already discussed. There is now one less

bounce-per-round-trip compared to the typical Z-cavity, such that this dog-leg configuration
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would allow a reduced contribution of negative GVD from the fold mirrors M2 and M3.

However, the higher repetition-rate would result in reduced peak-power pulses and therefore

a reduction in the dispersive effects arising from self-phase modulation (SPM). Such low

peak powers imply reduced pulse energies. Thus, to successfully modelock such a laser

system (Fig.6.9), Q-switching instabilities must be avoided by ensuring that a minimum

pulse energy incident on the SESAM is obtained. This required pulse energy could be

minimised by reducing the spot sizes both in the laser crystal and on the SESAM, but this

unfortunately raises the possibility of SESAM damage (the spot radius on the SESAM was

~15 pm). The construction of this laser also illustrated the relative instability of the cavity

design, and the tendency of the laser to Q-switch during initial alignment.

< 8 cm ►

It was therefore decided to construct a gigahertz repetition-rate cavity with the standard Z-

fold, providing a more manageable operating regime for the SESAM, and a more familiar

and stable configuration with which to work. The Z-cavity design (Fig.6.10) allowed control

of the cavity repetition-rate by translation of the output coupler, as in the case of the kilowatt

peak-power cavity. The four-diode pump source again provided -180 mW of pump power,

allowing a cw output of 55 mW for a 1.5 % output coupler and 25 mm pump focusing lens.

With the insertion of the SESAM, and a sufficiently low output coupler (0.07 %) to provide
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sufficient intracavity fluence to saturate the SESAM, average output powers of ~3 mW were

obtained in this modelocked regime, which was unsurprisingly small considering the low

output coupling. This corresponds to a pulse energy of 3 pJ and a peak power of 20 W.

' ! 1 X_ !_ I. I
0.99 1.00 1.01

Frequency (Ghz)

Fig.6.11 RF spectrum (above) and (a) spectrum, (b) autocorrelation ofthe GHz repetition-rate laser.
(At= 146fs; AX. = 5.4 nm; AzAv- 0.32; Rep. Rate = 1.002 GHz; P = 3 mW)

Fig.6.11 shows the radio frequency (RF) spectrum of the gigahertz laser - confirming

operation at 1.002 GHz - with a spectral bandwidth of 5.4 nm, although repetition-rates as

high as 1.14 GHz were achieved with a similar spectral bandwidth. The durations of the

gigahertz pulses were measured to be 146 fs, demonstrating a transform-limited AuAt of

0.32. This gigahertz laser has, to the author's knowledge, the highest repetition-rate of any

directly-diode-pumped, fundamentally modelocked femtosecond laser'2'. As mentioned

above, the high repetition-rate of this system reduces the pulse energies, and therefore a

reduction in output coupling is required to maintain sufficient circulating intracavity field to

saturate the SESAM. In the 1.002 GHz system with a 0.07 % output coupler, an incident
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fluence of 200 pJcm"2 was generated - which is only just above the required saturation

fluence, F^ a, of 160 pJcm"2. The incident fluence could not be increased much beyond this

with a reduction in the spot size on the SESAM (~27 pm), because the laser was operating at

the edge of its stability region. Fig.6.12 illustrates the mode sizes of the propagating

tangential and sagittal components, while the details the cavity are highlighted in the

configuration and table ofFig.6.13.

£

30 ROC
Spot radii (pm)

Sagittal
Tangential

SESAM 28 26
30 ROC 313 334
Crystal 25 32
30 ROC 175 188
O/C 151 170

Output
Coupler

"l 1 1 r 1—n 1 1 1 1—n
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Cavity position - distance from SESAM (mm)

Fig.6.12 Sagittal and tangential spot sizes propagating in the GHz repetition-rate laser cavity.
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Ml
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SESAM

Oj M2
D3 L

♦ ) c?
R3

D2 Q

R2

M4

Output
Coupler

Cavity property Diagram Dimensions

SESAM (Ml) to M2 mirror (mm) D1 31.5

Folding mirror ROC (mm) M2 30

Full fold angle on M2 (°) 0 14

M2 to back crystal facet (mm) D2 27.5

Front crystal facet to M3 (mm) D3 15

Crystal length (nCr:LiSAF=l-41) (mm) L 3

Pump folding mirror ROC (mm) M3 30

Full fold angle on M3 (°) * ~3

M3 to output coupler (M4) (mm) D4 -50

Fig. 6.13 Cavity configuration details ofthe GHz repetition-rate Cr.LiSAF laser.

Interestingly, CnLiSAF is not the most appropriate material for use in SESAM-based, high

repetition-rate systems. The saturation fluence of a gain medium is given by

2a

where a is the stimulated emission cross-section, and the required intracavity pulse energy

to avoid Q-switching instabilities is given by

~7jy = EP > ^FsalLFsalAALAAAR (6.2)
where Pav is the average output power, T is the fractional output coupling, /is the repetition-

rate, Fsat,A is the saturation fluence of the SESAM, AL is the beam mode area in the crystal,
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Aa is the beam mode area on the SESAM and AR is the SESAM modulation depth. Given

the expression of eq.(6.1), a number of criteria may be identified when classifying suitable

properties for such high repetition-rate lasers. From eq.(6.1), we can see that a large

emission cross-section reduces the saturation fluence - which is the amount of energy

required to saturate the gain. Clearly, with the decreased intracavity pulse energies

characteristic of high repetition-rate lasers, a low saturation fluence is crucial. CnLiSAF has

a relatively low stimulated emission cross-section (acrusAF ~0.5xl0"19 cm2), which is some 7

or 8 times lower than the generally-regarded more suitable materials of Cr:YAG (3.3xl0"19

cm2) and Ti:Al203 (4.1xl0"19cm2). However, the high efficiency and low thresholds typical

of these CnLiSAF lasers, together with the low losses of the minimal output coupling used

in the gigahertz laser, help ensure that the inequality of eq.(6.2) is satisfied. While the

realisation of a compact, low-power gigahertz CnLiSAF laser is an impressive one, it would

certainly be possible to attempt multi-gigahertz operation, providing a less conservative

approach to avoiding SESAM damage could be taken. Given a SESAM, or an SBR, with a

higher damage threshold, the relatively large focused spot size (-30 pm) could be reduced,

providing the higher incident fluences required to support higher repetition-rates.

This small, efficient, stable and high repetition-rate femtosecond laser, that requires

only 1.2 W of electrical power and is potentially portable, demonstrates how compact

femtosecond lasers could find applications in broad-bandwidth data communications. The

continued growth of the required data-rate and capacity of optical networks has meant that

innovative approaches are now required to meet the increasing demand. Current approaches

use a number of discrete semiconductor lasers to independently provide individual

wavelengths for use in wavelength-division multiplexing (WDM) - a standard technique for

simultaneously transmitting a number of different data streams on separate wavelength

channels. One option for future sources may be to replace such individual narrowband

sources with a single source generating a large optical bandwidth. Femtosecond lasers have

the potential to offer such bandwidths, with the additional advantage that, if the pulse

repetition-rate can be made high enough, it may be possible to perform optical time-division
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multiplexing (OTDM) - a similar technique to WDM which operates in the temporal domain

- allowing for even higher data rates. Indeed, it is widely accepted that in order to meet the

projected demands in data communications, some combination of the two multiplexing

techniques will be necessary in order to access the required bit-rates. If such sources are to

become practical, the cavity design and pumping requirements must remain uncomplicated.

The femtosecond laser source described here provides sufficient optical bandwidth for

potential WDM, as well as a gigahertz repetition-rate for effective OTDM, while

maintaining high levels of simplicity and practicality. This is, to the authors knowledge, the

highest repetition-rate of any directly-diode-pumped, fundamentally (i.e. not harmonically)

modelocked femtosecond laser, while previous directly-diode-pumped fundamentally

modelocked systems have been limited to picosecond pulse durations at high repetition-

rates'5'. The use of direct diode pumping and SESAM-based modelocking make this a

cheaper, more compact and potentially more rugged system than the high repetition-rate

femtosecond systems based on the more conventional Kerr-lens modelocking (KLM) of

other broadband gain crystals such as Ti:sapphire'6'. Harmonically modelocked fibre lasers

can provide femtosecond pulses at exceptionally high repetition-rates, but these

configurations tend to be complex and require sophisticated stabilisation electronics'7'.

It is acknowledged that the low stimulated emission cross-section of CnLiSAF, and

the relatively low output power of the laser-diodes required to pump it, mean that these

lasers are unlikely ever to be able to compete on pulse repetition-rate with the directly-diode-

pumped miniature Nd:YV04 lasers (8.3 ps pulses at 13 GHz'5'), or on pulse duration with

KLM Ti:sapphire lasers (23 fs pulses at 2 GHz'6'). However, as a compromise, which takes

something of the short pulse capacity of the latter and combines it with the simplicity, low

cost and ruggedness of the former, the gigahertz laser described here represents an attractive

state-of-the-art option.
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6.6 Wavelength'tunable Cr:LiSAF Lasers

By introducing some degree of wavelength-selection into these Cr:LiSAF lasers, the result is

a compact, widely-tunable femtosecond laser source. The demonstration of stable

modelocking of~100-200 fs pulses over a 50 nm wavelength range[3] is itself impressive, but

the tunable laser source is also of considerable importance to areas of research already

discussed in this thesis. In Chapter 4, it was observed that wavelength-tunability would

undoubtedly improve the performance of MCGTI-based CnLiSAF lasers, since a tuning of

the laser wavelength would allow a fine-tuning of the contributed dispersion. In addition,

Chapter 5 dealt with an integral dispersion compensation (IDC) scheme, built around the

dispersive effects of the highly-reflecting dichroic fold mirrors (DC-HRs). It has been

observed that the variation of GVD with wavelength of these mirrors contains a number of

strong GTI-like resonances. Just as wavelength-tuning would have strong implications on

the MCGTI-based systems, the experimental study ofwavelength-tuning in IDC-based lasers

would be an interesting one. Further, the tunable sources described here allow

phasematching to be achieved in the efficient second-harmonic generation of compact

CnLiSAF lasers, described in the next chapter.

Wavelength-tuning of a solid-state laser is often performed with an intracavity slit,

placed between a dispersion-compensating prism pair. The optical beam between the prisms

is spatially dispersed, and therefore translation of the slit provides wavelength-selection. In

such a system, the level of dispersion can also be varied independently of the selected

wavelength. As the incorporation of a prism pair is not an option if the compactness of these

CnLiSAF lasers is to be maintained, two tuning options become available - the use of a

single prism, or a birefringent filter (BRF).
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Single-prism tuning of a CnLiSAF Laser

A broadly tunable, diode-pumped femtosecond Cr:LiSAF laser has already been

demonstrated by Kopf et al with a tuning range of around 50 nm'8]. The reported Cr:LiSAF

laser was modelocked with a low-finesse, A-FPSA SESAM, and pumped by two 0.5 W

high-brightness diode arrays. An intracavity prism-pair provided dispersion-compensation

for pulses as short as 45 fs at average powers of 125 mW and repetition-rates at 176 MHz.

While Kopf and co-workers rightly identify their laser system as one which combines the

benefits of a SESAM (i.e. self-starting modelocked operation and non-critical cavity

alignment - unlike KLM-based systems) with broad tunability, their laser scheme requires

expensive and cumbersome high power pump diodes, complex beam-shaping pump optics,

active temperature-control of the laser crystal and an intracavity prism pair - which

significantly increases the cavity footprint. It is not a practical wavelength-tunable

femtosecond source for many applications.

Here, comparable tuning performance is reported from a highly simplified prism-tuned

CnLiSAF laser system'31. By simply inserting a single prism into the long cavity arm of the

'double-pumped' CnLiSAF laser illustrated in Fig.6.3, a compact, tunable femtosecond

source is realised (Fig.6.14).

660

Fig.6.14 A single-prism, tunablefemtosecond Cr.LiSAF laser.
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Fig.6.15 Photograph ofthe compact, single-prism, tunable Cr.LiSAF laser
(660 and 685: AlGalnP laser diodes; DM: dichroicmirror; PC: polarisation cube; HWP:
halfwave-plate; O/C: output coupler). A standard 3.5" floppy disc is shownfor scale.

A photograph of the compact, tunable laser system is shown above (Fig. 6.15) where a

standard 3.5" floppy disc is shown for scale. As discussed in Chapter 3, the presence of a

single prism in this asymmetric Z-cavity arrangement will contribute some degree of

dispersion. The balance of cavity dispersion in this laser will therefore involve some degree

of interplay between the dispersive contributions of the DC-HR mirrors and that of the single

prism. This interplay is essential to the success of the single-prism tuning, as was confirmed

when a modelocked tuning range of only 3 nm was obtained when a birefringent filter (BRF)

tuning element was used in place of the prism.

With the single prism, smooth, continuous modelocked tuning is obtained across the

whole 50 nm bandwidth of the base Bragg mirror of the SESAM, by the simple horizontal

tilt of the output coupler. This was achieved due to the spatially dispersed components of the

intracavity field also being slightly angularly dispersed (uncollimated) between the prism

and output coupler. While ideal single-prism dispersion compensation requires a collimated

intracavity field at this location'91, the lack of collimation was confirmed by the unsuccessful
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attempt at conventional tuning using an intracavity slit. From Fig.6.16, as the wavelength

was tuned there was a variation in pulsewidth (150 fs to 240 fs). Since the significant

proportion of this increase in pulsewidth occurs close to the edge of the tuning range, it is

possible that this broadening is caused by the edge of the SESAM reflectivity acting to limit

the spectral bandwidth. However, as longer wavelengths will experience longer path-lengths

within the intracavity prism, the tuning to longer wavelengths will also involve an increase in

intracavity dispersion, which would also result in pulsewidth-broadening. While 45 mW of

average output power was achieved when the laser was fully optimised with a 1.5% output

coupler, the tuning measurements were obtained at somewhat lower powers, due to lower

output coupling of 1 %. Fig.6.16 also illustrates how the inherent reflectivity of the SESAM

acts to limit the wavelength range to 50 nm. The only other limiting factor to the wavelength

tuning range would be the laser mirrors, but these have a measured high-reflectivity between

725 nm and 900 nm. The spectral bandwidths varied from 6.7 nm (A. -840 nm, AuAr -0.43)

to 3.2 nm (A, -876 nm, AoAx -0.31).

Wavelength (nm)

Fig.6.16 Below: Different pulse spectra as the centre wavelength is tuned by the tilt ofthe output
coupler, andmeasured reflectivity ofthe low-finesse A-FPSA SESAM.

Above: Corresponding measuredpulse widths and output powers.
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Kopf et al[81 also report that their -50 nm tuning range was limited by the reflectivity of the

base Bragg mirror of the SESAM. The laser described here is modelocked with an identical

SESAM design, and demonstrates a comparable tuning range, but with significantly less

pump power. Instead of the high-power broad-stripe pump laser diodes and complex beam-

shaping optics, this laser uses their simple, inexpensive and practical single-narrow-stripe

counterparts. While Kopf et al[8] obtain 45 fs pulses and as much 125 mW of average output

power (an optical-optical efficiency of 13 % to available pump power), the laser described

here still manages 140 fs pulses at output powers of up to 45 mW for only 180 mW of

available pump power (a superior efficiency of 25 %). The corresponding peak power and

pulse energy of the tunable pulses was -680 W and -140 pJ respectively, at a repetition-rate

of -330 MHz. With only one pair of pump diodes providing less than 100 mW of pump

power, 33 nm tuning of the femtosecond pulses was still obtained between 830 and 863 nm

at powers ranging from 9 to 12 mW and spectral bandwidths of 3 to 6 nm. The simplicity of

the overall laser system, and the less-than 1.2 W electrical power required to drive the pump

diodes, mean that this broadly-tunable femtosecond source is potentially portable, just as the

majority of the compact Cr:LiSAF lasers in this thesis have proven to be. Details of the

cavity configuration for the single-prism, tunable CnLiSAF laser are highlighted in Fig.6.17.
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Cavity property Diagram Dimensions

SESAM (Ml) to M2 mirror (mm) D1 81

Folding mirror ROC (mm) M2 75

Full fold angle on M2 (°) e 10

M2 to back crystal facet (mm) D2 69

Crystal length (nCr:LiSAF=l-41) (mm) L 3

Front crystal facet to M3 (mm) D3 25

Pump folding mirror ROC (mm) M3 50

Full fold angle on M3 (°) * -4

M3 to prism (P) (mm) D4 -150

LaK31 Prism at Brewster angle nLaK31 1.7

Prism to M4 (output coupler) (mm) D5 Variable

Fig.6.17 Cavity configuration details of the single-prism, tunable Cr.LiSAF laser.
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Birefringent filter tuning of a Cr:LiSAF Laser

The tuning of femtosecond lasers with prism-based dispersion compensation is fairly trivial,

in that one can exploit the angular or spatial dispersion of the intracavity field. However,

there are occasions when tuning without such dispersion would be advantageous, such as in

the GTI- and MCGTI-based systems described in Chapter 4. The bireffingent filter (BRF)

provides such tuning, and its success as a tuning element in compact Cr:LiSAF lasers

demonstrates a prismless alternative to the single-prism approach just described. An initial

investigation into the BRF-tuning of these compact Cr:LiSAF lasers is discussed here, but

further detailed studies are ongoing at the University of St. Andrews.

The bireffingent filter is simply a bireffingent plate, inserted into the cavity at

Brewster angle. The filter acts as a waveplate element, and includes a polarisation-

dependent loss mechanism due to the fact that it is Brewster-angled. Consider a bireffingent

filter inserted into a laser cavity at Brewster angle, such that the original cavity polarisation

is favoured for maximum transmission. If the plate is then rotated such that this condition is

maintained, but that the principal axes are no longer aligned to that polarisation, the cavity

mode will be subject to a change in polarisation. Due to the Brewster surfaces of the filter,

any mode experiencing a polarisation change will experience higher losses, and may no

longer oscillate. Conversely, when the mode wavelength is such that the birefringent filter

acts as a full waveplate (i.e. no net change in polarisation), the loss experienced will be

minimal, and this wavelength region is favoured. Therefore, by varying the angle of rotation

of the birefringent filter, the selected wavelength can be varied continuously.

Svelto'101 has presented a simplified theory of such filters, which, while intended for

extracavity tuning, can be used as an adequate guide to intracavity performance. With the

plate orientated at 45° to the input polarisation, the phase difference, A<t>, created between the

ordinary and extraordinary polarisation states in propagating through a bireffingent crystal is

given by

(6.3)
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where ne and n0 are the refractive indices experienced by the extraordinary and ordinary

polarisations, L is the path length in the crystal, and X is the wavelength. When this phase

shift is equal to an integer multiple of 271, a transmission maximum occurs. The separation

of adjacent maxima is defined as the free spectral range (FSR),

^FSR ~ ' (6.4)
(n„ ~ne)L

The full width at half maximum (FWHM) for the transmission (in a single-pass

configuration) is approximated by:

AX,'fwhm _ ^fsr (6.5)

In terms of selecting an appropriate filter for the tuning of a femtosecond CnLiSAF laser, the

filter thickness, L, is the critical factor. This thickness must be chosen such that the FWHM

transmission, AXpwhm, is sufficiently broad enough to support the bandwidths associated with

femtosecond pulses. As an indication of the required thickness of a birefringent filter,

Fig.6.18 illustrates the predicted performance of a ciystalline quartz plate at 850 nm.

50-,

40-
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E
c

^ 20-
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1 2 3

Filter thickness, L (mm)

FWHM
FSR

Fig.6.18 FSR andFWHM transmission ofa crystalline quartz BRF versusfilter thickness.
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While Fig.6.18 illustrates that filter thicknesses of a few millimetres are required to support

femtosecond pulses of -100 fs in duration (with AX -10 nm), the presence of such a filter

inside a cavity involves further complications, which tend to require a somewhat thinner

filters than Fig.6.18 would suggest.

In order to ascertain the performance of such filters, three inexpensive quartz plates

with varying thickness (L = 0.5 mm, 0.75 mm and 1 mm) were initially purchased in order to

make preliminary investigations. First of all, in a cw-tuning environment, the 0.5 mm filter

was inserted into the long arm of a standard, two-diode-pumped Z-cavity (Fig. 6.19), with an

associated reduction in output power of 5 % .

1%

Fig.6.19 Cavityfor the initial cw-tuning ofa Cr.LiSAF laser using a birefringentfilter (BRF),
L=0.5 mm (HR: standard high-reflectors)

Using one pair of pump diodes and standard HR reflectors, continuous tuning was initially

obtained between 810 nm and 868 nm, at average output powers around 16 mW. While the

short-wavelength limit was defined by the loss of lasing (due to the reduced gain in the

Cr:LiSAF crystal), the long wavelength limit was set by the optomechanical restrictions of

the filter rotation. There was no evidence in this tuning range of any adjacent filter order.

The free spectral range (AXFsr) was large enough such that, even with the filter transmission

peak being tuned to an extreme, no secondary wavelength-tuning was obtained. With a re¬

mounting of the BRF, additional rotation was possible, and further cw tuning in the 875 nm

to 900 nm range was achieved. In this case, the shorter wavelength limit was set by the

optomechanics, and the longer wavelength limit was defined both by the reduced gain and

increased losses in the cavity mirrors. It is likely that, with a suitable 360° rotation mount,
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continuous cw tuning between 810 nm and 900 nm would be possible, but such a mount was

unavailable.

At this stage, tuning of the modelocked laser was attempted. The BRF was initially

removed, and the insertion of a SESAM and MCGTI element brought about modelocking at

849 nm, with a spectral bandwidth of 7 nm at an average output power of 13 mW. However,

with the re-insertion of the BRF in the cavity, no modelocked operation could be sustained,

because only unstable and narrow-bandwidth modelocking was observed occasionally at

longer wavelengths. Further combinations of MCGTI and GTI mirrors were investigated,

but without success. The Brewster-reflection loss of the BRF was -0.05 %. The BRF was

also rotated such that the cavity polarisation was parallel to one of the principal axes of the

crystalline quartz, so as to remove the waveplating effects of the BRF. When this was done,

modelocking was successful once again. The probable conclusion to be drawn is that the

BRF is imposing an intolerably tight bandwidth constraint on the cavity field radiation, such

that femtosecond pulses cannot be established.

With this in mind, a series of custom-manufactured bireffingent filters providing

broader transmission bandwidths were obtained. The key feature in the design of these

specially-commissioned filters is based on the work of Naganuma and co-workers[11] who

explain that tunability of femtosecond lasers can be realised if the bireffingent filter has a

steeply diving optical axis. Bireffingent filters used for tuning femtosecond lasers must be

very thin, which can introduce etalon effects, and must have their optical axis aligned

parallel to the plate surface. The steep dive-angle filters allow comparable bandwidth

performance with a five-times increase in filter thickness, thereby removing such etalon

effects and providing scope for broad-bandwidth transmission for practical intracavity

elements. With such filters, Naganuma and co-workers demonstrated the tuning

characteristics of a femtosecond colour-centre laser at around 1.5 pm with a single

crystalline quartz plate. The plate thickness was 1.85 mm and its optical axis dive angle was

0 = 66°. They achieved as much as 2-octave femtosecond tunability of the transmission

bandwidth, with minimal deterioration of the stop band (the attenuated wavelengths outwith
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the filter bandwidth). This means that simple rotation of the filter over a range of azimuthal

angles provided control of the filter bandwidth by a factor of four.

For the purposes of tuning of the femtosecond CnLiSAF lasers under investigation

here, a number of steep-angle filters were designed and fabricated, but at the time of writing

the practical investigation into their performance had only just begun. The effects of one of

these custom-made filters will be briefly summarised here, but a comprehensive study of

their tuning success is currently underway at the University of St.Andrews.

The birefringent filter assessed was a 660 pm thick crystalline quartz plate, having an

optical axis dive angle of 57.03° (Leysop Ltd). At this angle, if the plate is inserted into the

cavity at Brewster's angle, then the beam within the plate propagates along a crystal axis,

thereby avoiding any double refraction of the extraordinary and ordinary polarisation

components. This filter provides almost 30 nm bandwidth transmission (first order) with a

tuning rate of 40 nm per degree of azimuthal rotation. The second and third orders provide

10 nm and 6 nm of bandwidth with corresponding tuning rates of 25 nm/° and 17 nm/°

respectively.

The 660 pm filter was initially placed in the double-pumped laser cavity illustrated in

Fig.6.20, for which the cw tuning characteristics were investigated.

Fig. 6.20 Cavityfor the cw tuning ofa Cr.LiSAF laser using a birefringentfilter (BRF),
with L = 660 /am and 9 = 57.03 °.
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As seen in Fig.6.21, several distinct filter orders were observed, with as much as 85 nm of

smooth, continuous cw tuning from 811 nm to 896 nm. This tuning was obtained over a

filter angle range of 22° (a tuning rate of 3.9 nm/°) which enabled the full tuning range to be

accessed without the need for remounting the filter. The maximum output power of the laser

was 47 mW which demonstrates that the inclusion of this bireffingent filter as a tuning

element does not sacrifice the low-threshold performance of a compact CnLiSAF laser.

£ 860-

-1 C~

-180 -140 -120 -100 -80 -60 -40

(a) Filter angle (degrees)

-150 -145 -140 -135 -130 -125

(b) Filter angle (degrees)

Fig. 6.21 CW tuning ofthe Cr.LiSAF laser using a birefringentfilter (811-896 nm).
(a) From left to right, the Is' to 6,h tuning orders, with as much as 85 nm tuningfrom the 2nd order,

(b) Detail ofthe tuning curvefor the 2ndfilter order, with corresponding cw outputpower.

Tuning of a modelocked CnLiSAF laser with the bireffingent filter was then attempted. The

laser configuration of Fig.6.18 was modified for femtosecond operation, with the insertion of

a SESAM modelocking element and a pair of multi-cavity Gires-Tournois interferometer

(MCGTI) mirrors for dispersion compensation (Fig.6.22). The initial studies of such a

configuration have indicated that careful optimisation of the intracavity dispersion is critical

in realising modelocking over broad tuning ranges. Several combinations of single- and

double-MCGTI mirror contributions, with two to four bounces per round trip, were

investigated. At this stage, it was observed that the three bounces per round trip provided

optimal tuning performance. As seen in Fig.6.22, this configuration requires the output

coupling to be performed at a fold mirror position, thereby generating two output beams.

Thus, this 0.5 % output coupler provides a total of 1 % output coupling.

6-27



Portable and Efficient FemtosecondCr.LiSAF Lasers Chapter 6 - Double-Pumped Cr.LiSAF Lasers

DM PC 38mm

660 ^

MCGTI
MCGTI

Fig.6.22 Cavityfor the modelocked tuning ofa Cr.LiSAF laser using a birefringentfilter (BRF), with
L = 660 /am and 0 = 57.03°. (MCGTI: multi-cavity Gires-Tournois interferometer mirror)

Once the SESAM and MCGTI mirrors were inserted, tuning through the 2nd filter order

allowed up to 22 nm of smooth, continuous tuning from 839 nm to 861 nm for this

modelocked laser configuration. This demonstrates BRF-tuning for the first time in a

compact, femtosecond Cr:LiSAF laser[31. Fig.6.23 illustrates the details of this tuning, with

spectral bandwidths of up to 10.8 nm, and average output powers in this modelocked regime

as high as 10.5 mW per beam. The FWHM bandwidth of 10.8 nm suggests pulses of

duration as short as 70 fs.
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Fig.6.23 22 nm continuous modelocked tuningfrom the Cr.LiSAF laser using a birefringentfilter,
(a) The tuning curvefor the 2ndfilter order and related spectral bandwidths.

(b) The corresponding modelocked average outputpower.
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These initial studies into the use of bireffingent filters as tuning elements in prismless, low-

threshold Cr:LiSAF lasers are promising. Although the 50 nm SESAM-limited tuning range

of the prism-tuned laser (Fig.6.14) may seem superior to the 22 nm tuning range of this

BRF-tuned laser (Fig.6.22), there is evidence to suggest that comparable tuning results could

be obtained with a filter-based system. Having demonstrated tuning across a range of 85 nm

from a Cr:LiSAF laser operating in the cw regime, the specially-designed bireffingent filters

which support broad-bandwidth femtosecond pulses should provide the conditions required

for a further extension in the tuning range of a CnLiSAF laser in the modelocked regime.

Perhaps the most significant factor in this respect would involve more careful compensation

of the intracavity dispersion - particularly that of the SESAM. This should lead to tunability

up to the limit set by the SESAM reflectivity bandwidth (50 nm), as well as significantly

shorter pulses. Work is ongoing in this area in the University of St.Andrews.

6.7 Conclusions

The work described in this chapter has illustrated how a doubling of the available pump

power in compact CnLiSAF lasers further enhances their performance and diversity of

potential applications. Femtosecond pulses are now available from these systems with as

much as 45 mW average output power, at a superior overall electrical-to-optical efficiency of

4 %. Pulses of-150 fs in duration are generated for overall electrical drive powers of less

than 1.2 W. Slight adaptations to the basic laser design have allowed the realisation of

systems with gigahertz repetition-rates or kilowatt peak powers, opening up interesting

avenues in the fields of data communications and broadband continuum generation. In

wavelength-tunable schemes, 50 nm and 22 nm of smooth, continuous tuning is

demonstrated using single-prism and prismless approaches respectively. The tuning studies

have also been performed within the framework of laser designs that are compact and

potentially robust, thereby making them applicable to a wide variety of practical

implementations.
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The ability to generate stable femtosecond pulses, whether tunable over broad bandwidths,

with kilowatt peak powers or at gigahertz repetition-rates proves that these designs afford an

attractive degree of flexibility and thus have the potential to open up applications that had

been inaccessible to their lab-bound predecessors. This research indicates that it is now

entirely practical to design relatively versatile, efficient, reduced-scale femtosecond lasers

that retain low modelocking thresholds. The more integrated approach to dispersion

compensation reduces the component count and thus contributes to the physical compactness

and cost-effectiveness of these lasers.

In Chapter 7, the merits of the prism-tunable laser described here are exploited in an

extracavity frequency-doubled configuration. Two very simple approaches to the frequency-

doubling of a Cr:LiSAF laser, using bulk and waveguide nonlinear crystals, demonstrate

practical options for the efficient generation of blue pulses'12"141.
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Chapter 7

Highly Efficient, Ultrafast Blue Light Sources

7.1 Introduction

In Chapter 6, a broadly-tunable femtosecond Cr:LiSAF laser was described which

demonstrated the low operational thresholds, high efficiency and overall simplicity (page 6-

16) of the lasers which have been targeted as the key objectives in this project. In this final

experimental chapter, I will show how such a tunable near-infrared source can be used in

parallel with a straightforward frequency-conversion scheme to efficiently provide

femtosecond pulses in the blue spectral region'1'41. Birefringent and quasi-phasematching

techniques at room temperature are each utilised in bulk and waveguide doubling crystals

respectively, to achieve second harmonic generation (SHG) in very practical, single-pass,

extracavity arrangements.

Pulses of blue light of -500 fs in duration, with an average power of 12 mW have

been generated from a 3 mm bulk KNb03 (potassium niobate) crystal, with only 45 mW of

fundamental and a corresponding optical-to-optical SHG efficiency as high as 30 %.

Because the tunable fundamental source laser was pumped with single narrow-stripe laser

diodes, the required electrical drive power was less than 1.2 W, resulting in an overall

electrical-to-blue conversion efficiency of 1 % - the highest reported efficiency of any

femtosecond blue source to date[2]. The high beam quality of the blue light was observed in

an M2 measurement of 1.8. Complimentary results from a periodically-poled KTP

(potassium titanyl phosphate) waveguide provided 5.6 mW of blue light from only 27 mW of

fundamental - with an internal SHG conversion efficiency of up to 37 %, and an overall

electrical-to-blue conversion of 0.5 %[3' 41. The miniaturised, portable Cr:LiSAF laser of

Chapter 5 (section 5.4), combined with the simple and efficient SHG scheme described here,
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demonstrates a practical and effective route to designing a portable femtosecond blue light

source that is rugged, compact and battery-powered.

I will begin this chapter by addressing some important concepts of phasematching and

frequency conversion. The frequency-doubling of a compact, tunable femtosecond

Cr:LiSAF laser using bulk KNb03 and waveguide ppKTP crystals will then be described in

sections 7.3 and 7.4 respectively. I will conclude by suggesting a means by which a similar

frequency conversion scheme could be used to access the ultraviolet spectral region via the

third harmonic of a CnLiSAF laser. A suitable periodically-poled structure of lithium

tantalate (LiTa03) will be designed for this purpose.

7.2 Phasematching and Frequency Conversion

7.2.1 Propagation of waves in nonlinear media

When certain dielectric materials are subjected to an intense electromagnetic field, strong

nonlinear optical phenomena can arise. As discussed in Chapter 1 (page 1-7), such a

material generates an intensity-dependent polarisation response, P(E):

= &0(,Z(i)E + X(2)E 4"X(3)E +••••) (7.1)

where £q is the permitivity of free space, E is the applied electromagnetic field and X(n) is the

nth order susceptibility of the material. The second-order term, Xoff describes nonlinear

effects such as second harmonic generation (SHG) and sum-frequency mixing (SFM),

whereas the third-order term, Xch accounts for higher-order nonlinear responses like third

harmonic generation (THG) and the optical Kerr effect. Although the magnitude of each X(n)

term decreases significantly with increasing n (Xfi) '■ Xq> '■ Z(S) — 1 : 10"8 : 10"16), the high peak

intensities of ultrafast pulses allow for effective utilisation of the available nonlinearity in

frequency conversion schemes.
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Second harmonic generation (SHG) and sum-frequency mixing (SFM) are both forms of

three-wave mixing which involve the interaction of three electromagnetic waves, in such a

way as to obey the conservation of energy:

Ct)3 = cox + co2 (7.2)

There exist a set of expressions that describe the coupling between these interacting waves in

a nonlinear process. They relate how the electric field of each interacting wave, Em, varies as

it experiences the propagation direction, z, and are known as the coupled wave equations-.

dEy(z)
_

icox
dz 2«jC

dE2 (z) ico2
dz 2n2c

dE2{z) ico3
dz In^c

leJrE,(z)E'2(z)C<M)!

d,fE,tz)El(z)e,{N-)! (7.3)

deffEx(z)E2(z)e+i(Mc)z

where oj„, and n,„ are the angular frequency and refractive index respectively of the m'h wave

(for m = 1,2,3 in three-wave mixing), deff is the effective nonlinear coefficient which

describes the strength of the interaction, and Ak is the known as the wavevector mismatch:

Ak = k2-k2-kx = 2n
p
n2 n2

Aj A^ A^
(7.4)

7

The three interacting waves can interact in an infinite number of ways during propagation

through the nonlinear medium, but successful harmonic generation will only occur when the

interacting waves have the correct phase relationship to allow constructive interference.

Such a condition is satisfied when Ak = 0, which occurs when the waves are said to have

been phase-matched.
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7.2.2 Phasematching

For the purposes of second- and third-harmonic generation, phasematching15"81 is the process

by which the three-wave mixing process within a nonlinear material is 'manufactured' to

provide the required phase relationship between the interacting waves for the efficient

generation of the desired harmonic. Optimum conversion efficiency is met when Ak = 0,

which, from eq.(7.4), can be expressed as:

—(n3a>3 - nfox - n2a>2) = 0 (7.5)

which describes a conservation of photon momentum. This conservation ofmomentum must

be satisfied in parallel with a conservation of energy (from eq.7.2):

^3 K
= 0 (7.6)

The success of amplification in a three-wave mixing process is reliant on these two equations

(eq.7.5 and eq.7.6) being satisfied simultaneously. Due to the vector properties of the

wavevector, k, the phasematching condition of Ak = 0 can be either collinear or non-collinear

as illustrated in Fig.7.1.

(a) (b) (c)

Fig. 7.1 (a) Collinear, (b) non-collinear and (c) unsuccessfulphasematchingfor Ak *0.

Because the three interacting waves are propagating through a nonlinear material, they are

subject to material dispersion, n(co), which means that they will propagate at different
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velocities and can gradually become out of step, losing their relative optimum phase

relationship and leading to a non-zero Ak (Fig.7.1c).

From the coupled-wave equation of eq.(7.3), the change in strength of E3 in a three-

wave interaction can be expressed in the form:

^ OC ExE2eiMz (7.7)
dz

where Ak =k3 - k2- k/ is the wavevector mismatch. For Ak= 0, the three-wave interaction is

perfectly phasematched, and the generated intensity grows parabolically as the three waves

propagate though the crystal. For Ak ^ 0, the solution to eq.(7.7) is oscillatory, and a

negligible generated intensity will rise and fall in a periodic manner. Fig.7.2 depicts these

two cases. For the latter case, a coherence length, lc, is defined as the distance which results

in the phase mismatch of Ak.lc = n , which is also half the period of this oscillatory

interaction cycle:

h=T7 (7-8)

&
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C
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c
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0 lc 2 lc 3IC 4IC Slc 6lc

Propagation distance through crystal

Fig. 7.2 Generated intensity vs. propagation distance through a nonlinear crystal in afrequency
conversion interactionfor correct and incorrectphasematching

To avoid this phase mismatch {Ak * 0), typical isotropic crystals are chosen with a thickness

equal to the coherence length, lc, which is typically less than 100 pm. However, while such
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crystal dimensions may avoid a phase mismatch, they will involve very small interaction

lengths, which mean very little power can be generated. The required conditions for

phasematching (eq.(7.2) and eq.(7.5)) in isotropic crystals will therefore never be fulfilled

due to material dispersion. However, efficient conversion to harmonic waves can be

obtained if some properties of nonlinear materials are correctly exploited. The two primary

techniques are known as birefringent phasematching (BPM) and quasi-phasematching

(QPM).

Birefringent phasematching

In birefringent phasematching (BPM), the birefringence of an anisotropic material is

exploited to offset material dispersion, and to permit an efficient three-wave mixing

interaction. In such materials, the refractive index that an electromagnetic wave experiences

will depend on the direction of its propagation through the material, its state of polarisation,

and its frequency. Therefore, with careful selection of polarisation states and crystal

orientation, it is possible to sustain phasematching for much longer within the crystal for a

particular set of interacting waves (i.e. a>i, a>2, 0)3) than would normally be the case. In

effect, the coherence length, lc, becomes infinite.

Two types of anisotropic (birefringent) crystals exist, which are classified as uniaxial

and biaxial. Such notation relates to the relative strengths of refractive indices along the

three crystal axes, nx, ny, and nz. If two of these refractive index axes are equal (e.g. nx = ny

nz) the crystal is known as uniaxial, and if they are all unequal (nx ^ ny ^ nz) it is known as

biaxial. The perpendicular polarisations of the incident light wave within the birefringent

crystal, termed extraordinary (e-beam) and ordinary (o-beam), are referred to as ne and n0

respectively. The uniaxial and biaxial crystals can then be termed eitherpositive (ne > na) or

negative (ne < n0). Fundamentally, n„ does not depend on the propagation direction through

the crystal, unlike ne which possesses some angular dependence. Therefore, for a suitable

choice of polarisations and propagation angles for an incident fundamental beam, the
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phasematching condition of ne = na can be 'manufactured' such that the light in these

perpendicular polarisations propagates together at the same velocity. This specified

propagation direction in which the refractive index is independent of the direction of

polarisation (ne = n0) is referred to as the optic axis. As their names suggest, uniaxial and

biaxial crystals provide one and two optic axes respectively.

The phasematching process can then be categorised as either type I or type II,

depending on the relative polarisations of the interacting waves. For the case of harmonic

generation in a three-wave mixing process, where the generating waves of coj and co2

combine to form a generated wave co3, type I phasematching involves a pair of parallel

generating waves which are orthogonal to the generated wave. In type II phasematching, the

generated wave is parallel to one of the orthogonal generating waves (table 7.1).

Type I
(00| + G)2 —> CO3)

Type II
(C0i + 0)2 -» (1)3)

0 + e —* 0
Positive e + e —* 0

e + 0 —* 0

Negative 0 + 0 —> e

0 + e —» e

e + 0 —* e

Table 7.1 Types ofphasematchingfor three-wave mixing, relating to component wave polarisations.

When the required propagation direction is aligned with one of the principal refractive index

axes (associated with the crystal lographic axes of x, y, z), the phasematching is known as

non-critical. Otherwise, it is known as critical phasematching.

Phasematching acceptance bandwidths

In practice, perfect phasematching is essentially impossible. One of the restricting factors is

the finite frequency spectrum of the interacting waves that contributes to an increase in the
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magnitude of Ak. This leads to a broadening of the allowed frequencies for a given

interaction, and is depicted in a tuning curve, similar to that of Fig.7.3. Such a tuning curve

has the form of sine2(AkL/2), and the full-width-at-half-maximum (FWHM) of the main

central lobe is known as the acceptance bandwidth of the phasematching process for the

variation of a particular parameter.

For any phasematching process, such acceptance bandwidths can be determined for

deviations in frequency, incident angle, and temperature. Such bandwidths define the

accuracy to which these parameters (fundamental wavelength, incident angle and crystal

temperature) must be met in order to efficiently generate a desired harmonic wave. These

constraints can be very tight, or fairly lenient, depending on the properties of the nonlinear

crystal being used, and on the interaction which is sought. The angular dependence on

phasemalching arises from the e-ray refractive index (ne) dependence on propagation

direction, ne(0). The temperature dependence arises from the temperature-dependence of the

refractive indices, n(A,T). Such refractive indices are calculated for a given temperature and

wavelength in particular material from the relevant Sellmeier equations'9' 10]. These

Sellmeier equations provide only an estimate of such refractive indices, as they are obtained

empirically.

P2<o(L)m

A

AkL
>- 2

Fig. 7.3 Ideal tuning curve for nonlinearfrequency conversion^ .
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The tuning curve function can be developed by integrating the nonlinear wave equation

(assuming fields of the form E(z)e~,kz )[5]:

dz
over the crystal length, L, to obtain:

dE-=rrf,(7.9)

P3(L) = C-^/fL2smo2{~
v ^ y

(7.10)

where P3 is the generated power of the desired harmonic, def is the effective nonlinear

coefficient and /"is a nonlinear gain parameter:

.2 512TT5Pl(a>)P2(co)
n(2a>)n(a>)2

r — 11 ; 22 (7.11)

where Pi(co) and P2(co) are the average powers of the interacting fundamental waves, and

n(2a>) and n(co) are the refractive indices of the crystal at the second harmonic and

fundamental wavelengths respectively.

Spatial and temporal walk-off (GVM)

As well as the defined restrictions on wavelength, angle and temperature which sustain a

minimal phase mismatch, the efficiency of the phasematching process is also subject to

limitations imposed by spatial and temporal walk-off. Due to a reduction in the

spatial/temporal overlap of interacting beams as they propagate through the nonlinear

crystal, such walk-off effects can severely limit the maximum useful interaction length, and

therefore the nonlinear gain.

Spatial walk-off arises when the direction of propagation of the wavevector, k, is at

some angle to that of the wave energy vector, S (also known as the Poynting vector). This

spatial walk-off is avoided in non-critical phasematching (NCPM) when there is no first-

order dependence of the phase mismatch, Ak, with incident angle. The interacting beams

therefore remain collinear and can interact over the entire crystal length. As a result, NCPM
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is often more efficient than critical phasematching. While it is not possible to use angle-

tuning as a means of optimising the NCPM process, variation in the parameters of

temperature and wavelength provide this facility.

Temporal walk-off arises from a mismatch in the group velocity of the interacting

beams, and is often referred to as group velocity mismatch (GVM). This GVM also limits

the useful interaction length, and becomes particularly significant in the ultrashort pulse

regime. Once again, the nonlinear coupling and energy transfer between the pump and

harmonic waves is reduced as they propagate through the crystal. GVM has the effect of

imposing a substantial temporal broadening on the generated pulse, and as a result an upper

limit is usually set on the length of the nonlinear crystal. After a certain propagation distance

(governed by the dispersion of the nonlinear crystal and the pulse duration) the separation

between the fundamental and generated (harmonic) waves will be longer than the original

pulse duration. This distance is known as the walk-off length, Lt, and is defined as'"1:

Z,=— (7.12)
a

where At is the pulse duration and a is the group velocity mismatch (GVM), defined as:

1 1
a= (7.13)

v vy j
gen r fund

where vgen and Vjund are the group velocities of the generated and fundamental pulses

respectively. It is not uncommon for this walk-off length to be -100 pm, which dictates that

the corresponding nonlinear crystal must be very thin. While this constraint on crystal length

avoids the deleterious effects ofGVM, such a short crystal will allow a very short interaction

length, which understandably limits the overall conversion efficiency.

Section 7.3 will discuss the SHG of a Cr:LiSAF laser using two different negative,

biaxial, birefringent crystals of potassium niobate (KNb03), exploiting non-critical, type I

phasematching at room temperature. In a somewhat unconventional approach'111, these

KNb03 crystals were significantly longer (3 and 5 mm) than the GVM walk-off length (-100
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pm). While the second harmonic (blue) pulses were temporally broadened, the thick-crystal

approach allowed for a very impressive second harmonic conversion efficiency.

Conveniently, variations on crystal temperature and fundamental wavelength have been

made to optimise the phasematching of the interaction.

Quasi-phasematching

An alternative approach to conventional birefringent phasematching is quasi-phasematching

(QPM)[7' 12] which does not require a coincidence of material properties to obtain a zero

phase mismatch (Ak = 0). Instead, some degree of phase mismatch between the interacting

waves (Ak * 0) is permitted, allowing QPM to provide efficient frequency conversion for an

interaction that would not otherwise be phasematched. Whenever the increasing relative

phase mismatch between the generating and generated waves reaches n (after each coherence

length, Zc) the process ofQPM intentionally resets Ak to zero. This is done by implementing

a periodic reversal of the sign of the nonlinear coefficient within the nonlinear crystal - a

process known as periodic poling. Fig.7.4 illustrates the oscillatory, g-was/'-phasematched

growth in generated intensity, and the corresponding periodically-poled nonlinear crystal

which removes the tc phase mismatch once every coherence length.
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Input t lit 11111
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Output
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Fig. 7.4 Generated intensity v.s\ propagation distance through a nonlinear crystal in afrequency
conversion interactionfor correct (Ak = 0) and incorrect (Ak ^ 0) phasematching. The periodically-
poled structure resets the phase mismatch ofAk = n to zero after each coherence length, resulting in

an oscillatory 'quasi-phasematched' (QPM) solution18^.

Reversing the sign of the nonlinear coefficient in this way has the effect of introducing an

additional n phase shift to the relative phase of the interacting waves as can be seen from

eq.(7.14)[81:

dF

-^cc <>*"■> (7.14)

When z = lc (one coherence length), then Ak./C = n, which is exactly cancelled by the sign

icveisal of the effective nonlinear coefficient, dejy. Therefore, QPM can be implemented by

building into the crystal a nonlinear coefficient with a grating period ofAg = 2lc.

The nonlinear wave equation, eq.(7.9), can be modified for quasi-phasematching to

include the periodic nature of the nonlinear coefficient as illustrated in eq.(7.15)[8]:

^ = rv",a*=r|4|e-«v (715)
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where Akg = Ak - Kg, the grating vector Kg = 2n/A& and the nonlinear coefficient for the

QPM process is = (2 /7t)deff . The impact of the grating vector on the phasematching

process can be seen by considering the wavevector diagrams of Fig.7.5. Choosing the

grating vector correctly (i.e. selecting the correct grating period in the nonlinear crystal)

allows successful QPM, even for Ak ^ 0. When the interaction is perfectly phasematched,

the sum of the 'generating' wavevectors (kj + k2) is equal to the 'generated' wavevector, k3.

In QPM, ki + k2 ^k3, and this discrepancy is corrected by the addition ofKg.

phasematched
Ak = 0

quasi-phasematched
Ak=K„

Fig. 7.5 Wavevector diagrams illustrating (a) true phasematching (b) no phasematching, and
(c) quasi-phasematching (QPM) for Ak = Kg*0.

Just as in birefringent phasematching, the phasematching acceptance bandwidths for quasi-

phasematched nonlinear crystals define the required constraints on crystal temperature,

fundamental wavelength, and incident angle of the incoming beam. However, the additional

variable of grating period, Ag, in QPM structures eases these constraints. In fact, the freedom

to select a certain grating period for a particular interaction allows for an arbitrary choice of

operating temperature and angle. As a result, non-critical phasematching (NCPM) can be

realised at a convenient temperature and at any wavelength within the transparency range of

the crystal, providing the grating period is manufacturable. While this is true in theory, some

tuning of temperature and angle is often required, and making such changes is certainly more

practical than re-designing a new crystal with a modified grating period. Heating the

nonlinear crystal will result in an expansion of the material, and hence a lengthening of the

grating period will result. The optimisation of the QPM process by temperature-tuning is

7-13



Portable and Efficient Femtosecond Cr.LiSAF Lasers Chapter 7 - Highly Efficient, Ultrafast Blue Light Sources

understandably limited the damage threshold of the crystal, and by the practicality of heating

(or cooling) the crystal to extreme temperatures. Angle-tuning is another accessible means

ofmaximising the nonlinear interaction. When the propagating waves encounter the crystal

and its grating period, Ag, at some angle, 9 (Fig.7.6), the interaction will experience an

effectively longer grating period, Aejj ~ Ag/cosQ.

1 t 1 t

/K2 \
0
\

1
Kg

Fig. 7.6 Angle-tuning in quasi-phasematchingf8].

Although it is possible to tune the QPM interaction by crystal rotation, such a rotation leads

to a wavevector walk-offwhich can reduce the conversion efficiency in a similar way to that

experienced in birefringent phasematching. The QPM interaction is non-critical if the

interacting waves are aligned with the grating vector, Kg.

In section 7.4 the second harmonic generation of a Cr:LiSAF laser using a QPM

crystal of periodically-poled potassium titanyl phosphate (ppKTP) at room temperature will

be discussed. The ppKTP crystal was in waveguide form, which provided an enhanced

conversion efficiency over the equivalent crystal in bulk form. Variations on crystal

temperature and fundamental wavelength have made in order to optimise the phasematching

interaction.
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7.2.3 Second harmonic generation of ultrashort pulses

Second harmonic generation (SHG) is a special case of sum-frequency generation where, in

eq.(7.2), ©i = co2. In this three-wave mixing process, these two low-energy (and equal

energy) photons combine to form a single high-energy photon, co3. The simplest form of

second harmonic generation is that which involves the extracavity, single-pass of

fundamental light through a nonlinear crystal (Fig.7.7).

X (co) W
Nonlinear Crystal

Fig. 7.7 Single-pass, extracavity second harmonic generation scheme.

As can be seen from eq.(7.12), when considering SHG in the long-pulse limit, the walk-off

length, Lt, is much longer than the crystal length (L, » L). Assuming NCPM, low pump

depletion and weak focusing, the SHG power conversion efficiency is given by'"1:

P 1'}
— = yPa— (7.16)
P h

CO

where P2oj and Pm are the powers at the SH and fundamental frequency respectively, L is the

length of the crystal, b = (2nw02 n/A) is the confocal parameter of the fundamental beam, w0

is the beam waist, and the conversion factor, y, is given by:

4®0 deff
r= 2 ° JOM)n c £0Aa

where dejf is the effective nonlinear coefficient, a>o is the centre frequency of the fundamental

pulse, and Aa is the fundamental wavelength. If we move to a condition of strong focusing

(i.e. for b < L), the interaction length reduces to ~b and eq.(7.16) can be approximated by:
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= yPab (7.18)

Given a fixed pulse energy, the SHG conversion efficiency in this long-pulse limit depends

on the fundamental pulse duration and on the confocal parameter (i.e. the strength of

focusing).

In the ultrashort-pulse limit (i.e. for L,« L), the conversion efficiency for each walk-

off length within the crystal is given by eq.(7.16) with L substituted by L,. Assuming L,<b,

The total conversion efficiency is then obtained by adding the efficiency of each length L,

and integrating over the crystal length'111:

ifo
— — ^

— tanyEa
a

(7.19)
\u J

where E2o> and Em are the pulse energies of the SH and fundamental beams respectively and

a is the GVM parameter (for KNbC>3, a = 1.2 psmm"1). Eq.(7.19) implies that a high pulse

energy rather than a high pulse peak power is important in the maximising of the SHG

efficiency. In this short-pulse limit, where GVM becomes a limiting factor in the SHG

conversion process, the conversion factor, y, of eq.(7.17) in eq.(7.19) implies that an optimal

deff /a ratio is required from the nonlinear crystal, rather than merely a high dcff. Table 7.2

illustrates these comparable properties for the SHG of 860 nm in four commonly used

nonlinear ciystals, and highlights the superiority of KNb03. In the following section I will

illustrate its suitability under conditions of tight focusing and in the ultrashort-pulse limit.

NL crystal deff
(I'mV1)

a

(psmm'1)
dt.ff2/ (X

(mm'kV's1)

KNb03 18.3 1.2 279

ppLN 16 1.5 171

ppKTP 5.3 1.2 23

BBO 1.4 0.17 12

Table 7.2 Properties offour nonlinear crystalsfor SHG offundamental light at 860 nm.
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7.3 Frequency-doubled Cr:LiSAF Laser using a Bulk KNb03 Crystal

7.3.1 Introduction

This is an investigation into efficient blue-light generation via the frequency-doubling of a

near-infrared femtosecond laser using an extracavity, single-pass through a bulk potassium

niobate (KNbCb) crystal'1"31. The initial work on this SHG scheme'11' used a Kerr-lens

modelocked Tirsapphire laser that produced 120 fs pulses at 860 nm, with an average power

of 300 mW and pulse energy of 3.75 nJ. A conversion efficiency of 57 % was achieved for

up to 170 mW of average power at 430 nm. With considerably less (27 times) pulse energy

and only 44.6 mW average power from a diode-pumped femtosecond Cr:LiSAF laser, the

scheme described in this section still manages a 30 % conversion efficiency and

demonstrates an overall electrical-blue efficiency of 1 %. In addition, these high efficiencies

are obtained while operating at a relatively high repetition-rate of 330 MHz. The reduced

size, cost and overall efficiency of these CnLiSAF lasers are superior to any Tirsapphire

system.

The scheme described here has led to the generation of as much as 11.8 mW of blue

light at 429 nm from the 44.6 mW of incident fundamental (860 nm). This corresponds to an

optical-optical SHG conversion efficiency of 26.5 %, but efficiencies as high as 30 % have

been observed (10.5 mW of blue light for 35 mW of incident fundamental). A variety of

focusing conditions and their effects on SHG performance, overall slope efficiencies, and

blue spectral width have been investigated. The fundamental and second harmonic pulse

durations have been measured by autocorrelation techniques, and the wavelength and

temperature phasematching acceptance bandwidths of the potassium niobate (KNb03)

doubling crystal under conditions of ultrashort fundamental pulses have been characterised.
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7.3.2 The Cr:LiSAF source laser

The CnLiSAF laser which was utilised for this investigation was the double-pumped,

tunable system described in Chapter 6 (p 6-17). The laser was pumped with two pairs of

pump diodes, thereby maximising the available fundamental power for the phasematching

process. In addition, the wavelength tunability allowed for optimisation of this crucial

phasematching parameter. The cavity included a 3 mm (5.5 atm%) CnLiSAF laser crystal,

two dichroic high-reflectors (HR), a SESAM modelocking element, an output coupler, and a

single prism for tuning. As mentioned in Chapter 6, the group velocity dispersion

compensation in this laser was provided by a combination of the DC-FIR folding mirrors and

the single prism. By tilting the output coupler in the horizontal plane, smooth tuning of the

femtosecond-pulse output was possible over the full 50 nm (-826-876 nm) set by the

reflectivity bandwidth of the SESAM used. The set-up is illustrated in Fig.7.8.

The CnLiSAF laser produced near-transform-limited pulses of 150 fs duration

centered at 860 nm and at a repetition-rate of 330 MHz. Average output powers of 45 mW

have been achieved for -180 mW of incident diode pump power, giving an optical-optical

efficiency of 25 %. With the spectral bandwidth of -6 nm this implied a time-bandwidth

product of 0.36. As is the case with each of the CnLiSAF lasers described in this thesis,

modelocking was robust and entirely self-starting. Although the laser was not enclosed, nor

located in a lab with any temperature stabilization, the amplitude stability of the laser output

was observed to be excellent.

7.3.3 The thick-crystal frequency-doubling approach

Within the femtosecond regime, an upper limit is usually set on the nonlinear crystal length

by the group velocity mismatch (GVM), which leads to a temporal walk-off between the

generating (fundamental) and generated (SH) beams as I have discussed. When this delay

becomes longer than the duration of the fundamental pulse, the beams have propagated along

a GVM length, Lt, and this length typically defines the crystal thickness. For 120 fs pulses at
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858 nm, L, for K.Nb03 is -100 pm, but in this investigation crystal thicknesses of 3 mm and

5 mm have been used.

This thick-crystal frequency-doubling technique was first reported by Weiner et al[n|

who used a 3 mm thick KNb03 crystal to achieve very high SHG conversion efficiencies of

fundamental pulses, despite high GVM. In using KNb03, it has been possible to utilise

birefringent, type I, non-critical phasematching (NCPM) at 858 nm (central CnLiSAF

wavelength) at room temperature. As can be seen from table 7.3 which summarises some

properties of potassium niobate, the KNb03 crystal also boasts a high nonlinear optical

coefficient, d32 -18.3 pm/V, which has been fully exploited with this approach. In utilising

NCPM, propagation was along a crystal axis, which avoided any spatial walk-off between

the fundamental and second harmonic beams, and maximised the angular acceptance of the

phasematching process.

Parameter Value

Crystal type Negative, biaxial
Nonlinear coefficient, d32 18.3 pmV"1

Length, L 3, 5 mm

Group velocity mismatch (GVM), a 1.2 psmm"1
Non-critical phasenialching (NCPM) Type I for 860 nm at 22°C

Transmission range 400 nm to 4.7 pm

nx = 2.1338

Refractive indices at 860nm (22°C) ny = 2.2372
nz = 2.2784

nx = 2.2771

Refractive indices at 430nm (22°C) ny = 2.4145
nz = 2.4974

Damage threshold -350 MWcm"2

Table 7.3 Properties ofthe potassium niobate (KNb03) nonlinear crystals1'0' l3'l5{
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7.3.4 Extracavity, single-pass blue generation

This was an extremely simple configuration, requiring the output of the CnLiSAF laser to

merely be focused into the SHG crystal with a suitable convex lens (Fig.7.8 and Fig.7.9).

The nonlinear crystal of potassium niobate (KNb03) was cut for non-critical phase matching

at 858 nm and 22°C. For optimal SHG performance, the output of the CnLiSAF laser was

focused, using a 15 mm focal length lens, into a 3 mm length of potassium niobate which

was anti-reflection coated for the fundamental and second harmonic wavelengths, and

mounted on a small thermo-electric cooler for temperature tuning. The laser was tuned to

858 nm, and the crystal temperature-tuned to ~22°C for maximum conversion.

Fig. 7.8 Schematic ofthe single-pass, frequency-doubled modelocked Cr:LiSAF laser using a KNb03
crystal, andphotograph ofthe extracavity SHG set-up. (PC: polarisation cube; HWP: half-wave

plate; HR: high reflector; 1.5 %: output coupler; TEC: thermoelectric cooler.)

In the optimisation of the blue-light generation, the performance of the CnLiSAF laser was

altered in such a way that it produced pulses approaching 200 fs at the selected central

wavelength of 858 nm. These pulses were longer than would normally be expected from this

system, but as the second harmonic process requires a high fundamental pulse energy'161,

rather than the high peak powers associated with shorter pulses, this was not surprising.
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Fig. 7.9 Photograph ofthe efficient blue-light generation from afemtosecond CrtLiSAF laser and a
'thick' KNbO3 crystal in a extracavity, single pass SHG arrangement. The singlefocusing lens and

the crystal are outlined in white, and the red area represents thefocusedfundamental beam.

7.3.5 Results

Initial observations concerned the efficiency of the second harmonic (SH) generation

process, as well as the temporal and spectral characteristics of both the infrared fundamental

and blue SH pulses. Six lenses of varying focal lengths (6.2 mm to 25.6 mm) were

investigated with two lengths (3 mm and 5 mm) of KNbCh crystal. As can be seen from

Fig.7.10a, the 15 mm lens with the 3 mm crystal was found to provide the most efficient SH

generation. Up to 11.8 mW (36 pJ pulse energy, 66 W peak power) of blue light was

generated for an incident 44.6 mW (140 pJ, 680 W) of fundamental power, with an inffared-

to-blue conversion efficiency of 26.5 %. Efficiencies as high as 30 % were observed (with

10.5 mW of blue from only 35 mW of fundamental), as well as a slope efficiency at low

power of 215 %/nJ (Fig.7.10b). The electrical-to-second-harmonic conversion efficiency

was around 1 % which, to my knowledge, is the highest reported efficiency for any

femtosecond blue source. This is two orders of magnitude higher than has been achieved

with a standard femtosecond Ti:sapphire laser, and at significantly higher pulse repetition

rates.
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Fig. 7.10 (a) Focusing dependence, and (b) the slope efficiency ofthe SHG process
using a 15 mm lens, for the 3 mm KNb03 crystal.

As can be seen from Fig.7.10b, the blue power had the expected parabolic form, whilst the

conversion efficiency was relatively linear with fundamental average power. At higher

powers, there is evidence of saturation of these responses, arising from nonlinear losses of

the SH wave via two-photon absorption'111. This saturation observed by Weiner and co¬

workers is illustrated in Fig.7.11. The work I am describing in this section is also plotted in

Fig.7.11 (in red), and shows excellent agreement with Weiner at low fundamental pulse

energies.

—i—■—i—>—i—>—i—1—i—*—i—■—i—>—i

0 200 400 BOO 800 1000 1200 1400

Fundamental pulse energy (pj)

Fig. 7.11 Excellent agreement ofSHG efficiency vs. fundamental pulse energyfor this work (Agate121)
and that ofWeiner1"1 on the extracavityfrequency-doubling with a KNb03 crystal.

The temporal characteristics of both the fundamental and SH pulses were measured with the

now well-established two-photon absorption autocorrelation technique, using a GaN laser

diode as a two-photon detector for the measurement of the blue pulses at 429 nm'17'. Until

now, pulse durations have not been reported for blue pulses generated in this manner, and it
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has been assumed that they would lie in the picosecond regime, due to the spectral narrowing

effects of phasematching and the group velocity mismatch between the fundamental and

second harmonic pulses'11' 18~20]. The striking result presented here is that, by contrast, the

SH pulses were in fact still well within the femtosecond domain, and exhibit relatively little

frequency-chirp (Fig.7.12). Incident fundamental pulses of 192 fs with a time-bandwidth

product of 0.34 have produced SH blue pulses of 543 fs with a time-bandwidth product of

0.39. A sech2 transform-limit of 0.32 is assumed. The fundamental pulses had a bandwidth

of 4.3 nm, centred at 858nm, and the SH pulses had a bandwidth of 0.44 nm, centred at

428.8 nm.

Fundamental (IR) autocorrelation Second Harmonic (blue) autocorrelation

Fundamental (IR) spectrum SecondHarmonic (blue) spectrum

Fig. 7.12 Measured (a), (b) intensity autocorrelations, and (c), (d) spectra ofthefundamental and
second harmonic (blue) pulses respectively, using the 3 mm KNb03 crystal.

Fig.7.12a and Fig.7.12b show the intensity autocorrelations of the fundamental and SH

pulses respectively for the 3 mm KNb03 crystal. Although the 3:1 ratio was observed in the

trace for the fundamental, this was not achievable for that of the second harmonic, due to the

proximity of the laser wavelength (429 nm) to the band edge in the GaN laser diode being

used as the two-photon autocorrelator detector (393 nm). This effect has previously been
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reported with this diode at these wavelengths'171, where despite the reduction in the

autocorrelation contrast ratio, confidence in temporal measurements was asserted to

wavelengths around 415 nm. While the effects of GVM will have contributed to this

observed temporal broadening of the blue pulses, the relatively narrow spectral acceptance

bandwidth associated with the KNb03 crystal (2.7 nm - see Fig.7.16a) with respect to the

bandwidth of the fundamental pulses (4.3 nm — see Fig.7.12c) will also have imposed a

limitation on the blue spectral bandwidth.

Temporal and spectral measurements were also made for the 5 mm crystal, which

again confirmed the presence of blue femtosecond pulses. In this case, 305 fs fundamental

pulses with a time-bandwidth product of 0.35, generated 643 fs SH blue pulses with a time-

bandwidth product of 0.73. The spectral widths were 2.8 nm and 0.7 nm respectively.

Given that the CriLiSAF pump laser was wavelength-tunable, the potential of a tunable blue

source using this approach becomes an interesting prospect. However, due to the restrictions

imposed on the phasematching process by the acceptance bandwidths (discussed in section

7.22), there would essentially be no tunability of the blue light without adjusting the crystal

parameters.

7.3.6 Further analysis

Confirming the effects already reported'111, an optimal SHG focusing condition was observed

that contradicts the well-known Boyd-Kleinmann'211 focusing dependence, as well as a

tuning of the blue spectral width with focusing. In addition, a measurement of the

temperature and wavelength phasematching acceptance bandwidths was made. The

generated blue beam was observed to be of high spatial quality and, with a measured M-

squared of 1.8, it was observed to reproduce the TEMoo transverse mode quality of the

fundamental beam. Fig.7.13 illustrates the measured M-squared parameter of the input

(fundamental) and output (SH) beams. An M-squared of 1.0 represents a true Gaussian

diffraction-limited beam.
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Fundamental (IR) beam SecondHarmonic (blue) beam

Fig. 7.13 Measured M-squaredparameters for the vertical and horizontal planes of the
(a) fundamental (IR), and (b) second harmonic (blue) beamfrom the KNb03 crystal.

Boyd and Kleinmann calculated that the optimal focusing conditions for efficient SHG in the

long-pulse (or cw) limit occurs when the ratio of the SHG crystal length, L, to the confocal

parameter of the fundamental beam, b, is 2.84. Fig. 7.14 shows that, rather than optimising

at the Boyd-Kleinmann condition of L/b -2.84, a clear peak at L/b -10 was observed,

corresponding to significantly tighter focusing than the long-pulse theory would suggest.

Fig. 7.14 SHG efficiency vs. L/b focusing ratiofor the 3 mm crystal. The dashed black line illustrates
the Boyd-Kleinmann optimalfocusing condition (L/b - 2.84), and the solid red line shows our

experimental peak at L/b ~10.

The shape and width of the blue spectra were observed to tune with focusing. With a move

towards tighter focusing, the blue spectral bandwidth broadened and became asymmetric.

As can be seen from Fig.7.15, AX, at 429 nm increased from 0.32 nm (with a 25.6 mm lens)

to 1.4 nm (with a 2.8 mm lens). With increasingly tighter focusing, the bandwidth expands
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mainly on the long wavelength side, and this effect has been attributed to the effects of non-

collinear phasematching'"1. At smaller bandwidths, these measurements are limited by the

resolution of the spectrometer (0.25-0.3 nm), and hence the spectral measurements for the

largest waist sizes in the crystal are likely to be resolution limited.

f = 2.8mm
dk- 1.4nm

f = 25.6mm
dk- 0.32nm

Wavelength (nm)

~i—>—i—■—i—'—i—<—i—>—i—>—i—>—i
1 2 3 4 5 6 7 8

Spot Waist in KNbOj Crystal (jm)

-3mm crystal
-5mm crystal

Fig. 7.15 Change in blue spectral width with (a) focusing lens, and (b) this effect
for both crystal lengths.

The temperature and wavelength acceptance bandwidths of the phasematching process were

then characterised, under conditions of a femtosecond pulse and hence a relatively broad

fundamental spectral bandwidth. The FWHM bandwidths were measured to be AX ~2.7 nm

and AT ~5°C, for a fundamental pulse duration of-190 fs and a bandwidth of 4.3 nm. These

relatively broad bandwidths ease the stability requirements on wavelength and temperature.

Fig. 7.16 Measured (a) wavelength and (b) temperature FWHM acceptance bandwidths
ofthe KNBOs crystal.

Interestingly, both measured bandwidths (Fig.7.16) show a distinctly broad Gaussian profile,

rather than a narrow sine2 profile that is typical of the response of phasematched systems'221.

This was confirmed by searching for the characteristic 5 % secondary maxima of a sinc-
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squared function at wavelengths and temperatures beyond the scales shown in Fig.7.16. Only

smooth, monotonic reductions in conversion efficiency were observed. If the phasematching

equations are solved for NCPM in a 3 mm KNbOa crystal at 22°C, then acceptance

bandwidths are found to be 0.6 nm and 2.4°C. These phasematching equations do, however,

assume a monochromatic fundamental source. The observed broad responses result from a

smearing of the response due to the broadband fundamental, coupled to the effects of group

velocity mismatch. The significant results obtained for the two KNb03 crystal lengths used

are summarised in table 7.4.

L (111111) Blue P (mW; Atf (fs) Atsh (fs) AA.S|| (nm) Eff. (%) f (mm)

3 11.8 192 543 0.44 30 15

5 5.9 305 643 0.7 22 15

Table 7.4 Summary ofthe performancefor the two KNb03 crystal lengths
(L: length ofKNb03 crystal; Blue P: maximum average blue power obtained; A Tf fundamental pulse

duration; A tsh: second harmonic pulse duration; AXSh •' second harmonic spectral bandwidth;
Eff: best SHG conversion efficiency; f: optimalfocusing lens)

7.3.7 Conclusions

In this section, I have demonstrated an efficient femtosecond blue light source that offers

compactness and portability. The combination of a highly efficient, yet robust and

inexpensive pump laser, combined with a single-pass conversion scheme that requires no

complex or expensive components, leads to a system that is simple and practical. As a

result, this configuration would be well-suited to applications where high repetition rates and

portability are advantageous, such as in biomedical imaging.

I have already demonstrated a two-diode-pumped miniature, entirely portable, self-

contained version of the femtosecond Cr:LiSAF laser on a 22 x 28 cm2 breadboard, which

boasts an electrical-optical efficiency of 4 %, and requires only six penlight (AA) batteries as

a diode power source for over 12 hours of stable modelocked operation'231. With such a

simple second-harmonic generation scheme, this demonstrates how a stable, compact,

battery-powered femtosecond blue source can now be achieved.
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7.4 Frequency-doubled Cr:LiSAF Laser using a ppKTP Waveguide

7.4.1 Introduction

This is an investigation into efficient blue-light generation via the frequency-doubling of a

near-infrared femtosecond laser using an extracavity, single-pass through a periodically-

poled potassium titanyl phosphate (ppKTP) waveguide crystal'3, . In comparison to the

birefringent phasematching scheme with bulk KNbOs described in section 7.3, this quasi-

phasematched (QPM) scheme with a ppKTP waveguide demonstrates a competitive and

alternative methodology. Potassium titanyl phosphate (KTP) is especially suitable as the

nonlinear crystal in second harmonic generation (SHG) as it can be waveguided and

periodically-poled to efficiently satisfy QPM conditions. In addition, KTP holds an

advantage over lithium niobate (LiNb03) in that it does not experience photo-induced

refractive index changes (photorefractive damage) due to visible radiation, and can therefore

be used at room temperature.

In similarity to the scheme described in section 7.3, this achievement also

demonstrates a simplified, potentially portable and highly efficient blue light source from a

compact Cr:LiSAF laser. As much as 5.6 mW of average output power at 424 nm is

generated from a periodically-poled KTP waveguide crystal, with 27 mW of incident

fundamental power at 848 nm. Once again, the utilised scheme was that of an

uncomplicated, single-pass extracavity arrangement. In fact, the set-up is identical to that in

Fig.7.8 for the bulk KNb03 crystal, except for the addition of a half-wave plate (HWP) prior

to the waveguide to rotate the incident light to the correct (vertical) polarisation. The overall

electrical-blue system efficiency was 0.5 %, and the internal second harmonic generation

(SHG) conversion efficiency within the waveguide reached 37 %. The corresponding slope

efficiency at low powers of 5.5 %pJ"! is, to my knowledge, the highest slope efficiency yet

demonstrated for frequency conversion into the blue spectral region.
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7.4.2 The ppKTP waveguide crystal

The periodically-poled KTP waveguide crystal sample was initially fabricated to facilitate a

non-resonant injection seeding scheme for a picosecond laser diode'24', and consisted of a

Bragg grating section adjacent to the ppKTP waveguide section. While such a Bragg grating

resulted in a reduced overall transmission of the fundamental beam (reflecting up to 26 % of

the fundamental wavelength), the back reflection did not appear to affect the performance of

the CriLiSAF pump laser. The KTP crystal was 1 mm thick and contained several adjacent

waveguides which were fabricated by ion exchange'251. These waveguides had dimensions

-4x4 pm and were separated by 50 pm. The length of the entire crystal was 11 mm, and was

poled for the frequency-doubling of 850 nm. The length of the quasi-phasematched (QPM)

section was 8 mm, with varying grating periods between -3.86 pm and -4.06 pm. The

length of the Bragg grating section was 3 mm, with a standard grating period of -4.0 pm.

The structure of the ppKTP waveguide crystal is illustrated in Fig.7.17, and some relevant

parameters of the crystal are summarised in table 7.5.

Fig. 7.17 Schematic ofthe extracavity, single pass SHG in a ppKTP waveguide crystal.
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Parameter Value

Crystal type Periodically-poled
waveguide

Nonlinear coefficient, 5.3 pmV1

Length, L 8mm (+3mm Bragg section)

Group velocity mismatch (GVM), a 1.2 psmm"

Non-critical phasematching (NCPM) QPM for 850 nm at ~20°C

Transmission range 350 nm to 4.0 pm

Damage threshold -500 MWcm"2

Table 7.5 Properties ofthe periodically-poledpotassium titanyl phosphate (ppKTP)
nonlinear waveguide crystal.

Although the nonlinear coefficient of ppKTP is only 5.3 pmV"1 (the deff for KNb03 was

18.3 pmV"1), the crucial difference here is that the ppKTP crystal was in waveguide form. In

the case of single-pass SHG in a bulk crystal, the conversion efficiency is highest in the

region of the tightly focused fundamental beam, but this region is inevitably limited by the

beam divergence. A waveguide is a very narrow channel which confines the fundamental

power, and provides a long interaction length at high optical densities. In effect, the

fundamental beam is held in an effective tight focus for the entire crystal length. The

selection of the most appropriate focusing lens when using a waveguide is an optimisation of

the coupling efficiency of the available fundamental power into the waveguide channel.

7.4.3 Extracavity, single-pass blue generation

The ppKTP waveguide crystal was mounted on a small thermo-electric cooler for

temperature tuning, and placed in the simple extracavity single-pass arrangement already

described. The fundamental light from the CnLiSAF laser was tuned to 848 nm (the peak

of the ppKTP wavelength acceptance bandwidth) and the crystal temperature-tuned to ~18°C

for maximum conversion. The fundamental light was launched into the waveguide using a

single 6.2 mm focal length aspheric lens (N.A. = 0.4) in the configuration of Fig.7.18.

7-30



Portable and Efficient FemtosecondCr:LiSAF Lasers Chapter 7 - Highly Efficient, Ultrafast Blue Light Sources

Al~170fs @848nm
Av. Power~27mW
SOnm wavelength tunability
Rep. Rate -330MHz

Av. Power ~5.6mW
Conversion Eff. - 23%
Electrical-Blue Eff. ~ 0.5%
InternalSHG Eff. ~ 37%

Diode-pumped,
tunable CrtLiSAF laserSESAM

HR

1.5%

6.2mm
TEC filter

HWP ppKTP
(18°C)

Fig. 7.18 Schematic of the single-pass, frequency-doubled modelocked CrtLiSAF laser using a ppKTP
waveguide crystal, andphotograph ofthe extracavity SHG set-up. (HWP: half-wave plate)

7.4.4 Results

Initial observations concerned the maximising of the SHG process by optimising the

coupling efficiency. Four lenses of varying strengths (x20 to x60) were investigated, and as

can be seen from Fig.7.19, the x30 (6.2 mm) lens was found to provide the most efficient SH

generation.

Fundamental power (mW)

Fig. 7.19 SHG conversion efficiency vs. fundamental powerfor various coupling lenses
into the ppKTP waveguide crystal.

With 27 mW of average fundamental power at 848 nm, blue output powers of up to 5.6 mW,

with a spectral width of 0.6 nm at 424 nm were achieved. The corresponding fs infrared-to-

blue optical efficiency was therefore 21 %. However, as the waveguide crystal was not AR-

coated, a ~9 % Fresnel reflection loss is experienced at each crystal facet. Accounting also
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for the 26 % reflection losses of the fundamental wavelength due to the Bragg grating, an

observed 40 % transmission of fundamental power through the waveguide has led to an

estimated experimental coupling efficiency of~70 %. Assuming loss-less propagation in the

waveguide and this 70 % coupling efficiency, the internal SHG conversion efficiency

reaches 37 % (Fig.7.20). Since no waveguide is strictly loss-free, this value of 37 %

describes a lower limit of the internal SHG performance. With the CnLiSAF source laser

requiring no more than 1.2 W of electrical drive for the pump laser diodes, the generation of

5.6 mW of blue average power corresponds to an overall electrical-blue efficiency of 0.5 %.

The measured fundamental and second harmonic spectra respectively entering and leaving

the ppKTP waveguide are displayed in Fig.7.21.
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Fig. 7.20 Generated blue power and internal SH efficiency with fundamentalpower
for the ppKTP waveguide crystal
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Fig. 7.21 (a) Fundamental and (b) second harmonic (blue) spectrafrom the ppKTP waveguide.
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The dependence of internal SH efficiency on input power was characterized by a maximum

efficiency of 37 % (Fig.7.20). A further increase in fundamental pulse energy then led to a

saturation and subsequent decrease in the efficiency of the SH process. Previously, a similar

saturation and subsequent decrease in efficiency has also been observed by Wang and co¬

workers in a ppKTP waveguide'261 and by Weiner and co-workers in bulk KNb03'ni. Both

authors have attributed the observed saturation and decrease to a combination of pump

depletion and nonlinear absorption of the SH wave.

The superiority of the ppKTP waveguide is evident when comparing the slope

efficiency (r|siope) of the experimental data with that of experiments with bulk KNb03. At a

level of 15 % SH conversion, the slope efficiency in the ppKTP experiment was calculated

to be 5.5 %pJ~, whereas the KNb03 experiments provided slope efficiencies of only

0.25 %pJ"1[2' (in the experiment described in section 7.3) and 0.3 %pj"1[11]. The achieved

slope efficiency here of 5.5 %pJ"' in the ppKTP channel waveguide is, to my knowledge, the

best yet reported for frequency conversion into the blue spectral region (table 7.6).

Sample (nm)
L

(cm)
slope

(%pJ-')
"H slope

(%pj"'cml)
Ref

1 KNb03 - bulk 430 0.3 0.3 1.0 [11]

2 KNb03 - bulk 430 0.3 0.25 0.73
Section
7.3

3 ppKTP - waveguide 423 0.26 0.38 0.146 [26]

4 ppKTP - waveguide 424 0.8 5.5 6.9 -

Table 7.6 Comparison oftheppKTP results ofthis section (no. 4) with other efficient blue-generation
experiments in bulk and waveguide nonlinear crystals (Ash is the wavelength ofblue light).

The highest reported slope efficiency for frequency-doubling of femtosecond pulses in any

spectral region is 50 %pJ"'. This was achieved in a very long sample of (L = 5.6 cm)

periodically-poled lithium niobate (ppLN) for a fundamental wavelength of 1558 nm'27'.

Therefore, in order to make effective comparisons of the efficiency of these various

experiments, it is more convenient to express a slope efficiency per unit length (%pJ"Icm"1).

This indicates that our experiment (6.9 "/opf'cm"1) is close to this reported record efficiency
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of frequency-doubling of fs pulses (9 %pj"1cm"1)[27]. Fig.7.22 illustrates the superiority of the

ppKTP waveguide over the bulk KNb03 crystal at low pulse energies.

0

1

o
X
CO

40-

30-

20-

10-

0-

ppKTP waveguide
KNb03

20 40 60 80 100 120 140

Incident fundamental pulse energy (pJ)

Fig. 7.22 Comparable SHG conversion efficienciesfor the bulk KNbO3 and ppKTP waveguide
experiments described in sections 7.3 and 7.4 respectively.

7.4.5 Further analysis

While the fundamental beam was near-diffraction limited with a measured M-squared of 1.2

(Fig.7.13), the generated second harmonic output from the ppKTP waveguide was observed

to be highly multimodc (Fig.7.23).

Vertical centre profile ot blue ppKTP beam

0 20 40 60 «D -CO '20 140 160 160 200

Intensity (counts)

Fig. 7.23 CCD image and verticalprofile ofthe multimode blue beam from the ppKTP waveguide.

The dependence of the SHG efficiency on the fundamental centre wavelength and ppKTP

waveguide crystal temperature was also investigated in a determination of the phasematching

acceptance bandwidths (Fig.7.24). While the ppKTP usually has associated with it a narrow
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spectral acceptance bandwidth of -0.1 nm, the wavelength-tunability of the Cr:LiSAF laser

and the relatively broad (4.5 nm) fundamental pulses created an effective broadening of the

wavelength acceptance bandwidth, measured to be AX -15 nm (FWHM), centred at

X -847 nm. A measured broad temperature acceptance bandwidth of AT ~30°C (FWHM)

centred around ~18°C easily permitted room-temperature operation.

Temperature acceptance Wavelength acceptance

Fig. 7.24 Measured (a) temperature and (b) wavelength FWHM acceptance bandwidths
ofthe ppKTP waveguide crystal.

Unfortunately, there was insufficient blue power to measure the temporal characteristics of

the second harmonic pulses. However, a determination of the fundamental pulse duration

entering and leaving the ppKTP waveguide (Fig.7.25) illustrates that these pulses have been

only slightly dispersed on propagation through the waveguide (170 fs, AuAx -0.32 entering;

195 fs, AoAx -0.37 leaving). Both the input and output fundamental pulses displayed a

similar spectral bandwidth of -4.5 nm at a central wavelength of 848 nm.

Fundamentalpulses entering ppKTP waveguide Fundamental pulses leaving ppKTP waveguide

Fig. 7.25 Intensity autocorrelation offundamental pulses (a) entering, and (b) leaving
the ppKTP waveguide crystal.
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7.4.6 Conclusions

While the conversion efficiencies into the blue spectral region using the ppKTP waveguide

are impressive, there is evidence to suggest these conversion efficiencies can be improved

further. Modifications to the waveguide structure that would improve the SHG process

include: (i) the use of anti-reflection (AR) coatings on the ppKTP waveguide crystal to

reduce the facet reflectivities from 9 % to <1 %; (ii) the removal of the unwanted Bragg

grating section; (iii) the use of an a-periodically poled crystal structure to increase the SHG

efficiency for the broad spectral bandwidth, femtosecond pulses.

Nonetheless, I have demonstrated a competitive methodology for the highly efficient

generation of blue light from a compact, robust and potentially portable Cr:LiSAF laser and

a ppKTP waveguide crystal. As much as 5.6 mW of blue average power has been generated

with only 27 mW of fundamental power, at an internal SHG efficiency of up to 37 %, in a

very simple extracavity arrangement. Requiring only 1.2 W of electrical drive, the overall

system generated blue light at an electrical-blue efficiency of 0.5 %. The slope efficiency at

low powers of 5.5 %pJ_1 (6.9 %pJ~1cm~1) represents, to my knowledge, the highest reported

slope efficiency for frequency conversion into the blue spectral region.

Although the ppKTP waveguide does provide this superior slope efficiency, the

observed saturation and subsequent decrease of the SHG conversion efficiency (Fig.7.24) at

low pulse energies (-20 pJ) does limit the practicality of such a waveguide-based blue-light

source at higher pulse energies. Some reduction of the ppKTP waveguide length would

inevitably reduce the impact of this saturation effect, but such a move to a shorter waveguide

would come at the expense of reducing the maximum conversion efficiency. Similar

saturation behaviour of the SHG efficiency in KNb03 has also been observed, but such

saturation was observed at significantly higher fundamental pulse energies (-600 pJ)[UI.

Such pulse energies exceed the capabilities of the diode-pumped CrrLiSAF lasers described

in this thesis, and therefore the bulk KNb03 crystal is more suitable than the ppKTP

waveguide for an efficient and practical ultrafast blue light source such as those described.
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7.5 Frequency-tripled Cr:LiSAF Laser: A Practical UV Source

7.5.1 Application in cancer research

Having successfully demonstrated two highly efficient and potentially portable ultrafast blue

light sources in the previous sections, I will now propose details of how a similar

experimental configuration could be used to provide ultrashort laser pulses in the ultraviolet

(UV) spectral region. The third harmonic of a compact and portable, miniature CnLiSAF

laser would access the UV-B wavelength of -285 nm and provide a practical ultraviolet

(UV) source for the photobiological study of the p53 cancer suppressive gene. UV radiation

at these wavelengths would simulate UV solar radiation which is known to be damaging to

skin tissue. In collaboration with Prof. Sir David Lane at the University of Dundee, and

Ninewells Hospital in Dundee, this specific application has been proposed for a frequency-

tripled version of the miniature femtosecond CnLiSAF laser described in Chapter 5.

7.5.2 Single-pass extracavity THG in a single crystal

The objective of this investigation was to design a single periodically-poled crystal capable

of generating the third harmonic of a compact femtosecond CnLiSAF laser on an

extracavity, single-pass. The crystal design to be considered is that which incorporates a

dual-period grating. Such a grating structure consists of a shorter period structure that is

modulated over a longer period (Fig.7.27), and provides a cascaded process of SHG and

SFM in a single crystal to produce the third harmonic (TH). Direct infrared-to-UV

generation by such an approach has recently been demonstrated in a dual-period structure of

lithium tantalate (LiTa03) by Liu and co-workers[28'291. Unlike the established nonlinear

crystals of lithium niobate (LiNb03) and KTP, LiTa03 is suitably transmissive down to the

second harmonic (-430 nm) and third harmonic (-287 nm) wavelengths (Fig.7.26). In

addition, periodically-poled lithium tantalate has been successfully fabricated with grating

periods as short as 1.3 pm'30'. LiTa03 is therefore the chosen material for this investigation.
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Wavelength
Fig.7.26 Transmission curve for lithium tantalate (LiTaO3).

The proposed dual-periodically domain-inverted crystal structure can be designed to achieve

THG at an arbitrary fundamental wavelength. It allows the coupling of two separate optical

parametric processes - SHG and SFM - through a cascaded QPM interaction. The structure

is often referred to as an optical superlattice, and has already been shown in LiTa03 to

provide direct UV generation (A.3eo -355 nm) from an infrared (Xm -1064 nm) diode-pumped

Nd:YV04 laser128'291.

There now follows an investigation into the design of a similar dual-periodically poled

LiTa03 (dual-ppLT) crystal for accessing the UV spectral region at approximately 287 nm

via the direct THG of a compact, diode-pumped CnLiSAF laser. The investigation is a

modification of those achievements reported by Liu and co-workers'28' 291 for the

experimental parameters relating to the proposed portable, frequency-tripled CnLiSAF

configuration.

7.5.3 Wave equations for third-harmonic generation

Third harmonic generation (THG) in the proposed dual-ppLT crystal will rely on a cascaded

process of second harmonic generation (SHG) and sum-frequency mixing (SFM). The

following wave equations describe these parametric processes:
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^ = ifc2A3Ay^x -iKxA2Axe-ibklX
dx

= -iK2A3A;e-'^x --KxAx¥m" (7.20)
dx 2

^ = -iK2AxA2e"^x
dx 212

where the wave amplitudes, Ax = (ni / co^'2 .Et ( i = 1, 2, 3 ), represent the fundamental,

second harmonic (SH), and sum-frequency (SF) respectively, and

A&, = k2n - 2k ~Gmn1 2<u * m'"

(7.21)
Ak2=k3a)-k2<B-k(0-Gm.n,

are the wavevector mismatches of SHG and SFM respectively, kp k2 and k3 are the

wavevectors of the fundamental, SH and SF, and Gmjl and Gm are the reciprocals of the

superlattice structure. The coupling coefficients, and k2, are defined as

="
co2cox

n2nf

V/2

k2 =
d , ,
m ,n

^1/2 (7.22)
(03C02(DX

«3«2«1 y

where nh n2, n3 and coi, co2, co3 are the refractive indices and angular frequencies of the

fundamental, SH and TH respectively. The coupling coefficients, k3 and k2, are proportional

to the effective nonlinear coefficients, d,„„ and dm-„3 and m,n,m',n' are integers.

In the cascaded SHG and SFM route to quasi-phasematched THG in the superlattice

structure, it might be expected that an efficient initial SHG process would maximise the

chances of an efficient SFM process. However, it has been shown that efficient THG

depends not only on the magnitude of these corresponding coupling coefficients, but on their

ratio[31].
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The wave equations of eq.(7.20) describe five parametric processes - one SH, one SF and

three difference-frequency (DF) interactions. In the presence of some phase mismatch (i.e.

when Akj 0 and Ak2 ^ 0), the relative coupling between these five interactions is relatively

weak, and energy from the fundamental wave cannot efficiently be transferred to the second

and third harmonics. If, on the other hand, the phase mismatch was removed (i.e. such that

Akj =Ak2 = 0) by simultaneous QPM for the SHG and SFM processes, the desired energy

conversion to the third harmonic in the superlattice would proceed.

7.5.4 Achieving THG in a dual-periodically poled crystal

Achieving successful THG from a dual-period superlattice is therefore dependent upon

designing an appropriate structure which provides the correct reciprocals (Gm „ and Gm • „< in

eq.(7.21)) to ensure a zero phase mismatch for the SHG and SFM processes. This would

ensure that both processes were simultaneously quasi-phasematched. The correct reciprocals

of G,„„ and Gm < „■ can be ensured by obtaining the appropriate dual-periodically poled

structure. The most commonly used method for the analysis of such reciprocals is Fourier

transformation, and is performed in wavevector space.

A standard, one-dimensional periodically-poled crystal can be expressed in terms of a

Fourier spectrum, F/x):

(7.23)
m

with reciprocals:

Gm — Inrti/A, m = 1,2,3... (7.24)

where A is the grating period, and Fourier coefficients:

(7.25)
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From eq.(7.24), we see that a periodically-poled crystal with a single grating period, A, has

associated with it a set of reciprocals, Gm, where m is an integer. The magnitude of the

Fourier coefficients,^, are proportional to the corresponding effective nonlinear coefficient

of the given structure, dm =fmd, where d is the nonlinear coefficient of the crystal.

M

I— ~ L

Fig. 7.27 Dual-periodQPMgrating structurefor direct THG, where l/L is an integer1291.

Let us now consider the proposed dual-periodically poled crystal. This structure consists of

two individually modulated grating periods, / and L, where I < L. As can be seen from

Fig.7.27, the ratio of the two grating periods, / / L, is required to be an integer. Liu and co¬

workers'29' have shown that these two periodically modulated sequences, Ffx) and F2(x), can

each be expressed as a Fourier series:

(7.26)

and that the dual period structure can therefore be written as

F(x) = F,(x)F2(x)

= L fffie"*-*0-'-

fm.n' (7.27)

where Gmn = Gm + G„ and fmjt =fmf„. Therefore, we can now define the required reciprocals

of the dual-period structure (Fig.7.27) as
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Gm,n =Gn,+Gn= mGl + nGL (7-28)

In In

g,=-j ; gl=— (7"29)
where G/ and GL are the first-order (m = n = 1) reciprocals of the two independent grating

periods in the dual-period structure. The integers m and n define the order of the reciprocals.

The dual-periodic structure can therefore achieve a zero phase mismatch (i.e. successful

quasi-phasematching) for both the SHG and SFM processes which are required to generate

the third harmonic wavelength.

7.5.5 Designing the THG crystal for a Cr:LiSAF laser

For successful QPM interactions for the SFIG and SFM processes, we require a zero phase

mismatch (Ak = 0). From eq.(7.21), we therefore have:

Mj =k2- 2kx -G = 0
(7.30)

Ak2 =k3-k2-kl- Gm,n, = 0

where Aki and Ak2 describe the phase mismatches for SHG and SFM respectively. From

eq.(7.28) to eq.(7.30), the proposed dual-periodically poled lithium tantalate crystal

(Fig.7.27) has reciprocals Gmjl and Gm\n- which relate to the dual grating periods of / and L\

An 2nm Inn
Gm,n=mGi+nGi =-r(.ih-ni) =—J-+-y-

(7.31)

Gm'F=m'Gl+n'GL =^-(3"3-2"2-«l) = ^y^ +^-
where X is the fundamental wavelength, nh n2, n3 are the refractive indices of the

fundamental, SH and TH respectively, of the nonlinear crystal, and m,n,m',n' are integers.

From eq.(7.31), the dual-periodically poled crystal may be characterised in terms of the

structure grating periods / and L for any arbitrary wavelength, via the selection of appropriate
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integers for m, n, m', and n'. It is important to note that the integer values of the reciprocals,

m, n, mand n', must be as small as possible in order to ensure efficient conversion of

energy to the TH wave. The optimum ratio of the two coupling coefficients, which I

mentioned earlier, is defined as Ki'.k2 = 1.464, and is realised for m = m' = n = n' = 1.

Selecting integer values larger than unity will result in this ratio deviating from the optimum

THG condition.

I will now determine the structure of a dual-ppLT crystal for the THG of a Cr:LiSAF

laser. The refractive indices nh n2, n3 are given by the appropriate Sellmeier equations for

the LiTa03 crystal'32':

where the refractive indices, n(/1, T) are functions of both wavelength and temperature, and

the parameters are given by

where T is the temperature of the crystal in Celsius. Since the broad-bandwidth fundamental

Cr:LiSAF laser is broadly tunable (as described in Chapter 6), there exists some degree of

freedom in the selection of the exact fundamental QPM wavelength. This eases the

constraints on the crystal design as the wavelength-dependence of the refractive index of

lithium tantalate is very strong in the UV region. There also exists some freedom in the

choice of crystal temperature, which also provides added degree of freedom due to the

temperature dependence of the refractive indices. In addition I have set a lower limit on the

(7.32)

A = 4.5284

B = 7.2449 xl(T3
C = 0.2453

D = -2.3670 xl0~2

E = 7.7690 xlO"2
F = 0.1838

b(T) = 2.6794 x 10'8 (T + 273.15)2
c(T) = 1.6234 x 10"8 (T + 273.15)2

(7.33)
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shorter grating period, /, to be approximately 4p.m. Although shorter periods have been

successfully grown in lithium tantalate, it is likely that grating periods of I > 4 pm would be

more accurately fabricated and easier to have manufactured. Numerous permutations of

fundamental wavelength (close to the Cr:LiSAF peak of 860 nm), crystal temperature, and

low-value reciprocal integers have been investigated, and the obtained solution is as follows.

For a fundamental wavelength of X = 857.74 nm, and a dual-ppLT crystal temperature

of 150°C, the Sellmeier equations of eq.(7.32) calculate the refractive indices of the dual-

ppLT crystal at the fundamental, SH and TH wavelengths to be nj(/1, T) = 2.154, n2(A/2, T)

= 2.2671 and n3(2/3, T) = 2.597 respectively. For the solution described here, we have

reciprocal integer values ofm = m' = n = 1 and n' = 5. From eq.(7.30) and eq.(7.31) we then

have:

Ak
Akx =—(n2 -w,)

, 2n (7-34)
Ak2 -—j- (3n3 - 2n2 - r\ )

and by solving the resulting simultaneous equations:

2nm 2nn
+ = Ah

I L 1
27rm' 2nn

(7.35)

I
= Ak2

we obtain I = 3.92 pm and L = 117.50 pm. The required condition of l/L being an integer is

satisfied, where IIL = 30. We therefore have the desired result of a dual-ppLT crystal

structure (Fig.7.27) with grating periods of / = 3.92 pm and L = 117.50 pm that would, on a

single extracavity single-pass, provide the third harmonic of a CnLiSAF laser operating at

857 nm.

7-44



Portable andEfficient Femtosecond CriLiSAF Lasers Chapter 7 - Highly Efficient, Ultrafast Blue Light Sources

7.6 Conclusions

In this chapter, I began by describing several fundamental concepts of phasematching and

frequency conversion. I then proceeded to discuss how a tunable Cr:LiSAF laser such as

that described in Chapter 6 can be used in parallel with a straightforward frequency-

conversion scheme to efficiently provide femtosecond pulses in the blue spectral region11"41.

Both bulk and waveguide doubling crystals were used in achieve second harmonic

generation (SHG) in very simple, single-pass, extracavity arrangements. A bulk potassium

niobate (KNb03) crystal provided up to 12 mW of blue power at an overall electrical-to-blue

efficiency of 1 % - the highest reported efficiency of any femtosecond blue source to date12'.

Complementary results from a periodically-poled potassium titanyl phosphate (ppKTP)

waveguide crystal have provided 5.6 mW of blue power at an electrical-to-blue efficiency of

0.5 %. The slope efficiency at low pulse energies with this configuration (5.5 %pJ"')

represents, to my knowledge, the highest reported slope efficiency for frequency conversion

into the blue spectral region. Given the truly portable and ultra-compact Cr:LiSAF laser I

described in Chapter 5, I have therefore demonstrated how a stable, practical and truly

portable femtosecond blue source can now be configured.

I ended the chapter by providing details of how the ultraviolet (UV) spectral region

could be accessed via the third harmonic of a Cr:LiSAF laser in similar frequency-

conversion scheme. I have suggested a suitable periodically-poled structure in lithium

tantalate (LiTa03), which should provide a portable pulsed laser source in the UVB spectral

region which has been specifically proposed for the photobiological study of the p53 cancer-

suppressive gene, for example.

In Chapter 8, I will summarise the achievements set out in this thesis, and will

describe a number of exciting new directions in which this project could be taken in the

future.
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Chapter 8
Summary and Future Work

8.1 Summary

In this thesis, I have described the development of a number of compact, efficient and robust

diode-pumped femtosecond CrrLiSAF lasers which offer true portability in simplified and

practical configurations. By paying appropriate attention to the cavity design, the cw and

modelocking thresholds of these lasers has been reduced to as low as 5 mW and 25 mW

respectively. With such low thresholds, it has been possible to utilise the high beam quality

of low power (~60 mW), near-diffraction limited, single narrow-stripe AlGalnP red laser

diodes as a pump source. These particular AlGalnP devices are used in DVD writer

technology and have been purchased directly from Mitsubishi and Hitachi for use in the

CnLiSAF lasers of this project. These diodes require very simple beam coupling optics,

have proven to be highly reliable, inexpensive (~£30) and operate in the red spectral region

at the peak of the CrrLiSAF absorption bandwidth. Because of their modest electrical drive

requirements (-100 mA of current, -215 mW of electrical power), they require no active

electrical cooling and can easily be powered for a number of hours by regular AA batteries.

In the design of several low-threshold CrrLiSAF cavity configurations, careful

attention has been paid to several key aspects that include: maximizing the use of the

available diode pump power; selecting Cr:LiSrAlF6 (CrrLiSAF) as a suitable gain medium;

making use of a SESAM modelocking element which has low insertion losses and provides

self-starting, stable and robust modelocking; and investigating single-prism and prismless

approaches to dispersion compensation to provide reduced component count and an overall

size reduction of the laser footprint. As a result of these measures, I have been able to

demonstrate reduced-physical-scale femtosecond lasers with increased operational

efficiencies that maintain satisfactory levels of performance.
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With a maximum pump power of ~180 mW, the Cr:LiSAF laser crystal in these reduced-

scale femtosecond lasers requires no active electrical or water cooling. The option to then

provide power to the pump diodes from standard AA batteries therefore liberates the entire

compact and robust system from the confines of the optical laboratory, and provides a truly

portable and practical femtosecond laser source (as demonstrated in Chapter 5). In parallel

with this achievement, the modest electrical power requirements of the pump diodes has

allowed these CnLiSAF lasers boast superior electrical-optical conversion efficiencies of

around 4 %. Such overall system efficiency is at least two orders of magnitude higher than a

typical titanium sapphire laser. They are, to the author's knowledge, the most efficient

femtosecond sources yet reported'1'.

CrrLiSAF laser

configuration
Page

i efereuce

Pulse
duration

At (fs)

Average
Power
(inW)

Optical-Optical
Efficiency (%>

Electrical-Optical
Efficiency (%)

Single-prism 3-13 150 20 21 4.7

GTI 4-8 145 15 16 3.5

MCGTI 4-13 155 23 13 2.1

IDC 5-2 136 20 21 4.3

Ultra-compact 5-14 130 14 15 3.5

Double-pumped 6-4 120 46 25 4.2

kW 6-6 122 35 20 3.2

GHz 6-9 146 3 2 0.3

Prism-tunable 6-16 140 45 25 4.1

Table 8.1 Performance ofthefemtosecond Cr.LiSAF lasers demonstrated in this thesis.

The existence of two AlGalnP pump diodes at slightly different wavelengths (660 nm and

685 nm) has enabled four such devices to be coupled together in a pump geometry by

successive wavelength-combining and polarisation-coupling configurations. In doing so, the

total available pump power in the red spectral region has been ~180 mW. As a result, it has

been possible to demonstrate an attractive degree of flexibility in the design of these efficient

and potentially portable femtosecond Cr:LiSAF lasers. I have explored both single-prism

and prismless dispersion-compensation schemes, and have demonstrated CnLiSAF lasers

with gigahertz pulse repetition-rates, kilowatt peak-powers and broad wavelength tunability.
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The performance characteristics of the femtosecond Cr:LiSAF lasers described in this thesis

are summarised in table 8.1.

I have also established a simple and practical frequency-doubling scheme that retains

the simplicity and potential portability of the CnLiSAF laser design. This achievement has

demonstrated ultrafast blue-light sources with an unprecedented level of efficiency'2'3]. The

performance of the two blue-light sources are summarised in table 8.2. A nonlinear crystal

has also been designed which is capable of generating the third harmonic of a femtosecond

CnLiSAF laser in a similar frequency-conversion configuration. Such a crystal provides a

means of achieving a coherent source of radiation in the ultraviolet (UV) spectral region. A

specific identified application of such a portable UV laser source relates to the preliminary

photobiological studies of a particular cancer suppressive gene in collaboration with the

University ofDundee.

SHU crystal Page
reference

Blue
Power

|mW)

Optical-Optical
Efficiency
UK-liiue)

Electrical-Optical
Efficiency
(EICc.-BluC)

Bulk KNbOj 7-17 11.8 30% 1.1 %

Waveguide
ppKTP

7-28 5.6 37% 0.5 %

Table 8.2 Performance ofthe ultrafast blue light sources demonstrated in this thesis.

The research described in this thesis indicates that it is now entirely practical to design

relatively versatile, efficient, reduced-scale, portable femtosecond lasers which are liberated

from the confines of the optical laboratory and therefore have the potential to open up

applications that have until now been inaccessible to their lab-bound predecessors.

[1] B. Agate, B. Stormont, A. J. Kemp, C. T. A. Brown, U. Keller, and W. Sibbett, "Simplified
cavity designs for efficient and compact femtosecond CnLiSAF lasers," Optics
Communications, vol. 205, pp. 207-213, 2002.

[2] B. Agate, A. J. Kemp, C. T. A. Brown, and W. Sibbett, "Efficient, high repetition-rate
femtosecond blue source using a compact CnLiSAF laser," Optics Express, vol. 10, pp. 824-
831,2002.

[3] B. Agate, E. U. Rafailov, W. Sibbett, S. M. Saltiel, P. Battle, T. Fry, and E. Noonan, "Highly
efficient blue light generation from a compact, diode-pumped femtosecond laser using a
periodically-poled KTP waveguide crystal," Submitted to Optics Letters, March 2003.
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8.2 FutureWork

There remains a good deal of scope for further investigations into the portable and efficient

femtosecond lasers I have described. A constructive development of the laser design set out

in this thesis would further improve the laser performance, and would inevitably provide an

increased breadth of interest for such a practical femtosecond laser source. Of course, any

design modifications could not come at the expense of portability, or of the compactness of

the laser footprint.

Perhaps the primary issue to consider is that of increasing output powers of these

Cr:LiSAF lasers. Having developed the lasers in such a way as to make efficient use of the

available pump power (Chapter 2), the limiting factor in respect of the output powers lies in

the technological demands of the DVD market. The narrow-stripe AlGalnP pump laser

diodes used in these Cr:LiSAF lasers are used in DVD writers and operate with output

powers of 50 mW (660 nm) and 60 mW (685 nm). Until recently there has been no demand

for such laser diodes with higher output powers, and the power levels of these Cr:LiSAF

lasers have consequently been restricted. One solution may lie in optically pumping the

Cr:LiSAF crystal from both ends. As the 'double-pumped' system in Chapter 6 utilised four

pump diodes, such a modification would involve eight pump diodes, and would double the

available pump power to -360 mW. However, this development would come at some

expense of the overall size of the laser system. Alternatively, an increase in output power

may soon be possible thanks to the emergence of single narrow-stripe AlGaAs laser diodes

operating with 140 mW at 650 nm. Prototype devices are currently being tested. Should

such a diode become available, up to 400 mW of pump power would be attainable from the

current 'double-pumped' scheme, by simply substituting the existing 50 mW (650 nm) laser

diodes. Such a diode replacement would be relatively simple to implement as these new

devices would be entirely compatible with the existing pump-stage optics.
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The merits of mirror-based dispersion compensation in Cr:LiSAF lasers has been

investigated to some extent in this project. However, further development of these schemes

could encompass a more thorough determination of the advantages such schemes can offer.

In particular, if any of the CrrLiSAF lasers described in this thesis are to provide sub-100 fs

pulses, some form of compensation for third-order dispersion (TOD) must be introduced. As

I have mentioned, consideration of intracavity TOD has not been a priority of this project,

but the SESAM modelocking element is known to contribute a significant amount of TOD

(-400 fs3), and the majority of TOD which is present. The established means of introducing

TOD compensation in a laser resonator involves an intracavity prism pair141, but since the use

of a prism pair is entirely impractical given the laser footprint is to be minimised, any such

TOD investigations would demand a mirror-based approach. Sub-10 fs pulses have been

demonstrated in a prismless Cr:LiCAF laser151, but modelocking in this system was initiated

by KLM rather than a SESAM, indicating a less significant presence of TOD. Although

effective TOD-compensation from chirped mirror structures161 has been successfully

demonstrated, such chirped mirrors remain too lossy for use in these low-threshold

CrrLiSAF lasers (as discussed in Chapter 4). The solution to achieving TOD compensation

in such CrrLiSAF lasers may lie in low-loss Gires-Tournois interferometer (GTI) mirrors.

As discussed in Chapter 4, GTI mirrors provide a sufficiently broad bandwidth of negative

group delay dispersion (GDD) compensation, but at the expense of significant negative

TOD. Although this has been considered as deleterious to the laser performance, it is

feasible that the dispersive characteristics of such low-loss GTI mirrors could be harnessed

to provide a controlled amount of negative TOD, while compensating effectively for second-

order dispersion.

Finally, having demonstrated the potential of simplified frequency conversion

schemes using efficient and potentially portable CrrLiSAF lasers, there now exist a number

of exciting possibilities for blue and UV generation. In Chapter 7, a bulk KNb03 crystal

provided 30 % IR-blue conversion efficiencies under conditions of tight focusing. As such

tight focusing involves a large divergence of the fundamental beam within the doubling
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crystal, further improvements to the IR-blue conversion efficiency could be made by

exploiting the high nonlinear coefficient of the KNbCb crystal in waveguide form. Such

KNbCb waveguides do exist and are now commercially available. Chapter 7 also described

a similar blue-light generation using a ppKTP waveguide crystal. As mentioned previously,

the waveguide was in fact intended for another application. The waveguide was designed for

spectrally narrow picosecond pulses, was not anti-reflection (AR)-coated, and included an

unwanted Bragg grating section adjacent to the waveguide region. Modifications to this

waveguide structure that would significantly improve the blue-light generation would

therefore involve: the use ofAR coatings to reduce the facet reflectivities from 9 % to <1 %;

the removal of the unwanted Bragg grating section; and the use of an a-periodically poled

crystal structure (appKTP) to exploit the broad spectral bandwidth of the femtosecond

pulses. In addition, doubling the pump power as described above would then provide a

significant improvement in these ultrafast blue-light sources, and would also be vital for

experimental attempts at achieving pulses in the ultraviolet (UV). I have provided a LiTaCb

crystal structure in Chapter 7 which could be used to generate UV pulses via the direct third-

harmonic generation of a CriLiSAF laser. Once again, this structure in waveguide form

would provide the highest conversion efficiencies. Should such a UV source become

available from the ultra-compact, portable and efficient femtosecond CnLiSAF laser

demonstrated in Chapter 5, the proposed application of such a system in the photobiological

study of cancer-suppression could begin.

[4] B. E. Lemoff and C. P. J. Barty, "Cubic-phase-free dispersion compensation in solid-state
ultrashort-pulse lasers," Optics Letters, vol. 18, pp. 57-59, 1993.

[5] P. C. Wagenblast, U. Morgner, F. Grawert, T. R. Schibli, F. X. Kartner, V. Scheuer, G.
Angelow, and M. J. Lederer, "Generation of sub-lOfs pulses from a Kerr-lens mode-locked
Cr3+:LiCAF laser oscillator by use of third-order dispersion-compensating double-chirped
mirrors," Optics Letters, vol. 27, pp. 1726-1728, 2002.

[6] N. Matuschek, L. Gallmann, D. H. Sutter, G. Steinmeyer, and U. Keller, "Back-side-coated
chirped mirrors with ultra-smooth broadband dispersion characteristics," Applied Physics B-
Lasers and Optics, vol. 71, pp. 509-522, 2000.
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