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Abstract 
 
 
Ultralow threshold, compact and highly efficient femtosecond lasers based on Yb3+-doped 

potassium yttrium tungstate (Yb:KYW) and Yb3+-doped vanadium yttrium oxide 

(Yb:YVO4) have been demonstrated within this PhD-research project.  For a continuous 

wave unmode-locked Yb:KYW laser a threshold as low as 101 mW was obtained with a 

slope efficiency of 74 %.  By employing a single prism for dispersion control, the laser was 

tunable between 1012 nm to 1069 nm.  When operated in the mode-locked regime, this 

laser produced transform-limited pulses having durations of 210 fs at a central wavelength 

of 1044 nm.  Stable mode locking was observed for an optimised incident pulse fluence on 

the SESAM between 140 µJ/cm2 to 160 µJ/cm2 which was 2-3 times higher than the 

designed energy pulse fluence of the SESAM (70 µJ/cm2).   

 The employment of several combinations of chirped mirror designs for control of 

intracavity group velocity dispersion led to excellent results.  The threshold for mode 

locking was satisfied for a pump power of 255 mW where the slope efficiency was 

measured to be 62 %.  This is the most efficient SESAM-assisted femtosecond laser yet 

reported and the highest optical-to-optical efficiency of 37 % is exceptional.  Transform-

limited pulses with durations as short as 90 fs were produced in a spectral region centred 

on 1052 nm.  The success of this research thus represents a good foundation on which to 

design and build more compact configurations that will incorporate just one chirped mirror 

for dispersion compensation. 

 A relatively high nonlinear refractive index, 2n , of 15 x 10-16 cm2/W was measured 

in Yb:YVO4 and this affords particular potential for this candidate material in Kerr-lens 

mode locking.  In fact, for operation in the femtosecond domain, the threshold power was 

190 mW with a slope efficiency of 26 % and near-transform-limited pulses as short as 61 

fs were generated at a centre wavelength of 1050 nm.  The main objectives in developing 

this type of laser relate to a demonstration of high peak power operation in thin disc laser 

configurations. 

 The deployment of a diode-pumped Yb:KYW femtosecond laser as a pump source 

for frequency doubling in a periodically-poled LiTaO3 crystal was realised.  The maximum 

realized output power of 150 mW corresponded to an impressive second harmonic 

conversion efficiency of 43 %.  225-fs duration green pulses (centred at 525 nm) were 

generated under the condition of strong focusing in the nonlinear crystal. 
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Chapter 1: 

Introduction 

 

 

1.1 Ultrashort-pulse Laser Phenomena in the Natural World 

 

In a couple of years after the invention of lasers by T.H. Maiman [1], many methods were 

developed to produce light pulses in the microsecond (µs) and nanosecond (ns) regimes.  De 

Maria and co-workers [2] produced the first ultrashort pulses using a passively mode-locked 

Nd:glass laser which opened up the study of lasers that operated in this picosecond regime.  

Extensive developments of femtosecond techniques were achieved in the 1970s and 1980s 

with the domination of dye lasers before the introduction of solid state Ti:sapphire lasers in 

the late 1980s.  To date, the shortest pulse duration in the world generated directly from a 

Kerr lens mode locked Ti:sapphire laser is 5 fs (5 x 10-15) [3]. 

 

   
Figure 1.1.  The time comparison between femtosecond scales with man-made and natural events [4]. 

 

The ratio of 5 fs to one second is about the ratio of 37 minutes to the age of the 

universe (14 billion years).  During this shortest pulse duration, visible light travels over a 

distance of one thousand five hundred nanometers which is at a length scale that is not of 

concern in the daily lives of most individuals.  However, this propagation distance 

corresponds to several thousands of elementary cells in a solid and this begins to illustrate the 

importance of the femtosecond regime in a high-resolution world.  This opens up new 

applications of femtosecond lasers in physics, chemistry and biology due to the various basic 

processes in the natural world such as interactions between atoms and molecules which 

proceed faster than the picosecond time scale [5].  A useful example is the basic physical 

reaction between hydrogen atoms because it is one of the fastest in nature.  The vibration of 
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 2 

two hydrogen atoms bound in a molecule occurs in a period of about 10 fs, which means that 

a metronome operating one beat per second would have to run for almost 3.2 million years to 

have an equivalent number of cycles to that of the hydrogen atom oscillations in a second.   

 

 

1.2 Applications of Ultrashort-pulse Lasers 

 

Femtosecond techniques open up new and fascinating possibilities for many applications in 

physics, chemistry, and biology ranging from telecommunications, high precision 

micromachining and spectroscopy to biomedical and biological implementations [6].  This is 

based on the unique properties of femtosecond light pulses such as their high repetition rate, 

short pulse duration, high peak power, and broad spectrum.  However, in this project, the 

femtosecond lasers were designed to produce a relatively low average output power of a few 

hundred milliWatts and this limits their applications to areas such as femtochemistry, 3-

dimensional imaging, biology, and biomedicine.  Although the average output power of these 

femtosecond lasers is quite moderate, the peak power is quite high at tens of kW.  The 

relation between peak power )( pkP  with the average output power )( avP  is:- 

 

=pkP
prep

av

f

P

τ×
             (1.2.1) 

 

where the pulse energy is:- 

 

ppkp PE τ×=              (1.2.2) 

 

where repf  is pulse repetition frequency and pτ  is the pulse duration.  For example, a laser 

that is designed at a pulse repetition rate of 212 MHz can produce an average output power 

of 300 mW with pulse durations of 100 fs.  This corresponds to a peak power of 14 kW and a 

pulse energy of 1.4 nJ.  An intensity as high as 2.8 MW/cm2 can be exhibited if this pulse is 

focused to a 50 µm2 spot.   

This pulse deposits the energy at the focus too rapidly for the heat to diffuse into 

surrounding unirradiated areas as the atom/molecular interactions take place slower than the 

femtosecond regimes, thus avoiding thermal damage.  This minimizes damage to the 
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surrounding zones in the material.  This ensures precise cutting features for smooth and 

cleaner ablations with a reduced shock affected zone (SAZ) and heat affected zone (HAZ) in 

comparison to that of mechanical blades or longer laser pulses.  These advantages apply, for 

example, to corneal laser surgeries to correct astigmatism, myopia and hyperopia [7].  During 

this type of surgery, laser beams can pass through the cornea without affecting the tissue to 

interact with the desired photo-disruption target.  Since the cornea is transparent, the 

underneath layer can be cut to remove the overlay tissue by suction.  The process is 

sufficiently short to avoid any damage occuring to the adjacent tissue, thus reducing any 

complications such as post-surgical infection, under correction, night glare, regression or 

backward shift.  Other biomedical and biological applications of ultrashort pulses include 

brain surgery [8], optical tomography [9], optical tweezers [10], and multiphoton microscopy 

[11]. 

In optical tomography, ultrashort pulses can be used to detect abnormalities in the 

body without involving potentially harmful ionising radiation.  This process is based on the 

principle that human tissues are partially transparent to some bands of near-infra red 

radiation.  Data obtained from this scanning can be processed to detect changes in tissue 

optical properties that might for instance indicate the presence of tumors.  Another technique 

to develop 3D images of soft tissues or skin for medical purposes is multi-photon excitation 

microscopy.  In this technique, ultrashort pulses excite fluorescene signals in biological 

samples with the related exploitation of nonlinear effects.  Due to the fact that different types 

of tissues exhibit distinctive decay rates, the measurement of the decay time of the return 

signal allows the mapping of some biological substances.  At the same average output power, 

sub-100 fs pulses can image two to three times deeper inside a sample compared to that of 

picosecond pulses due to their higher peak power.  This same mechanism applies in optical 

tweezers where only a few mW average power of a focused laser beam is needed for the 

confinement and manipulation of microscopic particles in three-spatial dimensions.  

Although the use of femtosecond lasers is as efficient as that of CW (continuous wave) lasers, 

the high pulse peak power property of the former regimes induces nonlinear processes within 

trapped particles such as multi-photon absorption and harmonic generation.  This allows 

optional and controllable self-marking of tweezed nonlinear particles as the laser can be 

switched between the unmode-locked and femtosecond regimes. In addition, the sensitivity 

of fluorescence studies of biological samples can also be increased at average power levels 

well below their thermal damage threshold.  All of these advantages are beneficial for 

tracking and observing biological fluorophores.   
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The pioneering work of Ahmad Zewail at California Institute of Technology in 

femtochemistry [12] is also very noteworthy in the present context.  In effect, he invented the 

world’s fastest camera which enabled researchers to see chemical reactions within the 

timeframe of a few hundred femtosecond regimes, earning him the Nobel Prize for 

Chemistry in 1999.  With this technique which uses laser femtosecond pulses, the chemical 

reaction, bonding, and breaking within atoms or molecules can be studied in slow motion 

while the interdependence between the speed of reaction on temperature can be explained.  In 

addition, the dynamics of electrons within semiconductor materials can also be effectively 

“freeze framed” to enable scientists to design better optoelectronic devices demanded by the 

telecommunications and computer industries to achieve the ever-increasing capacity needs of 

modern society.  Other developments of this technique have provided useful insights into the 

function of catalysts, the vital mechanisms in life processes as well as new methods of 

designing electronic components.  In the pharmaceutical industry, the function of certain 

drugs at the chemical level can also be observed, accommodating the production of new 

medicines. 

For non-destructive techniques, terahertz radiation from ultrashort pulses can be used 

for thickness monitoring and quality control of semiconductor/metal layers at production 

lines with a high accuracy.  This technique avoids any damage to the materials and can be 

extended to produce 3-D images for ceramic weapons detection at airports, measurement of 

temperature gradients across flames, and the mapping of dielectric interfaces inside a ball 

point or a floppy disk.  Additionally, one can exploit the sensitivity of pulses to any small 

changes of refractive index of materials, for instance the watermark in a £ 5 note can be 

imaged with a high accuracy to detect forgeries.  All of these industrial imaging techniques 

[13] are made possible, with the exploitation of the longer wavelength pulses to produce a 

finer resolution of images for the materials which are opaque to shorter wavelength such as 

plastic, semiconductor, cardboard, biological tissues, and paper.   

 All of the applications mentioned above can benefit from innovative research that 

advances the science and technology of ultrashort pulse lasers in terms of size, cost, 

practicability, and portability.  For the achievement of these motivations, the objectives of 

my PhD project were to construct experimental ultralow threshold, compact and high 

efficiency Kerr-lens and semiconductor saturable absorber-assisted mode locked lasers based 

on new ytterbium-doped materials such as Yb3+-doped potassium yttrium tungstate 

[Yb3+:KY(WO4)2] or Yb:KYW and Yb3+-doped vanadium yttrium oxide [Yb3+:YVO4] or 

Yb:YVO4.  In Yb:KYW femtosecond lasers, new cavity designs were implemented with 
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miniaturized dispersion compensation mechanisms by using a single prism and chirped 

mirrors instead of prism pairs.  Later assessments were carried out for nonlinear optical 

frequency up-conversion by using a Yb:KYW laser as a pump source for generating 

femtosecond pulses in the visible regimes.   
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Chapter 2 

Ultrashort-pulse Generation and Solid-state Laser Materials. 

 

 

2.1 Introduction. 

 

This chapter can be divided into two sections where the first relates to a description of 

ultrashort pulse generation while the subject of the second is solid state laser materials.  The 

scene is set with a theoretical overview of the generation of a sequence of intense bursts of 

pulses in the femtosecond regime.  This is followed by a consideration of polarisation effects 

in the laser oscillators which involve linear dispersion, self-focusing, self-phase modulation 

and second harmonic generation.  The mode locking techniques in the laser system can be 

initiated by the Kerr-lensing effect and saturable absorption based on semiconductor-mirror 

technology which is known as semiconductor saturable absorber mirror (SESAM).  The 

relevant optical Kerr effect and SESAM-assisted parameters needed for mode locked 

operations are discussed.  The following section relates to solid-state laser materials which 

represented new laser crystals for our St. Andrews research group and the thesis material 

presented concerns a review of gain media that are favourable for laser action.  These consist 

of crystalline host materials and active ions based on Ti:Sapphire and Yb-doped crystals.  

Significantly, the few disadvantages of Ti:Sapphire lasers which result in a high threshold 

and a low efficiency of operation with limited portability have opened up an opportunity and 

requirement for investigating new broadband gain media based on ytterbium-doped materials 

for the generation of femtosecond pulses.  All the relevant spectroscopic and laser properties 

of the latter materials are explained to show their suitability to the construction of low 

threshold, compact and highly efficient femtosecond lasers that can address a range of 

scientific and industrial applications.  A basic review on lasers based on Cr-doped crystals, 

semiconductor and fibre hosts are also reported because this gives an insight to related 

research on other femtosecond lasers that are under current development. 

 

 

2.2 Ultrashort Pulse Generation.  

 

Many methods were developed previously to generate short/ultrashort, intense bursts of 

pulses [1,2,3] such as Q-Switching [4], gain-switching [5], and cavity dumping [6].  However, 
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these methods produce pulses in the nanosecond regime from large-frame lasers, thus a 

method such as mode-locking is required to generate pulses in picosecond and femtosecond 

regimes.   

      
Figure 2.1.  Standing wave resonator configuration [2].  

 

A simple laser oscillator consists of a gain medium that is incorporated in a standing 

wave (Fabry Perot) optical cavity as shown in figure 2.1.  This gain medium is pumped by a 

flashlamp/arclamp or a pump laser source and consists of two mirrors with one mirror that is 

partially transmitting.  Longitudinal mode frequencies are allowed to oscillate as determined 

by the cavity length between the mirrors.  When L  is the physical separation of the mirrors, 

the optical length is nL and allowed mode frequencies satisfy the relationship:-  

 

nL
m =
2

λ
                                                                        (2.2.1) 

 

where m  is the order of the longitudinal mode, λ  is the wavelength, and n  is the average 

value of the refractive index.  With the assumption that the laser is operating in the 

fundamental transverse mode ,00TEM  there can be thousands of these axial modes that reach 

laser threshold.  The allowed frequency mν  of the modes is given as:- 

 

nL

mc
m 2

=ν                                                                      (2.2.2) 

 

From the derivation of the frequency mode ,mν  the frequency separation repδν  and the 

angular frequency repδω , between two neighbouring modes are:- 

 

 

             L 

  Gain          
Medium 
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nL

c
rep 2

=∂ν             (2.2.3) 

                                                  
nL

c
rep

.πδω =               (2.2.4) 

Figure 2.2.  Signal emitted from non mode-locked lasers, (a)  Spectral phases  for random distribution in the 

range of π− to π+ as a function of frequency domain and (b) the corresponding intensity in the time domain 

with the characteristics of thermal noise while (c) is spectral phases  for mode-locked lasers [3]. 

 

In free running lasers, both the longitudinal and transverse modes oscillate randomly  

in time without fixed mode to mode amplitude and phase relationship.  The spectral and 

temporal structure of the radiation for a non mode-locked laser are shown in figure 2.2(a) and 

(b).  Each mode oscillates independently of the others and the phases are randomly 

distributed in the range of π−  to π+ .  In the time domain, the field consists of an intensity 

distribution that has the characteristics of thermal noise, resulting from the random addition 

of each propagating mode.  The corresponding electric field emitted from the output of a 

laser for tN  axial modes can thus be described as:- 

 

    ])()..[(exp)()( 00 N

m

mN
repoN tNiEtE ϕδωω +∑ +=

−=
        (2.2.5) 

 

where )12( += NNt  and N  are the modes to a frequency lower than the centre frequency 

and they are also the modes to a frequency higher than the centre frequency.  All the 
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parameters such as the amplitude NE )( 0  and phase N)( 0ϕ  of the thN −  mode, central 

angular frequency of the gain bandwidth curve 0ω , and the angular frequency separation of 

the adjacent modes repδω , vary independently of each other.   

Figure 2.3.  Pulse sequences from a mode locked laser, (a) random intense pulses in the laser cavity,(b) ultra 

short pulses in femtosecond regime which is produced when these random intense pulses add up together in 

phase at one instant time and (c) the corresponding peak power (orange) and average power of the pulse (green) 

[1].  

 

By enforcing coherence between the phases of different modes, the output add up 

together in phase as a function of time, resulting in the evolution of a periodic sequence of 

intense ultrashort pulses from a stochastic intensity output as shown in figure 2.3.  The laser 

is now said to be phase-locked or mode-locked and if the accessible bandwidth is sufficiently 

large then pulses can have durations in the femtosecond regimes.  The resulting field can be 

expressed as:- 

 

   ( )tNiEtE
m

mN
rep∑ +=

−=
..exp)( 00 δωω           (2.2.6) 

 

where all the phases of the modes and amplitude of the electric field are equal which results 

in 0)( 0 =Nϕ  (figure 2.2c) and .)( 00 EE N =   The equation above describes the proportionality 

between )(tE  with the sinusoidal carrier of frequency 0ω  where the amplitude of the pulses 

changing in time as shown in figure 2.3 and can be summarised as:- 

In
te

ns
ity

, I
(t

) 

Time (fs) 

   TRT 
∆τp (b) 

Ppk 
   Pav 

(c) 

(a) 
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−
−

=
ti

tiN
EtE

rep

rept

)(exp1

)(exp1
)( 0 δω

δω
          (2.2.7) 

 

Therefore, the relationship between the intensity of the pulse )(tI  with )(tE  and the 

complex conjugate )(# tE can be expressed as:- 

 

   
)/.(sin
)/.(sin

)()()(
2

2
2
0

#

RT

RTt

Tt

TtN
EtEtEtI

π
π==          (2.2.8) 

 

The equations above show that a substantial increase in peak intensity )(tI  of the ultrashort 

pulses can be achieved with a large number of longitudinal modes being phase-locked.  

These intense ultrashort pulses are emitted from the output of a laser with a periodicity RTT  

which is given by:- 

 

                                    
c

nL
T

reprep
RT

212 =
∂

=
∂

=
νω

π
           (2.2.9) 

 

From the full wave half maximum (FWHM) of the spectral intensity, the pulse duration pτ∆  

can be deduced from the gain bandwidth lν∆ :- 

 

                                                kpl =∆∆ τν                                                                     (2.2.10a) 

      
lreptrept

p

k

N

k

N

k

νδνδω
πτ

∆
===∆ .2

                                              (2.2.10b) 

 

where k  is a constant which depends on the pulse shape (k  = 0.315 for sech2 intensity 

profiles and k  = 0.441 for Gaussian beam intensity profiles).  From the equation above the 

number of longitudinal modes existing inside a laser can be determined.  For instance, a 

Ti:Sapphire laser that produces 40 fs pulses with sech2 intensity profiles emitted at 875 nm 

would require a lasing bandwidth of 20 nm (8 THz).  With a cavity round trip time of 10 ns, 

80 000 phase-locked longitudinal modes can be generated.  Thus the best gain media for 

ultrashort pulse generation will be those with the largest accessible gain bandwidths. 
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2.3 Mode-locking Techniques. 

 

Mode locking [7,8] can be achieved actively or passively with the introduction of amplitude 

and frequency modulation.  In passive mode locking, no external modulation is needed as the 

mode locking process is initiated by the interaction between the pulses themselves with the 

intracavity elements which is referred as “self-mode locking”.  This technique has been 

successful to obtain pulses with durations of < 20 fs.  In this thesis two types of passive mode 

locking will be described which employ a saturable absorber or a semiconductor saturable 

absorber (SESAM) together with the optical Kerr effect.  

 

 

 

 

Figure 2.4.  Schematic of passive mode-locking configuration. 

A saturable absorber is a material that has decreasing light absorption with increasing 

light intensity.  It introduces a loss modulation in the form of a self amplitude modulation 

inside the laser [figure 2.4].  This mode locking mechanism can be initiated by the stochastic 

noise fluctuations in the cavity.  As the pulse circulates for many cavity round trip times, it 

will be further amplified to a higher intensity.  At a higher intensity, the noise saturates the 

absorber resulting in a lower loss and more gain in the round trip.  This noise spike continues 

to grow stronger, producing shorter pulse duration through loss modulation because the high 

intensity at the peak of the pulse saturates an absorber more strongly compared to the low 

intensity wing.  This process continues to grow until a steady state condition is achieved, 

forming a stable pulse sequence.  There are three types of equivalent saturable absorption 

mechanisms which function as a slow saturable absorber, a fast saturable absorber or through 

soliton mode locking [7].  

In slow saturable absorbers (SSA), mode locking occurs with the presence of 

dynamic gain saturation where the pulse duration (ps/fs) is shorter than the relaxation time 

(ns) of the saturable absorber (τp ≤ τr).  Dynamic gain saturation means that the gain 

experiences a fast, pulse-induced saturation that then recovers again between two successive 

pulses.  From figure 2.5(a), the absorber saturation recovers faster compared to the gain 

saturation for which an ultrashort net gain window can be formed with both the combination  
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of absorber and gain saturation.   

 
Figure 2.5.  Passive mode locking mechanism in three fundamental models:  (a) slow saturable absorber mode 

locking with dynamic gain saturation, (b) fast saturable absorber mode locking, (c) soliton mode locking [7]. 

 In solid-state lasers, a fast saturable absorber (FSA) is required compared to SSA due 

to its capability of producing the short net gain window (pulse shortening mechanism) by a 

fast recovering saturable absorber in the absence of gain saturation [figure 2.5(b)].  In 

addition, for solid state lasers, there is no significant dynamic gain saturation exists because 

the corresponding upper state lifetimes (~µs to ms) are typically much longer than the pulse 

repetition period (~ns).   

 In soliton mode locking, soliton formation is the dominant pulse shortening 

mechanism with the balance of group velocity dispersion (GVD) and self-phase modulation 

(SPM) at steady state.  This results in long net-gain windows in contrast to the short net gain 

in SSA and FSA [figure 2.5(c)].  In this technique, the time dependent intensity, )(tI  

influences the mode locking process as described by the optical Kerr effect phenomenon, 

)(20 tInnn +=  which in contrast to self-focusing phenomenon eliminates any critical cavity 

alignment due to the decoupling of mode locking mechanism with the cavity modes, thus 

allowing it to work over the full cavity stability regime.  A saturable absorber [9] such as a 

Semiconductor Saturable Absorber Mirror (SESAM) and Saturable Bragg Reflector (SBR) or 

an acousto-optic modulator [10] is required as an additional loss mechanism to initialise the 

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

pulses forming process.  The net gain window can be open for more than 10 times of the 

duration of the ultrashort pulses which relaxes the constraints on the saturable absorber.  

Thus, ultrashort pulses in the sub-10 fs regime [11] is allowed even though the 

semiconductor saturable absorbers may have a recovery time that is long compared to the 

pulse duration.   
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2.3.1 Kerr-lens Mode Locking.  

 
Figure 2.6.  Kerr lens mode locking effect at an intracavity focus in the gain medium.  The induced lens focuses 

the beam in the transverse propagation due to high radial dependent intensity effect I(r) while frequency chirps 

in the longitudinal direction are caused by temporal dependent intensity effect I(t) which results in red shifted of 

the leading part and blue shifted of the trailing part [13]. 

 

In 1989, Kean and co-workers reported that 60 fs pulses were produced by a Ti:sapphire laser 

without any physical saturable absorber [12].  This mode locking approach has been 

designated as Kerr-lens mode locking and takes advantage of the intensity dependent 

refractive index (optical Kerr effect) in the gain medium [figure 2.6].  It can also be described 

as self-mode locking because of the combination of self-amplitude modulation, self-phase 

modulation (frequency chirp) and self-focusing.  With a nonlinear optical Kerr effect in the 

gain medium, the refractive index, n increases proportionally with the radially dependent 

intensity I (r,t):- 

 

),(),( 20 trInntrn +=            (2.3.1) 

 

From the equation above, no is the linear refractive index and n2 is the nonlinear refractive 

index which is on the order of 10-16 cm2/W for solid state materials.  This radial form of 

intensity dependent refractive index ),( trI , affects the longitudinal and transverse 

propagation of the beam.  A self-focusing lens is produced in the transverse propagation 

direction due to the retardation of the most intense part of the plane wave front, while the 

self-phase modulation (SPM) which results in frequency chirps is produced in the 

longitudinal direction after retardation of the centre part of the optical pulse.  SPM generates 

exploitable extra bandwidth in the pulse spectrum because the leading part of the pulse is red 

shifted while the trailing part is blue shifted as shown in figure 2.6. 
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Figure 2.7.  Hard aperture mode locking. 

 

                        
Figure 2.8.  Soft aperture Kerr-lens mode locking with a high intracavity field due to overlap changes between 

pump and laser mode volume. 

 

From figure 2.7, an aperture located appropriately in the cavity attenuates a low 

intensity beam while allowing the transmission of a more intense self-focused beam to 

provide an exploitable self amplitude modulation.  This is described as “hard aperture” mode 

locking.  Alternatively, the laser beam diameter can be modified as a function of intensity to 

give an enhanced overlap (mode-coupling) with the pump mode volume.  This represents a 

“soft aperture” effect due to the self-focusing and gain guiding influence as shown in figure 

2.8.   

The advantage of KLM operation is that it produces shorter pulse durations which can 

reach 5 fs or just less.  The Kerr lens is broadband, broader than any saturable absorber 

because it behaves effectively as a “non-resonant saturable absorber”.  In addition, this 

technique enables solid state lasers (e.g. Ti:Sapphire) to have broad tunability and when all of 

the bandwidth is engaged the durations can be readily achieved in the sub-10 fs region 

[14,15].  However, a major drawback for KLM lasers is that the mode coupling between 

pump and laser modes for the mode locking mechanism process requires critical cavity 

stability.  The pulse formation is not generally self-starting and additional perturbations are 

required to induce the stochastic noise spikes from which the ultrashort pulses evolve.  One 

approach for producing such noise is to mechanically perturb one of the laser cavity mirrors.  

Partial self-starting is allowed by restrictive cavity designs [16,17] but this needs sub-
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millimetre precision for cavity alignments close to the stability that limits laser cavity 

operation.  In addition, the laser requires housing in a very clean environment to minimize 

intracavity losses and this secures laser operation over long periods.  Therefore, the search 

for alternative solutions for compact ultrafast lasers is continuing to find better self-starting 

methods while avoiding any compromise to the pulse durations.  

 

 

2.3.2 Saturable Absorbers and Semiconductor Saturable Absorber Mirrors 

(SESAMs). 

 

In the past, organic dyes were frequently used as saturable absorbers to produce pulse 

durations of less than 30 fs [18] especially for femtosecond dye lasers that had relatively 

shorter upper state lifetimes (ns) without the tendency for Q-switching instabilities.  However, 

due to their disadvantages such as high toxicity and complicated handling process, new 

materials needed to be found for the initiation of the mode locking process.  Unfortunately, 

some solid-state saturable absorbers that were used (eg Cr:YAG) have serious limitations in 

their wavelength, saturation levels and recovery times.  In contrast, new alternatives such as 

semiconductor materials that can absorb over a broader range of wavelengths from the 

visible to mid-infrared region are more promising absorber media for the initiation of mode 

locking processes in solid-state lasers [7,13].  Their properties, as discussed later in this 

chapter, can also be controlled by changing the growth parameters and device designs.  

A semiconductor saturable absorber is integrated into a mirror structure to produce a 

device that operates in reflection in which the reflectivity increases with the higher intensity 

of the incoming pulses [figure 2.9].  This pulse is absorbed by the semiconductor, exciting 

carriers to the conduction band.  Under strong excitations, the absorption is 

saturated/bleached to achieve transparency.  The carriers in each band thermalize within 60 

to 300 fs of excitation which leads to a partial recovery of the absorption.  These carriers will 

be then removed by recombination and trapping on a longer time scale (ps/ns) which results 

in a reduced saturation intensity for a part of the absorption, facilitating self-starting mode 

locking mechanisms. 



 18 

    
Figure 2.9.  Reflectivity increases with the higher intensity of incident pulses [13].   

 

In contrast to KLM lasers, the SESAM-assisted mode locking can be optimised with a 

less critical dependence on the cavity design [see soliton mode locking section 2.3] and so 

this allows successful mode locking to be achieved with a higher stability.  The pulse itself is 

self-evolving (soliton-like formation) because it is less sensitive to external perturbation and 

the shortest pulse duration achieved to date is 13 fs without the presence of significant Kerr 

lensing [19].  The key parameters for a saturable absorber are its wavelength range (where it 

absorbs), its dynamic response (recovery time) and its saturation intensity and fluence (at 

what intensity or pulse energy density it saturates).  The usefulness of SESAMs [20] for 

passively mode locked solid state lasers results from their small saturation fluence, the 

additional benefits of cavity mirror device integration, sophisticated band gap and defect 

engineering, and epitaxial wafer scale fabrication that reduces production costs.  

One of the examples of SESAM structure is a low-finesse Anti-resonant Fabry Perot 

Saturable Absorber (A-FPSA) which consists of 25 x AlAs/AlGaAs layers of λ/4 thickness 

grown on GaAs substrate and Fabry Perot cavity.  The Fabry Perot cavity that exists between 

the two mirrors consists of a single quantum well (SQW) GaAs layer (15 nm) grown between 

AlAs spacer layers. The Fabry-Perot thickness is adjusted such that it operates in anti-

resonance [figure 2.10].  
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Figure 2.10.  A low-finesse A-FPSA structure of SESAM [7]. 

 

In the1970’s and 1980’s, CO2 lasers, semiconductor diode lasers and dye lasers were 

passively mode locked using semiconductor saturable absorbers.  However, the first reported 

CW passively mode-locked solid-state laser with an intracavity SESAM without the 

tendency for Q-switching instabilities was only produced in 1992 [21].  The challenge is due 

to the 1000 times smaller emission cross section and 1000 times longer upper state life time 

≈uτ( µs to ms) of the gain material compared to dye lasers.  This explains the reasons why 

saturable absorber (SESAM) parameters such as the modulation depth R∆ , absorber 

recovery time Aτ , saturation fluence satF , the saturation intensity satI , non-saturable loss 

,NSR∆  and spectral bandwidth Aλ∆  need to be controlled/designed [22] to meet the 

requirement of the solid-state lasers for the prevention of Q-switching instabilities [23]. 

 The modulation depth R∆  is the maximum amount of saturable loss that can be 

bleached. This bleaching, which provides the necessary amplitude modulation, can be 

achieved by an incident pulse fluence (energy density per unit area) that is a few times larger 

than the saturation fluence of the absorber.  The modulation depth of the saturable absorber is 

determined by the maximum non-linear change of the reflectivity because the saturable 

absorber is integrated inside a mirror structure.  The maximum absorber amplitude loss 

coefficient oq is given by:- 

 

1,21 00
2 0 ≤≈−=∆ − qqeR q            (2.3.2) 
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In practical laser operation, the amount of modulation depth should be controlled to provide 

the shortest pulse durations and optimum loss reduction at high intensity.  If this quantity is 

too large, higher losses will be obtained with shorter pulse duration while if it is too small 

longer pulse duration will only be obtained with lower losses.   

 The non-saturable loss NSR∆ of the SESAM is the remaining losses of the device for  

an incident pulse energy density which is much larger than the saturation fluence.  NSR∆ is 

obtained from less than 100 % reflectivity of the bottom Bragg mirror, remaining absorption 

from defect states, scattering losses due to impurities at the surface of the sample and losses 

introduced by two photon and free carrier absorption.  In the development of low threshold 

laser systems, non-saturable loss should be below 1 % [14] as we couple a few percent out 

from the CW (continuous wave) mode-locked solid state lasers.  If the NSR∆ increases the 

laser become less efficient, operating at fewer times over threshold thus increasing the 

tendency towards Q-switching instabilities. 

 The saturation fluence satF  and saturation intensity satI  can influence the mode 

locking build-up time and the pulse stability with respect to self-Q-switching. The saturation 

fluence satF  is defined by the measurement of the nonlinear change in reflectivity of a pulse, 

Re ∆− − )1( 1  as a function of increased incident pulse energy [24].  In case of the pulse 

duration pτ  is shorter than the recovery time of saturable absorber [20] ),( ApA τττ ≤  the 

saturation fluence is given by: 

 

                                                 
abs

sat

h
F

σ
ν=                  (2.3.3) 

 

where νh  is the photon energy and absσ  is the absorption cross section.  The saturation  

fluence should be kept small to allow the absorber to operate close to full saturation (near  

bleaching), to reduce remaining losses and maximise the use of the available absorption 

depth.  This results in a shorter pulse duration and maximises the self starting potential.  In 

soliton mode locking, the fluence incident on a saturable absorber (such as SESAM) should 

be around 3-5 times the saturation fluence of the device determined by the manufacturer 

which can be achieved by a careful control of beam mode size incident on the SESAM.  This 

is because in femtosecond lasers, the increase of thermal effects and two-photon absorption 

at higher saturation intensity become more significant to avoid Q-switching instabilities. 
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The saturation intensity satI  is defined as: 

 

                                                             
Aabs

sat

h
I

τσ
ν.=                                                     (2.3.4)   

   

where Aτ  is the absorber recovery time.   

 The absorber recovery time Aτ  is the time needed for the saturable absorber to 

recover from pulse–induced saturation.  This is an important parameter for the selection of 

the dominant mode locking mechanism in solid-state lasers either based on FSA (fast 

saturable absorber) or soliton mode locking.  SSA (slow saturable absorber) can be neglected 

due to the absence of dynamic gain saturation.  Under the conditions where FSA mode 

locking such as KLM is the dominant factor, Aτ  must be shorter on the order of the pulse 

duration (few fs). In contrast, under the conditions where the soliton mode locking is 

dominant, Aτ  can be up to 10-30 times of the pulse duration [25].  However, if the Aτ  is on 

the order of or longer than the pulse repetition frequency (ns), Q-switching instabilities might 

exist.  In a practical laser cavity, it should be appreciated that the recovery time is 

independent of the mirror structure that contains the absorber. 

 The spectral bandwidth is the wavelength interval in which the radiant intensity is at 

least 50 % of the maximum spectral range.   The spectral bandwidth of the saturable absorber 

imposes limits on the pulse duration produced within the cavity and is usually limited by the 

bandwidth of the lower Bragg mirror and top mirror surrounded the absorber layer [figure 

2.10].  These result in the limitation of pulses supported by SESAM within only sub-20 fs 

over the full cavity stability regimes.  However, pulses as short as 7 fs was produced from a 

Ti:Sapphire laser when combining the SESAM with Kerr-lensing effect [26].  

 

 

2.4 Pulse Polarisation in the Dielectric Medium.  

 

At high peak intensity, linear and nonlinear optical phenomenon play an important role for 

the generation of ultrashort pulses as shown in figure 2.11.  The relationship between P  

(polarisation field) and E  (electric field) deviates from the linear proportionality which can 

be described by the equation below:- 
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...)( 3)3(2)2()1( +++= EEEP o χχχε           (2.4.1) 

 

where the dielectric susceptibility, χ , describes how easily the medium can be polarised by 

an applied E -field.  The important polarisation effects [27] that become the subject of 

discussion in this chapter are linear dispersion described by the first-order term )1(χ , second 

harmonic generation described by the second-order term )2(χ , the optical Kerr-effect 

responsible for self-focusing and self-phase modulation described by the third-order term 

)3(χ .  These coefficients decrease quickly for the higher-order terms where )1(χ ≈ 1, )2(χ ≈ 

10-8 cm2/W and )3(χ ≈ 10-16 cm2/W.  These nonlinear responses are readily accessible in 

lasers where light intensities, I ≥ 1 MW/cm2 are quite commonplace. 

 

    
Figure 2.11.  Induced polarisation as a function of electrical field in a medium with linear (black ink) and 

nonlinear responses (blue ink) [27]. 

 

All materials including those that are crystalline and non-crystalline possess finite 

)3(χ  coefficients responsible for the optical Kerr-effect as described in Chapter 6.  The most 

important consequences of the nonlinear responses are second harmonic generation (SHG) 

described in Chapter 7 that is based on finite )2(χ  coefficients where )3(χ  is negligible.  

However, only certain crystals with non-centrosymmetric configurations show finite values 

of )2(χ  while for centrosymmetric crystals, )2(χ = 0.  

Dispersion, which is described through the first-order term )1(χ , is a separation of a 

beam into its various wavelength components where the refractive index of a medium n  is a 

function of the wavelengthλ , so that )(λnn =  is responsible for material dispersion.  For a 

pulse with a broad spectrum, dispersion causes different wavelength components to travel at 

different light velocities in a medium.  In the dielectric medium, dispersion can be 

E (electric-field) 

P (polarisation-field) 
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represented mathematically by the Taylor expansion of the spectral phase function, )(ωφ  

[28]:- 

 

...][
!3

1
][

!2

1
][)()( 33221 +−+−+−+= oooo ωωφωωφωωφωφωφ          (2.4.2) 

 

For a long pulse duration with small frequency bandwidth all the expansion terms above can 

be abandoned except the first, )( oωφ which is defined as the phase velocity, 
k

ων ϕ =  where 

λ
π2=k  is the wave number and ω  is the angular frequency of the radiation.  This parameter 

is used to measure the propagation velocity of the central frequency, oω .  In contrast, for a 

short pulse duration with a large frequency bandwidth, the group velocity term )(1
oωφ  is 

introduced to measure the propagation velocity of the pulse envelope,
kg δ

δων = , as the 

different frequency constituents travel with different phase velocities.  The third term is the 

quadratic spectral phase )(2
oωφ with the unit fs2, which is defined as the group velocity 

dispersion while the fourth term )(3
oωφ and higher are defined as the third-order and fourth-

order dispersions which are less significant.  These can be ignored for pulse durations 

exceeding 50 fs, which is typically the case for the lasers developed in this project.  

Analytical discussions to explain dispersive properties of a dielectric medium mentioned 

above can be found at many reference sources [5,29,30]. 

 

       
Figure 2.12.  Temporal broadening due to linear frequency chirp as a pulse propagates through a gain medium 

[29]. 
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Figure 2.13.  Dispersive pulse broadening with (a) positive frequency chirp and (b) negative frequency chirp 

[29]. 

 

The group velocity dispersion )(2
oωφ or GVD (third-order term of the spectral phase 

function) introduces a linear phase chirp across the pulse that leads to temporal broadening 

[figure 2.12] without any effect to the spectral component.  It can be defined as:- 

 

ωω d
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vvd
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gg
2
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=           (2.4.3) 

 

where GVD is positive (up chirp) when the pulse frequency increases with time, and negative  

(down chirp) when the pulse frequency decreases with time [figure 2.13].  The positive chirp 

manifests itself as red-shifted spectral components being introduced at the leading edge of 

the pulse and blue shifted components at the trailing edge [figure 2.6]. 

      
Figure2.14.  Spectral broadening in an optical pulse due to self-phase modulation [29]. 

 

 Self-phase modulation (SPM) implicit in )3(χ  manifests itself through the intensity 

dependence of the refractive index 2n  as described in the optical Kerr-effect [chapter 2.3.1]. 

2n  is positive for most materials and results in a positive frequency chirp similar to positive 

GVD.  However, GVD produces a linear chirp where the various frequency component of a 

pulse is distributed in time.  In contrast, SPM produces nonlinear frequency chirp by shifting 
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some of the frequency components to new frequencies that lead to induced spectral 

broadening [figure 2.14].  This is preferable for generating shorter pulse durations inside the 

laser cavity.  For the generation of sub-100 fs pulses, GVD arises from the cavity elements 

such as gain medium, saturable absorber, modulators, tuning wedges, mirrors and even the 

air path between components.  Most of these materials exhibit positive dispersion (up chirp) 

for wavelengths below 1300 nm which can be compensated by the insertion of materials 

introducing negative dispersion (down chirp) such as Brewster-angled prisms [see chapter 4], 

diffraction gratings, Gires-Tournois interferometers (GTI) or chirped mirrors to generate 

unchirped transform-limited ultrashort pulses. 

 

 

2.5 Introduction to Solid-state Laser Materials.  

 

Solid-state lasers are based on materials having ion impurities introduced to transparent 

dielectric hosts such as crystals or glasses, pumped in the optical frequency region.  In this 

case, semiconductor lasers [31] are not included in this group due to their electrical pumping 

and different physical processes.  Materials needed for laser operations must exhibit strong 

absorption bands within the emission spectrum of readily available pump sources and high 

quantum efficiency for the peak emission transitions of interest.  This section reviews the 

basic requirement of lasing action based on gain media, appropriate optical pump sources and 

optical elements in the cavity required for compact, low threshold and highly efficient 

femtosecond lasers. 

 

 

2.5.1 Host Materials.  

 

Host materials in solid-state lasers can be divided into the two main groups of glasses and 

crystalline solids.  The appropriate host chosen for laser ions must have convenient optical, 

mechanical, thermal, suitable microscopic lattice properties and ease of fabrication.  For 

instance, to withstand severe conditions in high-average-power operation, the host must have 

appropriate thermal conductivity, hardness and fracture strength.  The inhomogenous 

microstructure of the host can effect the index of refraction of the propagated light that 

results in poor beam quality.  The crystal hosts can be grown from the melt, solution or gas 

phase.  A high purity and perfect crystal from congruent melts can be grown by the 
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Czochralski technique [32,33] which is the most important development of growth 

technology.  The active lasing species for solid-state lasers are the dopant ions, thus the size 

and valence of the additive ions should match that of the lattice host ions that have they 

substituted.  The host’s lattice sites must also have local crystal field of symmetry and 

satisfactory strength required for the induction of desirable spectroscopic properties of the 

additive ions.  Generally, ions inserted inside the hosts have long absorption and emission 

radiative lifetime between microsecond to millisecond regimes with cross-sections near  

10-20 cm2.   

A crystal is a transparent, dielectric material whose atoms, ions or molecules are 

arranged in a definite pattern and whose surface regularity reflects its internal symmetry. The 

geometrical pattern of the crystal’s lattices reveal well defined identical blocks or cells that 

are repeated in all directions.  The advantages of crystal hosts compared to that of glasses are 

higher thermal conductivity, greater hardness in some cases, and narrower absorption line 

width that is very well-matched with diode pumped lasers, thus beneficial for lower laser 

threshold [see section 3.3].  In contrast, crystal hosts reveal poorer optical quality and doping 

homogeneity in comparison to that of glasses.  The main group of crystal hosts can be 

divided into oxides and fluorides.  The examples of oxides are sapphire (Al2O3), garnets 

(Al 5O12), tungstates (WO4)
2-, molybdates (MoO4)

2-, and vanadates (VO4)
3-.  Oxides are 

harder with better mechanical and thermo-mechanical properties that lead to higher thermal 

fracture limitation, while fluorides exhibit better thermo-optical properties due to the lower 

thermally induced lensing and birefringence.  

 

 

2.5.2 Active Ions. 

  

Active ions introduced into transparent dielectric media for lasing can be divided into 

transition metals and rare earth metals.  Transition metals are ten groups in the middle of 

periodic table which serve as a bridge between two representative components (1A,2A…8A).  

These elements have similar features with metals and form positive ions during chemical and 

physical interactions.  They are malleable, ductile and capable of conducting heat and 

electricity. 

  An element that represents transition metals is Ti22 with electronic 

configurations of [Ar]3d2 4s2 where Ar18 has electronic configurations of 1s2 2s2 2p6 3s2 3p6.  

During chemical/physical interactions between active ions with the crystal hosts, titanium 
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loses two electrons from the 4s orbital and one electron from the 3d to form Ti3+ with 

electronic configurations of [Ar]3d1 as shown in table 2.1.  All the effective absorption and 

emission spectra can be determined from the 3d-3d transitions when the remaining electrons 

in the 3d orbital arrange themselves in a large number of energy states.  The deficiency of 

screening effects compared to that of rare earth ions result in stronger interactions between 

3d states with lattice phonon-vibrations, thus leading to vibronic laser characteristic.  These 

stronger interactions in transition metals are the reasons for likely allowed effective 

absorption and emission transitions in 3d-3d states that explain their shorter upper state 

lifetime to the few microsecond regimes. 

 

Table 2.1.  Electronic configurations in titanium that represent transition metals and ytterbium that represent 

rare earth metals.  The screening effects in Yb3+ are shown by 5s2 5p6 electronic configurations. 

Atoms Electronic configurations      Ions Electronic configurations 

 

Ti22 

Yb70 

 

[Ar] 3d2 4s2               

 [Xe] 4f14 5d0 6s2          

 

     Ti3+ 

    Yb3+ 

                  

 [Ar] 3d1 

 [Xe] 4f13             5s2 5p6 

 

Rare earth metals are called “inner transition elements” and can be divided into 

lanthanides and actinides.  They are the two long rows situated at the bottom of the periodic 

table that show sharp fluorescent line width, representing almost every region of the visible 

and near infrared of the electromagnetic spectrum.  They consist of 17 elements from 

scandium, yttrium and lanthanides.  Lanthanides have atomic number between 58 to 71 and 

consist of 15 elements from lanthanum to lutetium.  They show similar chemical properties 

to each other as well as to scandium, yttrium and actinides.   

  Yb70 is a rare earth metal with electronic configurations of [Xe] 4f14 5d0 6s2 

with Xe54 configurations of 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6.  During 

chemical/physical reactions between active ions with the crystal host, ionic binding can be 

formed when Yb70 loses one electron from 4f orbital and two electrons from 6s orbital.  

These triply ionised Yb3+ ions have electronic configurations of [Xe] 4f13 where 4f orbital is 

screened by 5s2 5p6 as shown in table 2.1.  There are three types of interactions that split the 

energy states into a large number containing remaining electrons in 4f orbital.  The strongest 

effect is caused by Coulomb interaction that splits the 4f orbital into sublevels with energy 

separation of ~ 10 000 cm-1.  These sublevels are further split into many manifolds of ~ 3 000 

cm-1 due to the spin orbit coupling while the weakest alteration of lattice vibration-electronic 
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transition interaction splits each manifold into sublevels of ~ 200 cm-1.  This latter interaction 

is weakened by the screening effect of 5s2 5p6 which results in limited wavelength tunability 

compared to that of transition metals.  The upper state lifetime, uτ , is therefore in the 

hundreds of microsecond to a few millisecond regime which is longer than that of transition 

metals because of the weakly allowed transitions for all effective absorption and emission 

transitions in 4f-4f states.  This higher upper state lifetime emission cross-section product 

useτσ , where seσ  is the stimulated emission cross-section, leads to lower saturation intensity 

and laser threshold that are recommendable for laser operation as discussed in section 2.6.  

The most important femtosecond laser with a wide range of applications based on 

transition metals is Ti:Sapphire [34].  It is a vibronic laser exhibiting a large gain bandwidth 

due to the good coupling between electronic transitions and electron phonon vibrations in the 

crystal’s lattice.  This produces broader wavelength tunability of laser output and shorter 

pulse generation to the few femtosecond regime.  Ti:Sapphire lasers were introduced in 1986 

to replace most of the dye lasers that had dominated the field of ultrashort pulse generation.  

In this crystal, a small percentage of Ti3+ ions (~ 0.01 %) substitute Al3+ ions at the centre of 

octahedral site surrounding by six O2- ions in the sapphire crystal.   

       

Figure 2.15.  Energy levels in Ti:Sapphire [36]. 

 

The energy levels in Ti:Sapphire are shown in figure 2.15.  The peak absorption 

spectrum from the ground state to the excited state occurs at 490 nm where pump sources can 

be provided by the output of argon-ion lasers at 488 and 514.5 nm or by frequency doubled 

Nd:YAG or Nd:YLF lasers at ~ 532 nm.  The upper state lifetime is 3.6 µs while the peak 

emission spectrum is at 790 nm for π-polarization.  It has the largest gain bandwidth of any 

laser (∆ν0 ≥ 100 THz), and is widely tunable between 600 and 1200 nm with the shortest 

pulse duration of 5 fs [14] for Kerr-lens mode locking obtained directly from the laser output.  

In a compact configuration of 30 X 45 cm, 23 fs pulse duration was obtained in a prismless 

Absorption,        
490 nm 

Emission,        
790 nm 

τu= 3.6 µs 
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cavity Ti:Sapphire laser at a repetition rate of 31.25 MHz based on a novel multipass cavity 

design pumped by a frequency doubled Nd:YVO4 laser [35].   

   
Figure 2.16.  Absorption and emission spectra of Ti:Sapphire [34].  

 

An example of the spectroscopic properties of Ti:Sapphire can be seen in figure 2.16.  

From these spectra, the broad and widely separated absorption and fluorescence bands are 

associated with the strong coupling between ions and the host lattice which is the main 

criterion to this widely tunable laser operation.  This laser can produce very high pump 

intensity due to its good beam quality and capability to work at high average power operation 

of several Watts.  These advantages are due to sapphire crystal properties of high thermal 

conductivity, mechanical hardness and exceptional chemical inactivity.  This laser has many 

applications as a pump source for optical parametric oscillators, generating and amplifying 

femtosecond lasers, spectroscopy and scientific research.   

 

 

2.6 Alternative Solid-state Laser Candidates - Why Ytterbium Ions?  

 

To date, Ti:Sapphire laser is the most widely used solid-state tunable laser which has many 

favourable properties of its material as shown in table 2.2.  It requires zero minimum pump 

intensity minI [37] to achieve transparency due to the absence of thermal population at the 

terminal level in four laser level systems.  The high stimulated emission cross-section seσ  of 

this laser produces a high gain coefficient, ][ 12
sese

absse NNg λλ σσ −∝ [38] where 1N and 2N are 

the population densities in the lower and upper laser level while se
se
λσ and se

abs
λσ are the 

stimulated emission and absorption cross-sections at the emission wavelength.  In addition, 

the broad emission linewidth of this gain material of up to ~ 230 nm explains the generation 
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of ultrashort pulses as short as 5 fs [14].  However, the disadvantages of this material are due 

to the high quantum defect of up to 0.37, and a shorter upper state lifetime uτ  of up to 3.6 µs.  

This short upper state lifetime product is responsible for a higher pump saturation intensity 
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1 [37] in the order 

of one to two magnitudes compared to that of Yb-doped materials.  These features reinforce 

the requirement to search for alternative active ions that have several times longer uτ  than 

that of Ti:Sapphire for lower threshold operation.  In addition, it is a bulky and lab bound 

system due to the complicated requirement of pump sources with the absence of any diode 

laser manufactured to date in the green spectral region.  These have opened up the 

exploration of new materials for higher efficiency, more compact and portable femtosecond 

lasers.  As a result, the rare-earth doped-lasers that will be discussed specifically in this 

Chapter are based on Yb-doped materials [39] which are seen as especially suitable active 

ions to address the requirements mentioned above.  

 

Table 2.2:  Comparison of spectroscopic laser parameters between Ti:sapphire [3,36] and Yb-doped materials 

[39]. 

Parameters Ti:Sapphire Yb-doped 

 materials 

Stimulated emission wavelength, seλ  (nm) 

Emission linewidth, seλ∆ (nm) 

Pump absorption wavelength, pλ  (nm) 

Absorption linewidth, pλ∆ (nm) 

Emission cross-section, seσ  (10-20 cm2) 

Pumping cross-section, pσ  (10-20 cm2) 

Fluorescence lifetime, uτ  (µs) 

Pulse duration, pτ∆ (fs) 

Quantum defect fraction, fQD  

Min. pump intensity, minI (kW/cm2)  

         790 

      ~ 230  

         490 

     ~ 100 

          28  

          41  

         3.6  

           5 [14] 

       ~ 0.37 

           0 

     1030-1060 

         25- 30 

      900-980 

          2-18 

       0.8-6 

       0.7-13 

     600-2600 

      ~ 50 [40] 

     ≤  0.14 

       0.1-4 
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The two Stark-split energy levels in Yb-doped materials, for instance Yb:YAG [41,42] 

are shown in figure 2.17.  An electron short in 4f13 shell acts as containing one electron hole  

that explains the existence of only one excited state of 2F5/2 in this material.  The peak 

absorption transitions from the ground level 2F7/2 occur at 942 nm while the peak laser 

transitions occur at 1030 nm where the terminal laser level is ~ 600 cm-1 above the ground 

state.  This system exhibits an absence of parasitic losses such as excited-state absorption 

(ESA), up-conversion, concentration quenching, and cross relaxation.   

   
Figure 2.17.  Energy levels of Yb:YAG [30]. 

 

However, the disadvantage of this laser is due to the quasi-three level nature [43,44] 

at room temperature where the final laser level is thermally populated, thus resulting in the 

partial reabsorption of the photons emitted during lasing as shown in figure 2.18.  This can 

lead to a higher laser threshold due to the higher minimum pump intensity )0( min >I  

compared to that of Ti:Sapphire [table 2.2].  In the past this high pump intensity requirement 

couldn’t be satisfied by incoherent optical pumping, thus limiting their applications for 

generating femtosecond pulses.  However, the emergence of high brightness diode lasers 

emitting in the near infra-red spectral region with pump intensity at least 5-6 times above 

threshold has increased the output powers of Yb lasers from several hundred milliwatts to 

more than 1kW.  The pumping requirement of Yb-doped lasers between 900 and 980 nm can 

be provided by InGaAs quantum well diode lasers which were very well developed in 1990’s 

to pump erbium-doped fibre amplifiers for applications in telecommunications.  This 

increases the economic appeal of this system especially with the longer upper state lifetime in 

between 0.6 to 2.6 ms which enhances energy storage, that is recommended for low threshold 

operation.  Furthermore, other advantages of using diode lasers instead of flashlamps as 

pump sources are due to the generation of lower thermal loading in the gain medium, 

improvement in output beam quality 2M  from several hundreds to several tens, increased 

10 679 cm-1 

10 624 cm-1 

10 327 cm-1 

2F5/2
 

2F7/2
 

1030 nm 
 942 nm 

785cm-1 

612 cm-1 
565 cm-1 

 0 
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laser efficiency, compactness, and wider operating availability.  In addition, the good 

properties of the crystal hosts such as high conductivity and tensile strength, for instance in 

Yb:YAG can also contribute to the potential of this laser for high power applications. 

   

   

 

The quantum defect fraction, fQD  is defined as the small energy difference between 

the absorbed photon to the emitted laser radiation where the difference in photon energy goes 

into heating.  This can be described as:- 
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where absν and seν  are the frequency of the absorbed and emitted photons, while absλ and  

seλ  are the wavelength of the absorbed and emitted photons.  In Yb materials, the quantum  

defect fraction is lower (≤  0.14) compared to that of Ti:Sapphire (0.37) where the amount of 

heat dissipation inside the former material is reduced for each photon emitted during lasing 

[39].  In addition, the thermal heat load in Yb-doped material [45] is four to five times lower 

than that in Ti:Sapphire due to the significant self-quenching effect in the latter material.  

This fractional thermal loading which is also known as “chi” or specific heating factor is 

defined as the ratio of heat generated to the absorbed energy.  This lower thermal heat load in 

Yb-based materials contributes to the promotion of these materials for high power operation 

due to their better beam quality compared to that of Ti:Sapphire.  Furthermore, Yb-doped 

lasers can produce wide wavelength tunability due to the broad emission bandwidths in their 

crystals (25-30 nm in Yb:YCOB, Yb:GdCoB, and Yb:BOYS) that facilitate the generation of 
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  Figure 2.18.  Spectroscopic properties of Yb:KYW as a representative for Yb-doped materials.  The red fill area 

under curve shows partial reabsorption  of the emitted photon (insert picture). 
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sub-50 femtosecond pulses [40] which have many scientific and industrial-orientated 

applications.   

 

 

2.7 A Basic Review on Femtosecond Laser Sources. 

 

Solid-state gain media with broad accessible bandwidth exploited for generating ultrashort 

pulses vary from Ti:Sapphire, and Chromium-doped crystals to Ytterbium–doped crystals.  

The most-widely used femtosecond laser to date is Ti:Sapphire with a wide tunability range 

from 600-1200 nm and pulse durations as short as 5 fs [14].  The applications of Ti:Sapphire 

involve scientific research, spectroscopy, generating and amplifying femtosecond lasers and 

as a pump source for optical parametric oscillators/amplifiers.  Other femtosecond sources 

are based on chromium-doped lasers that are pumped in green and red spectral region and  

these are chromium forsterite (Cr:Mg2SiO4), Cr:LiSAF, Cr:LiCAF, Cr:YAG and Cr:LiSGAF.  

The advantages of these lasers derive from their chemical stability, broad pump bands, large 

energy level splitting, low excited state absorption (ESA), and wide tuning range (700-900 

nm for Cr:LiSAF and Cr:LiCAF, 1200-1600 nm for Cr:forsterite).  The shortest pulse 

duration obtained to date from chromium-doped lasers are 10 fs for Kerr-lens mode locking 

[46] and 45 fs [47] for soliton mode locking.  However, the disadvantages of chromium-

doped lasers are lower thermal conductivity and stronger preference to upper-state lifetime 

quenching [48] that explains the limitation of their average output power.  Together with the 

disadvantages existing in Ti:Sapphire laser such as low upper state lifetime ( )useup τστσ ,  

[table 2.2] and large cavity dimensions [section 2.6], the needs to explore alternative 

femtosecond sources have been increased.   

Recent competing research science and technology developments have shown 

tremendous progress in the areas of semiconductor and fibre lasers.  To achieve the objective 

of generating femtosecond optical pulses from these laser types, semiconductors are 

promising gain media.  Semiconductor lasers exhibit many advantages such as compactness, 

highly efficient operation due to the high wall-plug efficiency, reliability and convenience.  

These lasers can be electrically pumped as shown by the conventional diode lasers and 

vertical cavity semiconductor lasers (VCSELs) [49-51].  A few hundred femtosecond pulse 

durations within the range of 600 fs can also be produced from passively mode-locked 

distributed-Bragg-reflector laser diodes [52].  Other reports that implemented these 
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established techniques based on quantum-well heterostructures have demonstrated the 

generation of pulses in picosecond regimes [53,54].  Current research performed by Rafailov, 

Sibbett and co-workers at the University of St. Andrews has demonstrated that pulses as 

short as 390 fs can be produced by an electrically pumped mode-locked quantum-dot laser 

[55].  This is to date the shortest pulse obtained from a semiconductor laser.  The advantages 

of these devices derive from the design of multi-gigahertz repetition rate cavity dimensions 

that can be applied in high capacity optical fibre communication links, ultrafast optical data 

processing systems, photonics switching devices and optical interconnects.  Despite these 

advantages, the main drawbacks associated with these lasers are their lower average output 

powers (typically up to a few 10’s mW) and longer pulse durations of several 100’s 

femtoseconds for mode locking operation in comparison to those of solid-state lasers.  

However, the problem associated with the average power limitation can be addressed by the 

design of novel optically pumped passively mode-locked vertical external cavity 

semiconductor lasers (VECSELs) [56,57] that allow the scaling of output power up to a few 

hundred mW with sub-picosecond pulses up to 500 fs [58].  Further research in this work is 

continuing towards the achievement of shorter pulse durations, higher output power and 

excellent beam quality for femtosecond operation. 

Mode-locked fibre lasers exhibit excellent stability and have many advantages such 

as robustness and reliability.  Due to the nature of the fibre hosts that imply the total internal 

reflection of the propagating beams, reduction in unnecessary optical elements can be 

realized.  This allows the design of compact cavity dimension that is beneficial for cost-

reduction and high-efficiency operation.  The broad fluorescence spectrum of the fibre gain 

media increases the tunability of these devices for ultrashort pulse generation.  Several rare-

earth materials have been doped to the fibre silica hosts based on erbium, neodymium and 

ytterbium that can provide a wide wavelength range of operation between 0.9 and 1.6 µm.  

Initial development in fibre lasers was based on Er-doped materials [59,60] with output 

wavelengths at around 1.5 µm to satisfy the high increasing demand for telecommunication 

industry.  Pulse durations as short as 63 fs [61] were obtained in Er-doped fibre and 42 fs [62] 

in Nd-doped fibre lasers.  In nonlinear optical frequency up-conversion assessment with the 

fundamental wavelength at 1.6 µm [63], sub-100 fs second harmonic pulses were obtained.  

The nonlinear crystal used was a periodically-poled lithium niobate (PPLN) and second 

harmonic conversion efficiency up to 50 % was achieved.  In mode-locked Yb-fibre lasers 

[62,64,65], pulse durations that are comparable to those produced in the glass hosts can be 

achieved.  Wide wavelength tunability between 980 and 1070 nm [66] had been 
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demonstrated in a SESAM-assisted femtosecond operation.  Pulses as short as 36 fs [67] had 

been produced and it was assumed that shorter durations can be generated from this laser 

once the limitation due to the intracavity third-order dispersion can be sorted out. 

In parallel to the rapid development of femtosecond laser sources based on 

semiconductor and fibre hosts, further simplifications in solid-state lasers are very successful.  

Yb-doped materials are seen as alternative sources for femtosecond lasers and these 

represented the main objective within my PhD. project.  The advantages of developing these 

materials for femtosecond lasers are due to the simple pumping requirement provided by 

high brightness InGaAs quantum well diode lasers between 900-980 nm which permit the 

construction of cost-effective, low threshold, compact and highly efficient femtosecond 

lasers.  In addition the simple two level energy structure, broad spectral bandwidth ~ 30 nm, 

and low quantum defect ≤  0.14 are beneficial to facilitate the generation of ultrashort pulses 

with efficient thermal management.  To date, sub-50 fs pulse durations [40] can be produced 

from Yb-doped lasers which have a wide range of applications [section 1.2].   

 

 

2.8 Conclusion. 

 

New emerging applications in femtosecond laser science has led to rapid developments in 

semiconductor, fibre and solid-state lasers.  This allows the exploration of new previously 

inaccessible parameters that opens up many applications in biology, medicine, 

femtochemistry, optical telecommunications and industry.  The shortest pulses of a few 

femtoseconds duration can be generated in SESAM-assisted and Kerr-lens based mode 

locking laser arrangements.  Each type of laser system is not in direct competition with others 

and the application sectors tend to dictate which type of laser is to be preferred.  For both the 

optimisation of output power and multi-gigahertz repetition rate, semiconductor lasers show 

particular potential.  Although fibre lasers are notable for their low threshold characteristics 

as well as their compact and highly efficient operation configuration, the requirement for the 

long gain media restricts their repetition rate.  (A part of my project aim was to produce a 

compact and efficient femtosecond solid-state laser). 

Instead of the current achievement in sub-50 fs pulse regimes [40], from the author’s 

opinion, the continuing exploration of new Yb-doped materials as gain media [section 2.6] 

for portable and highly efficient solid-state femtosecond lasers would in the future allow the 

generation of ultrashort pulses within sub-10 fs with the approximate spectral bandwidths of 
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100 nm.  These features could increase many new applications that are previously 

inaccessible to the lab-bound device footprints of their predecessors.  
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Chapter 3 

Basic Parameters for Low Threshold, Compact and Highly Efficient Femtosecond 

Lasers. 

 

 

3.1 Introduction. 

 

 This chapter discusses several characteristics that influence the lasing performance.  

These include spectroscopic properties such as the fraction of Yb-ions required for optical 

transparency/population inversion, saturation intensity, threshold power, and slope-

efficiency.  Other important laser parameters are the use of high intensity diffraction-limited 

pump source, laser cavity design, optical components and appropriate pump/laser mode 

overlap.  The optimisation of these factors favours the achievement of low threshold 

continuous wave operation that becomes the main prerequisite for the establishment of low 

mode locking threshold.  This is one of the main objective of performing assessments in this 

PhD. project.  A few elements such as quantum defect, doping concentration, and optical 

component properties are also mentioned to increase the efficiency of the laser operation.  

Reduction in optical elements can be realised to achieve compactnesss and portability in the 

device footprint.  This increases many unprecedented applications in photobiology, 

medicine, surgery, microscopy, imaging and diagnostic measurements which are previously 

less accessible to the larger-scale predecessors.  The basic structure of this thesis is 

explained in section 3.3 to give an insight to the works carried out in this project. 

 

 

3.2 Laser Performance. 

 

 Given the quasi three level energy manifold in Yb-doped materials, a minimum 

fraction of Yb-ions )( min
seλβ  need to be pumped to the upper state to achieve transparency.  By 

assuming that the bulk parasitic losses are negligible, at the specified emission wavelength 

)( seλ  this implies as [1,2]:- 
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where se
abs
λσ  and se

se
λσ are the absorption and stimulated emission cross-sections at seλ .  From 

figure 3.1, seλβmin  in Yb-doped materials can be measured from the upper and lower state 

energies SUE ,  and SLE ,  where the subscript ‘s ’ denotes the Stark energy levels.  By 

substituting the fraction of Boltzman occupation factor, Uf  and Lf  in the upper and lower 

state energy level into equation (3.2.1), it can be deduced that [3]:- 
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where the energy difference λ
hcEE SUSL

−=− ,, , the zero line energy 1,1, LUZL EEE −=∆  is 

the difference between the lowest Stark level in the upper and lower state, 3410634.6 −×=h  

Js is the Planck’s constant and λ  is the corresponding wavelength.  2310381.1 −×=k  J/K or 

695.0  cm-1/K is the Boltzmann constant, T  is the absolute temperature while UZ  and LZ  

are partition functions for both of the states [3,4] that can be obtained from:- 
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From this equation, 1,mE  represents the energy value of the m-state in the lowest Stark level 

where 1=m  for 
2

7

2F  and 2=m  for 
2

5

2F .  All of these equations allow seλβmin  to be obtained 
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from the Stark level energies in 1−cm  as indicated in figure 3.1 without accounting for the 

cross-section values [5].  From the values presented in table 3.1, 5.8 % of the Yb-ions need 

to be pumped from the lower state 3,LE  to the upper state 1,UE  to achieve optical 

transparency at the emission wavelength of 1030 nm as illustrated in figure 3.1. 

   

 

 

 

 

Table 3.1.  The fractions of Boltzmann occupation factor for each Stark level in Yb:YAG where 

803527.0=
U

L
Z

Z  at the room temperature of  200C.  These fractions were calculated from the energy values 

in 1−cm  given  from figure 3.1. 

 Manifold 

(m) 

Stark Level  

 (s) 

     (%)Uf  Manifold                         

(m) 

Stark Level  

(s) 

     (%)Lf  

  

  
2

5
2F  

          3 

          2 

          1 

      12.6 

      16.5 

      70.9 

   

 
2

7
2F  

          4 

          3 

          2 

          1 

        1.9 

        4.4 

         5.5 

        88.3 

 

Once seλβmin  has been reached, the gain medium is said to be transparent/bleached at 

the emission wavelength because the upper state and the terminal laser level will have equal 

populations.  As the consequence, the minimum pump intensity minI  required to pump seλβmin  

to the upper state can be shown as:- 

 

satII seλβminmin =            (3.2.4) 
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Figure 3.1.  Energy levels of Yb:YAG for the upper manifold 
2

5
2F  and lower manifold 

2
7

2F  where all the 

energy for each Stark level are given in 1−cm  and ZLE =10 327 1−cm [6] 
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where minI  is also described as the absorbed pump intensity required to reach threshold in a 

zero-loss laser cavity and satI  is the pump saturation.  The definition of satI  with respect to 

the absorption cross-section pabs
λσ  and upper state lifetime uτ  is given as [7]:- 
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abs
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I τσσ
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λλ )( +=          (3.2.5) 

 

where phν  is the pump photon energy at pλ .  For Yb:YAG where 942=pλ  nm p

se

λσ  is 

quite small and can be ignored whereas for Yb-doped tungstates, where 981=
p

λ  nm, p

se

λσ  

is higher and must be included.  For instance, from the energy level structures of Yb:YAG in 

figure 3.1, satI  is calculated to be 30.2 kW/cm2 for 1=uτ  ms and 20107.0 −×=p

abs
λσ  cm2 [8].  

This corresponds to the minimum pump intensity of 1.75 kW/cm2 required to pump 5.8 % of 

seλβmin  to the upper state level.  satI  also indicates the useful merit of the Yb-crystal to achieve 

transparency where the lower the value of satI  can lead to lower threshold power, thP .  This 

can give a useful indication in the selection of Yb-doped gain media.  The cw (continuous 

wave) threshold power [3,9] in a laser cavity can then be shown to be:- 
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and, 

 

lNL YbabsYb
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where pw  and lw  are the diverging pump and laser spot sizes through the crystal, OCT  is the 

output coupling transmission, l
abs

pe αη −−= 1  is the pump absorption efficiency at pλ  where 

pα  is the pump absorption coefficient and dL  is the double pass passive-loss in the cavity 

that is influenced by the scattering or Fresnel reflection from the crystal.  From equation 

(3.2.6b), YbL  is the single pass absorption loss at the emission wavelength due to the Yb-

doping concentration YbN , inside the crystal, and l  is the length of the gain medium.  In the 
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absence of excited-state-absorption and a sub-unity quantum efficiency, the Yb. absorption 

loss ( YbL ) does not affect the slope efficiency η  at many times above threshold but results in 

an increase of pump power required to reach threshold [10].  Thus, as expected, for two laser 

media having similar slope efficiency, the output power is higher for a crystal that has a 

lower laser threshold.  When the system is operating above threshold, a greater proportion of 

Yb-ions are pumped to the upper state to provide the necessary population inversion.  The 

gain is higher than the re-absorption loss in the gain medium at seλ  which therefore favours 

the laser operation.  This small signal gain coefficient [11] is given as:- 

 

[ ]sese
absLseU NNlg λλ σσ −= .2                               (3.2.7) 

 

where UN  and LN  are the population density at the upper and lower states respectively.  

The factor 2  is the number of passes through the gain medium per cavity round trip in a 

standing wave resonator.  The fraction of excited Yb-ions )(β  during lasing that is derived 

from equation (3.2.4) and (3.2.5) can then be expressed as:- 

 

sat

abs
I

I=β                      (3.2.8) 

 

where absI  is the absorbed pump intensity.   

To produce the maximum output power )( outP , effective alignment of the cavity 

lengths and reduction in the cavity round trip loss )2( Ybd LLT ++  are required.  The optical-

to-optical conversion efficiency of a laser system can be obtained from the ratio between the 

output power )( outP  and the absorbed pump power )( absP .  By plotting a graph of absP  

versus ,outP  a slope efficiency η  can be measured.  This value depends on the relevant 

lasing parameters that is described as [12]:- 
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where olη  contains the geometrical factors associated with the conversion of pump photons  
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to laser photons and 
se

p

λ
λη =0  is the quantum efficiency of the gain medium that indicates 

the effectiveness of laser performance in the absence of excited state absorption.  Assuming 

the geometrical factors are arranged such that ≈olη 1, the equation (3.2.9) above can be 

transposed into:- 
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By plotting a graph of η1  versus ,1 OCT  the slope is 0ηdL  and the intercept is 01η .  This 

equation describes the linear relationship between the inverse slope efficiency and the output 

coupling where η  is a maximum when OCT  is optimised [4].   

  

Table 3.2.  An example of slope-efficiency and threshold power for Ti:sapphire crystal I and II [this imaginary 

data is presented to demonstrate the relationship between OCT1  and  η1 ] . 

Crystal Type   OCT  (%)   η  (%)   thP  (mW) 

  I 

  II 

  3 

  3 

  42.7 

  27.5 

  98 

  70 

  I 

  II 

  5 

  5 

  51.8 

  36.2 

  87 

  64 

  I 

  II 

  10 

  10 

  55.9 

  47.6 

  80 

  60 

  I 

  II 

  20 

  20 

  59.5 

  52.63 

  102 

  90 

 

By studying the results obtained in [9], an imaginary example is given in table 3.2 

above to determine the values of dL  in Ti:Sapphire laser.  Two types of crystals are used 

that are labelled as crystal I and II.  The laser is pumped at 532 nm and the peak emission 

wavelength is 805 nm that relates to a quantum efficiency of 66.1 %.  The graph obtained 

was plotted in figure 3.2 below.  From this figure, the linear fit for crystal I implies an 

intercept of 1.54 that corresponds to a quantum efficiency of 64.9 % and the linear fit for 

crystal II implies and intercept of 1.53 that corresponds to a quantum efficiency of 65.4 %.  

These values are almost close to the quantum efficiency of the laser medium.  From the 
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slope of the graph, the double passive loss of crystal I is calculated to be 1.5 % and for 

crystal II is 4.12 %. 

   
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.2.  The inverse slope-efficiency of the crystals as a function of the inverse output coupling transmission 

based on the fictional data presented in table 3.2. 

 

 

3.3 Towards Low-threshold, Compact, and High-efficiency Yb-doped Femtosecond    

Lasers. 

 

The use of diode lasers as pump sources for solid-state lasers [13] in the near-infrared region, 

has facilitated the development of more compact, highly efficient, robust, stable and portable 

femtosecond lasers.  This characteristic of compactness and portability opens up many 

applications in photobiology, medicine, surgery, microscopy, imaging and diagnostic 

measurements that are less accessible to the larger size of their predecessors.  All the 

conditions mentioned above can be satisfied by Yb-doped lasers because their pumping 

wavelength requirement matches closely with InGaAs quantum well diode lasers that operate 

in the 900-980 nm band.  Another technique to achieve compactness in the laser 

configuration is by using fewer optical components to favour the achievement of high-

efficiency operation that will be mentioned in the conclusion part of this chapter. 

To address the problem of quasi-three level systems where the laser threshold is 

increased due to the partial reabsorption of the emitted radiation, a high pump intensity 

source that offers a diffraction limited pump beam is required.  The improvements in the 

beam quality parameter )1( 2 ≈M  that became available from the commercial diode lasers 

that produce output powers up to 0.5 W during the course of my PhD. project satisfied the 
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requirement to provide a strong overlap between the pump and laser modes in the gain 

medium as shown in figure 3.3(a).  In addition, with smaller beam spot sizes, the pump 

intensity is higher and this reduces the threshold pump power required for continuous wave 

(CW) laser operation.   

This mechanism can be illustrated in figure 3.3 below where, for a diffraction limited 

pump beam, a larger volume of the crystal is exposed to the tight-focusing geometry in 

comparison to that with poorer beam quality )1( 2 >M .  A greater percentage of the pumped 

Yb-ions are thus excited to the upper state to produce a greater population inversion [see (a)] 

which subsequently increases the rate of the stimulated emission [compared to that in (b)].  

As the consequence, a lower threshold is achieved for condition (a). 

  
Figure 3.3(a.).  Strong overlap between the pump/laser mode ):( lp ww  for a diffraction limited pump beam 

source and (b)  poor overlap between the pump/laser mode for the multimode source where 12 >M .  The pink 

colour shows region under strong mode-coupling for both conditions where for a comparable waist size the 

Rayleigh range is longer in (a) compared to that in (b). 

 

Alfrey [14] and Piche [15] have described the conditions required to achieve a low 

pump threshold and optical nonlinearity.  In cw operation, the important criteria that are 

required to ensure low threshold [equation 3.2.6a] are the spectroscopic properties of the 

gain media that include upper state lifetime product 
use

τσ , laser parameters such as the 

pump photon energy )( phν  and the optical component properties.  Favourable properties of 

,useτσ  optimum pump wavelength )( pλ  and reduction in cavity round trip loss 

)2(
Ybd

LLT ++  all contribute to the achievement of a low pump threshold [9,16].  

Specifically, Yb-doped gain materials have advantages over other solid-state materials due 

to their longer pump wavelength bands, pλ , around 980 nm compared to that in Cr:LiSAF 

with pλ = 670 nm and Ti:Sapphire with pλ = 530 nm.  

Laser mode 

Pump mode 
(a) (b) 
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A low threshold for cw laser operation is the main prerequisite for low mode locking 

thresholds at low pump power levels to be established.  Femtosecond laser operation can be 

initiated by optimisation of the laser cavity that includes the exploitation of Kerr-lens effect 

and/or saturating the absorption of an intracavity semiconductor saturable absorber mirror 

(SESAM) element.  By comparing the energy emitted from the laser with respect to the 

emission cross-section seσ of the gain medium, the saturation fluence se
LsatF λ

,  can be obtained 

at seλ  [17] to be:- 

 

se

se
Lsat

se
m

hcF λσ
λ =,                      (3.3.1) 

 

where m= 2 for a standing wave cavity.  The optimisation of saturation fluence incident on 

the SESAM, se
SEF λ can be important in solid-state-lasers for the initiation of stable mode 

locking as will be discussed later in the next chapter [Chapter 4].  In addition, by an 

appropriate cavity alignment between the mirrors and the gain medium, the tight focusing 

geometry between pump and laser mode on the front end-face of Kerr gain medium can be 

obtained to induce a self-focusing effect and gain-guiding influence [KLM, see 2.3.1].  This 

increases the self-amplitude modulation effect in the transverse propagation of the beam 

where the reduction in the beam spot size serves to increase the nonlinear intensity 

dependent refractive index, ),( trI  of the propagating waves.  The higher intensity existing 

in the pulsed operation over the lower intensity in the cw regime thus leads to a reduction in 

the mode locking threshold.  (More explanations on laser threshold can also be obtained 

from the work done by B. Agate and J. M. Hopkins [18,19]).  It should also be pointed out 

here, however, that another disadvantage arising from quasi-three-level media is the limited 

wavelength tunability from the laser output due to the overlap between the absorption and 

emission bands [see figure 2.18].  The spectral characteristics of the saturable absorption 

features of the SESAM must therefore be designed to match precisely the principal lasing 

band of the gain crystal. 

Several parameters such as the quantum defect, the doping concentration and the 

optical component properties are important if a high laser efficiency is to be achieved.  The 

low quantum defect in Yb-doped materials, for instance ~ 0.04 in Yb-doped tungstate 

materials is especially attractive to reduce the heat dissipation requirements.  The laser 

crystals studied in this project (notably Yb:KYW) can also provide the possibility of high 
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doping levels which in turn reduces the crystal length.  Optical component properties such as 

high transmissivity at the pump wavelength and high reflectivity at the laser wavelength 

contribute to a low cw threshold while an optimum output coupling transmission is 

responsible for a high efficiency operation.  From figure 3.3, it can be seen that for a 

comparable waist size, the Rayleigh range of the propagating waves in the material pumped 

by a diffraction limited pump beam is significantly more extended than that when the pump 

source is multimode.  The former thus increases the interaction length of the crystal where 

this optimisation is beneficial for high-efficiency operation.   

Compactness and high efficiency in femtosecond laser configurations can also be 

achieved by reduction in optical cavity components.  It will be seen in the following work 

that the major limitation to reducing this cavity length is due to the minimum separation 

between the prism pair [20] responsible for dispersion compensation.  Therefore, for the 

achievement of this objective [see Chapter 4] a single prism was used in laser oscillators 

based on Yb:KYW as a gain material where a SESAM was implemented for the 

modelocking operation.  This asymmetric four mirror cavity provides a simpler alignment 

which is beneficial for wider wavelength tunability.  To further reduce power output losses 

caused by the single prism, negatively dispersive mirrors were used that allow the compact 

dispersion compensation mechanism by reflecting multiple bounces of the laser beam inside 

the oscillators [Chapter 5]. 

In Chapter 6, further simplification of the laser cavity was achieved in a three-mirror 

cavity by implementing the Kerr-lens effect for the initiation of the mode-locked operation in 

Yb:YVO4 femtosecond lasers.  Sub-60 fs pulse durations were produced where this laser has 

the potential for high peak power operation due to the satisfactory thermal conductivity 

property of its gain material.  Analysis of spectroscopic properties and lasing performance 

will be carried out based on the results obtained in this assessment.  In nonlinear optics 

applications, the current widely used method to produce femtosecond visible pulses involves 

second harmonic generation in nonlinear materials by using Ti:Sapphire lasers as a pump 

source.  However, due to the complicated pumping requirements of this device as described 

in section 2.5.2, the simpler femtosecond visible source alternative involving a periodically-

poled lithium tantalate (PPLT) crystal with a Yb:KYW femtosecond laser as a pump source 

was investigated [Chapter 7].  The experimental results presented in this thesis have shown 

that it is possible to demonstrate ultralow-threshold, compact and high efficiency 

femtosecond lasers based on Yb-doped crystals that produce average output powers in a few 

hundreds mW with relatively high peak powers of up to tens of kW. 
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3.4 Conclusion. 

 

In this chapter, several factors that influence the design of low threshold, compact, and 

highly efficient femtosecond lasers were described.  The physical processes that occur 

during lasing depend on the material and optical properties of the gain medium.  The small 

pump/laser beam overlap ):( lp ww , the reduction in the cavity round trip loss 

)2( )YbdOC LLT ++ , the long fluorescene lifetime uτ , the appropriate pump photon energy 

phν , and the high emission cross-section seσ  lead to the realisation of a low cw threshold 

operation.  This results in the attainment of a low mode-locking threshold where the 

ultrashort lasers can be constructed by involving the efficient exploitation of Kerr-lensing 

effect and saturable absorber characteristics.  In addition, the utilisation of a diffraction-

limited pump beam source facilitated the low threshold [see figure 3.3a] where the 

extended Rayleigh range for the mode overlap supports a high-efficiency performance.  

Optimised optical component properties and a suitable gain medium that implies low 

quantum defect and appropriate doping concentration can also favour a high efficiency 

operation.  It is thus believed from this research work that the prescription for developing 

compact Yb-doped fs lasers with considerable reductions in pump power requirements will 

also be applicable to other lasers.  These offer the possibility of portable low cost fs lasers 

that can bring the scientifically-designed devices to the industrially-orientated applications. 
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Chapter 4 

Compact and Highly Efficient Yb:KYW Laser with a Single Prism for Dispersion 

Compensation. 

 

 

4.1 Introduction. 

 

In this chapter a selection of Yb-doped gain materials is described that offers a particular 

compatibility for incorporation into femtosecond lasers.  These are tungstate crystals with 

Yb3+-doping and they include potassium yttrium tungstate Yb3+:KY(WO4)2 (Yb:KYW) 

and potassium gadolinium tungstate Yb3+:KGd(WO4)2 (Yb:KGW).  The spectroscopic 

properties of these materials are discussed to show the favourability of such materials for 

low threshold, and highly efficient laser operation.  For the realisation of a solitonic pulse 

shaping mechanism, theoretical discussion on a sequence of prisms is presented.  These 

arrangements include waveguide structures in two slabs as a representation of four prisms, 

a pair of prisms and a single prism.  In order to achieve the optimisation of pulse 

minimisation, a prism pair can introduce a necessary amount of net group delay dispersion 

(GDD) in the laser cavity.  Theoretical derivations based on this fundamental principle are 

demonstrated to facilitate the choices of suitable prism materials and their effective 

separation length responsible for the dispersion control scheme.  Simplification of this 

dispersive arrangement is manifested with the use of a single prism approach that exhibits 

similar geometrical effect to the prism pair set up which is beneficial for reduced device 

footprints.  In the experimental section, the operation of continuous wave (CW) and 

passively mode-locked Yb:KYW lasers pumped by an InGaAs diode laser in an 

asymmetric 4-mirror cavity are explained.  During passive mode locking, a single prism 

and a SESAM were used instead of a high reflector to initiate and support operation in an 

ultrashort-pulse regime.  Improvement to this system through the optimisation of the 

saturation fluence of the SESAM is described as a means to produce shorter pulse 

durations.  Finally, all the relevant results obtained are discussed in the context of design 

criteria for efficient Yb:KYW femtosecond lasers in compact cavity configurations. 
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4.2 Ytterbium-doped Crystals.  

 

Yb3+ ions have been doped into many crystals such as Ca5(PO4)3F (C-FAP), KY(WO4)2 

(KYW), KGd(WO4)2 (KGdW), Sr5(PO4)3F (S-FAP), and Sc2O3 (sesquioxides).  In previously 

reported work by De Loach [1], useful properties of Yb-doped materials were identified for 

laser operation based on the two spectroscopic parameters of stimulated emission cross-

section at laser transitions,se

se

λσ and the minimum pump intensity,minI required to achieve 

transparency.  The results showed that S-FAP and C-FAP are the most recommendable gain 

media while YAG (Y3Al 5O12), YAB (YAl3(BO3)4) and GdCOB (Ca4GdO(BO3)3) were less 

suitable for laser operation.  These results are in contradiction to other experimental results [1] 

that showed high slope efficiencies could have been obtained in YAB and GdCOB host gain 

media.  These inaccuracies led to a new evaluation of gain media [2,3] based on quasi 3-level 

systems which links better to the experimental data as shown in figure 4.1.  In this figure, 

oscillator output yield is the ratio between output power with respect to the input ( )inPP0  

while small signal gain is proportional to the difference between emission cross sections 

( )se
se
λσ  and absorption cross-sections ( )se

abs
λσ  at the emission wavelength. 

  
Figure 4.1.  Plot of merit for Yb-doped crystal hosts based on quasi three level systems [3]. 

 
It can be seen from this figure that the preferred host crystals in CW laser regimes are 

KYW, KGdW, and Sc2O3 while YAG is the lowest.  Other doped-sesquioxides such as 

Lu2O3 and Y2O3 show excellent laser efficiency in this evaluation while C-FAP and S-FAP 

are less efficient compared to that of GdCOB and YAB.  However, for small-signal gain, Yb-

doped S-FAP, C-FAP and YAG are better crystals than those of the tungstate and 

sesquioxide alternatives.  This arises because of the different interactions between the crystal 
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fields and the Yb3+-ion electronic structure which leads to differences in the absorption and 

emission cross-section characteristics.  Hosts such as the sesquioxide crystals have higher 

thermal conductivities compared to other hosts that can be preferable for high power 

operation, thus opening up some possibilities for specific scientific and industrial 

applications. 

Some previous work has been reported on Yb-doped femtosecond lasers based on 

SESAM-assisted mode locking.  The shortest pulse duration obtained to date from a 

Yb:YAG laser was 340 fs at a central wavelength of 1033 nm [4].  Other broadband Yb-

doped materials that have been investigated such as Yb3+:Ca4GdO(BO3)3 (Yb:GdCOB), 

Yb3+:Sr3Y(BO3)3 (Yb:BOYS), and Yb3+:CaGdAlO4 have generated shorter femtosecond 

pulses.  For example, a pulse duration of 90 fs at 1054 nm was demonstrated from a 

Yb:GdCOB laser [5] with 40 mW average output power at a repetition rate of 100 MHz.  For 

a laser incorporating a Yb:BOYS gain crystal [6], 69 fs pulses were produced at a central 

wavelength of 1062 nm with 80 mW average power at a repetition rate of 113 MHz.  This 

laser could also be tuned from 1051 nm to 1070 nm and produced an impressive output 

power of 300 mW with pulse duration of 86 fs around 1068 nm.  Further research was done 

by using Yb3+:CaGdAlO4 [7] which produced 47 fs pulse duration at 1050 nm with a pulse 

repetition frequency of 109 MHz.  To date, this is the shortest pulse duration obtained from 

any Yb-doped femtosecond laser.  However, these materials demonstrated low efficiency 

during laser operation and the exploration for alternative gain materials based on tungstate 

hosts that characterised high efficiency during femtosecond operation is important as will be 

discussed in the next section.  

 

 

4.3 Yb-doped KY(WO4)2 and KGd(WO4)2 Crystals  

 

With reference to the evaluation of gain materials for femtosecond lasers based on quasi 3-

level systems, two different types of Yb3+-doped tungstates are the subject of research 

described in this chapter.  These are Yb3+-doped potassium yttrium tungstate 

[Yb3+:KY(WO4)2] or Yb:KYW and Yb3+-doped potassium gadolinium tungstate 

[Yb3+:KGd(WO4)2] or Yb:KGW [8].  These crystals can be grown from flux by a modified 

Czochralski method with a doping concentration between 1 and 10 at.% of Yb3+ ion. 

                                                             

 



 59 

  

 

 

 

 

 

 

 

 

Figure 4.2.  Polarised absorption and emission cross-sections of 10-at. % Yb:KYW at room temperature [8]. 

 

The polarised absorption and emission cross-sections of 10 at.% Yb:KYW at room 

temperature is shown in figure 4.2.  Yb:KYW has a peak absorption coefficient of 79 cm-1 at  

981.2 nm for E || ‘a’ polarisation and the absorption linewidth [FWHM] is 3.5 nm.  The  

absorption coefficient α  of this material is given by:- 

 

    YbabsN
pλσα =                                                                        (4.3.1) 

 

where )( 3−cmNYb is the density of Yb3+ ion dopant in the host material.  The value of α  

mentioned above is obtained by accounting YbN = 6 x 1020 ions/cm3 [8] and p

abs
λσ  measured 

from figure 4.2 to be 13 x 10-20 cm2.  The peak stimulated emission cross-sections se

se

λσ  

calculated in Yb:KYW for E || ‘a’ polarisation is 3 x 10-20 cm2 at 1025 nm while in Yb:KGW 

it is 2.8 x 10-20 cm2 at 1023 nm.  The spectral width of the emission wavelength is 16 nm in 

Yb:KYW and 20 nm in Yb:KGW respectively.  Although the absorption and emission cross-

sections are greater for the E || ‘a’ polarisation compared to that of E || ‘b’ polarisation, the 

lasing transition with E || ‘b’ polarisation is sometimes preferable due to its broader emission 

spectrum. 
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Figure 4.3.  Two Stark energy levels of Yb:KGW and Yb:KYW at 77 K.  The orange arrow shows the peak 

absorption transition at 981 nm while the red arrow shows the peak laser transition at 1023/1025 nm [8]. 

 

In the simple two Stark electronic levels of Yb:KYW and Yb:KGW [figure 4.3], the 

peak absorption band occurs at 981 nm from the ground state 2/7
2F  to the excited state 2/5

2F .  

The upper state lifetimes for both of these crystals are around 0.6ms and the peak laser 

transitions occur at 1025 nm (Yb:KYW) and 1023 nm (Yb:KGW) from the excited-state 

2/5
2F  to the ground state 2/7

2F  where the terminal laser level is ~ 400 cm-1 above the ground 

state.  The potential of Yb-doped tungstates lasers is quite promising due to the lower Stokes 

shift in the range ~ 100-600 cm-1 under the zero-phonon line pumping which reduces thermal 

loading during laser operation.  In addition, the broad absorption bandwidth in tungstate 

materials is very well suited to optical pumping by InGaAs quantum well diode lasers in the 

900-980 nm range.   

 

 

4.4 Comparison between Yb-doped Tungstate Materials. 

 

The benefits of choosing tungstate materials (Yb:KYW and Yb:KGW) for laser operation 

can be seen by comparing their spectroscopic properties with another Yb-doped medium, for 

instance Yb:YAG as shown in table 4.1.  The favourable properties of Yb-doped tungstates 

(KYW and KGW) compared to that of Yb:YAG include the smaller quantum defect ~ 0.04 

which reduces heat dissipation in the gain media and their larger amplification bandwidth 

( ≈∆ seλ 16-20 nm) which facilitates the generation of ultrashort pulses in sub-100 fs regimes 

with wider tunability.  For high power operation, the broad peak absorption bandwidth of 
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Yb:YAG (18 nm) is needed as the pump source is usually provided by a multi-mode laser.  

However, the narrow peak absorption bandwidth of tungstates ( pumpλ∆ ~ 3.5 nm) is very 

well-matched to the single-mode InGaAs diode laser which was used as a pump source in 

this work.   

 

Table 4.1.  Comparison between spectroscopic properties of Yb:KYW, Yb:KGW [8] and Yb:YAG [9]. 

Parameters Yb:KYW Yb:KGW Yb:YAG 

pumpλ (nm) 

pumpλ∆  (nm) 

seλ (nm) 

seλ∆  (nm) 

p

abs
λσ  (10-20 cm2) 

se

se

λσ  (10-20 cm2)   

uτ  (ms) 

fQD  

   981.2 

               3.5 

   1025 

      16 

   13.3 

        3 

     0.6 

   0.04 

    981 

     3.7 

  1023 

     20 

     12 

    2.8 

            0.6 

  0.04 

    942 

     18 

 1030 

    ~ 6 

    0.7 

   2.1  

            ~ 1 

  0.08 

 

By taking p

se

λσ  for tungstate materials as 14 x 10-20 cm2, the larger value of 

use
sep

abs
τσσ λλ )( +  in tungstates allows more than 20 times reduction in the pump saturation 

intensity, satI  [equation 3.2.5] needed to drive a significant amount of Yb3+ ions into the 

excited-state in comparison to that of Yb:YAG.  However, the laser thresholds [equation 

3.2.6a] between these materials are similar due to the close value of their upper state lifetime 

product u
se

se
τσ λ .  Based on the values demonstrated in table 4.2 for Yb:KYW, a minimum 

fraction of Yb-ions )(
min

seλβ  of 9.9 % need to be pumped from the lower state of 3,LE  to the 

upper state of 1,UE  to achieve equal populations at the emission wavelength of 1025 nm as 

illustrated in figure 4.3.  This corresponds to the minimum pump intensity of 122.56 W/cm2 

with respect to the saturation intensity of 1.238 kW/cm2  which is 14 times lower than that of 

Yb:YAG 75.1( min =I  kW/cm2) [see section 3.2].  The stimulated emission cross-sections 

se

se

λσ  of these crystals (KYW and KGW) are slightly larger than that of Yb:YAG.  This 

reduces the gain saturation fluence se
LsatF λ

,  needed for the suppression of Q-switching 
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instabilities [10] during modelocking, thus resulting in more stable femtosecond operation.  

For the typical Yb-doped gain materials that have low laser cross-sections, the Q-switching 

tendency is stronger especially for those with larger amplification bandwidths.  This 

tendency is one of the critical challenges in the optimisation of the passive mode locking of 

solid-state lasers.   

 

Table 4.2.  The fractions of Boltzmann occupation factor for each Stark level in Yb:KYW where 

233031.1=
U

L
Z

Z  at the room temperature of  200 C.  These fractions were calculated from the energy values 

in 1−cm  given in figure 4.3. 

Manifold 

(m) 

Stark Level  

 (s) 

     (%)Uf  Manifold                         

(m) 

Stark Level  

(s) 

     (%)Lf  

  

  
2

5
2F  

          3 

          2 

          1 

        6.2 

      18.3 

      75.5 

   

 
2

7
2F  

          4 

          3 

          2 

          1 

        3.8 

        8.3 

        26.7 

        61.2 

 

Another contribution to the larger value of p
abs

λσ  can be seen to be the reduction in 

crystal length as a gain medium [see equation 4.3.1].  The reduction in length requirement of 

the crystal hosts can also be achieved due to the facility of high Yb3+ doping concentrations 

that can be up to 100 % [11].  This facilitates a good overlap between laser and pump beam 

mode for highly efficient operation.  However, the disadvantage of this system is due to the 

extremely short absorption length of KYbW crystal (13.3 µm near 981 nm) which causes a 

thermal lensing effect.  This effect is due to the generation of high temperature within the 

short absorption length of the crystals as the consequence of the lower thermal conductivity 

property of these media.  This is 3.3 Wm-1K-1 which is two times smaller than that of a 

Yb:YAG crystal, thus restricting their utilization for high power operation.  In addition, this 

effect can also produce instability in the laser cavity and reduces upper state lifetimes of Yb-

doped materials thus leading to a reduction in the energy storage lifetime for economic 

efficiency.  Despite these few drawbacks, in my low power laser operation, Yb:KYW was 

chosen as a gain medium for a test femtosecond laser due to its potential for low threshold 

and high efficiency.   

Previous reports were done on passively mode-locked Yb-doped tungstate lasers based 

on semiconductor saturable absorber mirror (SESAM) for passive mode locking operation.  
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The first reported passively mode-locked Yb:KGd(WO4)2 [12] pumped by two high 

brightness diode lasers produced 176 fs pulse duration with 1.1 W average power and the 

shortest pulse duration achieved was 112 fs with 200 mW output power.  During cw 

operation, an optical-to-optical efficiency of 33 % was obtained with a slope efficiency of 57 

% with respect to the absorbed pump power.  In contrast, a slope efficiency as high as 78 % 

was obtained in Yb:KYW and 72 % in Yb:KGW by using Ti:sapphire lasers as pump 

sources [13].  From the work done by Keller and co-workers [14], a pulse duration of 240 fs 

with 22 W average power was produced when a thin disk Yb:KY(WO4)2 was pumped by a 

100 W incident power from fibre coupled bars.  Further work done by Lagatsky and co-

workers achieved an optical-to-optical efficiency of 35 % during femtosecond operation 

where the corresponding electrical-to-optical efficiency exceeded 14 %.  A pulse duration of 

123 fs was produced at 1047 nm when the Yb:KYW crystal was pumped by a single narrow-

stripe diode laser [15].  However, in the Kerr-lens mode locking operation, the shortest pulse 

duration obtained to date in Yb:KYW laser was 71 fs with 120 mW average output power at 

a centre wavelength of 1057 nm [16].   

The most important effects which influence the duration of pulses produced in laser 

oscillators are self-phase modulation mentioned in section 2.4, absorption saturation fluence 

of the SESAM and total intracavity dispersion.  Dispersion broadens the pulse duration, thus 

becoming one of the limiting factors for the generation of ultrashort pulses.  Previously 

reported work has used a prism pair for dispersion compensation in the laser cavity.  By 

contrast, the main objective of this experiment was to design and assess a Yb:KYW 

femtosecond laser that had a more compact configuration.  The aim was to eliminate some 

optical elements in this cavity and the first option was to determine whether the use of a 

single prism for dispersion compensation would be acceptable. 

 

 

4.5 A Sequence of Prisms For Dispersion Compensation. 

 

As a pulse propagates through the dielectric media, group velocity dispersion (GVD) is 

initiated in the resonator as the group velocity of light decreases with the increasing 

frequency.  The consequence effect of this physical phenomena is that the lower frequency 

components (red) travel faster over those of the higher frequency components (blue).  This 

leads to an increase in the temporal broadening of the pulse envelope as the outcome of the 

positive dispersion.  As part of optical elements in the cavity, prisms also contribute to 
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positive dispersion through their wavelength dependent refractive index )(λn  described by 

the Sellmeir equation which can be expressed as:- 
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whereλ  is the wavelength, a , b ,c , d , e and f  are constants and their values depend on 

the material properties of the prisms.  From the second derivation of this equation 
2

2

λd

nd
, the 

amount of group velocity dispersion )(GVD  contributed by the material implicit in the third 

term of the Taylor expansion [see equation 2.4.2] can be measured.  GVD that has a unit of 

fs2/mm is the wavelength dependent of the group velocity of light in a medium and it is 

presented as [17]:- 
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where c  is the speed of light and by accounting for the intraprism length matL  that is defined 

as the propagation distance of the beam in the prism material, the group delay dispersion 

(GDD) that has a unit of fs2 can be derived from the GVD.   

 To compensate the effect of positive dispersion in order to achieve the optimisation 

of pulse compression, Martinez et. al. [18] had demonstrated that negative GDD can be 

introduced by the material that does not exhibit negative material dispersion.  This can be 

done by the exploitation of angular dispersion irrespective of the sign of 
λ
θ

d

d .  One example 

of this scheme is the introduction of a sequence of four-prisms that was demonstrated by 

Fork and co-workers (see figure 1[19]).  The selection of prisms over diffraction gratings or 

Gires-Tournois interferometers is due to their lower insertion losses.  These are explained by 

the design of prisms apices that are cut and polished at the Brewster angle to minimise losses 

for the incident and reflected beams and generally they are used at minimum deviation (eg. 

incident angle is equal to exiting angle).  The arrangement of these four prisms can be 

summarised to be equivalent to the waveguide structures introduced by two slabs in the laser 

resonator that is illustrated in figure 4.4 below.   
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Figure 4.4.  Waveguide structures in the laser resonator introduced by two slabs that represent a sequence of 

four prism arrangements.  L  to 'L  represents an axis of symmetry [18]. 

  

 From this figure, the collinear incident beam path propagates through the entrance 

part of the first slab is demonstrated in region (a).  The adjustment of appropriate angular 

dispersion in region (b) introduces longer phase delay for longer wavelengths over those of 

shorter wavelengths to reverse the previous effect of positive dispersion.  The transmitted 

beam that consists of parallel spatial components propagates along region (c) with transverse 

displacement properties.  In this region, each wavelength that propagates at different 

position is called as spatial chirp.  The same physical mechanism that occur in region (b) 

applies in region (d) but with opposite direction.  The consequence effect is that the output 

waves are transmitted on the same straight line from the exit part of the second slab as 

illustrated in region (e).   

 By symmetry, the optical arrangement shown in figure 4.4 can be simplified into the 

implementation of two prisms.  This reduces optical elements required in a laser resonator 

that favour the achievement of compact device footprints.  Figure 4.5 illustrates a spatial 

dispersion in two prisms that is comparable to the waveguide structures in the first part of 

the slab [figure 4.4].   

                                                                               

 

   

 

 

 
Figure 4.5.  A schematic of a prism pair configuration for dispersion compensation.  Lp is effective separation 

length and OC is output coupler [20]. 

 

From the figure above, the optical path length that manifests the distance of the propagating 

waves bouncing back and forth inside the resonator is given as [19]:- 

θ 

L 

L’ 

(b) 

(a) 

(c) 

(d) 

(e) 

      Lp 

Prism 2 

OC 

θ Prism 1 



 66 

 

    θcos2 pLP =             (4.5.3) 

 

where the angular dispersion θ  can be determined from the first derivation of Sellmeier 

equation 
λd

dn
, and it is presented as:- 

 

     λ
λ

θ ∆−≈
d

dn
2            (4.5.4) 

 

where λ∆  is the spectral width in nm.  The amount of net negative dispersion introduced 

by the prisms can be controlled by variations in the separation length pL  and intraprism 

length matL .  This net GDD that is the summation between the GDD of the material 

[equation 4.5.2] and the GDD induced by the angular dispersion is presented as [17]:- 
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where 
2

2

λd

Pd
 is the second derivation of the optical path length explicit in equation 4.5.3 as 

a function of the propagating waves that can be expressed as:- 
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The selection of prism materials required for pulse compression is important depending 

on the parameters involved in the laser resonator.  In the UV region where the wavelengths 

are shorter than 380 nm, fused silica is recommendable due to its highly transmitting 

property in this spectral line.  It can also compensate for higher-order dispersion that favour 

the generation of pulses shorter than 25 fs.  In contrast, for wavelengths longer than 400 nm, 

Lak L21 and SF 10 prisms can be implemented.  These two materials can compensate for 

second order dispersion that is influential for pulses exceeding 50 fs which is particularly the 

case for lasers developed in this project.  SF10 is used to compensate a large amount of net 

negative dispersion in the cavity and LAK L21 is preferred to compensate relatively less.  
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The values of material group velocity dispersion for each type of prism as a function of 

wavelengths from 800 to 1300 nm is provided in figure 4.6.  From this figure, for most 

prism materials these values decrease with the increasing wavelengths and they are positive 

for wavelengths below 1300 nm.  For fused silica, BK 7 and Lak L21 the maximum amount 

of material dispersions range from 36 to 60 fs2/mm at 800 nm before reducing to negative 

values at wavelengths between 1300 to 1350 nm.  However for the same range of 

wavelengths, GVD in SF 10 prisms varies from 160 fs2/mm at 800 nm to 60 fs2/mm at 1350 

nm. 

                                                                                 

                                                                                

 

 

 

 

 

 

 
 

 

Figure 4.6.  Prism material dispersion (fs2/mm) as a function of wavelength (nm). 

 

To measure the effective separation length pL  between two prisms required for optimum 

pulse compression, equation (4.5.5) can be used.  For instance in a Ti:sapphire laser, the 

total GDD  of the optical elements and air path length in the cavity is estimated as 2400 fs2.  

This gives the amount of GDD−  that need to be introduced.  Before operating any laser 

system, the prisms are arranged at an appropriate distance in the setup illustrated in figure 

4.5.  Once nice Gaussian-limited pulses are produced at around 850 nm ( 90=pτ  fs), the 

separation length is correct and the dispersion is compensated.  By taking λd
dn  as -0.01771 

µm-1 (BK7), -0.02338 µm-1 (LAKL21), and -0.04201 µm-1 (SF10), θ  is evaluated from 

equation (4.5.4) to be between 0.020 to 0.060 depends on the type of prism materials.  These 

small angular dispersions are due to the limited bandwidth in femtosecond assessment 

≈∆λ( 12 nm) and bigger value is expected in attosecond regime.  For mL = 10 mm, if using 
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a sequence of BK 7 prisms, pL  is measured to be 1029 mm.  If Lak L21 prisms or SF 10 

prisms are implemented, this length is measured to be 618 mm or 252 mm correspondingly.   

 Another alternative to achieve pulse compression that reduces cavity dimensions was 

suggested by Keller and co-workers [20] by using a single prism instead of a pair of prism 

which is demonstrated in figure 4.7.  By an appropriate design of cavity optics, an 

intersection point X  might exist at the focal length distance f  of the cavity optics.  It is not 

a beam waist of the Gaussian cavity mode but it is defined as a point where the axes of the 

resonator modes with different frequency intersect.  The insertion of a single prism at any 

distance from X  can introduce a net negative dispersion between X  and the output coupler 

and this is comparable to the two-prism configuration where the apex of prism one is at the 

intersection X [figure 4.5,4.7].  

                                                                                                                         

 

 

 

 
 
 
Figure 4.7.  A single prism approach that has an equivalent net GDD to the prism pair set up illustrated in 

figure 4.5 [20]. 

 

The amount of negative dispersion introduced by the single prism is proportional to the 

effective prism separation, pL  that exist in a prism pair configuration.  Due to the fact that 

the position of X  is determined by the arrangement of cavity optics, the possibility exists 

for a negative focal length (ie. DLp > ) to occur and this can lead to a greater compactness in 

the cavity design.  Therefore, the requirement needed to achieve a desired length pL  for 

negative GVD can be shown as:- 

 

                                                   fLD p +≥                                                           (4.5.7) 

 

where D  is the total length of the cavity arm containing the prism.  The advantages of using 

a single prism instead of a prism pair are easier alignment and low-loss tuning.  This can be 

done by tilting the output coupler or shifting the pump beam sideways with the absence of 

an aperture that introduces additional loss.  Moreover, fewer intracavity elements that 
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increase efficiencies can be achieved which therefore favour the design of a more compact 

configuration. 

 

 

4.6 Implementation. 

 

A Yb:KYW femtosecond laser was designed in a compact configuration based on a single 

prism for dispersion compensation as depicted in figure 4.8.  A single mode pump laser 

diode was used for this quasi-three-level system to achieve a good overlap between 

pump/laser modes to enable a reduction in the laser threshold and an improvement in laser 

efficiency.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8.  An overall schematic diagram of a femtosecond Yb:KYW laser where DL is single-mode InGaAs 

diode laser, HR is high reflector used as mirror 3 (M3), M1 and M2 are spherically curved mirrors with radii 

of curvature of 50 mm (M1) and 100 mm (M2), SESAM is semiconductor saturable absorber, and OC is 3 % 

output coupler.   

 
The resonator consisting of four mirrors was designed by using an ABCD matrix 

formalism.  This provided all the values for the various beam mode sizes such as the beam 

waist focussed at the crystal olw , , and at the end of the short arm cavity, SESAMw .  It was 

important to ensure that the laser mode 0,lw  focussed inside the crystal has an equivalent 
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diameter with the pump mode 0,pw  for a good overlap as mentioned previously.  In addition, 

this design package (ABCD matrix formalism) was also used to determine the correct 

positions and folding angles of the cavity mirrors and the Yb-doped crystal.  The 10 at.% 

Yb3+ doped KY(WO4)2 Brewster-angled crystal with 1.2 mm long was oriented in the cavity 

for propagation along the b axis (NP) with the polarisation parallel to the crystallo-optic Nm 

axis.  The crystal was pumped by a single narrow-stripe InGaAs diode laser (p-polarised) 

that produced an average output power of 350 mW at 981 nm with a spectral width of ~ 0.5 

nm.   

This Brewster-angled crystal was the source of astigmatism [21] inside the resonator 

due to the displacement of geometrical positions in the sagittal (xz-plane) and tangential 

( yz-plane) directions.  The mirrors (M1 and M2) were used to compensate this scheme 

where in this case, two focal points for M1 at an off-axis angle are given as:- 

 

( )
θcos
2

R
f x =           (4.6.1a) 

and:- 

    ( ) θcos2
Rf y =          (4.6.1b) 

 

where θ  is the angle of incidence and R  is the radius of curvature.  In addition, the effective 

lengths xl  and yl  through which the beam in the Brewster-angled crystal has to propagate 

is:- 
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and:- 
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+=           (4.6.2b) 

 

where t  and n  represent the length and the refractive index of the laser medium respectively.  

The main objectives of designing an astigmatically-compensated resonator are to achieve 

similar beam-waist diameters and focal points in the x  and y  directions.  These can be 

realised by tilting the cavity mirrors with the incidence angle, θ  that is presented as [22]:- 
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with t  = 1.2 mm and n  = 2, the effective lengths xl  and yl  of the crystal were estimated to 

be 0.67 mm and 0.17 mm correspondingly.  From figure 4.8 in order to minimise 

astigmatism, θ  was determined to be 8.10 for M1 that had R  = 50 mm and it is 5.70 for M2 

that had R  = 100 mm.  By substituting θ  for M1 to equation (4.6.1a) and (4.6.1b), the focal 

positions of this mirror were calculated to be 25.3 mm for xf  and 24.8 mm for yf .   

 

 

 

 

 

 

 

 

Figure 4.9.  (a) Diagram of SESAM with (b) spectral reflectivity of the absorber layer (brown region) as a 

function of wavelength. 

 

A spherical lens (f = 63 mm) was used to collect and focus the pump beam at the gain 

material.  Both mirrors (M1 and M2) had a high transmission at the pump wavelength of 981 

nm and a high reflectivity at the laser wavelengths between 1020 and 1100 nm where the 

transmission property for M1 was optimised to be 95 %.  Mirror 3 was a high reflector (HR) 

used in continuous wave (cw unmode-locked) configuration while a SESAM was used for 

passive mode locking.  The HR mirror had a high reflectivity properties (> 99.95 %) at 1052 

nm while the SESAM used to passively mode locked the laser was a low-finesse anti-
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resonance Fabry-Perot saturable absorber (A-FPSA).  During cw operation, the beam 

bounces back and forth between mirror 1, mirror 2, and high reflector to the output coupler 

directly without any prism.  However during passive mode locking operation, a SESAM 

(semiconductor saturable absorber mirror) was used instead of a high reflector where the 

dispersion control mechanism was introduced with the insertion of a single prism in the 

cavity configuration as indicated by the green rectangle in figure 4.8.  The output coupler 

was a plane-wedged mirror which has 3 % transmission at 1064 nm and was used for the 

entire evaluation of performance during the unmode-locked and mode-locked regimes of 

operation.  

A semiconductor saturable absorber (SESAM) [figure 4.9] was used for the initiation 

and stabilisation of the mode locking process.  This SESAM sample was grown by all- solid-

source molecular beam epitaxy and consisted of the Bragg mirror, comprising 25 pairs of  

AlAs/GaAs with thickness 4
λ  grown between two substrate layers of GaAs [figure 4.9a].  

This Bragg mirror forms a distributed Bragg reflector (DBR) at a centre wavelength of 1055 

nm.  An 8 nm double quantum well (DQW) InGaAs saturable absorber layer was then 

grown within the Fabry Perot cavity on top of the GaAs layer.  A dielectric layer with 

thickness approximately 20 to 30 nm was implanted on top of the Fabry perot mirror to 

protect the InGaAs QW structure from any dust or chemical reaction.  These layers were 

also implanted with doses of 1012 cm-2 of 10 MeV N-ions and this device had a modulation 

depth, R∆  of ≈ 1.4 % at 1045 nm.  An appropriate value of R∆ should be selected carefully 

in this experiment, since a higher value of R∆  results in a shorter pulse duration pτ  at a 

lower average output power.  The Fabry-Perot cavity was formed by the lower 

semiconductor Bragg mirror and a dielectric top mirror with a saturable absorber and the 

transparent layers in between.  The relaxation time of this saturable absorber was 20 ps and 

the pump saturation fluence to achieve transparency was ≈ 70 µJ/cm2.  The spectral 

reflectivity of this device at the laser operating wavelengths between 1040 to 1050 nm was 

approximately 97 % [see figure 4.9b]. 

                                                                                                                                 

 

4.7 Continuous Wave (Unmode-locked) Configuration. 

 

Before any performance assesments were conducted on the system, a pump beam profile 

measurement was done by using a Beam Master Profiler when the lens focal length was 50 
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mm [figure 4.10].  However, it was found later that this lens could not be used for laser 

construction because of the very short distance from M1, thus the result obtained can be 

used to calculate the pump beam waist opw ,  for 63 mm lens.  A filter was used to reduce the 

incident beam power on the detector head, thus preventing any damage.  The detector head 

was placed at the focussed pump beam position to determine 0,pw .  The beam measurement 

was later carried out at 50 % full width half maximum and the results obtained are shown in 

figure 4.11. 

Figure 4.10.  A schematic diagram for measurement of pump beam profile from the diode laser.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11.  The pump beam mode for profile V X W of the diode laser focussed at the crystal in three 

dimensions. 

 

 The Gaussian correlation of ~ 91 % was obtained for both V and W profiles which 

are equivalent to X-Y axes where it shows how close the actual beam profile in comparison 

to the ideal Gaussian beam.  From figure 4.11, it is shown that the full width half maximum 
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pump beam mode radius %50w  focussed at the crystal was approximately 9 µm.  However, 

for the later evaluation which used a 63 mm lens, the 0,pw  can be estimated as :- 

 

    
incident

pump
focus w

Mf
w

.

. 2

%50, π
λ

=          (4.7.1a) 

and:- 

 

    pumpfocus ww .59.0%50, =           (4.7.1b) 

 

where 2M  is the beam quality which was approximately 1.2, f  is the lens focal length, 

focusw  and incidentw  is the focussed and incident beam at full width half maximum respectively.   

Thus, from equation 4.7.1a and 4.7.1b, 0,pw  for 63 mm lens was approximately 19 µm. 

For the cw lasing experiment [figure 4.8], the laser beam waist olw ,  calculated at the 

crystal was 17 x 33 µm while the laser beam waist at the high reflector (M3) mirror, HRw  

was 35 µm.  The maximum incident pump power focussed at the crystal was 323 mW 

compared to 351 mW average output power emitted from the diode laser pump.  The crystal 

absorption was then measured and found to be ~ 93 % for polarisation  E ║ Nm axis (this 

crystal is birefringence and supports the propagation of light in two polarisation eigenstates, 

Np and Nm axis)                                                                                                          

  

 

 

 

 

 

 

 

 

 

 

Figure 4.12.  The slope efficiency of the cw (unmode-locked) laser.   
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First, the laser threshold and slope efficiency were measured for this cw operation.  

During this measurement, the maximum average output power was 122 mW with respect to 

302 mW incident pump power on the crystal which results in a slope efficiency of ~ 74 % as 

shown in figure 4.12.  This slope efficiency was almost equivalent to the results obtained 

when the Yb-doped tungstate lasers were pumped by a Ti:sapphire laser [13].  In this figure, 

it can be seen that after achieving a laser threshold power of ~ 101 mW, the laser output 

power increases as a function of the incident power as expected.  Double-pass loss, dL  was 

determined from equation (3.2.10) to be ~ 0.9%.  From equation (3.2.6a), theoretical 

threshold was found to be 32 mW approximately around 1044 nm which was two to three 

times lower than the measured result.  This big difference can be improved by checking the 

cavity lengths in the resonator to determined the exact spot sizes. 

 After a careful alignment of the laser set up, the maximum output power produced  

from the laser was 136 mW at 1045 nm which corresponds to the optical-to-optical 

efficiency of 42 % with respect to the incident pump power of 323 mW.  The next 

assessment was carried out on a passively mode-locked version of this laser with the 

introduction of a SESAM and a mechanism of dispersion compensation by using a single 

prism as outlined before. 

 

 

4.8 Passive Mode Locking Configuration with a SESAM. 

 

      

 

 

 

 

 

 

 

 

 

Figure 4.13.  The wavelength tunability after inserting a prism inside the cavity. 
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Before passive mode locking assessments were carried out, the second-order dispersion of 

the crystal had to be determined by using the formula presented in equation 4.5.2.  The 

refractive index of the crystal as a function of wavelength, )(λn  can also be calculated 

from equation 4.5.1 where constants 184443.2=a , 811851.0=b , 805159.0=c , 

019644.0=d , 019289.0=e  and .203164.82=f   Therefore, the positive group velocity 

dispersion of this crystal for the wavelength range between 1012-1069 nm could be 

estimated to be 141-153 fs2/mm while its refractive index was deduced to be ~ 2.  By 

accounting the length of the crystal as mentioned in section 4.6, the GDD of the crystal at 

1040 nm was determined to be around 180 fs2.  At this wavelength regime, M1 and M2 

were designed by the manufacturer to imply positive dispersion of about 50 fs2.  Both OC 

and SESAM [figure 4.8] had broadband reflection curves that explain their dispersionless 

properties.  As the consequence, positive GDD in the laser cavity implemented in this 

evaluation was estimated to be around 300 fs2 at 1040 nm where the dispersion in the air 

was negligible (this value will be determined in the next chapter).  This passive mode 

locking experimentation was carried out to satisfy two objectives.  The first was for the 

optimisation of energy pulse fluence incident on the SESAM to support stable mode 

locking operation and the second was to achieve optimised pulse compression.  To satisfy 

both of these objectives coincidentally, the prism was placed at a similar position for the 

whole evaluation, but SESAMw  and intraprism length mL  were varied.   

To determine the tunability of the laser, a single prism was inserted inside the cavity 

with a distance of 310 mm from M1 [figure 4.8] when a high reflector (M3) was 

maintained at the short arm cavity.  This distance was decided based on the previous 

assessment on Yb:KYW laser [15] where the separation length between two prisms, pL  

was 390 mm.  With an output coupler of 3 % , a maximum of 121 mW output power was 

produced around 1045 nm.  This shows that the prism had induced losses ~ 5 % inside the 

cavity and as a consequence the optical-to-optical efficiency was reduced to 37 %.  The 

laser was then tuned from 1012 nm to 1069 nm which was comparable to the previously 

report done by Lagatsky [15] where the laser tunability was found to be between 1012 nm 

to 1079 nm. 

In the configuration for passive mode locking, the high reflector mirror (M3) was 

substituted with a low-finesse SESAM in the short arm of the cavity.  The introduction of a 

SESAM allowed mode locking to be initiated within an appropriate cavity length without 

any additional perturbation being required.  Pulses that demonstrated multipulse operation 
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were produced when the average output power was 84 mW.  This occurred because the 

beam mode at the SESAM, SESAMw  of 35 µm implied a very high intracavity fluence incident 

on the SESAM compared to the saturation fluence of the SESAM (70 µJ/cm2).  By reducing 

the pump power on the laser medium, the pulses showed a stable mode-locked shape when 

the average output power was 50 mW that was 1.7 times lower than the earlier result.  This 

provided an indication to which extent the SESAMw  need to be increased for the reduction of 

this fluence.  As this stable mode locked process was produced at the unoptimised output 

power, it was predicted that SESAMw  needed to be increased approximately between 1.3 to 1.6 

times from the original beam mode size.  As the consequence, an initial attempt was 

performed by adjusting the cavity length between M2 and SESAM to increase SESAMw  to 47 

µm while olw ,  was not changed ( olw , =17 x 33 µm).  To produce ultrashort pulses, the prism 

was then inserted vertically at an appropriate distance to control the group velocity 

dispersion compensation inside the cavity.  The pulse duration was then characterised by 

using a Femtochrome autocorrelator. 

 

 

 

From this measurement, a pulse duration of 304 fs was obtained at 1043 nm with pulse 

repetition frequency of 220 MHz.  The spectral width was 5 nm while the average output 

power was 71 mW.  From the output power of the laser outP , intracavity power rPint  can be 

calculated with respect to the output coupler transmission T  which is given as:- 

 

   
T

P
P out

r =int                         (4.8.1) 

Figure 4.14.  (a). The corresponding optical spectrum and (b) measured intensity autocorrelation for pulse 

duration of ~ 304 fs.  
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From the equation above, the intracavity power obtained inside the cavity was 2.37 W.  

The gain bandwidth of the laser, ν∆  was 1.38 THz. while the time-bandwidth product was 

0.42.  This was not a good sech2 transform-limited product as required ( pντ∆ ≈ 0.32) while 

the pulse duration of 304 fs was longer than what was expected.  As the consequence, the 

current beam waist (SESAMw = 47 µm) had to be increased to optimize the pulse fluence on the 

SESAM for the generation of shorter pulse durations.   

 

 

4.9 Optimisation of Energy Pulse Fluence Incident on the SESAM. 

 

In this final evaluation, the pulse repetition frequency of the device was reduced to 212 

MHz (optical path length ~ 1414 mm) as a consequence of the increase in the beam waist at 

the SESAM to 55 µm while the beam waist at the crystal was similar to before, olw , = 17 x 

33 µm.  A careful vertical adjustment of the prism was done until an appropriate group 

velocity dispersion compensation was achieved inside the cavity.  Meanwhile, precise 

control of the cavity length between mirrors especially the alignment of M2 and SESAM 

[figure 4.8] was also undertaken until a mode-locked beam was produced reliably.  

 

 

 

 

 

 

 

 
 
Figure 4.15.  (a)  The corresponding optical spectrum of mode locked Yb:KYW laser and (b) measured 

intensity autocorrelation for pulse duration of  231 fs.  

 

 The results of this performance assessment are shown in figure 4.15 where the pulse 

duration was 231 fs at 1043 nm.  The laser gain bandwidth, ∆ν was 1.38 THz with a 

transform limited bandwidth product of 0.32.  In addition, the spectral width was 5 nm while 

the peak power was 1.9 kW from the average output power of 93 mW.  This corresponds to 

the optical-to-optical efficiency of 29 % while the electrical-to-optical efficiency was 12.6 % 

∆λ = 5 nm 
∆ν.τp = 0.32 
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which was three times higher than that obtained with a Cr:LiSAF laser [23].  The reduced 

efficiency for passive mode locking compared to the efficiency in the unmode-locked 

performance (~ 42 %) was attributable to the losses caused by the insertion of the prism and 

the SESAM.  The pulse fluence incident on the SESAM, se

SE
F λ  can be shown to be:- 

 

2
int

).( SESAMrep

r

wf

P
F se

SE π
λ

×
=            (4.9.1) 

 

where repf  is the pulse repetition rate.  From this equation, the intracavity power inside the 

laser oscillators was 3.1 W while the pulse fluence calculated on the SESAM was 154 

µJ/cm2 in comparison to the saturation fluence of the SESAM, se
satF λ  of 70 µJ/cm2.  This 

shows that the intracavity fluence on the SESAM should be optimised to be two or three 

times higher than the saturation fluence of the SESAM to achieve appropriate mode locking 

stability.   

 

                                        

                                        

                                        

                                        

                                        

                                        

-600 -300 0 300 600

In
te

ns
ity

 a
ut

oc
or

re
la

tio
n

delay,fs

 
 

The laser was then adjusted further to obtain a pulse duration as short as 212 fs with an 

output average power of 86 mW [figure 4.16].  This is to date the shortest pulse duration 

produced from this cavity arrangement with a high peak power of 1.9 kW emitted at 1044 

nm and a spectral width of 6 nm.  The pulse was nearly transform limited, as implied by the 

duration-bandwidth product of 0.33, with the laser gain bandwidth ν∆ of 1.65 THz.  The 

intracavity power inside the laser oscillator was calculated to be 2.9 W while the pulse 

fluence on the SESAM was 143 µJ/cm2 in comparison to the saturation fluence of the 

SESAM of 70 µJ/cm2.  The shorter pulse duration with a more broadened spectrum obtained 
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Figure 4.16.  (a)  The corresponding optical spectrum of mode-locked Yb:KYW laser and (b) measured 

intensity autocorrelation for pulse duration of 212 fs. 
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in this new setup was due to the optimization of the pulse fluence on the SESAM compared 

to the saturation fluence of the SESAM.  There was also better control of group velocity 

dispersion for compensation by a careful re-insertion of the prism inside the laser cavity.  

From both of these results, it is seen that a shorter pulse duration can be obtained at a lower 

average output power which corresponds to a lower intracavity power and optimised pulse 

fluence incident on the SESAM in comparison to that of longer pulse duration.  However, 

the peak power for both of these pulses were similar at 1.9 kW as calculated from equation 

1.2.1 and thus feasible for biological, medical and imaging applications within this spectral 

region.   

By considering positive GDD inside the laser oscillator as 300 fs2 at around 1040 nm, 

pL  was calculated from equation 4.5.5 to be 157 mm for intraprism length, mL  of 

approximately 12.5 mm.  However, this result was obtained by ignoring the dispersion value 

of air path length between the optical elements.  If this value contributes to two times of the 

positive GDD implied in the optical elements [see section 5.7], pL  was estimated to be 

around 186 mm.  In both of these cases, −X intersection point was assumed to be between 

120 to 150 mm from M1 as depicted in figure 4.8.  Further improvement to these results 

were suggested by moving the prism back or forward inside the laser oscillator to produce 

shorter pulses.  This chapter just concentrates to discuss the optimisation of pulse fluence 

incident on the SESAM and the achievement of optimised optical pulse compression by the 

variation in mL  when pL  was fixed at a similar distance.  Precise value of the net GDD need 

to be introduced in the laser set-up by accounting the exact amount of dispersion in the air 

will be carried out in the next chapter [Chapter 5] by implementing a combination of chirped 

mirrors.   

 

 

4.10   Tunability of a Single-prism Yb:KYW Femtosecond Laser. 

 

The most interesting advantage of inserting a single prism in this laser cavity instead of a 

pair of prisms was the simpler alignment which also allowed wider tunability [figure 4.13].  

All the results presented in this section were obtained when the laser beam passed through 

the prism with a similar intraprism length, mL  thus exhibiting similar group velocity 

dispersion for compensation.  When these pulse durations were plotted as a function of 

wavelength as demonstrated in figure 4.17, the pulses are seen to be shorter at longer 
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wavelength ranges.  This can be explained because at longer wavelengths, the reflectivity of 

the SESAM [figure 4.9b] increases to ~ 97 %, which gives rise to an increase in the intensity 

of the pulses.  With the combinations between self-amplitude and loss modulation, the 

stronger saturation properties of the higher intensity at the peak of the pulses compared to 

the lower intensity wing leads to improved pulse shortening mechanisms.  In contrast, the 

longer pulses obtained at wavelength less than 1040 nm were caused by the increase in the 

non-saturable loss NSR∆  inside the SESAM as well as the higher transmission properties of 

the folding mirrors M1 and M2.  

 

 

   

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.18.  Time-bandwidth product as a function of wavelength  
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~ 0.32 at the longer wavelength ranges between 1042 nm and 1047 nm [figure 4.18] in a full 

analogy with the results shown previously [figure 4.17]. 

 

 

4.11 Conclusion. 

 

Some work carried out for the construction of an asymmetric 4-mirror cavity for a Yb:KYW 

femtosecond laser pumped by a single-mode narrow stripe InGaAs diode laser has been 

presented here.  The use of a single prism instead of a prism pair, as used by other 

investigators, has been proven to be effective as a means of achieving a more compact and 

efficient laser.  This provided both a simpler alignment and a wider tunability due to the 

reduction of optical elements in the cavity.  The maximum optical-to-optical efficiency of 29 

% was obtained during femtosecond operation while the electrical-to-optical efficiency was 

12.6 % which was three times higher compared to that obtained in a Cr:LiSAF laser [23].  

By a proper control of group velocity dispersion inside the resonator and the optimisation of 

incident fluence on the SESAM compared to the saturation fluence of the SESAM, the 

shortest pulse duration of 212 fs at 1044 nm was obtained with a peak power of 1.9 kW.  

Further improvements can be made to this resonator by using mirrors with shorter radii of 

curvature to increase the beam intensity focussed on the crystal perunit area and the use of 

chirped mirrors instead of a prism for dispersion compensation.  This should lead to designs 

for more compact, lower threshold and higher efficiency femtosecond lasers. 
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Chapter 5 

Compact and Highly Efficient Prismless Diode-Pumped Yb:KYW Femtosecond 

Laser  

 

 

5.1 Introduction. 

 

In this chapter I introduce the advantages of dispersive mirrors that are based on a chirped 

dielectric structure that can be used to control dispersion in a laser cavity.  This contrasts 

with a standard Bragg mirror where the dielectric layers have a constant structure 

throughout the device.  Along with the desired dispersion profile, the differences in 

dielectric structure result in broader bandwidth characteristics for chirped mirrors 

compared to those associated with Bragg mirrors.  The dispersive mirrors discussed in this 

project ranged from a simple dielectric mirror, to a double-chirped mirror and then to an 

integrated double-chirped-semiconductor mirror technology.  The main objective in this 

work was to construct Yb:KYW femtosecond lasers based on a dielectric chirped mirror 

that represented a simpler and cheaper fabrication requirement compared to that of a 

double-chirped mirror.  The optimisation of compact dispersion compensation mechanisms 

were carried out in the laser oscillator to increase optical-to-optical efficiency, reduce 

device footprint  and produce shorter pulse durations than might have been the case using 

prisms for dispersion compensation.   

The initial assessment was carried out by using a single-mode narrow-stripe 

InGaAs diode laser having an output power of 350 mW as a pump source while the second 

was carried out by using more powerful pump sources based on single-mode fibre-coupled 

polarisation maintaining InGaAs diode lasers producing output powers up to 930 mW.  

The main objective of using the more powerful pump sources was to further improve the 

results obtained in the initial evaluation.  Any extra heating generated could be neglected 

due to the low quantum defect of ~ 0.04 in tungstates and the relatively low power (<10 W) 

of the pump source.  Some suggestions for the improvement of these results towards an 

optimised design for a more compact and highly efficient femtosecond laser are included 

as concluding remarks. 
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5.2 New Techniques for Dispersion Compensation.  

 

In femtosecond lasers emitting at wavelengths shorter than 1300 nm, the positive 

dispersive properties exhibited by the optical elements and gain media in the laser cavity 

can be compensated by a range of techniques that provide the desired amount of negative 

group delay dispersion (GDD) in relatively simple configurations [1,2].  Techniques 

reported by other investigators involved the deployment of prism-based dispersion control 

such as prism pairs [3], a single prism [4] or a prismatic end mirror [5].  In these 

implementations, the material dependent factor and effective prism separation L  between 

the Brewster interface and the axes of different frequencies intersection of the resonator 

modes play important roles in determining the amount of negative GDD introduced within 

laser oscillators [4].  These contribute to the relatively complicated cavity designs that take 

account of the interdependence between pulse durations to cavity and prism alignment.  

Any slight cavity-mirror alignment changes the position of the resonator axis and glass 

path through the prisms.  In order to maintain the original pulse duration and 

corresponding spectrum, some readjustments of prism position and orientation with other 

optical elements are required.  As a consequence, this increases the complexity in the 

integration of these devices to pump other optical systems especially for optical parametric 

oscillators/amplifiers and second harmonic generation.  Furthermore, the insertion of 

additional prism elements leads to a loss in laser efficiency and it also sets limits to cavity 

dimensions because large values of negative GDD require relatively large effective prism 

separations.   

An earlier investigation used an integrated prismatic output coupler and gain 

medium [5] as a compact dispersion-compensation scheme in a Kerr-lens mode-locked 

Ti:Sapphire laser.  In this configuration, the end mirror was a single prism coated to 

perform as a 1 % transmitting output coupler thereby eliminating any need for a prism pair.  

This has the advantage that the laser cavity could be reduced in size and the tolerance on 

cavity alignment was relaxed.  A pulse duration of 111 fs was obtained at a pulse-repetition 

rate of 1 GHz and 54 fs at a pulse repetition rate of 385 MHz, but this geometry was found 

to be incompatible for GHz repetition-rates and sub-100 fs regimes.   

In the case of broadband solid-state femtosecond lasers capable of generating pulse 

duration less than 50 fs, a prism-pair is a primary source of higher-order dispersion.  This 

can be described by the Taylor expansion [equation 2.4.2] that includes the third-order and 

fourth-order terms [6,7,8].  Third-order dispersion is found as a major limitation to 
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dispersion-control mechanisms.  Although prism-pair-controlled Ti:sapphire lasers can 

generate nearly transform-limited pulses with pulse durations of 10-15 fs [9,10,11], the 

generation of pulses below 10 fs is more problematical as shown by the time-bandwidth 

product pντ∆ of 0.6.  Alternative intracavity elements based on negatively dispersive 

mirrors have therefore been designed for the control of group velocity dispersion in laser 

oscillators.  In such mirror-dispersion-controlled Ti:sapphire lasers, pulse durations as 

short as 8 fs with a near sech2 duration-bandwidth product pντ∆  of 0.38 was obtained at 

around 800 nm [12]. 

 

 

5.3 Dispersive Mirrors. 

 

Three types of dispersive mirrors are outlined in this section.  These are the Bragg mirror, 

the chirped mirror and the double-chirped mirror that are based on thin film designs.  A 

Bragg mirror is a standard dielectric structure that is designed to have high-reflectivity 

characteristics at a certain wavelength range and it is a principal optical component in a 

laser cavity.  It consists of multiple layers of alternating high and low index transparent 

films, typically fabricated from TiO2/SiO2 where all of the optical layer thicknesses are 

one-quarter ( )4
λ  of the centre operating wavelength [figure 5.1].   

   
Figure 5.1.  The basic structure of a Bragg mirror [13]. 

 

The geometrical thickness mhd ,  and mld ,  of these layers with m-th index step 

[figure 5.2] can be described as:- 
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n(SiO2)=1.45] and λ  is the centre wavelength of the Bragg mirror.   

    
Figure 5.2.  A general Bragg structure with m-th index layer [14]. 

  

For the design wavelength transmitted on each mirror/air and mirror/mirror 

interface, a part of the incident light will be reflected back due to Fresnel reflection.  The 

reflection coefficients for the interfaces have a phase shift of 1800 due to the difference in 

refractive index while the optical path length difference between subsequent interfaces is 

2
λ  (one-half of the wavelength).  The relative phase difference of all reflected beam 

components should be zero which implies constructive interference amongst all the 

reflective components.  For the optimization of laser performance, the quality of optical 

coatings in the mirrors such as high reflectors should approach 100 % reflectance at the 

operating wavelength range to minimize intracavity losses as shown in figure 5.3. 

 

   
Figure 5.3.  An example of the reflection (green curve) and dispersion (red curve) profiles of a standard 

Bragg mirror where the brown arrow shows the dispersion profile over the reflection bandwidth of this 

device [15].  

 The disadvantages of this mirror are the restricted bandwidth characteristics that 

place constraints on the pulse durations that are possible in ultrashort pulse lasers.  These 
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arise through the restricted difference in refractive index between transparent layers of 

SiO2 and TiO2 which results in a limitation of the high-reflectivity bandwidth of a standard 

quarter-wave Bragg mirror.  For instance, at the wavelength of 1000 nm the bandwidth of 

this mirror is just 300 nm.  This means that the mirror is dispersionless at the designed 

wavelength but exhibits a relatively small group delay dispersion over the reflection 

bandwidth.  A different phenomenon is shown at the edge of this wavelength range where 

a significant amount of dispersion occurs (figure 5.3).  In addition, this mirror produces 

higher-order dispersion as shown by the investigation involving CPM dye lasers [16].  

However, these problems can be solved with chirped dielectric mirrors that can be 

designed for dispersion compensation in laser oscillators. 

In 1994, Szipocs and Krausz designed the first chirped mirror [13,17,18] that 

offered a wide reflectivity range and a controlled negative dispersion profile [2,19] that 

could provide dispersion compensation through the whole reflectivity bandwidth.  This 

was achieved through the provision of a linear chirp in the Bragg wavelength associated 

with the individual layer pairs where longer wavelengths penetrate deeper into the mirror 

structure compared to shorter wavelengths as shown in figure 5.4 [13].  In the case of high 

reflectivity chirped mirrors, preference is shown towards a combination of materials 

having the highest refractive index ratio )(
l

h
n

n that produce a broader bandwidth.  For 

commercial applications, the TiO2/SiO2 pair has the highest ratio in the near-infrared 

spectral region.   

 

 

 

 

 

  

Figure 5.4  The structure of a chirped mirror [13]. 

 

 From the theoretical derivations explained by Keller and co-workers [13], 

the group delay dispersion in chirped mirrors can be described as:- 
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and, the formula for third-order dispersion is given by:- 
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where λk  is the wave number of the incoming wavelength, 0max,k  is the maximum wave 

number for the first index step )0( =m and mkmin,  is the minimum wave number for the 

final index step.  k∆  is the linear decrease in the chirped wavenumber for each individual 

layer that is given as:- 

     

    
m

kk
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From figure 5.4, m  is negative for the designed chirped mirror due to its position at the left 

side of this index step and m  is positive for the incoming/reflected propagating waves due 

to its position at the right side of this index step.  For the first layer of the chirped mirror 

0=m  while for the subsequent layers 1−= lm  where l  is the individual layer pair 

sequence =l( 1, 2, 3… and =m  0, -1, -2, -3…).   

From equation (5.3.3), it is shown that a linearly chirped mirror implies a low value 

of positive third-order dispersion in a laser oscillator even though it was previously thought 

that a linear chirp in the Bragg wave number would lead to a linear group delay, and zero 

third-order dispersion.  However, the fabrication and design technology [18] of this device 

can be implemented to cancel or reduce any contributions to higher-order dispersion 

(equation 2.4.2) as exhibited for instance in the gain medium or prism-based dispersive 

elements.  A chirped mirror overcomes the bandwidth limitation of a standard Bragg 

mirror and can provide compensation for higher-order dispersion.  Multiple bounces on a 

chirped mirror can achieve an adequate amount of negative dispersion to compensate for 

material dispersion inside the laser cavity without the existence of prism pairs, thus 

reducing the insertion of any additional material in the beam path.  This approach leads to 

cavity design simplification that enables the construction of more compact, portable and 

highly efficient femtosecond lasers with shorter pulse durations.  To date, pulse durations 

with sub-10 fs pulses from Ti:sapphire lasers [20,21] at around 800 nm and sub-20 fs 
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pulses from Cr:LiSAF and Cr:LiSGaF lasers [22,23] at around 840 nm have been reported 

with the use of chirped dielectric mirrors.   

Chirped mirrors have a wide range of applications for dispersion control in optical 

parametric oscillators [24], continuous wave and mode-locked solid-state lasers [17], pulse 

compression in chirped pulse amplification (CPA) systems [25,26], or in white light 

continuum compression experiments [27] that support the generation of sub-5 fs pulses 

[28,29].  However, these devices exhibit strong oscillations in the mirror structure due to 

the chirping of Bragg wavelength in a full analogy with Gires-Tournois interferometer 

effect [30].  For longer wavelengths with deeper mirror penetration, Fresnel reflection at 

the mirror/air interface interferes constructively with the strong reflection from the back, 

contributing to additional material dispersion with an amplitude of several tens of 

femtoseconds which is not useful for ultrashort pulse generation.  Another source of 

oscillation is the generation of “impedance mismatch” due to immediate switching of the 

counter propagating waves from “0” in the air to a “finite value” in the mirror structure.   

 

 

 

 

 

 

 
Figure 5.5.  The structure of a double chirped mirror [31]. 

 

Both problems described above can be solved with the double-chirped mirror 

(DCM) pattern [14,32] as shown in figure 5.5 above.  An anti-reflection coating that is the 

initial part of this mirror is implanted on top of the mirror structure.  The design of this 

coating can affect the relative phase and amplitude of the reflected waves to be perfectly 

matched to the surrounding medium.  This can eliminate any GTI-effect into the mirror by 

avoiding a refractive-index jump between the top mirror layer and the air.  In addition to 

the linear chirp in the Bragg wavelength, an “impedance matching” mechanism is also 

included as the second part of this mirror that therefore consists of double-chirped layers.  

This is achieved by chirping in the coupling strength along the grating period to produce a 

smoother group delay dispersion inside the mirror structure.  This can be done by 

controlling the thickness ratio between high and low index layers of the transparent films 
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where the optical thickness of the high-index layers are lower than those of the low-index 

layers, mllmhh dndn ,, ≤ .  The Bragg wave number for the m-th index step mBk ,  is given as:- 
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and the Fresnel reflectivity, r  of the mirror structure is shown as:- 
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where coupling coefficient between the incident to the reflected waves is given as, 

r20 −=κ . 

 The third part of this mirror [figure 5.5] consists of simple chirped-layers and the 

last part on top of the 2SiO  substrate is the quarter-wave layers.  These two layers are 

optional in the designed DCM but are sometimes required to obtain high reflectivities over 

broadband wavelength ranges.   

 Based on the work reported by Keller et al. [13], the chirp in the Bragg wavelength 

of the DCM is chosen to be:- 

   

    ( )
























 −
−−=

m

kk
lkk m

mB
min,0max,

0max,, .1       (5.3.7) 

 

and the physical thickness of the high-index layer mhd ,  is given as:- 
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where 1=α  is for a linearly-chirped and 2=α  is for a quadratically-chirped high-index 

layers.  From equation 5.3.5, the low–index layer mld ,  can be obtained by substituting the 

values of mhd ,  obtained in equation 5.3.8 into equation:- 
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 For instance, by choosing randomly a wavelength range of operation for the DCM 

between 750 nm and 1200 nm, the value of 0max,k  is 8.3 µm-1 and mkmin,  is 5.23 µm-1.  

Linear variation in the Bragg wave number over the first 20 index layers )19( =m  [figure 

5.5] can be implemented by using equation 5.3.7.  The corresponding results as a function 

of m-th index step are presented in Figure 5.6 below where the last 5 index layers of the 

Bragg structure are kept constant at mkmin, .  It is demonstrated from this figure that the first 

layer of the double-chirped structure is normalised to the maximum wave number 0max,k  

and the final structure of the chirped-mirror is normalised to the minimum Bragg wave 

number mkmin, .  This is as the consequence of the deeper penetration of longer wavelengths 

inside the mirror over that of shorter wavelengths [figure 5.6] . 

 

 

 

    

 

 

 

 

 
Figure 5.6.  Properties of double-chirped and simple-chirped structures for the designed DCM illustrated in 

figure 5.5 for the first 20-index layers.  Green colour represents chirped Bragg wave number and red colour 

represents the corresponding wavelength for each layer.  

 

Impedance matching for the first 12 index layers of the double-chirped structure is 

implemented by varying the physical thicknesses of high- and low-index layers through 

linear and quadratic functions.  The results are plotted in figure 5.7 where mhd ,  increases 

slowly along the m-th index steps in contrast to the decreasing thicknesses of mld , .  

However, in AR-coating mhd ,  and mld ,  alternate randomly and in the simple chirped-

structure these thicknesses increases simultaneously along the Bragg grating as presented 
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in (figure 8 [31]).  The effects for reflection and dispersion profiles in a chirped mirror 

[figure 5.4] and in double-chirped mirrors are demonstrated in figure 5.8 above.  The 

reflection profile in a quadratically impedance-matched double chirped mirror is smoother 

over that of a linearly impedance-matched and mismatch structures.  In addition, the 

introduction of double-chirped structures generate a controlled group delay over a wide 

reflectivity range for the surpression of oscillations in a mismatch chirped mirror where the 

quadratically-matched structure is more favourable for smoother dispersion compensation 

scheme in ultrashort pulse generation over that of a linearly-matched structure.  The higher 

the order of the matched-structure leads to the restriction in the reflectivity bandwidth as a 

reduced tolerance is imposed. 

 

 

 

 

 

 

 

 

 

 
Figure 5.7.  Physical thicknesses in the first 12 index steps of the double-chirping structure for the DCM 

shown in figure 5.5 where the solid lines are for high-index layers mhd ,  and the dotted lines are for low-

index layers mld , . 

 

 

 

   

 

 

 
 
 
 
Figure 5.8.  Example of reflection (upper plot) and dispersion profiles (lower plot) in a chirped mirror (blue 

curve) and double chirped mirror structures.  The coupling coefficient in the double-chirped structure is 

matched linearly (red curve) and quadratically (green curve) to the surrounding medium [13]. 
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From equation 5.3.2 and 5.3.3, dispersive properties in the DCM with the optical 

property of 0max,k = 8.3 µm-1 discussed in figure 5.5 can be evaluated.  For TiO2/ SiO2 pairs 

with refractive indexes of 2.4 for hn  and 1.45 for ln , the coupling coefficient 0κ  is given 

as -0.49.  With k∆ = 0.162 µm-1 obtained from equation 5.3.4, group delay dispersions in 

the mirror structure are calculated to be 







−=

λk

k
D 0max,0

2 92.51  fs2 for second-order 

dispersion and 
2

0max,0
3 8.20)( 








=

λk

k
kD  fs3 for third-order dispersion.  For the incoming 

wavelength at 1045 nm ( 012.6=λk  µm-1), the second-order dispersion 02D  is calculated to 

be -71.61 fs2 and the third-order dispersion 03D  is calculated to be 28.7 fs3.  Due to its 

wavelength range of operation between 750 nm and 1200 nm, this type of broadband DCM 

mirror is the most compatible as a dispersion compensation scheme in Cr-doped/Yb-doped 

femtosecond lasers. 

Although the DCM allows the generation of sub-10 fs directly from a Ti:sapphire 

laser [33,34], there are some limitations concerning the quantity of higher-order dispersion 

that can be compensated by this device, so a combination with prisms is sometimes 

required in the lasers.  Multiple bounces between two double-chirped mirrors are needed to 

produce a sufficient amount of negative dispersion in a laser cavity and this tends to limit 

reductions in cavity dimensions. 

To further reduce the device footprint, a DCM can be integrated into semiconductor 

technology [35].  In comparison to the typical TiO2/SiO2 chirped mirrors, the chirp of the 

Bragg wavelength has to be weaker to achieve a sufficiently wide reflectivity wavelength 

range owing to the smaller refractive index ratio between GaAs/AlAs semiconductor layers.  

This requires a higher number of layer pairs to achieve an appropriate amount of reflection 

bandwidth and this contributes to a rather complicated fabrication requirement.  However, 

a large amount of negative dispersion can be obtained as the consequence of weak 

coupling coefficient along the grating period and the weak chirp in the Bragg wavelength.  

This leads to an increase of the penetration depth for a pre-designed wavelength.  

Consequently, only a single bounce on the mirror is required for dispersion control which 

reduces losses inside the laser oscillators.  This device can also be integrated into a 

SESAM structure, combining negative dispersion with soliton-like pulses and a soliton 

mode locking process [36] in a compact femtosecond configuration.  A nearly transform-
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limited product of 0.31 was obtained with 200 fs pulse durations in a compact Nd-glass 

laser using a chirped semiconductor mirror for dispersion compensation [35].  The 

insertion loss of the dispersive mirror was only 0.4 % and a separate SESAM was 

employed for mode locking mechanism.   

 Before designing any double-chirped semiconductor mirror, negative dispersion 

within a specified wavelength range required for compensation in a laser oscillator had to 

be investigated first.  Different types of oscillators might have different amounts of 

material dispersion depending on the mirrors/gain elements inside the cavity.  Therefore, a 

specific dispersive element in a semiconductor chirped mirror is designed for the 

requirement inside a particular laser.  This specialised  fabrication requirement becomes 

more complicated and expensive if the device is integrated into a SESAM structure.  As a 

consequence, a simple chirped-mirror based on TiO2/SiO2 technology is preferred as a 

cheaper alternative source for the net dispersive element for laser oscillators having MHz 

repetition rate as will be discussed in the next section. 

 

 
5.4 Implementation. 

 

The experimental set-up as shown in figure 5.9 was designed to enable the use of chirped 

mirrors for dispersion compensation in a more compact laser configuration.  The cavity 

length used provided a pulse repetition rate of 212 MHz during mode-locking operation.  

In common with the previous experimental set-up of figure 4.8, the gain medium was a 1.2 

mm long, 10 at. % Yb3+ doped KY(WO4)2 Brewster-angled crystal pumped by a single-

mode narrow-stripe InGaAs diode laser (p-polarised).  Mirror 1 had a radius of curvature 

of 50 mm with 95 % transmission while mirror 2 had a radius of curvature of 100 mm.  

Both of these mirrors exhibit a high transmission at the pump wavelength of 981 nm and 

high reflectivity in the lasing band of 1020-1100 nm.  The SESAM [figure 4.9] used for 

passive mode locking operation was a low-finesse anti-resonant Fabry-Perot saturable 

absorber (A-FPSA) with a modulation depth of 1.4 % at 1045 nm while the output coupler 

was a plane-wedged mirror with 3 % transmission at 1064 nm.   
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Figure 5.9.  An overall schematic diagram of femtosecond Yb:KYW laser that incorporates 3-combinations 

of chirped mirros CM1 and CM2, DL is single-mode InGaAs diode laser, M1 and M2 are spherically curved 

mirrors with radii of curvature of 50 mm and 100 mm respectively, SESAM is semiconductor saturable 

absorber mirror, while OC is 3 % output coupler.   

 

A 63 mm lens was used to focus the pump beam to a waist, 0,pw  of 12 µm and a 

typical incident pump power on the crystal was 320 mW.  From the ABCD matrix 

formalism, the laser beam waist, olw ,  at the crystal was 17 X 33 µm while the laser beam 

focussed on the SESAM, SESAMw  was 55 µm.  This SESAMw  was found to be the optimum 

beam waist incident on the SESAM that produced the shortest pulse duration, pτ  as 

mentioned already in section 4.9. 
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Figure 5.10.  Measured negative group delay dispersion of -455 ± 200 fs2 in the first chirped mirror for the 

wavelength range of 1012-1069 nm [see Appendix A]. 
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From previous assessment carried out in Chapter 4 [see section 4.8], positive GDD 

introduced by the optical elements was estimated to be ~ 300 fs2 by neglecting the 

dispersion implied between the air path.  This gives  a general idea about the combination 

of chirped mirrors that need to be incorporated into the passive mode locking set up.  Three 

types of chirped mirrors were used instead of a single prism for dispersion control scheme.  

The mirror structures of these devices were similar to the simple dielectric chirped mirror 

as shown in figure 5.4 where their negative dispersion profiles are shown in figures 5.10, 

5.11 and 5.12.   

   

 
 

These chirped mirrors can only compensate for the group delay dispersion while 

the higher-order dispersions such as third-order and fourth-order dispersion can be 

neglected in the pulse width regime of operation.  All of these chirped mirrors exhibited 

                                        

                                        

                                        

                                        

                                        

                                        

960 980 1000 1020 1040 1060 1080 1100
-1000

-800

-600

-400

-200

0

200

400

[fs
ec

]2

Wavelength,nm

1012 nm 1069 nm 

                                        

                                        

                                        

                                        

                                        

                                        

900 950 1000 1050 1100 1150

-200

-150

-100

-50

0

[fs
ec

]2

Wavelength, nm

1012 nm 
1069 nm 

Figure 5.12.  Measured negative group delay dispersion of -110 ± 20 fs2 in the third chirped mirror for the 

wavelength range of 1012-1069 nm [see Appendix C]. 

Figure 5.11.  Measured negative group delay dispersion of -370 ± 50 fs2 in the second chirped mirror for the 

wavelength range of 1012-1069 nm [see Appendix B] 
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high reflectivity of > 99.9 % at laser wavelengths between 960 to 1200 nm and offered 

negative dispersion values of –455 ± 200 fs2, -370 ± 50 fs2 and -110 ± 20 fs2 for the laser 

centre wavelengths between 1012 nm to 1069 nm.  The original graphs that demonstrate 

transmission, reflection and dispersion profiles of these chirped mirrors manufactured by 

Layertec Gmbh are shown in appendices A, B and C. 

The main objective in this part of my project was to implement an optimised 

dispersion compensation scheme based on chirped mirrors that would be compatible with a 

compact cavity design.  Three combinations of chirped mirrors [figure 5.9] were assessed.  

For combination one, a double reflection of the laser beam took place between chirped 

mirrors 1 and 2 that had negative dispersions of –455 fs2 and -370 fs2.  For combination 

two, only a single bounce was reflected between these two mirrors while for combination 

three a single bounce was reflected between chirped mirrors having negative dispersions of  

-455 fs2 and -110 fs2.  

 

 

5.5 Prismless-cavity Results (-455 fs2 X 2, -370 fs2 X 2).  

   
 
The first assessment was carried out with the double bounces between two chirped mirrors 

having negative dispersions of -455 fs2 and -370 fs2 [figure 5.9].  After a self-starting 

mode-locked operation was produced, the slope efficiency and laser threshold were 

measured during femtosecond operation.  The slope efficiency obtained during this 

operation was 62 % as shown in figure 5.13 while the mode locking threshold was satisfied 

for a pump power of 255 mW at which the average output power from the mode-locked 
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Figure 5.13.  Slope-efficiency of the laser during the passive mode locking operation. 
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laser was 50 mW.  This corresponds to an intracavity average power rPint  of 1.7 W and a 

threshold pulse energy of 7.9 nJ.  In addition, the pulse fluence on the SESAM to reach the 

mode locking threshold was calculated to be 83 µJ/cm2 which was slightly above the 

saturation fluence of the SESAM of 70 µJ/cm2.  Once threshold had been established the 

laser output power increased linearly as a function of pump power incident on the crystal. 

 

 

 

The next step was to measure the pulse duration by using an autocorrelator based 

on second harmonic generation using an instrument purchased from Femtochrome 

Research, Inc.  With negative group delay dispersion of approximately 1600 fs2, a pulse 

duration of 182 fs with a nearly transform limited product of 0.3 was obtained at 1038 nm 

[figure 5.14].  The spectral width was 6 nm and the gain bandwidth, ν∆  of the laser was 

1.7 THz.  The maximum output power was 92 mW and this corresponds to an optical-to-

optical efficiency of 28 %.  In addition, the intracavity average power was deduced to be 

3.1 W while the peak power exiting this laser was 2.4 kW.  On the basis of these results 

and with expectations to produce shorter pulse durations pτ , higher optical-to-optical 

efficiency 28( >η %), and higher peak power operation, further experiments were carried 

out by reducing the amount of negative dispersion needed for intracavity compensation.  
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Figure 5.14.  (a) A pulse duration of 182 fs and (b) the corresponding optical spectrum of pulses at 1038 nm 

from a mode-locked Yb:KYW laser. 
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5.6 Improvement of Prismless-cavity Results (-455 fs2 X 1, -370 fs2 X 1). 

 

 

 

In this assessment, the laser reflection was reduced to a single bounce between the two 

chirped mirrors of -455 fs2 and -370 fs2 mentioned previously.  The precise control of the 

cavity configuration, especially the length between mirror 2 and the SESAM was adjusted 

to produce a self-starting mode-locked beam.  With negative group delay dispersion of 

approximately 823 fs2, a pulse duration of 148 fs with a nearly transform limited product of 

0.3 was obtained at 1042 nm.  The maximum output power was 87 mW while the spectral 

width of 7 nm implies a lasing bandwidth, ν∆  of 1.9 THz.  With the objective to further 

reduce the pulse duration obtained from this laser set up, the subsequent studies were 

carried out to optimize the net negative dispersion needed for compensation inside the laser 

cavity. 

 

 

5.7 Optimisation of Dispersion Compensation inside the Laser Oscillators (-455 fs2 

X 1, -110 fs2 X 1). 

 

While retaining a single bounce on both mirrors, chirped mirror 2 was substituted with one 

having a negative dispersion of 110 fs2  as shown in figure 5.9.  With the negative 

dispersion of this mirror combination of approximately 590 fs2, a nearly transform-limited 

pulse of 0.33 was obtained with a pulse duration of 187 fs at 1042 nm as shown in figure. 

5.16.  The spectral width of 6.5 nm implies a lasing bandwidth, ν∆  of 1.8 THz.  The 

maximum output power was 110 mW and this corresponds to an optical-to-optical 
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Figure 5.15.  (a)  A pulse duration of 148 fs and (b) the corresponding optical spectrum of pulses at 1042 nm 

from a mode-locked Yb:KYW laser. 
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efficiency of 34 % that is comparable to the efficiency obtained in previous work reported 

by Lagatsky and co-workers [37].   

 

 

 

In addition, the average power inside the laser oscillator was 3.7 W which implies a pulse 

fluence incident on the SESAM of 183 µJ/cm2 compared to the saturation fluence of the 

SESAM of 70 µJ/cm2.  The increase in efficiency for this observed passive mode locking 

compared to that of 29 % when a single prism was used (see section 4.9) can be attributed 

to the reduced intracavity losses in the dispersive mirrors.  The electrical-to-optical 

efficiency was up to 15 % which was almost 3-4 times higher than that reported in a diode-

pumped femtosecond Cr:LiSAF laser [38].  This can be explained in terms of the smaller 

quantum defect fraction of ~ 0.04 in Yb:KYW crystal which reduces the energy difference 

released as heat dissipation between the absorbed pumped power to the emitted output 

power from the laser.  A nearly diffraction-limited pumping technique and a low-loss 

SESAM for mode locking can also contribute to the excellent performance of this laser. 
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Figure 5.17.  (a)  A pulse duration of 119 fs and (b) the corresponding optical spectrum of pulses at 1045 

nm from a mode-locked Yb:KYW laser. 

 

Figure 5.16.  (a)  A pulse duration of 187 fs and (b) the corresponding optical spectrum of pulses at 1042 

nm from a mode-locked Yb:KYW laser. 
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In further measurements, a pulse duration as short as 119 fs was obtained at 1045 nm 

with a nearly transform-limited product around 0.3 as presented in figure 5.17.  However, a 

more careful alignment between the cavity lengths led to the production of a slightly shorter 

pulse duration of 114 fs at 1045 nm [figure 5.18].  This is the shortest pulse duration 

produced to date from this cavity configuration with an average output power of 66 mW that 

corresponds to a high peak power of 2.7 kW.  In addition, the spectral width was 9 nm that 

implies a lasing bandwidth, ν∆  of 2.5 THz.  An interesting issue arose due to the implied 

duration-bandwidth product of 0.28 as distinct from 0.32 that applies to an ideal sech2 profile.  

This will be discussed briefly in section 5.9.  Shorter pulse durations with more broadened 

spectral widths obtained in this assessment were due to the increase in the negative 

dispersion up to ~ 626 fs2 which I believe to be closer to the optimum for this laser cavity.  

In fact, from all of these measurements it was observed that the optimum negative group 

delay dispersion needed for intracavity dispersion compensation was between 590 and 630 

fs2.  This ascertains that positive GDD induced by the air path was between 300 to 330 fs2 

which was comparable to the value introduced by the optical elements in the laser oscillator 

[see section 4.9]. 

 

 

5.8 Optimisation of the Laser Configuration. 

 

In this experimental set up [figure 5.19], more powerful pump sources with a combined 

output power of 926 mW were used as a scaling up of the pump power of 351 mW used 

for the arrangement illustrated in figure 5.9.  The pump sources (LD1 and LD2) used to 
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Figure 5.18.  (a)  A pulse duration of 114 fs and (b) the corresponding optical spectrum of pulses at 1045 

nm from a mode-locked Yb:KYW laser. 
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pump the gain material were a single mode fibre-coupled polarization-maintaining InGaAs 

diode laser (supplied by JDS Uniphase) emitting at 981 nm with the laser reflection from 

the crystal of ~ 5.6 %.  The cavity length was designed to provide a pulse repetition rate of 

149 MHz, using almost similar optical elements to that shown in figure 5.9.   

 

 
Figure 5.19.  An overall schematic diagram of a femtosecond Yb:KYW laser that incorporates chirped 

mirrors CM1 and CM2 for dispersion compensation.  

 

 Mirror 2 (M2) had a 75 mm radius of curvature, the output coupler (OC) had a 

transmission of 2.4 % at 1064 nm while mirror 1 (M1), the SESAM and the gain material 

were as before.  From the ABCD matrix formalism, the laser beam waist olw ,  focussed on 

the crystal was 18 X 36 µm while the laser beam focussed on the SESAM SESAMw  had a 

spot of 125 µm which was the optimum beam waist for the mode locking operation.   

From the previous assesments, the net negative dispersion required to compensate 

for the material dispersion inside the laser oscillator had been determined approximately.  

Thus, from this experiment a single bounce of laser was reflected between the two chirped-

mirrors CM1 and CM2 having negative dispersion values of –455 fs2 and -370 fs2.  The 

objective of this follow-up work was to produce shorter pulse durations from the Yb:KYW 

laser and to compare the results with the previous observations.  
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5.9 Prismless-cavity Results (-455 fs2 X 1, -370 fs2 X 1).  

 

Following an optimisation of the overall setup and especially the precise separation 

between mirror 2 and SESAM, a pulse duration of 157 fs with a nearly transform-limited 

product of 0.29 was obtained at 1042 nm as shown in figure 5.20.  The negative group 

delay dispersion needed for compensation at this centre wavelength was ~823 fs2 while the 

spectral width was 6.8 nm which implies a lasing bandwidth, ν∆  of 1.9 THz.  In addition, 

the maximum output power produced from this system was 323 mW, which corresponds to 

a high peak power of 13.8 kW and an optical-to-optical efficiency of 37 %.  This slight 

increase in laser efficiency compared to that of the previous assessment (~34 %) in section 

5.7 during femtosecond operation could be attributed to the higher pump power sources 

that increase the nonlinear effects as shown in figure 2.11.  The intracavity power was 

calculated to be 13.5 W while the energy pulse fluence incident on the SESAM was 184 

µJ/cm2 which was similar to that obtained in the earlier work [section 5.7] for the 

maximum average output power.  In contrast to this pulse that had a lower bandwidth-

product than 0.32, a more ideal sech2 pulse shape of 0.31 was produced with a longer pulse 

duration of 179 fs at 1042 nm as presented in figure 5.21.   

 
Figure 5.20.  (a) A pulse duration of 157 fs and (b) the corresponding optical spectrum of pulses at 1042 nm 

from a mode-locked Yb:KYW laser. 
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Figure 5.21.  (a) A pulse duration of 179 fs and (b) the corresponding optical spectrum of pulses at 1042 nm 

from a mode-locked Yb:KYW laser. 

 

In this final assessment, a pulse duration as short as 100 fs with a nearly transform- 

limited product of 0.31 was obtained at 1054 nm as shown in figure 5.22 below.  This is 

comparable to the earlier report that had a measured duration of 101 fs centred at 1046 nm 

[39].  The average output power was 231 mW that corresponds to a peak power of 15.5 

kW while the spectral width of 11.5 nm implies a lasing bandwidth, ν∆  of 3.1 THz.  

Interestingly, a pulse duration as short as 97 fs was produced around 1053 nm with a 

nearly transform-limited product of 0.3 as demonstrated in figure 5.23.  At a centre 

wavelength of 1052 nm, the pulse duration from the laser beam was further compressed to 

90 fs with a duration-bandwidth product of 0.27 as demonstrated in figure 5.24.  This is the 

shortest pulse duration reported to date from a SESAM-assisted Yb:KYW laser.  The 

average output power was 215 mW that corresponds to a peak power of 16 kW.  The 

spectral width was then measured to be 11.3 nm that implies a lasing bandwidth, ν∆  of 3 

THz.  For these three measurements, the output wavelengths emitting from this laser 

should be similar, however, the reduction in these recorded parameters was due to some 

difficulties in the characterization of these shorter pulses.  In addition, shorter pulse 

durations in the sub-100 fs regimes with more broadened spectral widths obtained in this 

assessment were due to the optimization of the negative dispersion up to ~903 fs2 provided 

by the dispersive mirrors.  It is perhaps worth mentioning here that these pulse peak 

powers between 15 and 16 kW at lower average output powers of less than 250 mW could 

probably be useful for biological, and medical applications in this spectral region. 
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A brief analysis of the pulse shapes measured from this laser was carried out.  For 

the pulse with a bandwidth product higher than 0.32, a longer duration that exhibits a chirp 

Figure 5.22.  (a)  A pulse duration of 100 fs and (b) the corresponding optical spectrum of pulses at 1054 

nm from a mode-locked Yb:KYW laser. 

Figure 5.23.  (a)  A pulse duration of 97 fs and (b) the corresponding optical spectrum of pulses at 1053 nm 

from a mode-locked Yb:KYW laser. 
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Figure 5.24.  (a)  A nonlinear sech2 curve fit for a pulse duration of 90 fs and (b) the corresponding optical 

spectrum of pulses centred at 1052 nm from a mode-locked Yb:KYW laser. 

1030 1040 1050 1060 1070
0.0

0.5

1.0

In
te

ns
ity

, a
u.

Wavelength, nm

τp = 90 fs 
Pout = 215 mW  ∆λ = 11.3 nm 

 ∆ν.τp = 0.27 

(a) 
(b) 

-200 -100 0 100 200
0.0

0.5

1.0

In
te

ns
ity

, a
u.

Delay, fs.



 108 

in its frequency as shown in figure 2.13 was expected.  In contrast, an ideal sech2 pulse 

shape with a transform-limited product of ≈ 0.32 exhibits an absence in the frequency chirp 

that leads to optimised reduction in the pulse duration for the available spectral bandwidth.  

This achievement ascertains the success of introducing a net negative dispersion for 

compensation in the laser oscillator.  However, at specific spectral widths [figure 5.17, 

5.18, 5.20-5.24] the mode-locked pulses were successfully obtained where the slightly 

longer durations were produced with a time-bandwidth product of ≥ 0.3 and the shortest 

possible durations were produced with a lower time-bandwidth product than that expected 

)3.0( <∆ pυτ .  This eliminates any claim that suggests these latter pulses might imply the 

presence of some residual frequency chirp.   

To determine the actual shape of these latter pulses, one of the temporal profile 

depicted in figure 5.24 was compared to the nonlinear curve of sech2.  It was found that 

this pulse fits the curve, thus, from the author’s opinion a slight deviation from an ideal 

sech2 pulse shape might probably occur that explains the property of its lower duration-

bandwidth product.  This result indicates that further optimisation of efficient Kerr-lensing 

effect in the laser configuration lead to a slight evolution in the pulse shape formation.  

Owing to the lack of phase informations presented in the intensity autocorrelation 

technique, no evidence can be shown to make any firm conclusions.  However, several 

techniques are recommended to eliminate suspicions existing within the autocorrelation 

data.  These techniques are such as frequency-resolved optical gating (FROG) [40-42], 

dispersive propagation time-resolved optical gating (DP-TROG) [43] and spectral phase 

interferometry for direct electric-field reconstruction (SPIDER) [44-45] that can provide 

comprehensive intensity and phase informations without guessing the correct shape of the 

characterised ultrashort pulses.   

Observation on the pulse durations as a function of wavelengths obtained in this 

assessment was also performed.  At longer wavelengths, shorter pulse durations can be 

obtained as the laser beam penetrates deeper inside the chirped-mirror structure.  This 

produces higher negative group delay dispersion compared to that of shorter wavelength 

for intracavity compensation of the material dispersion in the laser.  It was observed from 

this last piece of work that the negative group delay dispersion needed for dispersion 

compensation inside the oscillators was between 800 to 900 fs2.  Further research could 

therefore be carried out by designing a single chirped mirror that could satisfy the optimum 

specifications for dispersion compensation.  If this could be integrated with the output 
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coupler and mirror 1 [figure 5.19] in a two element cavity, then this could form the basis 

for a compact laser design that would have reduced losses due to the minimum number of 

optical elements in the laser cavity. 

 

 

5.10 Conclusion. 

 

The construction of Yb:KYW femtosecond lasers by using chirped dielectric mirrors for 

dispersion compensation instead of prisms has been successfully accomplished for the 

achievement of ultralow threshold and high efficiency in a relatively more compact 

configuration.  It was observed that by optimising the dispersion compensation mechanism 

in the laser cavity, improvements in terms of optical-to-optical efficiency and pulse 

durations could be achieved.  A slope efficiency of 62 % and an optical-to-optical 

efficiency of 37 % were obtained during optimised femtosecond operation of one of the 

Yb:KYW lasers.  Pulse durations as short as 90 fs at 1052 nm were obtained which are the 

shortest duration reported to date for any SESAM-assisted mode-locked Yb:tungstate 

lasers.  In addition to the optimised dispersion compensation mechanism, proper cleaning 

of the optical elements and the low intracavity loss of the chirped mirrors were also 

important to increase the intensity dependent refractive index of the optical Kerr effect that 

is responsible for the pulse shortening mechanism.  Future work on this system could lead 

to even more impressive performance because options remain to increase the pulse 

repetition rate in a configuration having a reduced footprint and therefore compactness, 

scaling to higher power with more powerful pump laser diodes, and nonlinear frequency 

conversion to gain access to other spectral ranges. 
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Chapter 6 

Yb3+-doped YVO4  Crystal for Efficient Kerr-lens Mode Locking in Solid-State Lasers. 

 

 

6.1 Introduction. 

 

In this chapter Kerr-lens mode locking of a Yb:YVO4 laser in a compact 3-mirror cavity is 

introduced through the exploitation of intensity dependent nonlinear refractive index of the 

gain medium, 2n .  This value can be assessed through the z-scan technique where a high 

value of 2n  in Yb:YVO4 compared to that obtained in Ti:sapphire and other Yb-doped 

crystals contributes to stronger Kerr-lensing and self-phase modulation effects.  These 

features reinforce the potential of this material for producing shorter femtosecond pulses in 

low threshold, compact and highly efficient configurations.  The main objective in 

investigating this material for femtosecond lasers is to find an alternative source to Yb:YAG 

for high peak power operation.  This can be met because Yb:YVO4 has broad gain bandwidth 

and good thermal conductivity properties.  A few analysis based on several qualities that 

influence the lasing performance are discussed.  These include spectroscopic parameters such 

as saturation intensity, threshold power and slope efficiency.  Other beneficial laser 

parameters for the efficient Kerr-lens mode-locking operation are the use of high intensity 

diffraction-limited pump source, laser cavity design and appropriate pump/laser mode 

overlap.  The optimisation of laser cavity design leads to the formation of high beam quality 

output pulses with 12 ≈M .  This research provides a basis for exploration of this 

femtosecond laser for many industrially and scientifically orientated applications.  These 

include the pumping of optical parametric oscillators/amplifiers, high power thin disk lasers 

and the generation of visible femtosecond optical pulses.   

 

 

6.2 Optical Kerr Effect in Isotropic Media. 

 

The refractive index n  of optical materials [see section 2.3.1] for propagating radiation with 

an intensity having temporal and radial dependence of ),( trI can be written as:- 

 

),(),( 20 trInntrn +=            (6.2.1a) 
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and      

χ+= 1),( trn            (6.2.1b) 

 

where 0n  and 2n  are the linear and nonlinear refractive indices while 2)3()1( ),( trEχχχ +=  

represents the dielectric susceptibility of a material.  In an isotropic and centrosymmetric 

crystal 0)2( =χ  and can therefore be neglected.  By substituting the value of χ  into equation 

(6.2.1b), it can be shown that the refractive index of a material is given by:- 

 

2)3(2
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 For a small value of χ , the equation 
2

11
χχ +=+ , and so equation (6.2.2b) can be 

rewritten as:- 
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In comparison with equation (6.2.1a), it can be shown that the value of the nonlinear 

refractive index 2n  is:- 

 

0
2
0

)3(

2 ε
χ
cn

n =              (6.2.4) 

 

where the temporally and radially dependent intensity of the optical field 

2

),(
),(

2
00 trEcn

trI
ε

= .  The unit for intensity ),( trI  is given as W/cm2 and it follows that 

the unit for 2n  will be given as cm2/W.  By substituting the value of absolute permittivity 

18
0 108542.8 −−×= Fcmε , it is found that:- 
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          (6.2.5) 

 

These equations explain how a weak positive lens can be generated within an optical material  

if the ),( trI  is sufficiently high.  This is brought about through a physical process known as 

self-focusing effect.   

 

 

6.3 Analysis of the Self-focusing Effect. 

 

An intense beam propagating in a dielectric medium can exhibit some similarity with the 

physical process that applies in an optical waveguide.  Self-trapping [1] of the beam can 

occur when the tendency to diverge due to diffraction is balanced by convergence due to a 

self-focusing effect.  Consequently, when the tendency to converge due to nonlinear 

refraction is greater than that to diverge due to diffraction, self-focusing can be a dominating 

mechanism.  This phenomenon occurs in the transverse propagation direction inside a solid-

state medium and can be described as the optical Kerr-effect [see section 2.3.1] due to the 

intensity dependence of the refractive index.  By assuming that the nonlinear refractive index 

2n  is positive, the higher refractive index at the centre of the beam in comparison to its 

surrounding region [figure 6.1] delays the wavefronts more in the centre and consequently 

creates a self-focusing effect.  This can be compared directly to the refractive effects of a 

positive lens.                                                                                                                                     

 

 

 

 

Figure 6.1.  Self-focusing effect in a gain medium [2]. 

 

With the intensity of light: 
2.

4

d

P
I

π
=  where P  is the power and d  is the diameter, 

the critical power of the laser beam can be described as [2]:- 

 

      2w0 

    zf 
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It is observed that crP  is independent of laser beam diameter, d  and the power of a laser 

beam rather than the intensity is the crucial parameter that determines the limitation to self-

focusing.  A more relevant definition of crP  with the work discussed in this chapter can be 

explained as the upper limit of power that sets a limitation before a Gaussian beam 

eventually experiences catastrophic beam collapse.  As a consequence, the peak power of the 

beam in KLM lasers has to be large enough to induce a suitable amount of nonlinearity but it 

should be below crP  in a range of kW to MW to produce an exploitable self-focusing effect.  

In a thin slab, beam convergence leads to a focus outside the gain medium [see figure 2.6] 

while for a thicker slab, focusing can occur inside the gain medium [see figure 2.7 and 2.8] 

and this could result in optical damage during high power operation.  For instance, in a tight-

focusing geometry in a Ti:sapphire crystal, 0n  is equal to 2.0, 2n is equal to 16101.3 −×  

cm2/W and crP  at a laser wavelength of 800 nm is 6 MW.  An amplified mode locked laser 

with 10 nJ pulses and durations around 60 fs can produce a peak power of 166 kW which is 

below crP , thus leading to a useful self-focusing effect. 

  With the assumption that the laser beam has a Gaussian transverse intensity 

distribution, another important parameter to describe self-focusing effect is the distance fz .  

This is defined as the distance from the input face to the focus created by the self-focused 

beam as shown in figure 6.1.  The optical path length for the central ray is described as 

fzInn )( 20 +  while the optical path length for the outer ray is 2
0

22
0 2

wz
In

n f +






 + .  In the 

first part in the bracket of the latter formula, 
2
2

0

In
n +  is the mean refractive index and its 

factor of 2
1  accounts to the fact that the nonlinear refractive index of the outer ray is smaller 

compared to the central one.  According to the recommendation given by Fermat’s principle, 

the optical path length for both the outer and central rays focused in a medium are equal, thus, 

by comparing both of these equations it is found that [2]:- 
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From a Taylor expansion that implies 
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The fourth term of the left hand side in equation (6.3.3b) above is very small and can be 

neglected.  Thus, the simplification of this equation can be presented as:- 

 

In

n
wz f

2

0
0=            (6.3.4) 

 

By substituting 2
0w

P
I pk

π= , gives:- 
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This equation shows the relationship between fz  and pkP (peak power) of the laser beam 

where fz  decreases as the pkP  increases.  By comparing crP  from equation (6.3.1) with 

equation (6.3.5), it can be shown that:- 
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For the Ti:sapphire crystal as mentioned previously, 0n  is equal to 2.0, and crP  at laser 

wavelength of 800 nm is 6 MW.  By taking 0w  to be 50 µm, the calculated value of fz  is 87 

mm for an amplified mode locked laser at a peak power of 166 kW.  

 

 

6.4 The Measurement of the Nonlinear Refractive Index 2n . 

 

Mode locking based on the Kerr-lens effect [3] exploits the intensity dependent change in 

nonlinear refractive index of a gain medium to facilitate the generation of femtosecond 

pulses.  Due to the absence of any physical saturable absorber (eg. SESAM), which can 

contribute to the additional intracavity losses, the Kerr-lens mode locking approach leads to 

an increase in optical-to-optical efficiency of a laser system during modelocking.  The non-

resonant nature of Kerr-lens produces a broader laser tunability that can support the direct 

generation of pulses having durations around a few femtoseconds and lends itself to a wide 

range of gain media in comparison to that of other mode locking techniques.  The magnitude 

of 2n  in a gain medium is a critical parameter that dictates the crystal’s potential for efficient 

KLM laser operation.  2n  also determines the overall KLM stability and the limitation for 

multipulse operation [4].  A higher value of 2n  results in a larger change of refractive index 

in a gain medium that subsequently produces stronger Kerr-lensing and self-phase 

modulation effects.  These features have been proven to be beneficial for the generation of 

shorter femtosecond pulses [5] with durations closer to the laser’s spectral bandwidth limit.  

However, practical disadvantages associated with Kerr-lens mode locking (KLM) lasers 

include the requirement of critical cavity stability alignment and sensitivity to external 

perturbations.   

 Several techniques exist for the measurement of 2n  in the gain materials such 

as nonlinear interferometry [6], degenerate four-wave mixing [7], nearly degenerate three-

wave mixing [8], ellipse rotation [9], and beam-distortion measurements.  Although the 

interferometric and wave-mixing techniques exhibit high sensitivity, they are less practical 

because of their need for complex instrumentation.  On the other hand, the beam distortion 
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measurements need rigid beam scans followed by a complicated analysis of wave-

propagation.  The disadvantages of these techniques open up an alternative measurement 

approach that can provide a simple configuration but with high sensitivity.  In this chapter, 

the z-scan technique [10], which can satisfy these requirements, is discussed briefly as the 

preferred technique to measure nonlinearity of several materials in the near-infrared and 

visible spectral regions.   

Figure 6.2 shows a schematic diagram for conducting z-scan transmission 

measurements based on the transformation of phase to amplitude distortion during beam 

propagation in a laser material.  The pump source [11,12] usually consists of a pulsed 

(nanosecond or picosecond) laser such as Nd:YAl03 or Ti:sapphire-pumped optical 

parametric amplifier.  A 50-50 beam splitter is used to split the input beam into 

photodetectors D1 and D2.  Photodetectors D1 and D2 are used to detect the incoming beam 

where the transmittance ratio D1/D2 is recorded as a function of the sample position z.  The 

gain medium sample must have a thickness much thinner than the beam depth of focus.  An 

aperture placed in front of D2 measures the far-field on axis transmission from the sample.  

Measurements are taken while the sample is translated from z−  to z+  positions and the 

subsequent transmission ratio is recorded to determine the magnitude of the nonlinear 

refractive index 2n . 

  
Figure 6.2.  Simple z-scan experimental implementation where the transmittance ratio 12 DD  is recorded as a 

function of the sample position z [10.] 

 

The results obtained are plotted in a graph where the vertical axis is the normalized 

transmission while the horizontal axis is the sample position z as shown in figure 6.3.  At 

,oz the transmittance is normalized to unity while at ,0zz ≠  the beam tends to converge 

due to self-focusing or to diverge due to diffraction depending on the magnitude of Kerr-

lensing effect.  As a consequence of the positive lensing mechanism in a medium, a valley 
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to peak feature is produced as the sample is moved from z−  to .z+   At ,0 zz δ−  a 

minimum transmission [figure 6.3 (a),(c)] is obtained as the gain medium behaves as a 

diverging lens which diverges the transmitted beam before passing through the aperture 

while at ,0 zz δ+  maximum transmission [figure 6.3 (b),(c)] is obtained as the gain medium 

behaves as a converging lens which focuses the beam before passing through the aperture.  

However, the opposite effects occur for negative lensing mechanism where a higher 

transmittance occurs at z−  and a lower transmittance occurs at z+ , thus generating a 

peak-to-valley feature.  

 

Figure 6.3. (a)  Laser beam is diverged as the gain medium is placed at position zz δ−0 , while (b) the beam 

is converged when the gain medium is placed at position zz δ+0  and (c) is the corresponding valley to 

peak profile for positive lensing effects produced in the gain medium. 

 

 The magnitude of 2n can be determined from equation (6.2.1a) where the change in 

the time-averaged refractive index )(0 tn∆  at a focus position is given as:- 

 

),0()( 020 tIntn =∆          (6.4.1) 
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where ),0(0 tI is the on-axis intensity at .0=z   The time-averaged phase shift of the laser 

field [ ])(0 tφ∆  at the focus is then described as [10]:- 

 

[ ]
αλ

πφ
αle

tnt
−−∆=∆ 1

)(
2

)( 00         (6.4.2) 

 

where 
α

αl

eff

e
L

−−= 1
 is the effective length of the sample, l  is the length of the sample, λ  

is the wavelength of the pump source and α  is the absorption coefficients of the gain 

medium.  The relation between )(0 tn∆  with )(0 tφ∆  can then be simplified as:- 
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For a Gaussian pulse shape a factor of 
2

1  is introduced, so equation (6.4.1) can also be 

written as [11]:- 

 

2
)( 0

0
ntn ∆=∆          (6.4.4) 

 

where 0n∆  is the peak on-axis index change at the focus.  When the z-scan technique was 

conducted on a Yb:KYW sample [11] at a pump source wavelength  08.1=λ µm, 5.1=l  

mm and α = 3 x 10-4 cm-1, the phase shift of the laser field [ ])(0 tφ∆  was calculated to be 

1.5.   

The pump source emission wavelength was selected at a centre wavelength that  

was far from the peak absorption spectrum of the gain medium.  This was done to ensure  

that the change in the laser beam propagation inside the medium was influenced primarily 

by the self-focusing mechanism rather through absorptive effects.  Owing to the small 

value of α  (~ 10-4 cm-1), effL  can be assumed to be similar to l , thus the value of )(0 tn∆  

obtained from this material was 1.7 x 10-4 while for 0n∆  was 2.4 x 10-4.  With the peak 
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intensity 2800 =I  GW/cm2, the 2n calculated for this crystal was 8.7 x 10-16 cm2/W [11].  

A comparison of 2n  for other laser materials is shown in table 6.1 below. 

 

Table 6.1.  2n  values for several laser materials [13].  

Host )/10( 216
2 Wcmn −×  

 

Yb:GdCOB [Yb3+:Ca4GdO(BO3)3] 

Yb:YCOB [Yb3+:Ca4YO(BO3)3] 

Yb:BOYS [Yb3+:Sr3Y(BO3)3] 

Yb:KYW [Yb 3+:KY(WO4)2] [14] 

Yb:KGW [Yb3+:KGd(WO4)2] [12] 

Yb:YAG [Yb3+:Y3Al 5O12] [15] 

Yb:Y2O3 [15] 

Ti:Sapphire [Ti3+:Al203] [16] 

Cr:F [Cr4+:MgSiO4] [17] 

 

     11.4 

       9.0 

       8.8 

       8.7  

       20  

        6.2  

      11.6  

       3.1  

       6  

 

 From the table above it can be seen that most crystalline materials have a positive 

.2n   These values for the Yb-doped gain crystals are higher than that of Ti:sapphire 

(3.1x10-16 cm2/W) and Cr:Forsterite (6x10-16 cm2/W) which show their potential for 

efficient Kerr-lensing effects.  Thus shorter pulse durations are possible for 

GdCOB/BOYS/YCOB materials due to their broader amplification bandwidth and high 

value of 2n .  In addition, 2n  is useful for diode pumped KLM lasers because the poor 

beam quality of laser diodes limits the minimum pump spot size inside the crystal. 

The KLM technique has been applied successfully in lasers with Yb-doped gain 

media such as Yb:fluoride glass and Yb:KYW.  The first attempt to self-mode lock Yb-

doped flouride phosphate glass [18] produced pulse durations of 160 fs at a centre 

wavelength of 1040 nm.  The optical-to-optical efficiency with respect to the absorbed 

pump power was 21 % at a pulse repetition rate of 170 MHz.  In a KLM Yb:KYW [19] 

laser end-pumped by two 1.6 W laser diodes, pulse durations of 71 fs were obtained at 

1057 nm.  The average output power was 120 mW while the pulse repetition frequency 

was 110 MHz.  This is the shortest pulse duration obtained to date from any Yb-tungstate 

lasers.  Further minimization on the device footprint of KLM Yb:KYW lasers [20] has 

produced near-transform-limited pulses of 107 fs at 1056 nm.  The pulse repetition 
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frequency during this operation was 294 MHz. while the mode-locking threshold was 

satisfied for a pump power of 250 mW and the laser tunability was between 1042 to 1075 

nm.  This is the most efficient femtosecond laser in the world reported to date where the 

optical-to-optical efficiency is 53 %. 

In high power lasers, the most critical issues are the control of heat dissipation and 

thermal conductivity in the crystal.  The low quantum defect of Yb-doped materials (≤  

0.14) [Table 2.2] results in the suitability of these materials for high power operation due 

to the reduction of heat dissipation while high thermal conductivity is important for the 

efficient removal of this heat from the gain media.  Although shorter pulses (≤ 100 fs) can 

be obtained from Yb-doped KYW, KGW, BOYS, and GdCOB [21-27] due to their broader 

amplification bandwidth (≥ 16 nm), the lower thermal conductivity of these materials 

between 2-3 W/mK has severely restricted their capability in respect of high power outputs.  

The highest output power [28] obtained to date is from Yb:YAG femtosecond lasers that 

have a higher thermal conductivity of 6.8 W/mK.  However, the narrow emission spectra 

of ~ 6 nm from this crystal [29] places constraints on the pulse duration to ~ 700-800 fs for 

high power laser operation or to 340 fs for low power lasers [30].  Although, Yb:CaF2 has 

similar thermal conductivity to Yb:YAG, the shortest pulse duration obtained to date is 150 

fs [31].  These limitations have reinforced continuing research to find a new Yb-doped 

material that can satisfy a requirement for sub-100 fs pulse durations at high average 

output power levels. 

 

 

6.5 A Yb3+:YVO 4 Laser. 

 

Yttrium vanadate (YVO4) [32] is a uniaxial crystal that has broad transparency region from 

0.4 to 5 µm.  This crystal is non-hygroscopic with a Mohs hardness factor of 5, and a 

thermal expansion coefficient cβ  of 11.37 x 10-6 K-1.  As a consequence of its strong 

birefringence property 633@225.0( =∆n  nm), it has a wide range of applications in 

isolators, circulators, polarisers and beam displacers.  YVO4 has been doped with rare earth 

ions (Nd, Er, Tm, Ho, Yb) [32,33] and these crystals when used as gain media have 

supported efficient laser operation with large absorption and emission cross-sections in the 

near-infrared spectral region.  These lasers, for instance, Nd:YVO4 have a wide range of 

applications especially in microchip and thin-disc laser operation [34].  In Yb:YVO4, the 
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Yb3+ ion substitutes for the Y3+ which is bonded to triply charged vanadate ions (VO4)
3-.  

This crystal can be grown by use of the Czochralski technique which accommodates the 

doping concentration of up to 18 % of Yb3+ ions [35].   

 

 

 

 

 

 

 

 

 

 

 

 

The polarized absorption and emission spectra of 3-at % Yb:YVO4 at room 

temperature are shown in figure 6.4.  This crystal has a peak absorption coefficient aσ  of 

7.4 x 10-20 cm2 for −π polarization (E║c) at 985 nm with an absorption linewidth of ~ 8 

nm which is very well suited for optical pumping by the well-developed InGaAs diode 

lasers.  The peak stimulated emission cross-section seσ  calculated in Yb:YVO4 for 

−π polarization is 1.25 x 10-20 cm2 at 1008 nm while the upper state lifetime is 0.25 ms.  

The comparison of spectroscopic properties between a Yb:YVO4 crystal and one of 

Yb:KYW is shown in table 6.2 below:- 

 

 

Spectroscopic parameters  Yb:KYW Yb: YVO4 

Upper state lifetime,uτ (ms) 

Absorption cross-section, p

abs
λσ (x10-20cm2) 

Stimulated emission cross-section,se
se
λσ  (x10-20cm2) 

Axis 

Stimulated emission wavelength,seλ (nm) 

Pump wavelength, pλ (nm) 

0.6 

13.3   

3                    

Biaxial 

1025      

981.2 

0.25 

7.4 

1.25 

Uniaxial 

1008 

985 

Table 6.2.  Spectroscopic properties of Yb:KYW [37] and Yb:YVO4 .[38]. 

Figure 6.4.  Polarized absorption and emission cross-sections of 3-at % Yb:YVO4 at room temperature 

[36]. 
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Spectroscopic parameters Yb:KYW           Yb: YVO4 

Emission linewidth, seλ∆ (nm) 

Absorption linewidth, absλ∆ (nm) 

Thermal conductivity (W/mK) 

Pump saturation intensity, satI (kW/cm2) 

Gain saturation fluence, se
satF λ (mJ/cm2) 

Quantum defect fraction 

           16  

3.5 

3.3 

1.24 

64.6 

0.043 

          28 

8 

5.23 

4.72 

158 

0.035 

 

Based on the spectroscopic values given in table 6.2, the pump saturation intensity satI  

[equation 3.2.5] of Yb:YVO4 is four times higher while the laser threshold 










use
th se

P τσα λ
1  needed for lasing is six times higher compared to that of Yb:KYW.  These 

are obtained due to the lower upper state lifetime products, uστ  in vanadates.  satI  

mentioned above is calculated by accounting p

se
λσ = 9.7 x 10-20 cm2 and 14 x 10-20 cm2 for 

Yb:YVO4  [figure 6.4] and Yb:KYW [figure 4.2] respectively.  In addition, the smaller 

value of stimulated emission cross-section se
se
λσ  in vanadate over that of tungstate increases 

the gain saturation fluence se
LsatF λ

,  needed for the suppression of Q-switching instabilities 

[equation 3.3.1].  As a result, the Q-switching tendency in this former crystal is stronger 

than that of the tungstate counterpart.   

However, the properties that favour the use of this material (Yb:YVO4) for lasing are 

its slightly smaller quantum defect fraction of ~ 0.03 [equation 2.6.1] that reduces heat 

dissipation and its larger amplification bandwidth (~ 28 nm) which facilitates the 

generation of shorter (femtosecond) pulses with wider tunability.  This vanadate crystal 

also exhibits thermal conductivity [39] of up to 5.3 W/mK which is 40 % higher than that 

of the tungstates, thus providing efficient heat removal from the gain medium during laser 

operation.  All of these advantages together with a broad and smooth (glasslike) gain 

spectrum [35] show the potential of Yb:YVO4 crystals as promising gain media for 

compact, efficient and high power diode-pumped solid-state femtosecond lasers in the 1 

µm region.  Previously, efficient continuous wave laser operation has been demonstrated in 

Yb:YVO4 when pumped with either a Ti:sapphire laser [40] or a diode laser [38].  By 

passively mode-locking the laser using a semiconductor saturable absorber mirror, 120 fs 
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pulses were generated at a centre wavelength of 1021 nm with an average output power of 

300 mW [41].                 

As a consequence of the excellent opto-mechanical and spectroscopic properties of this 

material for lasing, Yb:YVO4 was chosen as a gain medium around which a compact and 

efficient femtosecond laser was designed.  The mode locking was based on the optical Kerr 

effect with the expectations of shorter pulse durations and low threshold operation.  This 

work is expected to become a basis for future implementation of this material for high 

power thin disc operation and as a pump source for optical parametric oscillator/amplifier 

and for harmonic generation. 

 

 

6.6 Implementations. 

 

Two types of evaluations were carried out on this gain medium.  The first that was 

performed by my collaborator in Belarus (N. V. Kuleshov) was to determine the nonlinear 

refractive index 2n  of Yb:YVO4 crystal by using the standard z-scan technique [10] and 

the second was to build a three-mirror laser cavity based on Kerr lens mode-locking.   

 

6.6.1 Measurement of 2n   

 

This experimental set-up was similar to that in figure 6.2 where the pump source was a 

passively mode-locked Nd3+:YAlO 3 laser generating 100 ps pulses at 1.08 µm at a pulse 

repetition frequency of 1 Hz.  The beam quality factor 2M  of the output beam was 

determined to be < 1.1 while the peak power was 4.7 MW.  The lens used had a focal 

length of 10 cm that collected and focused the laser radiation into a beam waist, 0,pw  of 32 

µm which corresponds to a confocal parameter of 6 mm 







=

p

pw
b λ

π 22
.  The sample used 

was a 0.96 mm length 2-at % Yb:YVO4 that allows the analysis of a “thin” medium during 

the horizontal z-scanning.  An aperture with a diameter of 0.5 mm was placed 40 cm from 

the focal position 0z , to allow the measurement of far-field on-axis Z-scan transmittance.  

The overall 2n  experimental error was in the range of ± 20 % due to external noise.  This 
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noise that was generated mainly by the scattering from the gain medium can be reduced by 

subtracting a low-intensity z-scan from the high-intensity counterpart.   

 

 

 

During scanning, a peak power as high as 317 kW was used which corresponds to 

focal on-axis intensities of 19.6 GW/cm2.  The measurements were carried out on the gain 

medium for −π (E//c) and −σ (E⊥c) polarisation.  The results obtained are shown in 

figure 6.5 where the valley-to-peak features imply positive lensing effects in the gain 

medium.  From the best fits to the experimental data, the values of 2n  for −π polarisation  

was 15 x 10-16 cm2/W while for −σ polarisation was 19 x 10-16 cm2/W respectively.  

Another 2n  measurement was also carried out by using a 5-at % of Yb3+-doped KYW for 

E//Nm polarisation that is an outstanding active medium for KLM operation [19,20].  The 

value of 2n  obtained was 10 x 10-16 cm2/W which is comparable with 2n  value of 8.7 x 10-

16 cm2/W reported previously in Yb:KYW for E//a polarisation at 1.08 µm [11].  As a 

result the highest value of 2n  in Yb:YVO4 is observed for −σ polarisation while for the 

preferred −π polarisation the value of 2n  is higher by a factor of ~ 1.5 compared to that of 

Yb:KYW for E//Nm at 1080 nm.  
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Figure 6.5 . Normalized Z-scan data of Yb:YVO4 crystal for (a) E⊥c and (b) E//c polarizations at 1080 nm. 

Solid curves are the theoretical fits. 
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6.6.2 Kerr-lens Mode Locking Implementation. 

 

The experimental set-up for a three-mirror cavity Kerr-lens mode locked Yb:YVO4 laser 

that was designed by using ABCD matrix formalism is illustrated in figure 6.6 above. The 

pump source was a single mode fibre-coupled (mode-field diameter of 6.6 µm) 

polarisation-maintaining InGaAs diode laser (JDS Uniphase) emitting at a centre 

wavelength of 981 nm with an average output power of ~ 0.5 W.  The absorption 

coefficient of Yb:YVO4, α  was ~ 8 cm-1 at the pump wavelength of 981 nm as measured 

from figure 6.4.  The appropriate length of the crystal, l  selected to satisfy the optimum 

requirement of this assessment can be obtained from the equation below:- 

 

leT α−=           (6.6.1) 

 

where T  is the transmission properties of the crystal.  With =T 0.19 (absorption = 81 %) 

as will be mentioned in the next section, the appropriate length of the crystal was 

calculated to be ~ 2.1 mm.  As a consequence, the gain medium used for these assessments 

was a 2-mm long 3 at. % Yb3+-doped YVO4 Brewster-angled crystal oriented in the cavity 

for polarisation parallel to the crystallographic axis c −π( polarisation).   

 

 

 

 

 

 

 

 

Figure 6.6.  Schematic of Kerr-lens mode locking experiment. 

  

Aspherical (f = 15 mm) and spherical (f = 63 mm) lenses were used to collect and 

focus the pump beam into the gain medium and the pump beam waist, 0,pw was measured 

to be 17 µm ( 21 e  intensity).  The laser beam waist,0,lw  inside this medium designed from 

ABCD matrix formalism was 18 x 36 µm and this correlates to a confocal parameter, b  of 

4 mm.  The mirrors M1 and M2 had radii of curvature of 100 mm and 75 mm respectively, 

    M1       
(100 mm) 

     LD 

     63 mm 

   AL 

    M2                            
(75 mm) 

  SF 10 

  OC, 1 % 

   Yb:YVO4 
      2 mm 
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exhibiting ≈ 98 % transmission at around 980 nm and high reflection at wavelength ranges 

between 1025-1100 nm.  Two types of plane-wedged output couplers (OC) with 1 % and 3 

% transmissions at around 1050 nm were used as the end mirrors to compare the results 

obtained in these assessments.  The total length of the cavity corresponded to the pulse 

repetition rate of around 105 MHz when passively mode locked.  As the peak power is 

proportional to the inverse repetition rate 
repf

1 , this longer cavity with lower repetition 

rate over those built in Chapter 4 and 5 (~ 212 MHz) induced higher intracavity peak 

power incident on the gain medium.  This implied higher intensity-dependent refractive 

index, ),( trI  that was responsible for Kerr-lensing effect [equation 6.2.1a].   

 

 

6.7 Continuous Wave (Unmode-locked) Operation. 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

Before any performance assessments were carried out, the cavity was designed in a four-

mirror cavity at a pulse repetition rate of 81.4 Mhz.  A high reflector was placed at the 

short arm cavity in a full analogy with the set up in figure 4.8 to measure laser threshold 

and slope efficiency during cw operation.  This was done to give a general idea on CW 

performance in four-mirror cavity that could potentially be useful for any future SESAM-

assisted mode locking attempt on this laser material.  Absorption evaluations of the crystal 

were then carried out by implementing 3 % and 1 % output couplers at the end mirror.  

These were done during lasing by placing the power meter behind M2 [figure 6.6] and 

Figure 6.7.  Slope efficiency of continuous wave four-mirror cavity operation with a 3 % output coupler. 
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taking into account that M2 provided around 95 % transmission at the pump wavelength.  

The absorption percentage of the crystal can be calculated from the difference between the 

incident and the transmitted pump powers.  It was found that the absorption of the medium 

was 77 % and 81 % for output coupler transmission of 3 % and 1 % correspondingly.  

These reasonable results that were achieved with the existence of gain saturation during 

lasing can be explained microscopically.  At the high intensity of pumped source, gain 

saturation that occur inside the gain medium equalizes both populations at the lower state 

1N  and upper state levels 2N .  The medium is said to be “bleached” or transparent that 

might lead to the reduction in its absorption properties.  However during lasing, 

populations at lower state 1N  were increased back due to the existence of stimulated 

emission rate 21B− , as well as spontaneous emission rate 21A− , that recover back the rate 

of stimulated absorption, 12B .   

When a 3 % output coupler was employed, a maximum output power of 150 mW 

was obtained with respect to the incident pump power on the crystal of 492 mW.  This 

corresponds to an optical-to-optical efficiency of 39 % and a slope efficiency of 64 % with 

respect to the absorbed pump power as depicted in figure 6.7.  With a small signal gain 

coefficient, ( )sese
absseg λλ σσα −  [30], it was expected earlier to obtain a lower optical-to-

optical efficiency in Yb:YVO4 crystal due to its lower gain properties [figure 6.4] in 

comparison to that of Yb:KYW [figure 4.2].  The threshold power of this laser was reached 

at 139 mW which was slightly higher compared to that obtained in Yb:KYW in Chapter 4 

( thP = 101 mW).  After achieving this threshold, the laser output increased linearly as a 

function of absorbed pump power on the crystal.   

                                                                                                            

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8.  Slope efficiency of continuous wave three-mirror cavity operation by using 1 % and 3 % 

output coupler. 
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The next step was to reconfigure and to re-align the laser to carry out the entire 

evaluation of cw assessments in a three-mirror cavity from the previous 4-mirror set-up.  

This was done by removing the high reflector from the short arm cavity.  By using a 3 % 

output coupler the laser threshold was satisfied at an absorbed pump power of 129 mW.  A 

maximum output power of 164 mW was then obtained at a centre wavelength of 1033 nm 

with respect to the absorbed pump power of 380 mW.  This produces an optical-to-optical 

efficiency of 43 % while the slope efficiency was 69 % as shown in figure 6.8 above.  This 

performance was superior to that obtained from the previous reports in Ti:sapphire pumped 

and cw diode-pumped Yb:YVO4 laser configurations where the slope efficiencies were up 

to 41.4 % and 11 % respectively [38,40].  This improvement was due to better pump beam 

quality, 1~2M  which results in better pump beam and laser mode overlap in the laser 

crystal [see section 3.3].   

By substituting the previous output coupler of 3 % with that of 1 %, the laser 

threshold was reduced to 82 mW which was almost similar to 76 mW threshold power 

achieved in Ti:Sapphire-pumped Yb:YVO4 laser [40].  A maximum output power of 146 

mW was obtained at 1047 nm with respect to the absorbed pump power of 401 mW.  This 

corresponds to an optical-to-optical efficiency of 36 % while the subsequent slope 

efficiency was 47 %.  From these assesments it was found that by using a lower 

transmission of output coupler, lower optical-to-optical and slope efficiencies were 

obtained at a lower laser threshold power as reported previously [42].  The reduction in 

cavity round trip loss )2( YbdOC LLT ++  explained the attainment of this lower threshold. 

From the results presented in figure 6.8, a graph of η
1  versus 

OCT
1  was plotted 

to determine the double-pass losses in the cavity dL  [see equation 3.2.10].  This is 

illustrated in figure 6.9 where the linear fit from this graph implies an intercept of 1.15 that 

leads to the quantum efficiency, 0η  of ~ 90 %.  However, from the peak emission 

wavelengths for this laser that were obtained at 1033 nm and 1047 nm [figure 6.8], the 

experimental value of 0η  was around 95 %.  This was slightly higher than the measured 

value due to the fact that olη  in eq. (3.2.9) might be less than 1.  Further improvement is 

suggested by assessing this laser performance when implementing more output couplers to 

reduce this discrepancy.  From the slope of this graph, dL  in Yb:YVO4 crystal was 

determined to be 0.9 %. 
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Figure 6.9  Inverse slope-efficiency of the crystal as a function of inverse output coupling transmission based 

on the results depicted in figure 6.8. 

 

By considering that 1 at. % Nd-ions in the crystal’s host of YVO4 consist of 1.26 x 

1020 ions-cm-3 [43], Yb-doping concentrations YbN  for 3 at. % Yb-ions in this crystal’s 

lattice were calculated to be 3.8 x 1020 ions-cm-3.  At the emission wavelength, seλ  of 1047 

nm (OC= 1 %) single pass absorption loss in the crystal, YbL  was deduced from equation 

(3.2.6b) to be around 0.006 (se
abs
λσ = 7.47 x 10-23 cm2) and at seλ  of 1033 nm (OC= 3 %) YbL  

was deduced to be 0.021 (se
abs
λσ = 2.76 x 10-22 cm2).  Once dL  and YbL of this crystal were 

estimated, theoretical and experimental comparisons for threshold powers can be performed 

based on the results demonstrated in figure 6.8.  From equation (3.2.6a) by excluding abη  

for the absorbed pump power evaluations, these thresholds were 148 mW and 113 mW for 

the implementation of 3 % and 1 % output couplers correspondingly which were slightly 

higher than those obtained experimentally (for simplification, all the data taken are 

presented in [appendix F]).   

These results can be explained using figure 3.3a where as a consequence of the 

implementation of a diffraction limited pump beam source 12 ≈M , a strong mode overlap 

between the spot sizes imply a larger volume of the crystal that was exposed to the tight-

focusing geometry.  A greater population inversion is induced in the gain medium due to the 

high percentage of the pumped Yb-ions that were excited to the upper state.  An increase in 

the stimulated emission rate was subsequently achieved that was responsible for lower 

thresholds measured during the experiment.  In addition, experimental uncertainties 
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especially the change in the beam waists during the alignment of the laser might also 

contribute to this small discrepancy. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

A pair of prisms for dispersion control were then inserted into the laser oscillator with 

an effective separation of 44 cm.  By maintaining a 1 % output coupler as the end mirror 

for the entire evaluation of performance (section 6.8), a maximum output power of 134 

mW was obtained at a centre wavelength of 1046 nm.  This corresponds to 8 % losses 

inside the oscillator which reduced the optical-to-optical efficiency of the system to 28 % 

with respect to the absorbed pump power.  The laser was then tuned from 1012 nm to 1070 

nm as illustrated in figure 6.10 above. 

 

 

6.8 Kerr-lens Mode Locking Results. 

 

Before carrying out any KLM assessments on the laser cavity, a map of stability that shows 

the variation of cw output power as a function of distance separation between the crystal 

with folding mirror 2 for the Yb:KYW laser was taken as an example to prove the critical 

cavity stability requirement needed during KLM operation [figure 6.11(a)].  The unstable 

cw output power region was observed in this figure which was preferable for KLM 

mechanism as shown by the arrow.  The output beam profile in figure 6.11(b) upper part 

exhibits strong aberrations due to a gap in the output power where the CW operation was 

unstable.  However, further adjustment of the cavity led to a soft-aperture Kerr-lensing 
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Figure 6.10.  Wavelength tunability after inserting prism pairs inside the laser cavity with a 1 % output 

coupler. 
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effect where the output beam profile was transformed into a near-diffraction limited feature 

as shown in figure 6.11(b) bottom part.  

                                                                              

 

        

        

 

 

 

 

 

 

 

                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12.  Linear fits for 2M  beam quality evaluation in a KLM Yb:YVO4 laser in the sagittal and 

tangential directions corespondingly.  

     

The beam quality factor 2M  of this output beam was then measured by A. A. 

Lagatsky by using a Beam Master Profiler.  The results obtained were plotted in a graph of 

)(zw  that signifies the beam spot size as a function of z  that signifies the distance from 

the minimum beam waist, olw ,  [figure 6.12].  Initially, several values of spot sizes were 

taken very close to each other to determine the exact location of the beam waist, olw ,  

before introducing a distance of 500 µm for the each following data.  2M  can then be 

deducted from the measured spot size values as given from the formula below:- 

Figure 6.11(a)  Example of measured stability map for the three-element cavity Yb:KYW  laser with 

the soft-aperture region is shown by the arrow and (b) the output beam profile during the un-mode 

locked (top) and the KLM (bottom) operations [20].   
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where λ  is the wavelength of the laser.  From figure 6.12 above, black squares indicate the 

measured experimental data while the red and blue lines are linear fits to the corresponding 

data by implementing equation 6.8.1.  In the sagittal direction, the best fit was obtained 

when 2M  was taken to be 1.2 for the beam waist of 18.5 µm.  Coincidentally in the 

tangential direction, 2M  was taken to be 1.4 for the beam waist of 18.2 µm.  The deviation 

from the diffraction limited value was due to the non-ideal overlap between the pump and 

laser beam modes in the laser crystal during KLM operation.   

 
 

 

 

Precise alignments of mirror 1, mirror 2 and the crystal’s position were required to 

initiate modelocking.  Once KLM was initiated with the 1 % output coupler in place, the 

prism pair inside the laser oscillators was adjusted carefully to introduce intracavity 

dispersion needed for group velocity compensation for the optimised compression of the 

pulse duration.  A nearly-transform-limited product of 0.35 was obtained with a pulse 

duration of 61 fs emitting at 1050 nm [figure 6.13].  The spectral width of the pulses was 

21 nm which implies a lasing bandwidth of ~ 6 THz.  In addition, the maximum output 

power achieved during this operation was 60 mW that corresponds to an optical-to-optical 

efficiency of 15 %.  The peak power obtained from this laser was 9.41 kW while the 

critical power crP  was 2.15 MW ( 2n = 15 x 10-16 cm2/W).  These features implied a 
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Figure 6.13.  (a) Measured intensity autocorrelation for a pulse duration of 61 fs, (b) the corresponding 

optical spectrum of the pulses at 1050 nm and the range of the laser tunability between 1015 nm to 1075 nm 

as shown by the dotted curve. 
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positive lens behaviour of the crystal with a beam focus at fz = 21.6 mm.  During this 

operation the laser was tunable from 1015 nm to 1075 nm as shown in figure 6.13(b). 

 
 
 
 
 
 
 
 
 

 

 

 

 

 
                                                 

 The slope efficiency of the laser was determined by reducing the absorbed pump 

power on the crystal until a KLM threshold was achieved.  A self-induced KLM operation 

was sometimes observed even though external perturbation or fine translation of the mirror 

2 was needed for the initiation of mode-locking process.  The pulses were stable over an 

experimental period of more than 1 hour.  These features were obtained due to the 

optimisation of laser cavity design that assists the establishment of high beam quality 

mode-locked output pulses.  This was because the excitation to a higher order transverse 

modes would deteriorate the pulse evolution process.  A slope efficiency of up to 26 % was 

obtained while the threshold power for Kerr-lens mode locking was satisfied for an 

absorbed pump power of 190 mW [figure 6.14].  The pulse duration generated during this 

time was 130 fs with an average output power of 8 mW.   

 

 

6.9 Conclusion. 

 

A stable, ultralow threshold and efficient Yb:YVO4 femtosecond laser was successfully 

constructed in this part of my project based on a Kerr-lens mode locking scheme.  The 

potential of Kerr-lens effects in this medium was shown by the relatively large value of 2n  

measured using a z-scan technique.  2n  for this crystal was 15 x 10-16 cm2/W for 

Figure 6.14.  Slope efficiency during KLM operation by using a 1 % output coupler. 
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−π polarization and 19 x 10-16 cm2/W for −σ polarisation respectively which are higher 

than that of Ti:sapphire (3.1 x 10-16 cm2/W) and Cr:forsterite (6 x 10-16 cm2/W).  A time-

bandwidth product of 0.35 was achieved with a pulse duration as short as 61 fs.  The 

maximum output power was 60 mW which corresponds to an optical-to-optical efficiency 

of 15 % with respect to the absorbed pump power.  This ultrashort pulse duration which 

was shorter than a previous assessment in Yb:Sr3Y(BO3)3 ( pτ = 69 fs) [25] with a 

reasonable 15 % optical-to-optical efficiency opens up future investigations for high peak 

power operation.  This choice of gain crystal is further supported by a suitably high 

thermal conductivity of up to 5.3 W/mK which enhances the figure of merit of this material 

as an alternative source instead of Yb:YAG.  The use of this femtosecond laser in high 

power thin disc and as a pump source for optical parametric oscillators/amplifiers and 

harmonic generation merits particular consideration in my view. 
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Chapter 7. 

Efficient Ultrashort-pulse Visible Sources. 

 

 

7.1 Introduction. 

 

Explanations of nonlinear optical frequency up-conversion in near-infrared solid-state 

lasers are presented at the beginning of this chapter.  This process can be deduced from the 

three-wave frequency interaction consisting in the sum frequency mixing (SFM).  The 

objective of SHG is to produce femtosecond light pulses in the visible part of the spectrum 

that would be useful for applications such as photo-lithography, high density optical data 

storage, ranging, laser printing and display.  The most important parameter required to 

achieve efficient up-conversion is phasematching and so a brief comparison is given 

between birefringent phasematching and quasi-phasematching.  Indeed, the exploitation of 

the technique of periodic poling in quasi-phase matched crystals has greatly increased the 

utilisation of existing nonlinear crystals for optical frequency up-conversion.  In the 

context of femtosecond lasers, some previous assessments were reported for frequency 

doubling in a beta-barium borate crystal (beta-BaB2O4 or BBO) in an intracavity 

configuration [1].  However, this implementation involves a rather complicated alignment 

that limits the practicality of this approach.  By contrast, the choice made in my research 

programme was to use a periodically-poled lithium tantalate (PPLT) crystal to produce 

femtosecond green pulses in an extracavity configuration.  The pump source for this 

frequency doubling was the experimental diode-pumped, passively mode-locked 

Yb3+:KY(WO4)2 (Yb:KYW) laser developed previously and described in Chapter 4 and 5.  

Evaluations to determine the second harmonic conversion efficiency, the temperature 

tuning characteristics, optimum grating period, and the dependence of the pulse durations 

on the focusing strength parameter were carried out.   

 

 

7.2 Nonlinear Wave Phenomena in a Dielectric Medium. 

 

Optical phenomena that induce intensity-dependent polarisation were discussed earlier in 

section 2.4.  The susceptibility tensors )1(χ  and )2(χ explain the ease of dipole polarisation 
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for the dielectric medium in linear and nonlinear response respectively.  The roles of these 

coefficients can be explained by considering equation 2.4.1 in the form of 2EEP βα +=  

where )1(
0χεα =  and )2(

0χεβ = .  In a three wave frequency mixing, the sum of the 

incoming electromagnetic waves is given as, )cos()cos( 2211 tEtEE ωω += .  Thus, the 

induced dipole polarisation can then be expressed as:- 

 

)cos()cos(2[)coscos( 21212211 ttEEtEtEP ωωβωωα ++=  

]cos)(cos 2
22

21
22

1
tEtE ωω ++                 (7.2.1)      

 

By using the identity 1cos22cos 2 −= θθ  and )cos()cos(coscos2 212121 θθθθθθ −++= , 

the equation above can be simplified to be:- 
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                                 (7.2.2)  

 

where 321 ωωω <<  are angular frequencies with subscript “1” and “2” denote the incident 

waves while subscript “3” denotes the generated wave correspondingly.  The first term in 

this equation that consists of )1(χ  represents linear dielectric response and the remaining 

terms imply the roles of )2(χ  in nonlinear response.  This susceptibility is responsible for 

sum and difference frequency mixing (SFM, DFM) consisting in the second term and 

second harmonic generation of wave “1” and “2” in the third and fourth terms.  The final 

term that consists of the sum of quadratical functions 2
1E  and 2

2E  explains the contribution 

of )2(χ  for direct current electric field. 

)2(χ  has finite values for crystals with non-centrosymmetric configurations and it is 

zero for centrosymmetric crystals.  For the discussion in this part of my thesis, the roles of 

this second order nonlinearity are described for second harmonic generation (SHG) and 

sum frequency mixing (SFM).  Both of these processes follow the conservation of energy 

that is given as:- 
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    321 ωωω =+            (7.2.3) 

 

Moreover, the intensity variation between the electric field of each interacting wave as a 

function of the propagation direction, z  in a medium as deduced from [2,3] can be 

demonstrated in the coupled wave equations:-  
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where 1n , 2n  are refractive indices of the incoming waves and 3n  is the refractive index of 

the output wave respectively.  The nonlinear tensor that maps the components of vector E  

to the components of vector P  [see section 2.4] is represented by effd , where 

2

)2(χ=effd  and it explains the strength of the nonlinear interaction.  In addition, k∆  in 

the exponential form of these equations is the resulting wavevector of 1k , 2k  and 3k  and it 

is expressed as:- 

 

    123 kkkk −−=∆           (7.2.5a) 

          







−−=

1

1

2

2

3

32
λλλ

π nnn
       (7.2.5b) 

 

where 1λ , 2λ  and 3λ  are the corresponding wavelengths.  In SHG, subscript “1” and “2” 

for the corresponding wavelengths, frequencies and electromagnetic fields of the incoming 

waves in the three wave frequency mixing are equal to each other and can be substituted by 

subscript “i1”.  Meanwhile, subscript “i2” is used in this process instead of “3” for the 

generated values as will be discussed in the next section. 
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7.2.1 Phase-matched Second Harmonic Generation. 

 

In this section, second harmonic generation (SHG) coupling by a )2(χ  nonlinearity become 

the subject of particular interest.  In this process, the angular frequency of the incident 

wave is represented by 1iω  while the generated frequency is represented by 2iω .  Before 

initiating any discussion about phase matching, the physical process of SHG is explained 

first.  When an electromagnetic wave )(tE  with an incident frequency 1iω  interacts with a 

nonlinear transparent material, the atomic clouds in the material vibrate.  In the linear case, 

the induced dipole polarisation can be described by: EP )1(
0χε=  (equation 2.4.1) where 

the re-radiated wave has the same frequency as the input radiation.   

However, at a sufficiently large effect of 2)2(
0 Eχε  (see equation 2.4.1), this 

incident beam interacts through the second-order susceptibility, )2(χ  of the material to 

produce a nonlinear polarisation that generates a second harmonic wave with the resulting 

frequency of 12 2 ii ωω = .  By substituting the sum of electric field )cos(2 11 tEE ii ω=  to 

equation 7.2.2, in the form of electric field this process can be described as:- 

 

           2EEP βα +=  
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11
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where 1iE  is the electric field for the incoming beam.  The first term in the equation above 

describes the direct current field in the crystal, the second term describes the fundamental 

frequency and the third term is the second harmonic frequency.   

By considering the fundamental wavelength as 1iλ  that travels at a velocity 

determined by ωn , the second harmonic wave acquires wavelength of 2iλ  where 

2
1

2
i

i
λλ =  which travels at a velocity determined by ω2

n .  ωn  is the refractive index of the 

fundamental frequency while ω2n  is the refractive index of the second harmonic frequency.  

In general, due to material dispersion ωn  is not equal to ω2n ).( 2 ωω nn >   This leads to 

alternating growth of the output harmonic waves as illustrated in figure 7.1(a).  From this 

figure, maximum second harmonic wave power is observed for each odd number of the 
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coherence length due to constructive interference and minimum power is observed for each 

even number of the coherence length due to destructive interference.   

  

  

  

  

This mechanism is explained with an increase in the second harmonic (SH) power 

from the fundamental to reach maximum at a distance 
c

lz =  before reducing back to the 

fundamental when 
cc

lzl 2≤≤ .  This produces a repetitive oscillation in the generated 

intensity of the second harmonic waves ω2
I , for each even number of the coherence length 

( ccc lll 6,4,2 …) that increases the wavevector mismatch 0≠∆k  as illustrated in figure 

7.1(b).  As a −π phase shift has been accommodated at clz = , a coherence length cl  is 

defined as the distance that implies a phase mismatch π=∆ clk.  where:-     
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and:- 

    
)(4 2

1

ωω

λ
nn

l i
c −

=          (7.2.8) 

 

To address this mismatch mechanism, a technique that is known as phase matching 

[4] was introduced to achieve the best possible nonlinear conversion efficiency.  Phase 

matching is required to enable several phase-sensitive nonlinear processes such as 

parametric amplification and oscillation, sum and difference frequency generation and in 

particular frequency doubling.  This technique is implemented to maintain a proper phase 

Figure 7.1.  (a) Alternating growth of second harmonic waves (green colour) over the fundamental waves (red 

colour) in a non-phase matched crystal and (b) the corresponding generated intensity that implies an increase in 

the wavevector mismatch, 0≠∆k  [2].    
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relationship between the interacting waves along the propagation direction of the beam.  

As the fundamental wave propagates through the crystal, the resulting wavevector is 

matched, 0=∆k , where the generated intensity grows exponentially due to continuous 

constructive interference between the relative phase of the interacting waves as illustrated 

in figure 7.2.  This resulting wavevector k∆ , consists of wavevectors for the fundamental 

1ik  and for the generated waves 2ik  where 12 2 ii kkk −=∆ .  This equation corresponds to 

the conservation of photon momentum that is given as:- 

 

   ( ) 02
1

122 =− ii nn
c

ωω ωω         (7.2.9) 

 

The corresponding diagram for these processes is depicted in figure 7.3.  The wavector for 

phase matching scheme in a nonlinear medium can be achieved either collinearly or non-

collinearly. 

                                                                                                           

 

  

  

 

  

  

 

 

 

 

 

 
 
 
                                                     

 

 

 

 
                                                                                                                                                                 

Figure 7.2.  (a) Continuous growth of second harmonic waves (green colour) over the fundamental waves (red 

colour) and (b) the corresponding generated intensity in a phase-matched nonlinear crystal for the wavevector 

matching, 0=∆k .  1iE  and 2iE  are energies for the fundamental and generated waves that imply frequencies 

of 1iω  and 2iω  respectively [2]. 
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phase matching condition for efficient second harmonic generation [2]. 
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From equation 7.2.4, by expressing the electric field in the exponential form of 
ikzezE )( , the change in the strength for the corresponding fields in two wave interactions 

can be shown to be:- 
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where 1iE  and 2iE  are the amplitudes of the fundamental and second harmonic fields, 

dz

dE

dz

dE i12= , and z  is the distance along the propagation direction of the beam,.  With 

phase matching, the dispersion effects in the refractive index of the materials can be 

handled appropriately (especially by matching the refractive indices ωn(  and )2ωn  in an 

anisotropic material). 

 

 

7.2.2 Critical and Noncritical Phase Matching. 

 

One of the widely used phase matching techniques involves the exploitation of 

birefringence in an anisotropic nonlinear crystal, so called birefringent phasematching 

(BPM) [5].  Birefringence refers to a material property where different refractive indices 

are obtained for distinct polarisations.  These refractive indices depend on the direction of 

propagation, polarisation and frequency of the incident waves [see appendix D].  Two 

polarisation eigenstates occur in a birefringence material.  The polarisation eigenstate that 

has a constant polarisation direction with angle is called as ordinary beam, −o beam while 

the remaining polarisation eigenstate that has angular dependence polarisation direction is 

called as extraordinary beam, −e beam.  (More references about birefringence phase 

matching can be found in [3,6-8]).  For the three-wave frequency mixing in an anisotropic 

crystal, two types of phase matching occur as indicated in table 7.1.  In the type I phase 

matching, the fundamental beam consists of a single polarisation that is perpendicular to 

the second harmonic beam and the type II phase matching consists of a mixed polarisation 

of the fundamental beam with respect to the output beam.   



 150 

Table 7.1.  Two types of phase matching for the 3-wave frequency mixing where o  stands for ordinary-beam 

and e stands for extraordinary beam.   

 Type I 

)( 321 ωωω →+  

 

Type II 

)( 321 ωωω →+  

Positive oee →+  oeo →+  

ooe →+  

Negative eoo →+  eeo →+  

eoe →+  

 

In birefringent phase matching critical angle, temperature, and compositional 

tuning [9] are required.  Due to the angular sensitivity required, BPM is an example of 

critical phase matching (CPM).  The term critical refers to the sensitivity of this process to 

the misalignment of the propagating beams, thus the proper adjustment of the crystal is 

required to ensure that the propagation direction of the pump wave is at the correct angle 

with respect to the optic axis.  The limitations that exist in interaction length, spot size and 

acceptance angle are caused by the resulting Poynting vector walk-off [see appendix E] 

while tuning the angle.  This leads to poor spatial overlap of the waves that suppresses the 

beam quality and decreases the nonlinear efficiency.  

In contrast, non-critical phase matching (NCPM) can be initiated when the required 

propagation direction is aligned with one of the principal refractive index axes x( , y , )z .  

This process is also known as temperature phase matching as the tuning of the temperature 

dependent refractive index ),( Tn λ  is required to synchronise the relative phase velocities 

of the propagating beams.  The advantages of NCPM are similar ray and wave directions 

that eliminate the existence of spatial walk-off.  Therefore, higher efficiency in nonlinear 

frequency up-conversion 
SHG

η  can be achieved.  This physical effect was manifested in the 

assessment carried out for quasi-phase matched crystal [see figure 7.12].  

Although temperature tuning is favourable for acquiring non-critical phase 

matching condition, the main drawback is due to the elevated temperature of the operating 

condition.  On the other hand, the development of compositional tuning (tuning of 

birefringent material) is long and expensive even though non-critical phase matching is 

allowed at a more appropriate temperature.  The requirement of birefringence in this tuning 

method reinforces continuing research to develop new nonlinear materials for optical 
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frequency up-conversion.  However, this development process has proven to be difficult 

and expensive, thus alternative phase matching schemes have been developed for more 

practical solutions [see section 7.3]. 

 

 

7.2.3 Phase matching bandwidth. 

                                                                                     

 

 

 

 

 

 

    

 

In phase matching, the efficient nonlinear frequency conversion is limited in a 

finite frequency spectrum of the interacting waves.  This is explained in an ideal tuning 

curve that has the form of 
2

sin 2 kL
c

∆
 as presented in figure 7.4 above.  This tuning curve 

can be deduced from the nonlinear wave equation, where by inserting a nonlinear gain 

parameter, Γ , into equation (7.2.10b) the change in second harmonic amplitude field 2iE  

can then be expressed as:- 
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where Γ  can be described as:- 
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where 22 2 ii πνω = .  The relation between Γ  with the generated power over the crystal 

length L  can be demonstrated to be:- 

 

Figure 7.4.  The ideal tuning curve for nonlinear frequency conversion [2]. 
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These equations indicate the proportionality of the generated optical power with 
2

sin 2 kL
c

∆
.  

They also play important roles for an ideal tuning curve that describes the maximum 

second harmonic conversion efficiency (
SHG

η ) in nonlinear interactions that affects the 

phasematching mechanism.  This efficiency, which is influenced mainly by 2
effd  and 2L , is 

defined as the ratio between the generated power ω2
P  with respect to the fundamental 

power ωP , 





 =

ω

ωη P
P

SHG
2  and can be deduced from the height of central peak explicit in 

figure 7.4.   

The full width at a half maximum (FWHM) that is measured from the central peak of 

this ideal tuning curve is known as acceptance bandwidth.  It shows the frequency range 

over which an efficient phase matching process can operate.  In the time domain this 

bandwidth limitation is explained by the group-velocity mismatch scheme that implies 

temporal walk-off and in the spatial domain it is explained in the angular dependence 

refractive index )(θ
e

n .  Another important parameter that influences this acceptance 

bandwidth is the temperature dependence refractive index ),( Tn λ .  Both of these 

parameters )],(),([ Tnn
e

λθ  can be obtained from Sellmeir equation [10,11] where their 

appropriate tuning in a finite frequency range must be met for the optimisation of efficient 

nonlinear frequency up-conversion.   

 

 

7.3 Quasi-Phase Matched Second Harmonic Generation. 

 

Quasi-phasematching [4,7] is seen as a more viable technique because it offers some 

solutions to the drawbacks associated with birefringent phasematching.  It increases the 
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practicality of existing materials and eliminates or reduces any critical requirements for 

angle or temperature tuning to obtain the phasematching condition of 0=∆k .  In this 

technique, the oscillatory solution of 0≠∆k  is allowed by periodic reversal of the 

mismatch mechanism whenever the relative phase-mismatch of the interacting waves slips 

by π .  This brings a continuing increase to the generated intensity of the second harmonic 

frequency ω2I  for each coherence length in coincidence with the conventional phase 

matching scheme as demonstrated in figure 7.5.   

     

 

 

 

 

 

 

 

 
 
 
 
Figure 7.5.  Efficient frequency conversion in the first-order (m=1) and second-order (m=2) quasi-phase 

matching (QPM) over the non phase-matched and phase- matched conditions.  The dotted green lines show 

the optimised value of effd  [2].  

 

This technique is implemented by physically reversing the sign of the nonlinear 

coefficient effd  which introduces an additional π -phase shift to the existing relative phase 

of the interacting waves to avoid destructive interference.  The nonlinear wave equation of 

this process can be demonstrated as:- 
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Owing to the fact that π=∆ clk.  whenever clz = , the resulting addition of the new 

−π phase shift is exactly cancelled by the reversal sign of effd .  To allow the 

implementation of quasi-phasematching, a nonlinear coefficient with a grating period of  

     Phasematched  QPM,   m = 1 

QPM, m = 2 

Non-phasematched  

G
en

er
at

ed
 in

te
ns

ity
 

 0        lc   2lc          3lc        4lc         5lc         6lc        7lc        8lc         9lc 



 154 

cg l2=Λ  can be designed into the crystal.   

  

 

 Figure 7.6 above represents the mechanisms involved in phase matched/non-phase 

matched and quasi-phase matched conditions.  The effect of adding the grating vector on 

quasi-phase matching is shown where the difference between the interacting wavevectors 

is equal to the generated one, .gKk =∆   With the introduction of this periodicity to the 

nonlinear coefficient, the equation for quasi-phasematching in (7.2.11) becomes:- 
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where the grating period wavevector 
g

gK Λ= π2 and the resulting quasi-phase matching 

wavevector is described as:- 

 

 gQ Kkk −∆=∆          (7.3.3) 

 

Noncritical quasi-phase matching can be achieved by optimising the design of the grating 

period gΛ  on a nonlinear crystal to match the interacting wavevectors 1iλ  and 2iλ .  The 

tuning of gK  is preferable in most quasi-phase matching devices rather than that of angle-

tuning.  From equation (7.2.8) and (7.3.3) the period of grating wavelength gΛ  needed to 

be written on the bulk crystal is simplified as:- 
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Figure 7.6.  Wavevector diagram for efficient second harmonic generation. 
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where m  is the order of the quasi-phase matching.  In most applications the typical period 

of gΛ  written on the bulk crystal is of the order of 5 µm to 10 µm. 

From Fourier series analysis the periodic nonlinear coefficient )(zd  for quasi-

phasematching can be described as:- 

 

    ( )[ ]∑
∞

−∞=

=
m

zimK
eff

geDmmdzd ...sin.
2)( ππ            (7.3.5) 

 

where 
g

aD Λ=  is the duty cycle and a  is the width of a domain section.  From the 

equation above, it can be seen that for a given effd , the generated intensity ω2I  for a 

higher-order quasi-phase matching is reduced by a factor of m.
2

π  with respect to the 

conventional phase-matched interaction [figure 7.5].  The duty cycle for the optimisation 

of mdeff π2=  is 5.0=D  for 1=m  and 25.0=D  for .2=m   To achieve first-order 

quasi-phase matching the sign of effd  is reversed periodically for each coherence length cl  

and for the achievement of second-order, the domain lengths of cl  and cl3  are alternated as 

illustrated in figure 7.5.   

 Quasi-phase matching (QPM) has several advantages when compared to 

birefringent phase matching.  Instead of the homogenous crystal structure used in 

birefringent phase matching, QPM uses a crystal with spatially modulated nonlinear 

properties.  It can be operated at convenient temperatures at any wavelength within the 

transparency region of the material.  However, at shorter wavelengths, higher QPM orders 

must be selected for the grating period gΛ  due to the difficulty in obtaining grating 

features of <4 µm and this leads to some compromise in the maximum second harmonic 

conversion efficiency [figure 7.5].  The acceptance angle is large and spatial walk-off can 

be avoided due to the fact that the non-critical phase matching allows propagation of the 

interacting waves along the optical axis of the crystal.  The interaction can exploit the 

highest component of the nonlinear susceptibility tensor of the material, )2(χ , without the 

requirements of direction imposed by BPM.  For instance in lithium tantalate, a nonlinear 

tensor 
31

d  that has a value up to 4 pmV-1 is manipulated for BPM compared to the higher 

coefficient 
33

d  of 26  pmV-1 [6] for QPM.  By accounting the reduction factor of m.
2

π , the 
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efficient coefficient 
eff

d  of 16.5 pmV-1 can be accessed, thus allowing for higher up-

converted efficiency over that of a conventional one.  This technique can then increases the 

benefits of existing crystals, thus allowing the use of materials with no birefringence and 

even optically isotropic materials.  In addition, tuning of quasi-phase matching is also 

possible with angle, temperature and grating period and this expands the range of selection 

for novel devices.  Thus, the introduction of grating period as another adjustable phase 

matching parameter enhances flexibility for QPM devices.  In contrast to conventional 

phase matching, quasi-phase matching can produce efficient frequency conversion even 

with crystals that are difficult to phase match using more established techniques.  This 

gives a new dimension in the search for efficient nonlinear generation where the 

development of fabrication methods for already existing materials can be fully optimised, 

thus avoiding any unnecessary time and cost involved to search for completely novel 

materials having adequate birefringence properties.   

 

 

7.4 Periodically-poled Devices for Quasi-phase Matching. 

 

Initial quasi-phase matching attempts were performed as early as 1976 by stacking tens of 

micrometer thick crystal plates with alternating layers rotated ( )effd± [12].  However, this 

technique was not practical and this remained the case until the mid-1980s when a simpler 

method for phase matching known as periodic poling was introduced by reversing the 

ferroelectric domain polarity in a monolithic crystal [figure 7.7].  The ferroelectric 

materials favourable for quasi-phase matching techniques that have become the subject of 

current research interests include lithium niobate (LiNbO3) [13,14] with its isomorph 

lithium tantalate (LiTaO3) [15] and KTP (KTiOPO4) [16] with its isomorphs RTA 

(RbTiOAsO4) and KTA (KTiOPO4).  Analytical approaches [7] to model effective 

nonlinear parameters that vary and involving tuning properties, periodic structures and 

generated intensity along the interaction length have been developed.  The quasi-phase 

matched frequency conversion technique has now become well recognized following the 

implementation of electric field poling method based on direct e-beam and ion-beam  

writing [17,18] in LiNbO3 [19] and LiTaO4 crystal. 
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Figure 7.7.  (a) Physical process in a quasi-phase matched crystal and (b) the corresponding periodic 

reversal in the sign of the nonlinear coefficient for each coherence length. 

 

Current developments in periodically-poled devices have covered a wide 

transmission range from 0.35-5 µm that is well-suited to nonlinear optics applications.  The 

techniques used to fabricate periodically-poled ferroelectrics on mature substrate wafers 

such as lithography and planar processing have been very well developed for the 

microelectronics industry.  These, for instance, allow the production of periodically-poled 

lithium niobate (PPLN) in large size and volume which to a large extent has been widely 

benefited from the use of LN for electronics [20] and integrated optics markets.  Another 

beneficial property of LN is its straightforward fabrication using the Czochralski growth 

technique from a melt.  A high quality optical grade boule with dimensions of 100 x 120 

mm can be produced in one to two days.  By contrast, although KTP has been widely used 

for nonlinear crystal in the laser industry, its production volume is far below that of LN.  It 

is relatively difficult to grow from the solution growth and crystals of up to 20 mm length 

take typically 3-6 weeks to grow.   

 

  

7.5 Frequency Doubling with a Thick Nonlinear Crystal in an Extracavity    

Configuration. 

 

Second harmonic generation (SHG) of near-IR ultrafast lasers is an attractive technique to 

generate light in the visible range.  The high peak intensities of the ultrafast pulses produce 

high nonlinearity while the short duration of the generated pulses are favourable for many 

applications such as time-resolved spectroscopy and studies in biology and photomedicine.  

In addition, their shorter wavelengths produce smaller spot sizes )(zw  that exhibit higher 

Input Fundamental Beam,    
              Ei1,ωi1                               

Output Upconverted Beam,     
               Ei2,ωi2                               

 (a) 

 (b) 
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resolution performance, thus explaining the reason why compact coherent visible light 

pulses can be used for lithography, high density optical data storage, ranging, laser printing 

and display.  A coherent green source can be obtained from the frequency doubling of 

passively mode-locked Nd-doped and Yb-doped lasers operating at wavelengths around 1 

µm [1,21].  In the femtosecond regime an upper limit for the nonlinear crystal length is set 

by the group–velocity mismatch (GVM).  This mismatch is defined as the phenomenon 

when the pulses are separated in a medium due to the difference in the group velocities 

( )kg δ
δων =  [section 2.4].  This leads to a temporal walk-off that broadens the output 

second harmonic pulses compared to the input pulses and restricts phase matching to a 

narrow second harmonic frequency range.  When the delay between these two pulses 

becomes longer than the duration of the fundamental pulse, the beams have propagated 

along a GVM/non-stationary length, nstL .  This non-stationary length nstL  is defined as the 

distance at which two initially overlapped pulses at different wavelengths become 

separated by a time equal to the fundamental pulse duration 1̀iτ  that can be shown to be:- 

 

α
τ 1i

nstL =           (7.5.1)

  

where the GVM parameter 12 11 ii ννα −= with 2iν  and 1iν  are the group velocities of the 

second harmonic and fundamental pulses respectively.  This parameter )( nstL  determines 

the choice of length L  for the nonlinear media that are often in the order of hundreds of 

micrometers or less.  nstLL =  ensures that the generated SH pulses have durations close to 

that of the fundamental pulses.  However, a drawback arising from the reduction in the 

interaction length is a lower SHG efficiency.  

To solve this limitation, thick nonlinear media are chosen in spite of the inevitable  

temporal broadening of the second harmonic pulses.  It was demonstrated that highly 

efficient SHG is possible by single-pass frequency doubling of a focused femtosecond 

laser beam in a “thick” nonlinear crystal where the group-velocity mismatch (GVM) is 

significant [22,23].  For instance, 3 mm and 5 mm crystal lengths were used instead of the 

100 µm non-stationary length nstL  of KNbO3 when the fundamental pulses were 120 fs at 

an input wavelength of 858 nm [23].  For the unfocused fundamental beam under the 

conditions of a thick nonlinear crystal LLnst << , the generated second harmonic pulses are 
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longer in time by a factor of nstLL .  However, under conditions of tight focusing [24] the 

duration of the generated pulses can be close to that of the fundamental while the 

efficiency of the frequency conversion can also be increased.  Despite the drawbacks 

associated with the length of the nonlinear media due to the effects of GVM, previous 

assessments on several crystals such as KNbO3 [22,23,25-27], LiB3O5 and β-barium borate 

[28] have reported efficient frequency doubling of focused femtosecond pulses (120-200 fs) 

in a thick nonlinear media with a ratio of 20>nstLL .  The conversion efficiency obtained 

in these experiments had exceeded 60 % while the duration of the generated near-

transform limited SH pulses remained within the femtosecond regime with around 2-3 

times temporal broadening with respect to the duration of the fundamental pulses [23].  

Within this subject, the rapid development of Yb-doped femtosecond lasers as pump 

sources over the past few years thus represents a route towards the achievement of compact, 

highly efficient, and high peak power visible light sources.   

 

 

7.6 Implementations. 

 

Two key components were used in this evaluation.  The first was a SESAM-assisted 

Yb:KYW femtosecond laser as a fundamental beam source and the second was a thick 

nonlinear PPLT crystal in an extracavity configuration that became the subject of interest 

for efficient nonlinear second harmonic generation (SHG).  The main reasons for placing 

this nonlinear crystal externally was because of the ease of alignment.  Another reason was 

to avoid the increase of second harmonic power inside the laser cavity that reduces the 

fundamental power required for the initiation of stable mode locking scheme at SESAM. 

 

7.6.1 Experimental Set-up. 

 

The femtosecond laser which was used as a pump source for SHG shown in figure 7.8 was 

designed to operate at a pulse repetition rate of 86 MHz.  The gain material was a 1.2 mm 

long 10 at. % Yb3+ doped KY(WO4)2 Brewster-angled crystal that was oriented in the 

cavity for propagation along the b(Np) axis with its polarisation parallel to the crystallo-

optic Nm-axis.  The two pump sources (LD1 and LD2) used to pump the gain material were 

single mode fibre-coupled polarisation-maintaining InGaAs diode lasers (JDS Uniphase) 
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emitting at 981 nm which produced a combined output power of 970 mW.  Mirror 1 (M1) 

had a radius of curvature of 75 mm while mirror 2 (M2) had a radius of curvature of 100 

mm.  Both of these mirrors were designed for a high transmission up to ~ 98 % at a pump 

wavelength of 981 nm and a high reflectivity for the wavelength range between 1025 nm 

to 1100 nm.  The SESAM with a modulation depth of 2 % at 1045 nm was used for passive 

mode locking operation while a plane-wedged output coupler (OC) with 3 % transmission 

was used at the laser wavelengths.     

 Aspherical lenses (AL) of 15 mm and spherical lenses of 63 mm were used in this 

assessment to collect and focus the pump beam into the gain medium, resulting in the 

pump beam waist, 0,pw  of 17 µm 21( e intensity).  From the ABCD matrix formalism, the 

laser beam waist, olw ,  focused on the crystal was 18 µm while the optimum laser beam 

waist SESAMw  focused on the SESAM was 160 µm.  

 

 

 

 

The output beam from the 3 % output coupler was deviated by using two steering 

mirrors to pass through a half-wave plate, focusing lens (FL), quasi phase-matched crystal 

and a dichroic mirror (filter) before measurement of the resulting up-converted output 

beam was performed [figure 7.8].  The half-wave plate 2λ  was used to control the input 

polarisation of the fundamental beam while a filter coated for a high reflectivity at 1050 

nm and a high transmission at 524 nm was used to block the fundamental radiation.  The 
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Figure 7.8.  Schematic diagram of femtosecond green pulse generation in a PPLT crystal pumped by using a 

femtosecond Yb:KYW laser.   
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fundamental beam was collected and focused into the non-linear crystal by using focussing 

lenses f  with focal lengths ranging from 4.5 mm to 40 mm as shown in table 7.2  This 

implies a series of fundamental beam waist radius 0,lw  inside the nonlinear crystal from 

2.1 µm to 18.3 µm.  The confocal parameter, b  which is the effective interaction length for 

nonlinear second harmonic generation is defined as twice the value of Rayleigh range Rz  

and can be shown to be:- 

 

    2
0,

1

..2
.2 l

i
R w

n
zb

λ
π==          (7.6.1) 

 

where 14.2=n  is the refractive index of the nonlinear crystal.  The crystal length to 

confocal parameter ratios bL  that show the strength of focusing parameter inside the 

medium ranged from 62 to 0.8 and were determined to observe its correlation with the 

resulting second harmonic efficiency.  

 

  

7.6.2 Periodically-poled Lithium Tantalate. 

 

Lithium tantalate (LT) that can be an appropriate crystal for nonlinear frequency up-

conversion has previous restriction for this purpose due to its small birefringence 

properties.  It is more difficult to grow and not commercially well developed due to its 

higher melting point up to 1530 0C compared to 1250 0C for LN.  However, the 

introduction of the quasi-phase matched (QPM) frequency conversion technique has sped 

up the utilisation of periodically-poled lithium tantalate (PPLT) for the generation of 

visible light from near-infrared lasers.  Lithium tantalate has similar poling parameters and 

coercive field as that of lithium niobate while its spontaneous polarisation P  is slightly 

       f (mm)      
0,l

w (µm)      b (mm)      bL  

     40 

     25 

     15.4 

      8 

      4.5 

     18.3 

     11.9 

      7.0 

      3.7 

      2.1 

     4.3 

     1.82 

     0.62 

     0.176 

     0.056 

      0.8 

      1.9 

      5.6 

     20 

     62 

Table 7.2  Variable parameters used for efficient SH generation. 
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lower [2].  It has several advantages over LN due to its wider transparency range in the 

UV/visible between 280 nm to 550 nm and nearly two times higher photorefractive 

damage threshold.  It is operable at room temperature and can also be readily poled with a 

period as short as 1.75 µm [29] in spite of its smaller nonlinear coefficient ( 26
33

=d  pmV-1) 

than that of KTP or LN.  All of these advantages have increased its potential utilisation for 

frequency up-conversion with high peak and average power sources for commercial 

applications.  As a result, initial works have demonstrated the generation of UV and visible 

light by frequency doubling in a periodically poled LT [29-31].   

 

Figure 7.9.  Schematic of the design of PPLT crystal where rangei ,1λ  is the range of fundamental wavelength 

and 2iλ  is the second harmonic wavelength.  The brown arrow show the direction for grating period tuning. 

  
 Based on the work done by previous investigators [22,23], the length of the PPLT 

crystal used in this assessment was chosen to be 3.5 mm.  This choice was made to obtain 

efficient SHG in a thick nonlinear crystal with an approximate ratio of 20=nstLL .  

Although a shorter length of crystal could have been chosen a shorter interaction length b  

would have led to a lower conversion efficiency.  Also, a longer crystal would have a 

wider spot size )(zw  at the edge of the crystal and this would not be well matched to the 

grating domain width of 200 µm.  This crystal was placed on a copper plate and it was 

heated in the temperature range from 20 0C to 90 0C with an accuracy of 0.1 0C.  The end 

faces of the PPLT crystal were optically polished and anti-reflection coated for both 

fundamental and second harmonic wavelength ranges.   

The QPM order can be chosen from equation (7.3.4b), where the thm−  order has to be 

selected first before writing the grating period on the crystal.  For shorter wavelengths, gΛ  

is short and a higher order of quasi phase matching ≥m( 2) needs to be selected.  However, 

in this assessment =m 1 and the duty cycle 5.0=D  were selected for the maximization of 

the nonlinear coefficient as shown in figure 7.5.  Once the QPM order had been chosen, the 

QPM period of the different gratings was calculated in accordance with a temperature-

     a = 200 µm 
   Λg = 7.7 µm 

  
           L = 3.5 mm 

Λg = 7 µm 

  
10 different 
period  

λi1,range = (1035-1065) nm             λi2 
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dependent Sellmeir equation for the congruent type of LT [32].  This gΛ  was designed to 

provide efficient frequency doubling of the fundamental beam in the range of 1035 nm to 

1065 nm.  Ten different gratings were written on the crystal with QPM domain periods 

)( gΛ  varying in the range of 7.0 to 7.7 µm and a width of 200 µm.  The conventional 

type-0 of nonlinear interaction (e + e →e scheme) that exploits the 33d  nonlinear 

coefficient of the crystal was used.  During the experiment, we simply chose the most 

appropriate domain period that gave maximum output power for a given pump wavelength 

1iλ  at a given nonlinear crystal temperature.  This was done by shifting the PPLT crystal 

vertically as shown in figure 7.9. 

 

 

7.7 Experimental Results. 

 

Before any SHG assessment was carried out in the extracavity configuration, the output 

pulses from the pumped source Yb:KYW femtosecond laser were fully characterised.  The 

output beam had a slightly elliptical spatial mode with a 1.12:1 ratio of ellipticity and the 

beam quality 2M  factor was measured to be 1.13 in the sagittal and 1.17 in the tangential 

directions respectively.  Near transform-limited pulses were obtained over the output 

tuning range of 1037 nm to 1049 nm as shown in figure 7.10.  Once the mode-locked 

pulses were initiated, subsequent adjustment of the optical elements in the laser cavity was 

performed to optimise the average output power.  The shortest pulse duration obtained was 

125 fs at a centre wavelength of 1045 nm.  The spectral width was 10 nm and the average 

output power was 326 mW that corresponds to a peak power 
pk

P  of 30 kW.  However, for 

the most efficient second harmonic generation, this laser generated a maximum average 

output power of 394 mW and a peak power, 
pk

P  as high as 32.7 kW.  In this circumstance, 

the pulses were nearly transform-limited with durations of 140 fs and a corresponding 

spectral width of 8.7 nm at a centre wavelength of 1049 nm.  As 
pk

P  is inversely 

proportional to the pulse repetition rate 
rep

ν , the longer cavity length for the pump laser in 

this assessment contributes to higher 
pk

P  that is favourable for efficient nonlinear 

frequency up-conversion over that produced in a more compact configuration [see Chapter 

4,5,6]. 
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Figure 7.10.  Optical spectra of the fundamental pulses (bottom) with the corresponding average output 

power (top). 

 

 

 

The PPLT temperatures were initially varied from 200 C to 1000 C by using a 

temperature controller (TEC) to study the effect of temperature tuning for efficient 

frequency doubling in a quasi-phase matched crystal [figure 7.11(a)].  The optimum period 

grating ( gΛ ) during this operation was 7.35 µm and the optical spectrum of the 

fundamental pulse with a duration of 140 fs at a centre wavelength of 1049 nm is shown in 
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Figure 7.11.  (a) Measured second harmonic power with the tuning of PPLT temperatures where (b) is the 

fundamental spectrum at 1049 nm and (c) is the corresponding SH green pulses at crystal temperatures of 250 C 

and 800 C respectively. 
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figure 7.11(b).  It can be seen from this figure that the second harmonic power increased 

with an increase in the PPLT temperature.  At an optimum temperature of 70 0C a 

maximum second harmonic power of 150 mW was obtained with respect to the input beam 

power.  Continued heating after this point led to a reduction in the output power.   

By maintaining the same grating period of 7.35 µm, the next evaluation was done 

to produce second harmonic generation from PPLT crystal at 250 C and 800 C.  Figure 

7.11(c) shows the optical spectra of the green pulses obtained.  These evaluations were 

carried out for a focal length lens of 15.4 mm that implies a focusing strength parameter, 

6.5=bL .  When tuned to a centre wavelength of 1045 nm, the fundamental pulse 

duration was measured to be 125 fs [figure 7.10].  This beam was passed through the PPLT 

crystal at room temperature with an incident pump power of 285 mW and a peak power of 

26.5 kW.  Green pulses with an average output power of 114 mW at a centre wavelength 

of 522.5 nm were thus produced.  This corresponds to an optical-to-optical second 

harmonic conversion efficiency of 40 % with respect to the input pump power.  However, 

at a wavelength tuning to 1049 nm an average output power of 360 mW was obtained.  

Owing to 3 % losses caused by the optical elements such as steering mirror, half-wave 

plate and focussing lens, the incident pump power on the PPLT crystal was measured to be 

350 mW that gave a peak power up to 29 kW.  The fundamental pulse duration was 140 fs 

and the spectral width was 8.7 nm [figure 7.11(b)].  The interaction of this wave with the 

crystal that was heated at 800 C produced an up-converted frequency signal at 525 nm with 

a maximum average output power of 150 mW.  This corresponds to a second harmonic 

conversion efficiency of 43 % and a diode pump light-to-SH light conversion efficiency of 

15 %.  These excellent results can be attributed in large measure to the highly efficient 

performance of the diode-pumped Yb:KYW femtosecond laser achievable under a single-

mode laser diode pumping [33,34].  These results also ascertain that the most important 

criterion for efficient harmonic generation was the peak power of the femtosecond pumped 

source.  In addition, the importance of tuning the temperature dependence refractive index 

),( Tn λ  for the optimisation of efficient nonlinear frequency up-conversion were also 

demonstrated. 
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 Figure 7.12(a) shows the SH efficiency (left-axis) and the SH power (right-axis) as 

a function of fundamental power incident on the nonlinear PPLT crystal when heated to 

temperatures of 250 C and 800 C.  The maximum power incident on the crystal at the room 

temperature (285 mW) was lower than that at 800 C (350 mW) due to its shorter 

fundamental pulse duration.  These incident powers were not influenced by the crystal 

temperatures but they depend on the alignment of the output beam profiles from the laser 

set-up.  However, at a given incident power, the shorter pulse duration at the room 

temperature operation produced a higher peak power than that of longer duration that gives 

an increase in SH power and the corresponding conversion efficiency.  These results 

confirm that this highly efficient physical process is operable at a room temperature.  This 

eliminates any cooling requirement and reduces heat dissipation from the crystal, thus 

increasing the overall cost-effectiveness of the device. 

The next assessment was to observe the variation in SH conversion efficiency with 

changes in the focussing strength ratios inside the nonlinear PPLT at 800 C.  Although the 

output beam from the pumped source can change over time, the laser was aligned to 

produce the same output pulses at the same centre wavelength with just a few nm 

differences as displayed in figure 7.10.  It is shown in figure 7.12(b) that the maximum SH 

conversion efficiency can be obtained for bL  ratios between 10-15 that correspond with 

the use of 15.4 mm and 8 mm lenses.  This is in agreement with the theoretical model 

description for the frequency doubling of focused femtosecond pulses in a “thick” 

nonlinear crystal [23].  In addition, the group velocity mismatch parameter,α , between 
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Figure 7.12.  (a) Measured second harmonic efficiency (left-axis) and second harmonic power (right-axis) as 

a function of incident fundamental power, and (b) measured second harmonic conversion efficiency at 800 C 

with the variation of focusing strength parameter .bL  
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two pulses was calculated to be 0.78 ps/mm in the LT crystal at a fundamental wavelength 

of 1048 nm.  It was deduced that the nonstationary length nstL was 184 µm and the ratio 

19=nstLL  is compatible with the case of a “thick” nonlinear crystal [see section 7.5].   

 

  

Temporal and spectral measurements of the generated SH pulses 1049( 1 ≈iλ  nm, 

1401 ≈iτ  fs) were determined by plotting graphs of intensity autocorrelation as a function 

of delay (ps) and wavelength (nm) [figure 7.13].  The beam quality factor, 2M  of the 

second harmonic output beam was determined to be 1.3 for weak focusing and 2.3 for 

strong focusing respectively.  For weaker focusing, this k  vector is more perpendicular to 

the crystal domain axis compared to that of a stronger one which explains the reason 

behind better 2M  factor as depicted in figure 7.14.  When 8.0=bL , a pulse duration of 

1.4 ps was obtained with a spectral width of 0.42 nm.  However when 62=bL , a shorter 

duration of 225 fs was obtained at a centre wavelength of 525 nm with a spectral width of 

1.2 nm.  Significantly, the duration bandwidth-product derived for the green pulses 

decreased from 0.6 under the weak focusing parameter to near the transform-limit of 0.3 

under the conditions of stronger focusing.  These results were the outcome of the 

difference in effective interaction length b  of the interacting waves.  For a given length of 

crystal as bL ≤  under weak focusing condition, the separation between fundamental and 

second harmonic pulses were longer due to the longer interaction length.  This increases 

group-velocity mismatch that is responsible for longer temporal walk-off in the nonlinear 

material.  As the consequence, pulse broadening in the output up-converted beam occurs 

where its longer bandwidth product was due to an increase in the dispersion effect implicit 

in the material.  This effect is illustrated in figure 7.14 below for two types of focusing 
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a series of different focusing strength parameter .bL  
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strength where under strong focusing the process is vice versa..  From the corresponding 

spectra of green pulses as shown in figure 7.13(b) it can be seen that a broader spectral 

width can be obtained with tighter focusing where the broadening arises mainly towards 

the longer wavelengths.  

                                                       

         

  

  

 

 

 

 

 

 

 

 
 

Figure 7.14.  (a) Weak focusing condition that implies longer interaction length, b  (orange region) and (b) 

strong focusing condition that implies shorter b .  For longer b , the second harmonic pulses were 

broadened with wider duration bandwidth-product over that of shorter b .  −k vector (brown arrow) 

explains better beam quality )3.1( 2 =M in (a) compared to poorer beam quality )3.2( 2 =M  in (b).   

     

 

 

 

 

 

 

 

 
 

Figure 7.15.  Ratio of green pulses to the infrared pulses as a function of focusing strength. 

 

 By comparing the ratio of the durations of the green pulses to those of the 

fundamental pulses as a function of the focusing strength parameter bL , durations close 

to those of the fundamental pulses with a ratio of 1.6 were obtained under the conditions of 

strong focussing.  This was some six times less than the ratio obtained in the weak 
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focusing conditions [figure 7.15].  In fact with tight focusing, the length of the nonlinear 

crystal can be substituted by the interaction length, b , where shorter b  implies lower 

group velocity mismatch (GVM), thus results in a decrease in the green pulse durations.   

 

 

7.8 Conclusion. 

 
A highly efficient frequency doubling of femtosecond pulses was successfully achieved in 

an extracavity configuration.  The pump source was a Yb:KYW femtosecond laser where 

the single-pass doubling of this fundamental source in a PPLT nonlinear crystal generated 

visible light pulses in the green spectral region.  Impressively, a maximum average output 

power of 150 mW was obtained that corresponded to the achievement of a second 

harmonic conversion efficiency of 43 % and a pump-diode light-to-harmonic light 

conversion efficiency of 15 %.  The temporal characteristics of the frequency-doubled 

pulses as a function of focusing conditions in a thick nonlinear crystal regime have been 

investigated experimentally and pulses could be generated around 525 nm in the duration 

range of 1.4 ps to 225 fs.  These results demonstrated that frequency doubling of the 

femtosecond Yb:KYW laser using thick nonlinear crystals in an extracavity configuration 

represented an excellent and practical source of ultrashort green pulses.  Further up-

conversion schemes such as sum-frequency generation involving the mixing of this green 

radiation with the fundamental will open up interesting possibilities for the production of 

ultrashort ultra-violet pulses.  
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Chapter 8 

Final Remarks. 

 

 

8.1 Conclusion. 

 

The main objectives of this project related to the design, construction and characterisation 

of ultralow-threshold, compact and highly efficient solid-state femtosecond lasers.  The 

gain media selected for lasing were based on Yb-doped crystals involving Yb3+-doped 

potassium yttrium tungstate [Yb3+:KY(WO4)2] or Yb:KYW and Yb3+-doped vanadium 

yttrium oxide [Yb3+:YVO4] or Yb:YVO4 with emission around 1 µm.  The main 

motivation within this PhD. project was to demonstrate femtosecond lasers that offered 

enhanced efficiency and robustness but with greater efficiency and lower cost to suit a 

wide range of applications including ultrafast spectroscopy, portable diagnostic 

measurements, terahertz generation, harmonic generation and optical parametric amplifiers 

and oscillators.  This objective has been accomplished by reducing the number of optical 

elements required in the laser oscillators as described in Chapters 4 to 7. 

In Chapter 4, a slope efficiency of 74 % was obtained with an optical-to-optical 

efficiency of 42 % in a 4-mirror resonator for continuous wave unmode-locked operation.  

The electrical-to-optical efficiency was ~ 12.6 % which was 2-3 times higher than that 

obtained in a previously reported Cr:LiSAF laser [1].  The laser was tunable from 1012 nm 

to 1069 nm in a simple and more compact configuration through the use of a single 

intracavity prism and these features are comparable to the assessment reported earlier by 

Lagatsky [2]. 

  With the aim of further reducing the footprint of a Yb:KYW femtosecond laser, 

several combinations of chirped mirrors were used for dispersion control [see Chapter 5].  

An important outcome of this work was the demonstration of the most efficient 

femtosecond laser yet reported where the optical-to-optical efficiency reached 37 %!  The 

shortest pulse durations of 90 fs obtained are the shortest pulse durations measured to date 

for any SESAM-assisted mode-locked Yb-tungstate lasers [3].  These excellent 

performances were due to the exploitation of Kerr-lensing effects together with the low 

quantum defect of less than 0.14 in the gain materials [see table 2.2].  In this evaluation, it 

was found that a single chirped mirror with optimum negative dispersion between 800 fs2 

to 1000 fs2 could be designed to produce output pulses within the sub-100 fs regime.   
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 In a 3-mirror cavity Kerr-lens mode-locked Yb:YVO4 laser [Chapter 6], transform-

limited pulse durations as short as 61 fs were generated around 1050 nm.  A related optical 

to-optical efficiency of 15 % was obtained and this shows the potential of this material for 

high peak power operation.  The excellent thermal conductivity of 5.3 W/mK in this 

particular crystal enhanced its merit as an alternative choice of gain medium compared to 

that of Yb:YAG for an application of this type.  

 In the assessment of second harmonic generation in a PPLT crystal [Chapter 7], an 

efficiency of 40 % was achieved for the frequency-doubled output where 225 fs transform-

limited pulses were produced at 525 nm.  This laser system was operable at room 

temperature which avoided any unnecessary cooling requirement, thus adding to appeal of 

its overall operational efficiency.  For any length of the nonlinear gain crystal between 3 

mm and 5 mm selected for this process, the crystal length, L  to beam confocal parameter, 

b  [ ]b
L  ratio to achieve maximum second harmonic efficiency was measured to be in the 

10-15 range.  This opens up the possibility of using a selection of crystal lengths within the 

ratio of 20≈
nstL

L  where nstL  is the nonstationary length [see subsection 7.5].  This 

increases the performance of visible femtosecond laser operation in terms of conversion 

efficiencies and pulse durations as will be discussed in the next section. 

 

 

8.2 Future Work. 

 

As a consequence of the excellent performances of Yb-doped femtosecond lasers designed 

and assessed within this project, further minimisation of the cavity length is suggested as 

shown in figure 8.1.  This future work is a continuation of my current PhD. project 

[Chapter 4 and 5] which is aimed at improving optical-to-optical efficiency and reducing 

the pulse durations.  The simplification of the laser oscillators can be done by employing a 

chirped output mirror with shorter radius of curvature/focal length of optical elements in 

the oscillators.  The chirped output mirror chosen has double-chirped structure [figure 5.5] 

that can compensate for higher-order dispersion with negative dispersion between 700 fs2 

to 900 fs2.  In quasi-three-level laser operation, by using high pump powers, it is also 

expected to improve the optical-to optical-efficiency of this system [figure 2.11].  The 

pump sources are two single-mode tapered InGaAs diode lasers where each pump source is 
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capable of producing a power of 3.5 W.  By employing a Yb:KYW crystal as the gain 

medium, optical-to-optical efficiencies are expected to be more than 53 % [4] for Kerr-lens 

mode locking or more than 40 % for SESAM-assisted mode locking.   

 

 
Figure 8.1  A schematic of a Yb-doped femtosecond laser for future implementation that incorporates shorter 

radii of curvature for mirrors 1 and 2 (M1, M2) and double-chirped-output mirror (DCOM). 

 

For the initiation and stabilisation of the mode locking process, the SESAM used 

can be based on quantum well [figure 4.9] or quantum-dot structures [5,6].  If a quantum-

well SESAM is chosen, it is expected that output pulse durations can be reduced towards 

80 fs.  This is made possible with the exploitation of stronger Kerr-lens effects with the 

higher pump power as well as the elimination of Fresnel reflection and impedance 

mismatch accomplished by the double-chirped output mirror structure.  Improvement in 

this system can be achieved by the integration of double-chirped mirror structure into the 

semiconductor technology.  Although this system is quite expensive and requires 

specialised fabrication, it would be justified on the basis of the shorter pulse durations to 

less than 80 fs as expected due to the large amount of negative dispersion in the mirror 

structure [section 5.3].  This device could also be integrated into a SESAM structure in a 

compact femtosecond-laser configuration. 

 A further idea would be to build a more compact, highly efficient, portable two-

element or three-element cavity femtosecond laser based on this research work by the 

incorporation of a Brewster-cut crystal with mirror #1.  In a three-element cavity, a double 

output chirped mirror with negative dispersion of approximately ≤  500 fs2 would be 
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incorporated into mirror #2 and a SESAM employed as mirror #3.  Results achieved from 

the characterisation of this system could be used to further build a two-cavity element laser.  

In this implementation, mirror #1 incorporated with a Brewster-cut crystal would have the 

required amount of negative double chirped dispersion.  This mirror that would serve as an 

input mirror could also work as an output mirror while mirror #2 could be incorporated 

with a SESAM.  The output beam emitting from mirror #1 would be diverted from the 

incident beam by using a 450 dichroic mirror.  If this work produced a successful result, it 

would represent the first prototype hand-size femtosecond lasers in the world!  This system 

would allow the production of higher repetition rates (> 1 GHz) for a range of applications 

such as high speed electro-optic sampling, microwave/millimetre-wave communications 

and photonics switching.  Previous research done by Agate on a Cr:LiSAF laser had 

produced a compact shoebox-sized femtosecond lasers on a 22 x 28 cm2 breadboard [7], so 

this would represent the next step in the miniaturisation process. 

All the assessments mentioned above can be implemented by using a Yb:KYW or 

Yb:YVO4 crystals as the gain media.  Given the adequate thermal conductivity of the latter 

material (Yb:YVO4-up to 5.3 W/mK), this femtosecond laser offers particular promise for 

applications in high peak power laser operation, thin disc lasers, and as a pump source for 

harmonic generation, optical parametric oscillators and amplifiers (OPO/A).  The main 

focus of high peak power operation would be for micromachining while OPO/OPAs are 

beneficial for nonlinear optics and other broadband tuning applications. 

Continuing evaluations performed in Chapter 7 are recommended by using several 

lengths of nonlinear crystals from 3 mm, 3.5 mm and 4 mm to maximise the second 

harmonic conversion efficiencies.  Owing to the fact that maximum second harmonic 

conversion efficiency were obtained within the ratio b
L  of 10-15 [figure 7.12(b)], more 

assessments can be carried out within this range.  Assessment at stronger b
L  can also be 

done if possible to provide further insights into the optimisation of the nonlinear processes.  

The pump power used for second harmonic generation is built from the implementations 

suggested in paragraph 1 and 2 above.  Once the optimum length of the crystal is 

determined, the study of the effects of different fundamental pulse durations 1iτ  on the 

second harmonic durations 2iτ  can be assessed on the optimum length of PPLT crystal at 

the room temperature or optimum temperature operating conditions.   
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The generation of ultrashort UV pulses by frequency mixing of fundamental pulses 

from Yb-doped femtosecond laser and green pulses from PPLT crystal can be used for 

third harmonic generation by using BBO (beta-BaB2O4) as the nonlinear crystal.  The 

investigation of nonlinear waveguide materials such as PPLT and PPKTP can also be 

carried out for second and third harmonic generation.  These ultrafast lasers having high 

peak intensity visible outputs have many applications in time-resolved spectroscopy and 

studies in photo-biology and photo-medicine.  All the future work suggested here could 

also be expanded with the exploration of new Yb-doped materials such as Yb:CaLGO that 

is capable of generating sub-50 fs pulses and subsequent harmonic generation by using 

newly developed and periodically-poled nonlinear materials.  

It should be evident from these concluding remarks that there remain a substantial 

number of research areas where further progress can be expected to be made in the design 

and development of “next generation” femtosecond lasers.  The work to date, and in 

particular that described in this thesis, represents an interesting step in the evolution of 

increasingly efficient and practical tunable, femtosecond-pulse optical sources.  In the 

author’s opinion the next generation of these lasers will find many new applications in the 

femto-science and femto-technology sectors that can be expected to expand or emerge in 

the future. 
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Appendices 
 

 

 Appendix A: A simple dielectric chirped mirror, -455 ± 200 fs2 (Layertec, Gmbh). 

 

To compensate for positive dispersion scheme implicit in the laser cavity, LAYERTEC 

offers dispersive femtosecond laser optics with the required bandwidth needed for this 

assesment (Figures 1-9 demonstrates the optical properties of negative dispersive mirrors 

for the wavelength range around 1 µm that are feasible for Yb-doped femtosecond lasers).  

The three important properties that need to be considered while designing a chirped mirror 

are such as transmission, reflection and group delay dispersion spectra.  For the first 

chirped mirror incorporated in this assessment, the transmission property is “zero’ within 

the wavelength range of 880 nm to 1240 nm as depicted in figure 1.  The transmission 

spectrum of this chirped mirror exhibits large oscillations outside the wavelength range of 

operation.  For the wavelength range between 960 nm to 1200 nm, the reflection property 

is maximum that favours the optimisation of laser operation within this spectral region 

[figure 2].  In addition, a smooth group delay dispersion spectrum with small oscillations 

that range from -100 fs2 at 1000 nm to -600 fs2 at 1055 and 1085 nm was designed in this 

chirped mirror as shown in figure 3.  At maximum designed wavelength of 1100 nm, this 

mirror was dispersionless. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.  Transmission property in the first chirped mirror. 
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Figure 2.  Reflection property in the first chirped mirror. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Group delay dispersion spectrum between -455 ±  200 fs2 in the first chirped mirror for the laser 

wavelength range between 1012 to 1069 nm. 
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Appendix B: A simple dielectric chirped mirror, -370 ± 50 fs2 (Layertec, Gmbh). 

 

In this second chirped mirror, the transmission and reflection properties are similar to the 

first chirped mirror as presented in figure 4 and 5.  However, the value of group delay 

dispersion is lower for the designed wavelengths between 950 nm to 1100 nm as shown in 

figure 6.  Minimum oscillation for the group delay dispersion spectrum can also be seen 

which favour the optimisation of femtosecond operation.  At 950 nm, the value of group 

delay dispersion designed on this mirror was -15 fs2 before increasing to -425 fs2 at 1025 

nm.  At around 1080 nm, this mirror was dispersionless before implying positive 

dispersion effect up to 1100 nm. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Transmission property in the second chirped mirror. 

Figure 5.  Reflection property in the second chirped mirror. 
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Appendix C: A simple dielectric chirped mirror, -110 ± 20 fs2 (Layertec, Gmbh). 

 

In the third chirped mirror implemented in this assessment, the minimum transmission 

property within the wavelength range of 940 nm to 1180 nm [figure 7] was narrower 

compared to the two chirped mirrors discussed before.  The range of maximum reflectivity 

of this mirror was also narrower between 960 nm to 1140 nm [figure 8].  However, these 

properties were sufficient for the laser wavelength of operation between 1012 to 1069 nm 

carried out in this PhD-research project.  For the designed wavelengths between 930 nm to 

1155 nm, the oscillation of group delay dispersion spectrum varies from 0 fs2 to -110 fs2 

before increasing back to -200 fs2 [figure 9]. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Group delay dispersion spectrum of -375 ± 50 fs2 in the second chirped mirror for the laser wavelength 

range between 1012 to 1069 nm. 
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Figure 7.  Transmission property in the third chirped mirror. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            
 
 
 
Figure 8.  Reflection property in the third chirped mirror. 
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Appendix D: Birefringent Phase Matching. 
 

  

 

    

 

 

 

 

 
 
Figure 10.  Three-dimensional index ellipsoid for a biaxial crystal where (a) consists of two polarisation 
eigenstates sa  and fa  and (b) shows angular dependence polarisation direction for sa  at three different 

angles 1θ , 2θ  and 3θ .  Subscript “s” represents slow-ray and subscript “f’ represents fast-ray [1]. 

 

One of the widely used phase matching techniques involves the exploitation of 

birefringence in an anisotropic nonlinear crystal, so called birefringent phasematching 

(BPM) [2].  Birefringence refers to a material property where different refractive indices 

are obtained for distinct polarisations.  These refractive indices depend on the direction of 

propagation, polarisation and frequency of the incident waves.  In a three dimensional 

index ellipsoid, the principal refractive indices of the crystal xn , yn and zn  along the axes 

Figure 9.  Group delay dispersion spectrum of -110 ±  20 fs2 in the third chirped mirror for the laser wavelength 

range between 1012 to 1069 nm. 
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x , y  and z  can be depicted in figure 10.  This crystal is said to be biaxial because it 

consists of two optic axes as zyx nnn ≠≠  where zyx nnn << .  The optical axis is defined 

as the propagation direction in a crystal where the refractive indices for both ordinary (o ) 

and extraordinary (e) polarisation indices are equal.  The wavevector direction k  has an 

angle θ  and φ  from the z-axis and x-axis respectively [figure 10(a)].  By considering 

"" yx −  axis in the horizontal plane and "" z  axis in the vertical plane, two polarisation 

eigenstates sa  and fa  lie perpendicular to the wavevector k  as shown in the shaded 

region.  Subscript ""s  with a larger value of light velocity signifies the slow-ray along the 

vertical plane while subscript "" f  that has a smaller value of light velocity signifies the 

fast-ray along the horizontal plane.  The refractive indices for these two polarisation 

eigenstates, fn  and sn  are given as:- 
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The polarisation eigenstate fa  that has a constant polarisation direction with angle 

is called as ordinary beam, −o beam while the remaining polarisation eigenstate sa  that 

has angular dependence polarisation direction is called as extraordinary beam, −e beam.  

The latter physical scheme is depicted in figure 10(b) where the direction of sa  varies at 

three different positions as the wavevectors 1k , 2k  and 3k  propagate at the corresponding 

angles of 1θ , 2θ  and 3θ  from the −z axis vertically.  For simplification, another 

polarisation eigenstate fa  is not shown because it doesn’t change with the polarisation 

angle .θ   However, this angular constant polarisation state is always perpendicular to 

either 1sa  , 2sa  or 3sa  at these three different positions.  

For a uniaxial crystal that consists of an optic axis, two of the indices for principal 

axes x , y  and zare equivalent to each other where either zyx nnn <=  or .zyx nnn =<   

The two of the indices that have similar values are named as ordinary beam and another 
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remaining index is named as extraordinary beam en .  For 0nne >  the crystal is said to be 

positive and for 0nne <  the crystal is said to be negative.  Figure 11 below demonstrates a 

three-dimensional index ellipsoid for a positive uniaxial crystal where z  is taken as the 

optic axis.  The shaded region in (a) depicts two polarisation eigenstates in a full analogy 

with those in figure 10(a) where 0a  that indicates the ordinary beam is used instead of fa  

in the horizontal plane to and ea  that indicates the extraordinary beam is used instead of sa  

in the vertical plane.  

 

 

 

 

 

 

 

 

Figure 11.  (a) Three-dimensional index ellipsoid for a positive uniaxial crystal where 0nne >  and (b) the 

corresponding two-dimensional index ellipsoid in the yz−  plane [1]. 

 

From figure 11(b), the simplification to the two-dimensional index ellipsoid in the 

yz−  plane is presented to demonstrate the origins of the refractive indices equation for 

both polarisation eigenstates oa  and ea .  Based on the ellipsoidal formula of 1
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where θθ cos)(eny =  is the length of the radius at −y axis and θθ sin)(enz =  is the length 

of the radius at −z axis.  However, the diagram at yx −  plane for the wavevector 

propagation angle of φ  is not shown.  This is because at similar refractive indices on , we 

obtain 1cossin 22 =+ φφ .  The refractive index of this extraordinary beam )(θen  depends 

on the propagation angle θ  as manifested by its property variation from en  to 0n  [figure 
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11(b)].  The medium doesn’t imply any birefringence property when the wavevector 

propagates along the optic axis ).0( =θ   This is because both polarisation eigenstates 

undergo the same refractive indices 0n .  However, with the increase of the propagation 

angle θ  with respect to the optic-axis, both polarisation eigenstates exhibit two refractive 

indices 0n  and en  through the medium.  Maximum value of en  is obtained for positive 

)( 0nne >  and minimum value of en  for negative )( 0nne <  uniaxial crystal as the 

wavevector propagates perpendicular to the optic-axis. 
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Appendix E: Poynting Vector Walk-off. 
 

 

   

 

 

 

 

 

 

 

Figure 12.  (a) Geometrical position of Poynting vector direction in a birefringent medium and (b) the 

corresponding walk-off angle ϕ  between the wavevector k  and ray direction s. 

 

In Poynting Vector walk-off the electric field E  is not parallel to the displacement field 

D .  This is as the consequence of the deviation of the ray direction s (direction of flow 

energy) from the wavevector k  with the angle of ϕ  [figure 12(b)].  This leads to poor 

spatial overlap of the involving waves that suppresses the beam quality of the spot size.  

Another contribution of this poor spatial overlap is the decrease in the nonlinear efficiency. 
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Appendix F: Basic Parameters that influence CW lasing performance in Yb:YVO4 

laser.  

 

In the geometrical design of Yb:YVO4 laser that consists of especially three-mirror cavity, 

two types of assessments were carried out as mentioned in Chapter 6.  The first was CW 

evaluation that employs 3 % and 1 % output couplers and the second was Kerr-lens mode 

locking evaluation that employs a 1 % output coupler at the end mirror.  For the first 

assessment in CW configuration all the results obtained were simplified in table 1 to 

facilitate comparisons done between theoretical and experimental results. 

 

Table 1.  A list of material and laser parameters for Yb:YVO4 laser implementing 3 % and 1 % output 

coupler [Chapter 6]. 

Three-mirror cavity Yb:YVO4 femtosecond laser. 

Output Coupler, ocT (%)              3             1 

Repetition rate, repf  (MHz.)           104.5           104.5 

Pump source (nm)             981             981 

Abs. coefficient, α  (cm-1)               8               8 

Crystal length, l  (mm)               2               2 

Abs. Power, absP  (mW)             380             401 

Pump Abs. Efficiency, absη .            0.77             0.81 

Pump beam waist, opw ,  (µm)              17              17 

Laser beam waist, olw ,  (µm).            18 x 36           18 x 36 

Pump spot size average, pw  (µm)                   17.8              17.8 

Laser spot size average, lw  (µm)             18.7 x 37.4        18.8 x 36.6 

Yb-ions concentration, YbN  (cm-3).                               3.8 x 1020          3.8 x 1020 

Emission wavelength, seλ  (nm).             1033             1047 

Yb-absorption loss, YbL .             0.021             0.006 

Absorption cross-section at emission 
wavelength, se

abs
λσ  (cm2). 

         2.76 x 10-22         7.47 x 10-23  
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Output Coupler, ocT (%)                3               1 

Experimental Threshold Power, thP  (mW).               129               82 

Max. Output Power, outP (mW)               164              146 

Optical-to-optical efficiency (%).                43                           36 

Slope-efficiency (%).                69               47 

Double-pass losses, dL .            0.009            0.009 

Emission cross-section at emission 
wavelength, se

se
λσ  (cm2). 

        3.57 x 10-21         1.79 x 10-21  

Theoretical Threshold Power, thP  (mW) 

(these values were calculated based on the spot 
sizes average over the length of the crystal) 

              148              113 
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