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Abstract 

 

Today, the development of a simple, compact and cost-effective laser source which is 

capable of generating powerful pulses is of importance for a variety of optical applications. The 

generation of high power pulses in the sub-100 femtosecond range is a demanding task and 

requires careful choice of laser gain material and laser cavity design. In this regard, the Yb-doped 

laser crystals are good candidates for high power regime due to their high thermal conductivity 

and for ultrashort pulse generation because of their broad gain bandwidth. The commercially 

available Yb:KGW laser crystal was chosen for this work which is capable of generating watt-

level sub-100 fs pulses.  

In the first stage of this work, a high power CW dual-wavelength laser with high optical 

efficiency was demonstrated based on a simple approach, i.e., by using a single birefringent filter 

plate (BRF). The diode-pumped Yb:KGW laser delivered radiation with wavelength pair at 1014.6 

nm and 1041.3 nm with 3.4 W of output power and considerably higher efficiency and power when 

compared to previous works. The wavelength pair tunability was possible by using a BRF with 

different thickness which offers additional flexibility. Such a powerful dual-wavelength source 

can be used for generating THz radiation for imaging applications. 

The focus of the rest of this work was to generate powerful ultrashort pulses. The generation 

of watt-level sub-100 fs pulse generation was realized by using a quantum-dot semiconductor 

saturable absorber mirror (QD-SESAM) in a dual-action with the Kerr lensing effect. The 

generation of 90 fs pulses with 3.2 W of output power (462 kW of peak power and 41 nJ of energy) 

was demonstrated. This result exhibited significant increase in the average laser output power and 

peak power of pulses when compared to the previous results based on QD-SESAMs. The output 

power of the generated laser was also one of the highest among sub-100 fs diode-pumped bulk 

Yb-doped lasers. In addition, pulses with duration of 56 fs and 1.95 W of average power were 

obtained, which were the shortest pulses generated from monoclinic double tungstate crystals (and 

Yb:KGW laser crystal in particular) and also the most powerful in the sub-60 fs regime. 

A watt-level pure Kerr-lens mode-locked (KLM) laser was also realized for the first time 

with Yb:KGW laser crystal pumped by a multimode fibre-coupled laser diode and without a 
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semiconductor saturable absorber mirror. The laser delivered 240 fs pulses with 2.3 W of output 

power and also 120 fs pulses with 1.2 W of output power. These results were the first 

demonstration of a femtosecond bulk Yb-ion doped KLM laser that produced >1 W of average 

output power with a cost-effective, highly multimode laser diode as the pump source. 

Finally, a numerical investigation of widely-tunable wavelength laser source, i.e., optical 

parametric oscillator (OPO), pumped by a frequency-doubled mode-locked laser at 532 nm was 

performed. The properties of three nonlinear crystals (i. e., LBO, BBO and BIBO) were presented 

and the conditions for the most efficient frequency conversion were investigated. The results of 

this simulation can be considered as a future development of a high power tunable laser system 

where the demonstrated lasers in previous section can be used as the source of excitation for the 

OPO. 
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Chapter 1 

Introduction 

1.1. Introduction  

The invention of a laser in early 1960 [1] opened up new horizons to many applications 

where coherent optical sources are required. Nowadays, a variety of laser sources cover the optical 

range of electromagnetic spectrum from the ultraviolet to far-infrared in the form of continuous-

wave or pulsed laser radiation. The pulsed laser source delivers optical bursts that confine the 

energy in time periods ranging from milliseconds to a few femtoseconds (1 femtosecond=1×10−15 

s). The ultra-short laser pulses specifically refer to optical pulses with the duration of 10−15 s to 

10−12 s and they are characterized by high peak power and broad spectrum. The peak power of 

these pulses can be extremely high, from kilowatts to terawatts, while the average power can be at 

the moderate levels, i.e. milliwatts to watts.  

Ultra-short pulses with high peak power are used to stimulate nonlinear processes such as in 

multi-photon imaging [2,3]. In multi-photon microscopy, nonlinear absorption occurs at a focal 

point of the laser beam and results in emission of fluorescence from the imaged sample. Different 

substances in the sample exhibit fluorescence with distinct decay rates, making it possible to map 

the structure of the sample. It has been shown that the application of femtosecond pulses increases 

the resolution and penetration depth of imaging due to its higher peak power when compared with 

the longer pulses with picosecond (10−12 s) duration [4]. In surgical and ablation applications, the 

exploitation of femtosecond pulses improves the precision and reduces the secondary damage such 

as shock waves and cavitation bubbles [5,6]. 

Another feature of femtosecond laser pulses is their broad spectrum which is suitable for 

applications such as optical coherence tomography (OCT). Being widely used in ophthalmology, 

OCT uses a short pulse of coherent light source. It relies on its interference with the reflected light 

from different layers within the sample in order to create the image. The axial resolution of OCT 

imaging technique is inversely related to its spectral bandwidth [7] and a femtosecond laser can be 
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an ideal light source for this technique [8,9]. The broad spectral bandwidth of femtosecond laser 

pulses can also be utilized for wavelength division multiplexing by slicing the spectrum into 

several spectral channels for telecommunication applications [10,11]. Furthermore, high peak 

power femtosecond laser pulses can be employed to generate even broader spectrum by passing 

through a highly nonlinear optical medium so as to generate a broadband white-light or 

supercontinuum. Such a broadband light is an attractive light source for characterization of the 

absorptive and scattering properties of a specimen such as in coherent anti-Stokes Raman 

scattering spectroscopy and infrared spectroscopy [12,13].  

1.2. Motivation 

For many years, the Ti:sapphire laser has been a workhorse for a wide range of applications 

[9,14-16]. It is possible to generate ultra-short pulses with duration of a few femtoseconds or 

widely tune the wavelength of a somewhat longer pulses owing to the extraordinary broad gain 

bandwidth of a Ti:sapphire crystal [17,18]. However, the efficiency of Ti:sapphire laser system is 

low and it is also required to use another laser system for pumping the Ti:sapphire laser, typically 

an Argon-ion laser or a frequency-doubled Nd:YVO4 laser [19,20]. Only recently, direct laser 

diode pumping was proposed for a Ti:sapphire laser with low power InGaN and GaN laser diodes 

[21-23]. For some applications the generated pulses are required to undergo an external 

amplification by using complicated and costly systems such as chirped-pulse amplifier or 

regenerative amplifier so as to acquire the necessary peak power and energy [14,24]. Because of 

the high level of complexity and cost of these laser systems, the generation of ultra-short pulses 

with high power and energy based on the other laser materials is of interest. New laser materials 

are being developed and some are commercially available, but only a few of them have the 

potential to rival the Ti:sapphire laser for high power sub-100 fs pulse regime of operation. The 

Ytterbium (Yb)-doped laser crystals with higher quantum efficiency than Ti:sapphire, relatively 

large gain bandwidth (for supporting sub-100 fs pulses) and thermal conductivity (for high power 

operation) are suitable candidates for watt-level output power regime. In addition, the wavelength 

of the maximum absorption at 980 nm in the Yb-doped materials facilitates the use of the efficient 

high power InGaAs diode lasers as the pumping source. A comparison of properties of the selected 

Yb-doped laser crystals and Ti:sapphire crystal is presented in Table.1.1.  
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Table 1.1. Optical properties of some Yb-doped laser crystals and Ti:sapphire for femtosecond 
pulse generation [25]. 

Material 
Emission 

bandwidth 
(FWHM)* 

Central 
emission 

wavelength 

Thermal 
conductivity 
(W.K-1.m-1) 

High power diode 
laser pumping 

Ti:sapphire 180 nm 790 nm 34 No 

Yb:YAG 9 nm 1031 nm 11 Yes 

Yb:CALGO 80 nm 1050 nm 6.9 Yes 

Yb:KGW 25 nm 1030 nm 3.3 Yes 

*FWHM: full width at half maximum 

In high power regime of operation, thin disk laser (TDL) systems offer exceptional 

performance [26]. However, the thin disk lasers have the disadvantage of high cost, complexity of 

the laser system and pumping geometry as well as the difficulty of the thin disk gain medium 

fabrication. 

Comparing the bulk lasers with fiber lasers oscillators, the bulk lasers are capable of 

generating high peak power ultra-short pulses directly from the oscillator, while all-fiber laser 

oscillators usually deliver longer pulses with considerably lower output power [27]. This happens 

because of the destabilization of the mode locking process caused by the strong nonlinear effects 

induced by ultra-short pulses due to the extreme confinement of the radiation in a fiber core over 

long distances. In this case, external amplification of the laser pulses is required [28]. On the other 

hand, high power performance of a fiber laser oscillator is only possible in normal-dispersion 

regime where highly chirped pulses with nanosecond/picosecond pulse widths are generated. 

Therefore, external compression of such pulses is required [29]. 

Among the bulk lasers, exceptional performance were recently demonstrated for 

Yb:CALGO and Yb:CaF2 laser crystals for generating high power sub-100 fs pulse. These crystals 

possess relatively high thermal conductivity and broad gain bandwidth and the generation of 94 fs 

pulses with 12.5 W of average output power in Yb:CALGO and 48 fs pulses with 2.7 W of power 

in Yb:CaF2 were reported [30,31]. Furthermore, the spectra of femtosecond pulses generated based 

on the Yb:YAG crystals have reached the full available gain bandwidth of this crystal in the low 

output power regime [32] as well as in high power regime in a thin disk laser [33].  
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The commercially available crystal of Yb:KGW is another suitable candidate for sub-100 fs 

pulse generation with watt-level output power. The full-width at half-maximum (FWHM) gain 

bandwidth of a Yb:KGW laser crystal is around 25 nm and the theoretical pulse duration of 45 fs 

can be supported. In addition, the crystal thermal conductivity coefficient is around 3.3 W.K−1.m−1 

which is suitable for high power regime. However its potential in terms of the available spectral 

gain bandwidth and high power operation has not been fully exploited yet. For instance, the 

shortest pulse duration generated in Yb:KGW was 59 fs (20.2 nm pulse spectral bandwidth) with 

only 62 mW of output power [34]. Higher power regime has been demonstrated for longer pulses 

of 162 fs with 8.8 W of average output power [35] and 290 fs pulses with 10 W of average power 

[36]. Recently, the generation of 67 fs pulse with 3 W of average output power in a diode-pumped 

Yb:KGW laser was reported [37]. Based on these facts, enhancement in the performance of 

Yb:KGW laser in the watt-level sub-100 fs regime of operation was the main motivation of this 

work.  

1.3. Objective 

The prime objective of this thesis was to develop a compact and simple laser system based 

on a diode-pumped Yb:KGW laser crystal which delivers watt-level sub-100 femtosecond pulses 

directly from the laser oscillator. The major challenges of generating sub-100 fs pulses with high 

average power are the thermal lensing effect in the laser crystal [38,39] and the enhanced nonlinear 

effects [40] that should be compensated for. Because of these factors many of the proposed laser 

oscillators could deliver either ultrashort pulses with relatively low power limited to several 

hundreds of milliwatts or watt-level long pulses with duration well above 100 fs.  

By increasing the pump power for achieving higher laser output power, the thermal load in 

the crystal increases and leads to a strong thermal lensing effect by altering the refractive index of 

the crystal and creating a mechanical stress, which considerably affects the laser performance or 

even stability. The deposited heat can also result in thermal damage of the crystal and needs to be 

dissipated by using a cooling system. Since the thermal conductivity of bulk laser crystals is 

restricted, most of the reported femtosecond lasers were limited to low power regime. One solution 

would be using a thin disk laser gain medium which facilitates the removal of heat and reduces the 

thermal lensing effect, but it requires a complicated pumping geometry and manufacturing of a 
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fragile thin disk gain medium [41]. Therefore, one important feature of the laser crystal should be 

its relatively high thermal conductivity and the thermal lensing effect should be considered in the 

laser cavity design. 

Another challenge is to control the enhanced nonlinear effect such as self-phase modulation 

and nonlinear phase shift in the cavity as a result of high peak power of the pulse. Since the pulse 

generation is governed by a nonlinear laser dynamics, the increased nonlinearity can destabilize 

the laser system and result in the pulse break-up [42,43]. Therefore, it is crucial to compensate for 

these effects and control the intra-cavity power in order to maintain a stable pulse generation at 

high power levels.  

From the perspective of system design, the laser needs to be simple and compact with limited 

number of optical components. The ultrashort pulse generation with high power directly from an 

oscillator implies the elimination (or simplification) of external amplification. Such a system also 

requires a compact pumping source such as the compact and efficient InGaAs diode lasers. 

However, diode lasers come with a compromised beam quality factor and divergence. 

 To achieve this aim, the crystal of Yb:KGW was chosen as the laser gain medium. It is a 

suitable candidate owing to its relatively large gain bandwidth (25 nm) for sub-100 fs pulse 

generation and thermal conductivity (3.3 W.K−1.m−1) for watt-level operation. This laser crystal is 

commercially available with customized geometry and doping level. In addition, a cost-effective 

and compact InGaAs diode laser can be used as the pumping source for the laser system, which is 

capable of delivering up to 30 W of output power at 980 nm. Accompanied with numerical 

analysis, two well-established techniques were employed for generating the ultra-short laser 

pulses, namely a semiconductor saturable absorber mode locking and the Kerr-lens mode locking. 

A newly developed type of semiconductor saturable absorber (quantum-dot semiconductor 

saturable absorber mirror) was used for this work. All of the concerns mentioned above had to be 

addressed accordingly.  

1.4. Thesis contribution 

This thesis presents the results on high power ultra-short pulse generation based on the diode-

pumped Yb:KGW lasers using two well-established techniques, i.e., the saturable absorber mode 
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locking and Kerr-lens mode locking (KLM). Newly developed saturable absorbers, i.e., quantum-

dot saturable absorber mirrors (QD-SESAM) were used and the results favourably compared with 

the preceding experiments in terms of average output power, pulse duration and peak power. A 

pure Kerr-lens mode-locked Yb:KGW laser was also demonstrated for the first time with a 

multimode fibre-coupler laser diode for pumping, which delivered watt-level ultra-short pulses. 

Besides, a high power continuous-wave dual-wavelength operation of Yb:KGW laser with 

improved efficiency using an original solution was also reported. In the following the key point 

contributions of this thesis are presented: 

 The generation of 90 fs pulses with 3.2 W of power (462 kW of peak power and 41 nJ of 

energy) based on the hybrid action of quantum-dot saturable absorber mirror and Kerr 

lensing effect. The results exhibited significant increase in pulse energy and pulse peak 

power when compared with the previous works based on quantum-dot saturable absorber 

mirror. The developed laser was one of the highest power sub-100 fs pulse systems among 

the Yb-doped lasers. The results were published in Optics Letters journal: R. Akbari, H. 

Zhao, K. A. Fedorova, E. U. Rafailov, and A. Major, "Quantum-dot saturable absorber and 

Kerr-lens mode-locked Yb:KGW laser with >450  kW of peak power," Opt. Lett. 41, 3771 

(2016). 

 

 The generation of 56 fs pulses with 1.95 W of output power based on dual action of quantum-

dot saturable absorber mirror and Kerr lensing effect. These pulses were the shortest ones 

ever generated from the monoclinic double tungstate laser crystals (and Yb:KGW in 

particular) and also the most powerful ones in the sub-60 fs regime. The results were 

published in Applied Physics B journal: R. Akbari, K. A. Fedorova, E. U. Rafailov, and A. 

Major, "Diode-pumped ultrafast Yb:KGW laser with 56 fs pulses and multi-100 kW peak 

power based on SESAM and Kerr-lens mode locking,” Appl. Phys. B 123, 123 (2017). 

 

 The demonstration of a high power and high efficiency CW dual-wavelength Yb:KGW laser. 

A stable dual-wavelength operation at 1014.6 nm and 1041.3 nm with 3.4 W of output power 

was achieved. It presented an improvement of more than an order of magnitude in output 

power and higher efficiency when compared to previous results, while using a significantly 

simpler laser design. The results were published in Optics Letters journal: R. Akbari, H. 
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Zhao, and A. Major, "High-power continuous-wave dual-wavelength operation of a diode-

pumped Yb:KGW laser," Opt. Lett. 41, 1601 (2016). 

 

 The demonstration of watt-level pure Kerr-lens mode locking of a Yb:KGW laser pumped 

by a multimode fibre-coupled laser diode for the first time. The laser delivered 240 fs pulses 

with 2.3 W of average output power at 86.8 MHz, corresponding to 110 kW of peak power 

and 26 nJ of pulse energy. The shortest generated pulse duration was 120 fs with 1.2 W of 

output power. These results were the first demonstration of watt-level KLM bulk laser 

pumped by a multimode laser diode. The results were submitted for publication to Applied 

Optics journal. 

 

 

 The analysis of optical parametric oscillators (OPO) based on the nonlinear crystals of BIBO, 

BBO and LBO pumped by a frequency-doubled femtosecond Yb:KGW laser. Based on this 

analysis a compact widely-tunable ultrafast oscillator can be developed which can be 

pumped by the demonstrated femtosecond Yb:KGW lasers. The results of this work were 

published in Laser Physics journal: R. Akbari and A. Major, “Optical, spectral and phase-

matching properties of BIBO, BBO and LBO crystals for optical parametric oscillation in 

the visible and near-infrared wavelength ranges,” Laser Phys. 23, 035401 (2013). 

1.5. Thesis outline 

In chapter 2, a brief introduction of Yb:KGW laser crystal and its optical properties is 

presented. Then, the optical effects, including group-velocity dispersion and optical Kerr effect, 

which contribute to the ultrashort pulse formation are introduced. Next, the general concept of 

mode locking of a laser as the mechanism for generation of femtosecond laser pulses is reviewed. 

This section is followed by introducing two methods for mode locking of a laser, namely mode 

locking by using a saturable absorber mirror and the Kerr-lens mode locking. The potential of the 

combination of these methods is also highlighted. A general description of interplay between the 

nonlinear optical effects and pulse formation mechanism is provided in the next section.  



8 
 

Chapter 3 is devoted to the results of a continuous-wave dual-wavelength Yb:KGW laser 

experiment. This experiment was performed at the stage of establishing a continuous-wave laser. 

The theoretical background of generating dual-wavelength laser by using a birefringent filter plate 

and a review of the preceding works are represented. Then, the experimental setup is explained 

and the results are discussed. The superior features of our results are highlighted in the conclusion. 

In chapter 4, the results of a femtosecond mode-locked Yb:KGW laser based on dual-action 

of quantum-dot saturable absorber mirror and Kerr-lens effect are presented. After a concise 

introduction and literature review, the experimental setup for two sets of experiments is explained. 

These experiments resulted in the generation of high power sub-100 mode-locked lasers. The 

results are compared with the previous works and enhancements are highlighted.  

Chapter 5 presents the results of the first watt-level pure Kerr-lens mode-locked Yb:KGW 

laser, pumped by a multimode fibre-coupled diode. Beginning with a review of the previous works 

on Kerr-lens mode-locked lasers with different Yb-doped crystals and pumping sources, the 

experiment is explained and results are presented. A comparison is provided with all of the bulk 

KLM lasers based on the Yb-doped laser crystals and future improvements are discussed. 

In chapter 6, the results of simulation of optical parametric oscillators based on the 

nonlinear crystals of BIBO, BBO and LBO pumped by a frequency-doubled femtosecond 

Yb:KGW laser are presented. A detailed introduction on these crystals is provided. The optical 

properties are summarized and efficient phase-matching conditions are investigated in the 

following sections. Dispersive and spectral properties are also investigated and the most efficient 

conditions are discussed. The results of these simulations can be considered as a future work for 

the laser demonstrated in the previous chapters. 

Finally, in chapter 7 a summary of the achievements of this thesis is provided and possible 

improvements are suggested. Future works for each part of this thesis are also proposed.  
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Chapter 2 

Theory and background  

 

2.1. Introduction 

In this chapter, the properties of the chosen laser gain material, Ytterbium-doped 

potassium-gadolinium tungstate (Yb:KGW or Yb:KGd(WO4)2), are reviewed. A review of the 

optical effects that are involved in pulse formation in a laser cavity, including group-velocity 

dispersion (GVD), self-phase modulation (SPM) effect and the Kerr lensing effect is provided. 

The general concept of a mode-locked laser for generating ultra-short laser pulses is introduced, 

followed by a review of the two techniques for femtosecond pulse generation, namely mode 

locking by a semiconductor saturable absorber and the Kerr-lens mode locking. The properties of 

a quantum-dot saturable absorber mirror are also highlighted. Finally, the nonlinear dynamics of 

pulse formation in a laser system and the role of these parameters are briefly reviewed. 

2.2. Laser material: Yb:KGW   

The Rare-Earth metal ions doped crystals are commonly used for generating laser radiation 

due to their fairly long upper state lifetime, sharp fluorescent lines and strong absorption bands. 

Among them, Ytterbium-doped laser crystals are favorable laser gain media because of their 

advantageous properties. First, they possess simple energy level structure which consists of only 

two main electronic manifolds for the laser transition from 2F5/2 to 2F7/2, as shown in figure 2.1 for 

the Yb:KGW laser crystal.  This simple structure eliminates undesired loss effects such as up-

conversion excitation, excited-state absorption and concentration quenching  [1]. Second, Yb-

doped crystals also exhibit low quantum defect (Elaser/Epump =λpump/λlaser≈0.95) which results in low 

thermal load in the crystal when it is excited. Third, there is a strong absorption cross-section 

between 940 nm and 980 nm in the Yb-doped crystals that makes it possible to use efficient and 

compact InGaAs laser diodes as the pump source for the laser system.  
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Figure 2.1. Schematic energy levels of Yb3+ ions in Yb:KGW.  

However, there are undesired characteristics in the Yb-doped crystals as well. The lower 

energy level for laser transition is near the ground energy level and thus is thermally populated at 

room temperature. This results in re-absorption of the generated laser radiation and as a result the 

laser crystal operates in a quasi-three-level regime. This is characterized by a considerable overlap 

between the absorption cross-section and emission cross-section profiles of the Yb-doped crystals. 

Furthermore, fairly long fluorescence lifetime of the excited ions in Yb-doped crystals favors Q-

switching instability in case of short pulse laser generation, since large amount of energy is stored 

in the upper energy level over the time, which is much longer than the produced pulse duration [1].  

Among the Yb-doped crystals, the crystal of Yb:KGW exhibits high emission cross-section 

(2.8×10-20 cm2), broad amplification bandwidth (~25 nm) and relatively high thermal conductivity 

(3.3 W.K-1.m-1) [2], all of which make it a suitable laser gain medium for generating high power 

ultra-short laser pulses and widely-tunable laser radiation with the help of an optical parametric 

oscillator (OPO) [3]. The emission and absorption cross-sections of Yb:KGW crystal for the 

principal axes are shown in figure 2.2. 
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Figure 2.2. Emission and absorption cross-sections of Yb:KGW along the principle refractive 

axes (courtesy of S. R. Bowman (Optical Sciences Division, U.S. Naval Research Laboratory)).  

As a result of the re-absorption loss, the effective emission cross-section of a laser gain 

medium is expressed as  [4] 

(1 )eff em ab       Eq. 2.1 

where β is the ratio of the excited Yb ions to the total number of Yb ions in the gain medium. This 

ratio depends on the net-laser cavity loss and it changes for different output coupling transmission. 

Therefore, the effective gain profile reshapes which affects the maximum effective gain, its peak 

wavelength and the available spectral gain bandwidth. 

The crystal is usually cut along the Ng-axis and a pump light experiences strong absorption 

for polarization along the Nm-axis with the largest absorption cross-section at 980 nm. The laser 

light is usually polarized along the Nm-axis due to its large gain. The Nm-axis exhibits larger gain 

with the corresponding peak wavelength lying at shorter wavelength range when compared with 

the Np-axis, while the Np-axis has a broader gain bandwidth at longer wavelengths  [5]. In addition, 

an Ng-cut Yb:KGW crystal exhibits the lowest degree of beam astigmatism in high power regime, 

where the thermal lensing is usually strong [6]. 
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2.3. Group-velocity dispersion (GVD) 

The refractive index of an optical medium is a wavelength-dependent parameter. 

Therefore, the constituent wavelengths of a light pulse with broad spectrum experience different 

phase velocities which results in dispersion of the pulse envelope. The dispersion parameter can 

be defined as  [7,8] 

Eq. 2.2 

where β2 is the group-velocity dispersion,  is the wavelength-dependent refractive index of 

the medium, λ is the wavelength and c is the speed of light in vacuum. The group-velocity 

dispersion is defined as group-delay dispersion (GDD) per unit length in millimetre. In case of a 

short laser pulse, GVD broadens a transform-limited pulse in time domain. If β2>0 for a medium 

(normal dispersion regime), the long wavelength components of the pulse propagate faster than 

the short ones and appear at the leading edge of the pulse (figure 2.3). For β2<0 (anomalous 

dispersion regime) the long wavelengths travel slower and appear at the trailing edge. Most optical 

medium at wavelength of 1040 nm exhibit positive dispersion parameter. 

Figure 2.3. The effect of GVD parameter on a pulse: (a) a transform-limited pulse, (b) the 

dispersed pulse after propagating through a medium with negative β2. The blue line is the 

electrical field, the red line is the pulse envelope. 
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The dispersion effect also plays a prominent role in short pulse formation in a mode-locked 

laser oscillator and negative dispersion should be provided in order to balance it as well as the 

effect of self-phase modulation (section 2.4.1).  

2.4. Optical Kerr effect 

The refractive index of a medium can be altered in the presence of a strong optical field. It 

can be expressed as [7] 

    Eq. 2.3 

where n0 is the linear refractive index, n2 is the nonlinear refractive index and I(r,t) is the intensity 

of the optical field in time and space. In case of propagation of an intense optical pulse, the time 

dependence of n2 results in the instantaneous frequency shift within the pulse and the spatial 

dependence leads to a lensing (i.e. Kerr lensing) effect. The value of n2 is positive for all optical 

materials. 

2.4.1. Self-phase modulation (SPM) 

The refractive index of a medium can be changed when an intense optical pulse propagates 

through it (Eq. 2.3). Through this change, the phase of the pulse is affected by the intensity of the 

pulse. The instantaneous frequency can be expressed as [7] 

Eq. 2.4 

where φ(t) is the instantaneous phase, L is the length of the medium, ω0 and λ0 are the central 

frequency and wavelengths of the pulse, respectively. The change in frequency content as a result 

of pulse intensity is called self-phase modulation (SPM). SPM generates and re-distributes the new 

wavelengths within a pulse envelope in time domain without broadening of the pulse. At the 

leading edge of the pulse, where the intensity rises, the instantaneous frequency is reduced and 

long wavelength components appear, while the trailing edge of the pulse produces the short 

wavelength components (figure 2.4). In frequency domain, SPM generates the additional 

frequency components and causes spectral broadening of the pulse.  
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Figure 2.4. The effect of SPM on a pulse, (a) a transform-limited pulse, (b) the chirped pulse 

after propagating through a medium with positive n2. The blue line is the electrical field, the red 

line is the pulse envelope, the green line is the instantaneous frequency change. 

In order to generate transform-limited ultra-short pulses (soliton pulses) from an oscillator, 

it is required that the effects of SPM and positive dispersion were balanced by the appropriate 

amount of negative dispersion. In time domain, the temporal broadening of the pulse due to the 

positive dispersion of optical components as well as the positive chirp induced by the SPM effect 

is canceled out by the negative dispersion. At the same time the pulse spectrum is broadened 

mainly due to the SPM effect. The dispersion compensation in a laser cavity can be accomplished 

by a variety of methods, including prism pair, chirped mirrors, grating pair and Gires–Tournois 

interferometer (GTI) mirrors [8].  

In this work, GTI mirrors were used for dispersion compensation. A GTI mirror is a special 

case of a Fabry–Perot interferometer comprising a highly reflective rear mirror, a partially 

reflective front mirror and a spacer material. The incident light undergoes multiple internal 

reflections in spacer and the reflected light beams constructively interfere, experiencing some 

phase shift with respect to the incident light. This phase shift and therefore the group delay and 

dispersion parameter are wavelength dependent. A GTI mirror can provide specific value of 

negative dispersion for a limited range of wavelengths of interest, which can be used for 

compensating the positive dispersion of other optical components in a laser cavity [8,9]. 
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2.4.2. Kerr lensing effect 

The dependence of the refractive index on the intensity of laser light (Eq. 2.3) also affects 

the spatial phase of the propagating optical field. Considering the Gaussian distribution of the 

intensity over the beam cross-section area and a positive nonlinear refractive index (n2), the 

refractive index becomes higher at the center of the beam and this part of the wave front propagates 

slower than in the outer parts of the beam, which leads to a focusing effect of the beam (see figure 

2.5) [7,8].   

Figure 2.5.  The Kerr lensing effect. The refractive index of the Kerr medium is modified in the 

presence of an intense laser beam. 

The Kerr lensing effect can be induced by a high intensity laser pulse propagating through 

the laser crystal and can be exploited to produce self-amplitude modulation (SAM) for generating 

ultra-short pulses in a Kerr-lens mode-locked laser (section 2.5.2).  

2.5. Mode-locked laser 

In order to generate ultra-short laser pulses, the gain or loss in a laser resonator needs to be 

modulated. In time domain, the net-gain is provided for short instants of time within which the 

laser oscillation in the form of a pulse becomes possible. In case of solid-state lasers, where the 

gain medium usually exhibits long relaxation time, the loss modulation method is employed (figure 

2.6). The pulsed laser is then called mode-locked laser, since many spectral modes oscillate with 

a constant phase relation  [10–12]. 
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Figure 2.6. Pulse generation by means of loss modulation in a laser resonator.  

Generating ultra-short pulses with sub-picosecond pulse width employs a passive mode 

locking technique, where the loss modulation is caused by the laser pulse itself. This is usually 

done with the help of an optical component called saturable absorber or the fast responding Kerr 

lensing effect. In frequency domain, the amplitude of the oscillating laser mode with a specific 

central frequency (which is initially produced at the peak of the gain) is modulated by the loss 

modulating effect. It results in generation of the side-band frequencies, oscillating with a fixed 

phase relationship and the laser therefore is mode-locked [10]. In this case all of the oscillating 

modes interfere constructively thus producing a single pulse per round trip in a laser cavity. 

2.5.1. Mode-locked laser with saturable absorber 

In a mode-locked laser saturable absorbers can be used as a loss modulator. The most 

common type of saturable absorber is a semiconductor saturable absorber mirror (SESAM). A 

SESAM essentially consists of a Bragg mirror structure and a saturable absorber layer (figure 2.7).  

The Bragg mirror part acts as a reflective mirror and is comprised of stack of semiconductor layers 

with varying refractive index. At the interface of each layer, a portion of the penetrating light is 

reflected back based on Fresnel reflection. In order to have constructive interference of the created 

reflections of light for a particular wavelength, the optical distance between the interfaces (Λ) 

should satisfy the Bragg condition, i.e., . The absorber layer on top of the Bragg 

mirror absorbs light and exhibits loss for light with low fluence (i.e. energy/area) and has lower 

light absorption and loss at higher fluence levels. The saturation fluence of a SESAM can be 

defined as a pulse fluence that can reduce the absorption of SESAM by 1/e (37%) of its initial 
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value. The maximum change in nonlinear reflectivity of the absorber is called the modulation 

depth. The actual fluence of laser on a SESAM could be roughly 5 times the saturation fluence so 

that the largest modulation depth can be reached. Consequently, a saturable absorber can act as a 

loss modulator in a mode-locked laser [11,13].  

Figure 2.7. (a) SESAM on a copper heat sink and its schematic structure, (b) the reflectivity of a 

SESAM in terms of pulse fluence. 

At the initial stage of pulse formation in a laser resonator incorporating a SESAM as the 

end mirror, a random intense fluctuation in a laser (i.e. long pulse) can lower the loss of a SESAM 

and is reflected back into the resonator. Then, it is amplified by the net-gain in successive round 

trips in the resonator and becomes narrower in width through the mode locking process. In this 

process, a SESAM assists in pulse narrowing by letting the central part (the most intense part) of 

the pulse to pass through the SESAM and by absorbing the tails (the less intense part) of the pulse. 

However, this pulse shortening is only significant during the initial stage of the mode locking 

process. The main pulse shortening is governed by the nonlinear dynamics of soliton formation 

and by the balancing of the SPM and GVD effects. 

The SESAM that was used in this work was a quantum-dot saturable absorber mirror (QD-

SESAM). In the semiconductor absorber layer, the free charge carriers were confined to 

infinitesimal spatial dimension so that the energy states of the absorber are sharply confined. It 

results in a sub-picosecond recovery time of carriers as well as lower saturation fluence (25 

μJ/cm2), when compared to their quantum-well counterparts with higher saturation fluence (70-
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100 μJ/cm2). The former is favorable for short pulse generation since the absorber recovers its 

absorption right after the pulse and the latter is desired for convenient self-starting pulsed operation 

from the noise level and avoiding the Q-switched operation regime of a mode-locked laser. 

Furthermore, the absorption and gain bandwidth of the QD-SESAMs are inhomogeneously 

broadened as a result of Gaussian distribution of dot sizes in absorber structure, which is beneficial 

for supporting of ultra-short pulses with broad spectrum  [14–16].  

2.5.2. Kerr-lens mode-locked laser (KLM) 

The generation of ultra-short pulses by fast loss modulation is also possible by employing 

the Kerr lensing effect in a laser gain medium with large nonlinear refractive index (n2). If an 

intense pulse of a laser beam passes through the laser crystal, it induces the Kerr lensing effect for 

an extremely short time and as a result the laser beam is self-focused. With a hard-aperture placed 

in the way of the laser beam, the self-focused laser mode experiences a low spatial loss, as opposed 

to the continuous-wave laser without the self-focusing effect (figure 2.8 (a)). In this way, an intra-

cavity loss modulation can be provided and this technique is called a hard-aperture Kerr-lens mode 

locking. Since the Kerr lensing effect is a fast responding effect, it is favorable for generating ultra-

short pulses  [11]. 

Figure 2.8. Kerr lensing effect and spatial loss modulation in case of a hard-aperture mode 

locking (a) and soft-aperture mode locking of a laser (b).  

An artificial aperturing effect in a Kerr-lens mode-locked laser can be also accomplished 

through the spatial overlap of the pump beam and the laser mode. In such a case the self-focused 

laser beam overlaps more efficiently with the pump beam and experiences a higher gain (figure 

2.8 (b)). This method is called a soft-aperture Kerr-lens mode locking [17,18]. 

(a) (b)
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A Kerr-lens mode-locked laser is capable of generating pulses as short as few femtoseconds 

owing to its fast saturable absorber action and loss modulation [11]. However, this method requires 

a critical design of the laser resonator which requires it to be operated near the stability limit. Also, 

the mode-locked laser operation is not usually self-starting and requires external perturbation. On 

the other hand, mode-locked lasers based on the semiconductor saturable absorbers offer reliable 

pulse oscillation and the mode locking is self-starting. The disadvantages of the SESAM mode-

locked lasers include the high cost of a SESAM, high likelihood of its damage and dependency of 

the generated pulses on the absorber properties. The generated pulses in a SESAM mode-locked 

laser are usually longer than in a Kerr-lens mode-locked laser [11].  

A dual action of the Kerr-lens mode locking and semiconductor saturable absorber mirror 

mode locking techniques can combine the favorable features of both methods. The semiconductor 

saturable absorber mirror can provide a sustainable and self-starting generation of initial laser 

pulses and, on the other hand, the fast loss modulation and broadband operation of the Kerr lensing 

can make it possible to generate ultra-short laser pulses [19–21].  

2.5.3. Mode-locked laser model 

In a mode-locked laser with a balanced SPM and GVD, the generated pulse undergoes the 

amplification and temporal spreading in the gain medium, SPM spectral broadening, and pulse 

width compression due to the negative GVD in the cavity (figure 2.9). The pulse retains its shape, 

intensity and duration after a round-trip in the cavity if the GVD and SPM effects balance each 

other. Therefore, the pulse is called a soliton pulse and the system is called a soliton mode-locked 

laser. The generated pulse can be modelled by the Haus’ master equation as follows [22] 

 ,     Eq.2.5 

where A(T,t) is the slowly varying pulse envelope, TR is the cavity round-trip time, g is the saturated 

gain, l is the linear loss, 2 2 is the gain, the gain bandwidth and intra-cavity filtering 

effect, D is the GVD, δ is the SPM coefficient and q(T,t) is the response of the saturable absorber 

which describes the self-amplitude modulation (SAM) effect. The last term also includes the Kerr-

lens mode locking since the Kerr lensing effect acts as an artificial fast saturable absorber. In case 
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of mode locking of a laser by a SESAM where the pulse formation is determined by the soliton 

mode locking through the balancing of the GVD and SPM effects, the saturable absorber mainly 

acts as a starter and pulse stabilizer. In case of a KLM laser, however, the fast saturable-absorption 

like effect has a prominent role in pulse formation. The generated pulse has a sech2 function shape 

and its full-width at half-maximum (FWHM) duration is determined by the parameters in Eq.2.5. 

In general, the generated pulse width has direct relation with the total dispersion in the laser cavity. 

 

Figure 2.9. The laser model and contribution of SPM, GVD and SAM in pulse formation. 

GVD(+) is the positive dispersion, GVD(−) is the negative dispersion. 
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Chapter 3 

Continuous-wave dual-wavelength Yb:KGW laser 

 

3.1. Introduction 

In this chapter, the development of a high power continuous-wave dual-wavelength laser 

based on Yb:KGW crystal is demonstrated. Such a laser source is desirable for THz imaging and 

spectroscopy applications. A brief introduction and a review of previous work on dual-wavelength 

lasers are given. Then, the experimental setup and results are presented and the improved features 

of the laser are discussed. In this experiment, a stable dual-wavelength operation at 1014.6 and 

1041.3 nm (7.57 THz of frequency offset) with 3.4 W of average output power and a diffraction-

limited beam profile was obtained. Dual-wavelength laser operation at shorter- or longer-

wavelength pairs with lower average output power could also be realized for other output-coupling 

transmissions. The results of this experiment demonstrated an order of magnitude higher output 

power and ~4 times higher optical-to-optical efficiency when compared to the values reported in 

previous experiments based on Yb:KGW laser crystal, while using a significantly simpler laser 

design.  

3.2. CW dual-wavelength laser 

Continuous-wave (CW) dual-wavelength lasers with wavelengths separated by a few THz 

have established their applications in THz imaging and spectroscopy [1,2]. Dual-wavelength laser 

action has been reported in a number of laser crystals such as Nd:YVO4 [3] and Nd:GdVO4 [4] 

where the generated wavelengths were set by the specific laser-cavity optics design and the 

intrinsic properties of the gain media, which typically have multiple well defined laser transitions 

(e.g., 912 and 1064 nm). On the other hand, simultaneous CW dual-wavelength oscillation is 

possible by providing the same lasing threshold condition and net-gain equalization for two 

particular spectral lines within one sufficiently broad gain bandwidth. This approach is possible 
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with broad gain bandwidth laser materials such as Yb-ion-doped or Ti:sapphire. Tunable CW dual-

wavelength lasers based on Yb:KGd(WO4)2 (Yb:KGW) crystal have been demonstrated by using 

chirped-volume Bragg gratings  [5] and glass etalons  [6] where the generated wavelengths were 

independently tunable with variable separation up to 7.8 and 3.1 THz, respectively. These laser 

systems, however, required rather complex design in terms of the number of optical elements used 

in the cavity for tuning of the wavelengths, requirements for spatial separation of the two generated 

wavelengths, and the custom designed pump-shaping system. 

Recently, a CW dual-wavelength laser has been reported in a diode-pumped Yb:KGW laser 

without employing any additional elements for polarization control  [7]. By using the polarization-

dependent reabsorption loss as a mechanism to reach gain equalization, two orthogonally polarized 

laser lines along the Nm- and Np-axes were generated. The polarization-dependent reabsorption 

loss originated from the anisotropic thermal lensing effect and the dual-wavelength operation was 

controlled by the pump power in certain pump-power ranges. A dual-wavelength oscillation at 

1028.7 nm (E//Nm) and 1037.5 nm (E//Np) with 4.6 W of output power using 5% output coupling 

could be generated and the wavelength separation slightly depended on the output coupling level. 

Similar thermal-lens driven polarization switching in dual-wavelength operation was also 

observed in a Tm:KL(WO4)2 laser  [8]. 

As a more convenient approach dual-wavelength laser action can be realized by means of a 

birefringent filter (BRF) when its wavelength-dependent loss in a laser cavity results in the net- 

gain equalization for two wavelengths. A multiple-plate BRF was recently used with a Ti:sapphire 

laser to generate wavelengths with fixed separation of around 2 nm and tunable between 805 and 

840 nm  [9]. In this case however, a custom-built multiplate BRF required a sophisticated design 

procedure. At the same time this approach has not yet been reported with diode-pumped Yb-doped 

laser crystals. Among the Yb-doped gain media, the laser crystal of Yb:KGW attracts attention 

due to its high emission cross-section (2.8×10−20 cm2 for polarization along its Nm-axis) and fairly 

broad amplification bandwidth ( 25 nm) with small intrinsic quantum defect [10]. These 

properties allow the use of a wavelength-dependent loss optical component such as a birefringent 

filter in order to generate two distinct wavelengths within the available gain bandwidth. Since the 

free spectral range (i.e., separation of transmission peaks) of a single plate BRF depends on its 
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thickness, it is possible to find a condition when it can be accommodated by the available gain 

bandwidth, thus greatly simplifying the design of a dual-wavelength laser. 

The wavelength-dependent loss property of a BRF originates from the wavelength-

dependent phase retardation caused by its birefringent structure and can be expressed as  [11] 
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 Eq. 3.1 

where φ is the phase retardation due to birefringence, k is the wavenumber in vacuum, δ is the 

difference between the ordinary and extraordinary refractive indices (ne−no), l is the thickness of 

the filter plate, ϕ is the refraction angle of the ordinary ray, θ is the angle between the optical axis 

of BRF and its surface plane, and α is the angle between the optical axis of the crystal and plane 

of incidence (rotation angle), as shown in figure 3.1. For a quartz BRF plate cut at its normal axis 

and placed at the Brewster’s angle, δ ≈ 0.009, ϕ ≈ 33°, and θ = 0. The phase retardation results in 

a wavelength-dependent transmission profile exhibiting low loss peaks at wavelengths whose 

separation is governed by the thickness of the filter and its orientation. The free spectral range of 

a BRF plate can be explicitly expressed as  [12] 
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   Eq. 3.2 

where ϕB is the Brewster’s angle, and λ0= 2λ1λ2/(λ1+λ2). Consequently, for an appropriate thickness 

of the BRF, two low loss transmission peaks can fall within the gain bandwidth of the laser crystal, 

which is necessary for dual-wavelength operation of a laser.  

Figure 3.1. Schematic of a birefringent filter plate. 
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In this work a high-power CW dual-wavelength Yb:KGW laser was demonstrated using a 

single birefringent filter plate. With an Ng-cut crystal, the generated wavelengths had the same 

polarization along the Nm-axis of the crystal and a stable laser operation at 1014.6/1041.3 nm 

wavelengths with 3.4 W of average output power using a 4 mm thick birefringent filter plate was 

demonstrated. 

3.3. Experiment and results 

A 5 mm-long Yb:KGW crystal (Eksma) with a doping level of 1.5 at. % was cut along its 

Ng-axis and was antireflection coated for pump and laser wavelengths. The pump laser was 

delivered by a fiber-coupled laser diode (100 μm core, 0.22 NA, Apollo Instruments Inc.) and two 

achromatic doublets with 1 3 imaging ratio focused the pump beam to a waist of 300 μm in 

diameter inside the crystal (see figure 3.2). The laser diode could provide up to 30 W of pump 

power. The laser diode as well as the crystal were water-cooled at 16°C in order to stabilize the 

pump wavelength around 980 nm. In a Z-fold cavity the laser mode size of 270 μm was formed 

for appropriate spatial mode matching with the pump beam to maximize output power and to avoid 

dual-wavelength operation observed in [7]. In order to introduce a wavelength-dependent loss to 

the laser cavity, a quartz birefringent plate (Castech Inc.) with a thickness of 4 mm was placed at 

Brewster’s angle in the long arm of the cavity before the output coupler. The output power and 

laser spectrum of dual-wavelength oscillation were recorded by a calibrated power meter and an 

optical spectrum analyzer with a resolution of 0.07 nm, respectively.  

Figure 3.2. Experimental setup of a CW dual-wavelength Yb:KGW oscillator. AD, achromatic 

doublets; R1-3, concave mirrors; OC, output coupler. R1=300 mm, R2=300 mm, and R3=500 

mm. 

The Ng-cut Yb:KGW crystal exhibited a strong absorption ( 50%–60%) of the unpolarized 

pump radiation around 980 nm [13,14]. The CW laser could deliver up to 6 W of average power 
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with laser polarization along the Nm-axis without the birefringent filter in the laser cavity. The 

Yb:KGW crystal exhibited a thermal-lensing effect that was measured to be around 100–150 mm 

of equivalent focal length [15] for the operating range of pump power. A wavelength-dependent 

loss was then introduced to the laser by inserting the BRF plate at the Brewster’s angle. Therefore, 

the wavelengths that experienced the phase retardation of 2π were transmitted through the filter 

with low loss. In our configuration the 4 mm thick birefringent quartz plate could provide a 

wavelength separation up to 35 nm according to the Eq. (3.2). 

A dual-wavelength Yb:KGW laser operation was realized with 5% output coupler at 1014.6 

and 1041.3 nm (Δν =7.57 THz) with maximum average output power of 3.4 W at 27.9 W of pump 

power. The dual-wavelength operation for different pump powers is shown in figure 3.3. The 

variation in average output power based on the measurement of standard deviation is also shown 

as error bars. As can be seen, the variation in average output power decreases at high pump powers, 

which could equivalently be observed as relative instantaneous change of spectral amplitudes of 

the oscillating wavelengths (which was about 10%) using the spectrum analyzer. At each pump 

power level the BRF had to be slightly adjusted to maintain a 1 1 spectral intensity ratio of the 

generated wavelengths. The lower limit of the pump power for dual-wavelength operation was 

imposed by the condition where simultaneous oscillation of wavelengths was not possible. The 

linewidths of the generated wavelengths were measured to be 0.07 nm and were limited by the 

resolution of our spectrometer. For 5% output coupling, the slope efficiency of 30% with respect 

to the pump power (55% with respect to the absorbed pump power in nonlasing condition) and 

optical-to-optical efficiency of 12.2% for the highest incident pump power (23.3% with respect to 

the absorbed pump power) was obtained. Our results represent an order of magnitude higher output 

power and 4 times higher optical-to-optical efficiency when compared to the values reported 

in  [5] and  [6]. In these cases total dual-wavelength output powers of 250 and 120 mW and optical-

to-optical efficiencies of 6% (with respect to the absorbed pump power) and 3% (with respect to 

the incident pump power) were achieved, respectively. On the other hand, comparing with the 

optical-to-optical efficiencies of 16%–17% previously obtained by us in dual- wavelength [7] 

and single-wavelength  [13] regimes, our results indicate an increase in intracavity losses caused 

by the insertion of the birefringent filter.  
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Figure 3.3. Output power versus pump power for dual-wavelength laser with 5% output coupler. 

Insets: the beam intensity profile and laser spectrum at the highest pump power. 

In figure 3.3 the output beam intensity profile at the highest output power is also depicted in 

the inset, which exhibited almost perfect Gaussian intensity distribution along both axes. The M2 

beam quality factor (Appendix A) was measured to be less than 1.2. The average output power of 

the dual-wavelength laser for different output coupling levels at the highest pump power of 27.9 

W, as well as the corresponding generated wavelength pairs, are shown in figure 3.4. The short 

wavelengths of the dual-wavelength laser between 1010 and 1018.8 nm and long wavelengths 

between 1038.5 and 1048.5 nm could be generated for these output couplers. The highest average 

output power of 3.4 W was obtained for the 5% output coupler.  

As shown in figure 3.4 (b) the generated wavelengths for higher output coupling were shifted 

toward shorter wavelengths while their separation remained almost constant. Since the effective 

gain of Yb:KGW as a quasi-three level laser medium is influenced by the reabsorption loss, it can 

be expressed with the help of Eq. 2.1 (see Chapter 2) as  [13] 

0( ) 2 ( ( ) - (1- ) ( )),eff L c em L abs Lg N l      
   Eq. 3.3  

where N0 is the ground-state population set by the doping level, lc is the length of the laser crystal, 

β is the fractional population inversion, and σem(λL) and σabs(λL) are the emission and absorption 

cross sections at laser wavelength, respectively. A higher output coupling leads to a higher steady-
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state gain and a higher fractional population inversion β. In case of Yb:KGW, a higher gain exhibits 

a peak at shorter wavelengths [13] and the observed wavelength shift in our laser is due to the shift 

in the peak of the effective gain of Yb:KGW for higher output coupling. 

Figure 3.4. (a) Average output power of dual-wavelength laser for different output couplers at 

the highest pump power of 27.9 W. Circles – experimental data points; solid line is for the eye 

guide only. (b) Wavelengths of oscillating modes for different output couplers. 

Since the free spectral range of a birefringent filter is inversely related to its thickness (Eq. 

3.2), the proposed approach allows changing of the wavelength separation by using filter plates 

with thicknesses other than 4 mm. Indeed, by using a 6 mm thick BRF, dual-wavelength laser 

oscillation was achieved with Δλ=16.7 nm, which corresponds to Δν=4.65 THz. This result is in 

good agreement with Eq. (3.2), which predicts a reduction in wavelength separation by a factor of 

0.67 (Δλ = 26.7 nm for 4 mm BRF). At the same time dual-wavelength generation was not feasible 

for a BRF plate with smaller thickness (e.g., 2 mm) since the free spectral range of which became 

larger than the available effective gain bandwidth of the used Yb:KGW crystal. 

3.4. Conclusion 

In conclusion, a high-power dual-wavelength laser operation of a diode pumped Ng-cut 

Yb:KGW crystal using a single BRF plate was demonstrated. It exhibited stable oscillating wave- 

lengths and a diffraction-limited output-beam profile. For a pump power of 27.9 W, dual-

wavelength laser radiation at 1014.6/1041.3 nm and 3.4 W of output power using a 5% output 
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coupler could be generated. This represents an improvement of more than an order of magnitude 

in output power and  efficiency when compared to the previous results 

while using a significantly simpler laser design. The observed slope efficiency was 30% with the 

beam quality factor of less than 1.2. By using a higher output coupling, wavelength pairs at shorter 

wavelengths were generated with lower output powers. The demonstrated approach allows stable 

generation of dual-wavelength radiation with controllable spacing that can be achieved by varying 

the thickness of the employed BRF plate. However, this approach does not offer individual control 

of the wavelength. We believe that the same technique can be also used with other gain media as 

well as fiber lasers. The demonstrated laser can be used to generate THz radiation by using 

photoconductive antenna (photomixer) [16,17]. 
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Chapter 4 

High power femtosecond mode-locked Yb:KGW laser based 

on quantum-dot saturable absorber and Kerr lensing effect 

 

4.1. Introduction 

In this chapter, the generation of high power ultrashort pulses from diode-pumped Yb:KGW 

lasers based on dual-action of Kerr lensing effect and quantum-dot semiconductor saturable 

absorber mirror (QD-SESAM) is demonstrated. The main goal of these experiments was to 

generate watt-level sub-100 fs pulses directly from the laser oscillator. Such pulses are highly 

desirable for excitation of various nonlinear processes. In the first set of experiments (section 4.3) 

by using a quantum-dot saturable absorber mirror with a 0.7% (0.5%) modulation depth, the mode-

locked laser delivered 90 fs (93 fs) pulses with 3.2 W (2.9 W) of average power at the repetition 

rate of 77 MHz, corresponding to 462 kW (406 kW) of peak power and 41 nJ (38 nJ) of pulse 

energy. To the best of our knowledge, these present the highest average and peak powers generated 

to date from quantum-dot saturable absorber-based mode-locked lasers and one of the highest in 

sub-100 fs regime from bulk lasers. In the second set of experiments (section 4.4) a watt-level sub-

60 fs laser was demonstrated. The laser delivered 56 fs pulses with 1.95 W of average power 

corresponding to 450 kW of peak power. The width of the generated laser spectrum was 20.5 nm, 

which was near the gain bandwidth limit of the Yb:KGW crystal. To the best of our knowledge, 

these are the shortest pulses generated from the monoclinic double tungstate crystals (and 

Yb:KGW laser crystal in particular) and are the most powerful in the sub-60 fs regime for bulk 

Yb-doped lasers. At the same time they are also the shortest pulses produced to date with the help 

of a quantum-dot-based saturable absorber mirror. A comprehensive comparison of the 

performance of our lasers and previous results is also provided (section 4.5). 
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4.2. Mode-locked laser based on dual-action of quantum-dot saturable absorber mirror 

and Kerr lensing effect 

High power operation of ultrashort pulse laser sources is highly desirable for a variety of 

nonlinear optical experiments [1–4]. The Yb-ion based laser oscillators are well suited for this 

task. Indeed, such a performance of a mode-locked laser in high power regime is feasible owing 

to the propitious properties of Yb-ion crystals, including fairly broad gain bandwidth, absorption 

properties suitable for diode pumping, absence of parasitic losses and tolerable level of thermo-

optical effects [5–7]. Among the commercially available Yb-doped crystals, Yb:KGW exhibits 

favourable properties for generating high power sub-100 fs pulses (Chapter 2). The generation of 

high power ultrashort pulses with a spectrum as broad as the emission bandwidth of the gain 

medium is still a demanding task. As was discussed in Chapter 2, in the high power regime the 

induced nonlinear effects, non-negligible thermal lensing and broad-band group velocity 

dispersion (GVD) compensation should be carefully addressed. 

The conventional design of a mode-locked laser system based on semiconductor saturable 

absorber mirrors (SESAMs) offers a flexible procedure and it provides a reliable and efficient 

femtosecond laser performance. However, this method is limited in further shortening of the pulse 

duration owing to the finite recovery time of the absorber which is also susceptible to damage. On 

the other hand, Kerr-lens mode locking technique (KLM) enables one to generate shorter pulses 

due to its inherently fast saturable absorption-like effect, but it requires careful design procedure 

and does not usually offer self-starting mode-locked oscillation [8]. A combination of these two 

techniques (termed KLAS: Kerr-lens and saturable absorber) can provide a mechanism that 

benefits from the self-starting operation provided by the SESAM as well as the fast loss modulation 

and broadband operation of the KLM lasers [9,10]. At the same time the KLAS mode-locked lasers 

based on the quantum-dot SESAMs can be an alternative approach to the widely used quantum-

well SESAMs. 

Quantum-dot semiconductor saturable absorber mirrors (QD-SESAMs) have attracted a lot 

of interest for generation of ultrashort laser pulses from solid-state and fiber lasers [11–15] due to 

their favorable properties when compared with the widely used quantum-well counterparts, QW-

SESAMs [16]. Indeed, because of the strong confinement of free charge carriers to infinitesimal 

spatial dimension, the density of states is sharply enhanced. In QD-SESAMs this leads to a sub-
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picosecond recovery time of carriers and low saturation fluence (25 µJ/cm2). Furthermore, the 

absorption and gain bandwidths are inhomogeneously broadened as a result of a Gaussian 

distribution of dot sizes in the absorber structure, which is beneficial for the generation of ultrashort 

laser pulses [11–13]. Femtosecond laser pulse generation using QD-SESAMs has been reported 

for a Cr:forsterite [12], Yb:KYW [14] and Ti:sapphire [17] laser crystals. These results, however, 

were limited in terms of power and pulse duration. In high power regime, the generation of watt-

level sub-100 femtosecond laser pulses directly from the Yb-doped bulk crystal lasers has been 

reported for Yb:KGW [9,10], Yb:CALGO [18,19], Yb:CaF2 [20–22] and Yb:Lu2O3 [23] using 

QW-SESAMs. However, the generated pulse width in the works with direct diode-pumping was 

limited to above 65 fs.  

4.3. Multi-watt sub-100 fs mode-locked Yb:KGW laser: experiment and results 

The laser used a 5 mm-long Yb:KGW crystal (cut along the Ng-axis) with 1.5% doping level 

in a Z-fold cavity, as shown in figure 4.1. The crystal was pumped at 980 nm by a 30 W fiber-

coupled laser diode (100 μm core diameter, 0.22 NA) which was focused to a spot size of 300 μm 

in diameter by two achromatic doublets. The cavity configuration provided a mode size of around 

280 μm which could be precisely tuned by changing the position of the output coupler that was 

mounted on a translation stage. This allowed for the introduction of the soft aperturing effect via 

the Kerr lensing into the laser cavity by making the laser mode size slightly larger than the pump 

spot size in the crystal (see section 2.5.2 in Chapter 2). The crystal absorbed 50–60% of the pump 

power depending on the pump power level. The thermal lens strength of the crystal at a pump 

power of 30 W (18 W absorbed) was estimated to be 10 diopters using a modified ABCD-matrix 

analysis (Appendix B) [24]. An output coupler with a transmission of 7.5% was used in the cavity.  
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Figure 4.1. Experimental setup of a mode-locked Yb:KGW laser. AD, achromatic doublet; DM, 

dichroic mirror; R1-3, concave mirror; OC, output coupler. R1=300 mm, R2=300 mm, R3=500 

mm. 

For the mode-locked laser operation, two QD-SESAMs (grown by Innolume GmbH) with 

modulation depths of 0.7% and 0.5% (with seven and five pairs of InGaAs quantum-dot layers in 

the saturable structure, respectively), and a saturation fluence of 25 μJ∕cm2 [14] were used. They 

were provided to us by Prof. Edik Rafailov from Aston University, UK. These saturable absorbers 

exhibited recovery time with a sub-picosecond fast component. The absorbers were not water 

cooled and were used as one of the end mirrors. The beam spot size on them was designed to be 

initially around 350 μm in diameter. It was changing to a smaller size when the length of the arm 

at the output coupler side was reduced to introduce the Kerr lensing. Two Gires–Tournois 

interferometer mirrors (GTI, Layertec GmbH) provided negative dispersion to compensate for the 

positive dispersion of the crystal and for the induced chirp from self-phase modulation (SPM).  

The laser cavity was initially optimized for the CW laser operation near the middle of the 

stability region. In this regime, the laser could deliver up to 5 W of output power. The HR mirror 

(Laseroptik GmbH) was then replaced by one of the QD-SESAMs, and the GTI mirrors were 

configured to provide a negative round-trip dispersion of −4400 fs2. With a QD-SESAM in the 

cavity, a Q-switched mode-locked laser regime was readily observed. At this point, the fluence on 

the absorber was ~200 μJ∕cm2. By reducing the cavity length using the translation stage with an 

output coupler, a stable mode-locked laser with a spectral bandwidth of around 5 nm could be 

obtained. 

At this point, the mode-locked laser was purely supported by the used QD-SESAM, and the 

mode-locked operation was completely self-starting. For this regime, the fluence on the QD-

SESAM was around 240 μJ∕cm2. Further reduction of the cavity length resulted in multi-pulse 
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operation of the laser until a transition to a single pulse mode-locked laser regime could be 

observed. The latter transition indicated that the Kerr-lens mode locking regime came into effect, 

since the cavity mode size at this position was slightly larger than the pump beam size in the 

crystal. Introduction of the Kerr lensing was also accompanied by a continuous increase in the 

spectral width of the generated pulses. The transition sequence of the pulsed regimes as a result of 

reducing the cavity length was similar to the ones previously observed in [9,10]. Similarly, without 

the QD-SESAM in the cavity, no pure Kerr-lens mode locking could be achieved. Using the QD-

SESAM with 0.7% modulation depth at the pump power of 30 W, the laser could deliver 90 fs 

pulses (see figure 4.2) with an average output power of 3.2 W at a repetition rate of 77 MHz. This 

corresponds to 462 kW of peak power and 41 nJ of pulse energy. The fluence on the absorber was 

around 340 μJ∕cm2. With the 0.5% modulation depth QD-SESAM, 93 fs long pulses with an 

average output power of 2.9 W at 76.9 MHz repetition rate, corresponding to 406 kW of peak 

power and 38 nJ of pulse energy, could be generated. The ripple in the spectrum was a known 

artifact of a spectrometer caused by a multi-mode fiber input, similar to the observation reported 

in [25]. It was caused by the multimode fiber connection to the optical spectrometer and was 

removed by replacing with a single-mode fiber in later experiments. A single pulse mode locking 

regime without instabilities was confirmed by monitoring the femtosecond-to-nanosecond time 

scales using a wide-range scan (200 ps) autocorrelator and a combination of fast 

oscilloscope/photodetector with a resolution of ~100 ps  [26]. 

Figure 4.2. (a) The spectrum of the generated pulses with 0.7% QD-SESAM and (b) intensity 

autocorrelation. The red curves are the sech2 shape fits. The time-bandwidth product was 

calculated to be 0.317. The ripple in the spectrum is a known artifact of the spectrometer. 
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The radio frequency (RF) spectrum of the 90 fs mode-locked laser is shown in figure 4.3. 

The spectral power of the fundamental mode was 50 dB above the noise level. In a wide-range RF 

scan measurement (figure 4.3(b)), no additional peaks between the higher order modes were 

observed, indicating clean mode locking. The drop of intensity of high-order harmonics in the RF 

spectrum was caused by the biasing conditions of the used photodetector and did not affect the 

observation of mode locking instabilities. The far-field beam intensity profile of the mode-locked 

laser which was near diffraction limited with M2 < 1.2 is also shown in figure 4.3(c).  

Figure 4.3. (a) RF spectrum of the pulse train with 0.7% QD-SESAM, (b) wide-span 

measurements. (c) Far-field beam intensity profile of the mode-locked laser. RBW: resolution 

bandwidth. 

4.4. Watt-level sub-60 fs mode-locked Yb:KGW laser: experiment and results 

In these experiments the laser oscillator used a 6 mm-long 1.6 at. % doped Yb:KGW crystal 

in a similar cavity as shown in figure 4.1. The pump was focused to a spot size of 340 µm by using 

two AR-coated achromatic doublets. The absorbed pump power was measured to be around 60%. 

The laser mode inside the crystal was estimated to be 290 µm in diameter using ABCD matrix 

analysis (Appendix B) and it could be gradually increased by adjusting the position of the output 

coupler mounted on a translation stage. In continuous-wave (CW) regime the laser could deliver 

up to 6 W of output power using an HR mirror as one of the end mirrors. The laser was polarized 

along the Nm-axis of the crystal. The total negative GDD of −3200 fs2 per round trip was achieved 

by two bounces on a −550 fs2 and −250 fs2 GTI mirrors.  
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The mode-locked laser operation was initiated by using the QD-SESAM with a 0.5% 

modulation depth as the end mirror. A stable mode-locked laser with spectral bandwidth of 5-8 

nm could be initially generated. The spectral bandwidth of the pulse depended on the pump power 

and the separation of the output coupler (OC) and the concave mirror R3 (figure 4.1). The output 

power was maximized for this regime and the fluence on the absorber was as high as 270 µJ/cm2. 

Similar to the previous experiment, the Kerr lensing effect was then introduced by decreasing the 

OC-R3 distance using a translation stage. This corresponded to the increase of the laser mode size 

with respect to the pump beam in the crystal. During this procedure the laser underwent multi-

pulse oscillation and the number of pulses per cavity round trip was reduced as the Kerr lensing 

effect became more pronounced. A careful adjustment of the pump power was needed during this 

transition regime. Once the Kerr lensing effect became sufficiently strong, a stable single-pulse 

mode-locked laser operation was obtained. With incident pump power of 18.3 W the laser 

delivered 56 fs pulses with an average output power of 1.95 W at the repetition rate of 77.3 MHz. 

This corresponds to 450 kW of peak power and 25 nJ of pulse energy. The FWHM spectral 

bandwidth of the laser was measured to be 20.5 nm with a central wavelength of 1040 nm as shown 

in figure 4.4. The time-bandwidth product (TBWP) was calculated to be 0.335. At this point the 

fluence on the saturable absorber was 370 µJ/cm2. 

Figure 4.4. (a) Intensity autocorrelation of the mode-locked laser. Inset: wide-range scan (200 

ps). (b) Spectrum of the mode-locked laser (black dotted curve), the calculated round-trip GDD 

(blue dotted curve) and the dispersive function D(λ) (upper graph). The sech2-shape fits are 

shown as red solid curves. 
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The radio-frequency spectral power of the mode-locked laser confirmed the absence of the 

RF spectral sidebands around fundamental harmonic and also additional peaks between high order 

harmonics (figure 4.5). This indicated that Q-switched, Q-switched mode-locked regime and 

amplitude instability were absent in the generated laser pulse train. The signal to noise ratio was 

measured to be >45 dB. 

Figure 4.5. Radio-frequency spectral power of the mode-locked laser. Fundamental harmonic 

and (inset) wide-span measurement. RBW: resolution bandwidth. 

The spectrum of the generated pulse was accompanied by a narrow spectral component at 

1081 nm which corresponded to the existence of a dispersive wave (figure 4.4(b)). This dispersive 

wave, however, was not observed in the measurements performed by the oscilloscope and 

autocorrelator owing to its low intensity and correspondingly long duration. Indeed, the dispersive 

wave in normal dispersion regime is broadened due to the interplay of SPM and positive GVD at 

its oscillation wavelength. The net-GVD was calculated based on the available dispersion 

measurement data of the GTI mirrors, optical components and the Sellmeier coefficients 

(Appendix C) of an undoped KGW crystal [27]. The calculated positive GDD at the dispersive 

wave oscillation wavelength (1080 nm) was around +4500 fs2. As can be seen in figure 4.4(b), the 

total GDD of the cavity rapidly shifted to the normal regime mainly due to the dispersion profile 

of the −550 fs2 GTI mirror. The spectral energy of the dispersive wave was estimated to be 6.9% 

of the total spectral energy and its presence did not deteriorate the long-term stability of the mode-

locked laser. The co-existence of dispersive waves with the main mode-locked pulse has been 

reported and analyzed previously [28–33]. These waves co-propagate with the main pulse and 
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some of the pulse energy is coupled out to the dispersive waves if they are phase-matched. The 

higher order dispersion coefficients have substantial effect in this regime. A general phase-

matching condition can be expressed as [32], 

      Eq.4.1 

where are the dispersion coefficients, 0 is the carrier frequency, ( ) is the phase 

delay per round-trip,  is the dispersive wave frequency and  where  is the FWHM of 

the mode-locked pulse duration. The dispersion coefficients at carrier frequency (1041 nm) were 

calculated to be β2=−430 fs2, β3=−21451 fs3, β4=−4.84×106 fs4 using the net-GVD data. For the 

measured pulse width of  =56 fs, the dispersive function (Eq.4.1) is plotted in figure 4.4(b) (upper 

curve). The resonance condition was satisfied at the wavelength where the observed dispersive 

wave was present, i.e., . Other possible resonance wavelengths at longer 

or shorter wavelengths in normal GVD regime were not supported by the effective gain of the laser 

crystal in combination with the increasing loss of the output coupler and dichroic mirror at those 

wavelengths. In order to eliminate the dispersive wave, a flatter and broader anomalous GVD 

profile per round-trip for the intended wavelength range is required. 

The performance of the laser was also investigated for different GDD and output coupler 

values (table 4.1). The pump power had to be adjusted because of different amount of loss incurred 

by different number of bounces on combinations of GTI mirrors. By increasing the total negative 

GDD, longer pulses were generated as expected [10]. The dispersive wave was not observed in 

case of net-GDD of −4800 fs2 mainly due to the narrower spectrum of the laser around 1040 nm. 

With this value of GDD higher output power could be extracted from the laser cavity by using 

higher output coupling without significantly compromising the pulse width. For example, 90 fs 

pulses with 2.85 W of average output power were generated by using 10% output coupling and 

−4800 fs2 GDD. 
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Table 4.1. Summary of the mode-locked Yb:KGW laser performance 

GTI-GDD* 
(fs2) 

Output coupler 
(%) 

Pulse width 
(fs) 

Average output 
power (W) 

Dispersive 
wave 

Pump power** 
(W) 

−3200 5 56 1.95 Yes 18.3 

−3700 5 68 1.35 Yes 17.5 

−4800 5 95 2 No 18.7 

−4800 7.5 88 2.5 No 18.6 

−4800 10 90 2.85 No 18.9 

*The roundtrip net-GDD of GTI mirrors 
**The incident pump power 

4.5. Discussion  

In this section the results of the two sets of experiments are compared and discussed. The 

mode-locked laser in the first experiment (section 4.3) was performed with a 5 mm-long Yb:KGW 

crystal (1.5 at. % Yb doping, Ng-cut) and the laser delivered 90 fs pulses with 3.2 W of output 

power by using a 0.7% QD-SESAM and 93 fs pulse with 2.9 W of output power by using a 0.5% 

QD-SESAM, respectively. The laser was polarized along the Nm-axis of the crystal and the net 

introduced GDD was −4400 fs2. Due to the mechanical damage to the crystal, the second 

experiment was performed with the same laser cavity design but with a 6 mm-long Yb:KGW 

crystal (1.6 at. % Yb doping, Ng-cut) and similar pulses at high power level could be generated, 

i.e., 90 fs pulses with 2.85 W of output power with the Nm-polarization and using a net-GDD of 

−4800 fs2. The higher GDD was required for compensating for the positive dispersion of the extra 

length of the used crystal (+200 fs2/mm). By reducing the net-GDD to −3200 fs2 in this experiment, 

significantly shorter pulses of 56 fs with 1.95 fs W of output power could be generated. This 

showed the important role of dispersion compensation in a mode-locked laser, which has linear 

relation to the pulse width (Chapter 2). However, the output power for the obtained shorter pulses 

is lower than for the longer pulses mainly because of the increased influence of the nonlinear 

effects in the cavity, i.e. SPM and SAM, during the nonlinear dynamics of the pulse formation 

(Chapter 2, Eq. 2.5). Further increase of the pump power would result in single pulse brake-up into 

a multi-pulse oscillation. In addition, the longer length of the crystal in this experiment and 

therefore an increased level of SPM also contributed to the shortening of the pulse length to sub-

60 fs regime by broadening of its spectrum.  
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The results of these two experiments compare favourably with all previous works (in terms 

of the peak power and the energy of the generated pulses) where QD-SESAMs were used for the 

generation of femtosecond pulses using Yb:KYW, Cr:forsterite, and Ti:sapphire laser 

crystals [12,14,17]. A summary of all reported results is compiled in figure 4.6. For example, the 

mode-locked Yb:KYW laser delivered 114 fs pulses with 500 mW of average output power (41 

kW of peak power) and 200 fs pulses with a higher average power of 1.15 W (53.7 kW of peak 

power) [14]. Therefore, our highest power result (90 fs, 3.2 W, section 4.3) represents a ~2.8 times 

increase in output power and an ~8.6 times increase in peak power with respect to the previous 

results. In the sub-100 fs regime, these numbers rise to 58 and 140 times, respectively, when 

compared to Cr:forsterite [12]. The results for the shortest generated pulses (56 fs, 1.95 W, section 

4.4) also showed enhancement in terms of pulse duration when compared to the previously 

reported KLAS mode-locked Yb:KGW laser based on a QW-SESAM, where 67 fs pulses with 3 

W of output power were generated [9]. This can be explained by the increased level of SPM due 

to a longer crystal. Interestingly enough, the generated 56 fs pulses are also the shortest produced 

to date with the QD-SESAM absorbers (previously, 86 fs pulses were generated from Cr:forsterite 

laser [12]). 

Figure 4.6. Current and previous mode-locked laser results with QD-SESAMs [12,14,17].  

High power regime requires careful compensation of strong thermal lensing effect in 

Yb:KGW crystal. A promising candidate for this regime is Yb:CALGO crystal with thermal 

conductivity coefficient of 6.9 W/m/K and emission bandwidth of 80 nm [34]. For example, the 
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generation of 94 fs pulses with 12.5 W of average output power with SESAM mode locking was 

reported in [18]. Shorter pulses with duration of 40 fs at lower output power of 1.1 W were also 

demonstrated in this crystal by Kerr-lens mode locking technique [19]. Another promising Yb-

doped laser crystal for generating high power sub-100 fs pulses is Yb:CaF2 with thermal 

conductivity coefficient of 6 W/m/K and emission bandwidth of 30 nm [35,36]. Generation of 68 

fs and 60 fs pulses with output powers of 2.3 W and 2.7 W using Kerr-lens mode locking has been 

reported in [21] and [20], respectively. It should be noted that results presented in [19,20] and [21] 

were not obtained with directly diode-pumped lasers which greatly reduces their overall efficiency 

and potential for further power scaling. Therefore, the use of commercially available laser diodes 

for direct diode pumping is a desired feature due to the reduced cost and complexity of the laser 

system. A diode-pumped SESAM mode-locked Yb:CaF2 laser was also demonstrated, delivering 

87 fs pulses with 1.4 W of output power [22]. A new laser crystal, Yb3+:Lu2O3, with thermal 

conductivity of 11 W/m/K and emission bandwidth of 13 nm has also shown its potential in this 

regime [37] and the generation of 71 fs pulses with 1.09 W of average power was reported with 

this crystal in [23]. Watt-level sub-100 fs pulse generation was also reported for Yb:YVO4 and 

Yb:KYW using the KLM technique in [38]. A comparison of performance of the diode-pumped 

Yb-lasers in the sub-100 fs regime is shown in Figure 4.7. As can be seen, the generated 56 fs 

pulses with 450 kW of peak power in our work demonstrate more than one order of magnitude 

higher average and peak powers when compared to the previous sub-60 fs diode-pumped Yb-

lasers [39–43]. The generated pulses in our work (section 4.4) are the shortest pulses generated 

from the monoclinic double tungstate crystals (and Yb:KGW laser crystal in particular) and the 

most powerful in the sub-60 fs regime. When comparing to the previous work on Yb:KGW laser 

in [44] delivering 59 fs pulses with 62 mW of output power, our result demonstrates significant 

enhancement in terms of output power. At the same time they are also the shortest pulses produced 

to date with the help of a quantum-dot-based saturable absorber. We believe that such a powerful 

ultrashort pulse laser source will be attractive for nonlinear frequency conversion into the visible 

and near-infrared ranges [45–47]. 
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Figure 4.7. A comparison of sub-100 fs diode-pumped bulk Yb-doped crystal 

lasers [9,10,22,23,38–43,48]. Data from Ref. [18] are not shown for scaling reasons to better 

visualize the <90 fs regime. SA: SESAM. 

4.6. Conclusion 

In this chapter, the generation of high power ultrashort pulses from diode-pumped Yb:KGW 

mode-locked lasers was demonstrated. The mode locking technique was based on the dual action 

of a quantum-dot saturable absorber mirror and the Kerr lensing effect (KLAS mode locking). The 

quantum-dot saturable absorber was used for initiation and initial pulse forming and the Kerr 

lensing effect was employed for further pulse shortening into the sub-100 fs regime. In section 4.3, 

the resultant mode-locked laser delivered 90 fs pulses with an average output power of 3.2 W by 

using a QD-SESAM with the modulation depth of 0.7%. This corresponded to 462 kW of peak 

power and 41 nJ of pulse energy. With the same laser system and a QD-SESAM with the 

modulation depth of 0.5%, 93 fs pulses with 2.9 W of average power and 406 kW of peak power 

(38 nJ of pulse energy) could be generated. Our results showed remarkably higher average output 

and pulse peak powers when compared to the previous works with QD-SESAMs and also the 

highest power among the sub-100 fs bulk Yb-doped crystals, except for the Yb:CALGO result 

in [18]. 

The generation of shorter pulses was possible by reducing the net-GDD in the laser cavity at 

the expense of output power. A high power sub-60 fs Yb:KGW laser mode-locked using KLAS 
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mode locking with QD-SESAM was demonstrated in section 4.4. The laser delivered 56 fs pulses 

with 1.95 W of average power, which is, to the best of our knowledge, the shortest pulse duration 

generated from the monoclinic double tungstate crystals and the Yb:KGW crystal in particular. 

The output average and peak powers were an order of magnitude higher than the previously 

reported values. The spectral bandwidth of the mode-locked laser was 20.5 nm which was near the 

emission bandwidth limit of the Yb:KGW laser crystal (~25 nm). The pulse duration was limited 

by the appearance of the dispersive wave at longer wavelength which was caused by the increased 

level of uncompensated dispersion. This fact and the underutilized emission bandwidth point out 

to the possibility of generation of even shorter pulses from this crystal. This can be achieved by 

more careful dispersion management.  

  



49 
 

References 

1.  A. Major, D. Sandkuijl, and V. Barzda, "Efficient frequency doubling of a femtosecond 
Yb:KGW laser in a BiB3O6 crystal," Opt. Express 17, 12039 (2009). 

2.  D. Sandkuijl, R. Cisek, A. Major, and V. Barzda, "Differential microscopy for fluorescence-
detected nonlinear absorption linear anisotropy based on a staggered two-beam 
femtosecond Yb:KGW oscillator," Biomed. Opt. Express 1, 895 (2010). 

3.  R. Akbari and A. Major, "Optical, spectral and phase-matching properties of BIBO, BBO 
and LBO crystals for optical parametric oscillation in the visible and near-infrared 
wavelength ranges," Laser Phys. 23, 35401 (2013). 

4.  A. Major, F. Yoshino, J. S. Aitchison, P. W. E. Smith, E. Sorokin, and I. T. Sorokina, 
"Ultrafast nonresonant third-order optical nonlinearities in ZnSe for photonic switching at 
telecom wavelengths," Appl. Phys. Lett. 85, 4606 (2004). 

5.  S. R. Bowman, S. P. O’Connor, and S. Biswal, "Ytterbium laser with reduced thermal 
loading," IEEE J. Quantum Electron. 41, 1510–1517 (2005). 

6.  W. F. Krupke, "Ytterbium solid-state lasers. The first decade," IEEE J. Sel. Top. Quantum 
Electron. 6, 1287–1296 (2000). 

7.  P. A. Loiko, K. V. Yumashev, N. V. Kuleshov, and A. A. Pavlyuk, "Thermo-optical 
properties of pure and Yb-doped monoclinic KY(WO4)2 crystals," Appl. Phys. B 106, 663–
668 (2012). 

8.  U. Keller, "Ultrafast solid-state laser oscillators: a success story for the last 20 years with 
no end in sight," Appl. Phys. B 100, 15–28 (2010). 

9.  H. Zhao and A. Major, "Powerful 67 fs Kerr-lens mode-locked prismless Yb:KGW 
oscillator," Opt. Express 21, 31846 (2013). 

10.  H. Zhao and A. Major, "Megawatt peak power level sub-100 fs Yb:KGW oscillators," Opt. 
Express 22, 30425 (2014). 

11.  E. U. Rafailov, M. A. Cataluna, and W. Sibbett, "Mode-locked quantum-dot lasers," Nat. 
Photonics 1, 395–401 (2007). 

12.  A. A. Lagatsky, C. G. Leburn, C. T. A. Brown, W. Sibbett, S. A. Zolotovskaya, and E. U. 
Rafailov, "Ultrashort-pulse lasers passively mode locked by quantum-dot-based saturable 
absorbers," Prog. Quantum Electron. 34, 1–45 (2010). 

13.  E. U. Rafailov, S. J. White, A. A. Lagatsky, A. Miller, W. Sibbett, D. A. Livshits, A. E. 
Zhukov, and V. M. Ustinov, "Fast Quantum-Dot Saturable Absorber for Passive Mode 
Locking of Solid-State Lasers," IEEE Photonics Technol. Lett. 16, 2439–2441 (2004). 

14.  A. A. Lagatsky, F. M. Bain, C. T. A. Brown, W. Sibbett, D. A. Livshits, G. Erbert, and E. 
U. Rafailov, "Low-loss quantum-dot-based saturable absorber for efficient femtosecond 
pulse generation," Appl. Phys. Lett. 91, 231111 (2007). 

15.  N. Meiser, K. Seger, V. Pasiskevicius, H. Jang, E. Rafailov, and I. Krestnikov, "Gigahertz 
repetition rate mode-locked Yb:KYW laser using self-assembled quantum dot saturable 
absorber," Appl. Phys. B 110, 327–333 (2013). 

16.  U. Keller, K. J. Weingarten, F. X. Kartner, D. Kopf, B. Braun, I. D. Jung, R. Fluck, C. 
Honninger, N. Matuschek, and J. Aus der Au, "Semiconductor saturable absorber mirrors 
(SESAM’s) for femtosecond to nanosecond pulse generation in solid-state lasers," IEEE J. 
Sel. Top. Quantum Electron. 2, 435–453 (1996). 

17.  V. G. Savitski, P. J. Schlosser, J. E. Hastie, A. B. Krysa, J. S. Roberts, M. D. Dawson, D. 
Burns, and S. Calvez, "Passive Mode-Locking of a Ti:sapphire Laser by InGaP Quantum-



50 
 

Dot Saturable Absorber," IEEE Photonics Technol. Lett. 22, 209–211 (2010). 
18.  A. Greborio, A. Guandalini, and J. Aus der Au, "Sub-100 fs pulses with 12.5-W from 

Yb:CALGO based oscillators," in SPIE Proceedings 8235, p. 823511 (2012). 
19.  P. Sevillano, P. Georges, F. Druon, D. Descamps, and E. Cormier, "32-fs Kerr-lens mode-

locked Yb:CaGdAlO4 oscillator optically pumped by a bright fiber laser," Opt. Lett. 39, 
6001 (2014). 

20.  P. Sevillano, G. Machinet, R. Dubrasquet, P. Camy, J.-L. Doualan, R. Moncorge, P. 
Georges, F. P. Druon, D. Descamps, and E. Cormier, "Sub-50 fs, Kerr-lens mode-locked 
Yb:CaF2 laser oscillator delivering up to 2.7 W," in Advanced Solid-State Lasers Congress 
(OSA, 2013), p. AF3A.6. 

21.  G. Machinet, P. Sevillano, F. Guichard, R. Dubrasquet, P. Camy, J.-L. Doualan, R. 
Moncorgé, P. Georges, F. Druon, D. Descamps, and E. Cormier, "High-brightness fiber 
laser-pumped 68 fs–2.3 W Kerr-lens mode-locked Yb:CaF2 oscillator," Opt. Lett. 38, 4008 
(2013). 

22.  F. Pirzio, S. D. Di Dio Cafiso, M. Kemnitzer, F. Kienle, A. Guandalini, J. Aus der Au, and 
A. Agnesi, "65-fs Yb:CaF2 laser mode-locked by semiconductor saturable absorber mirror," 
J. Opt. Soc. Am. B 32, 2321 (2015). 

23.  M. Tokurakawa, A. Shirakawa, K. Ueda, R. Peters, S. T. Fredrich-Thornton, K. Petermann, 
and G. Huber, "Ultrashort pulse generation from diode pumped mode-locked 
Yb3+:sesquioxide single crystal lasers," Opt. Express 19, 2904 (2011). 

24.  H. Mirzaeian, S. Manjooran, and A. Major, "A simple technique for accurate 
characterization of thermal lens in solid state lasers," in SPIE Proceedings 9288, pp. 
928802–1 (2014). 

25.  W. Schneider, A. Ryabov, C. Lombosi, T. Metzger, Z. Major, J. A. Fülöp, and P. Baum, 
"800-fs, 330-μJ pulses from a 100-W regenerative Yb:YAG thin-disk amplifier at 300 kHz 
and THz generation in LiNbO3," Opt. Lett. 39, 6604 (2014). 

26.  T. Waritanant and A. Major, "High efficiency passively mode-locked Nd:YVO4 laser with 
direct in-band pumping at 914 nm," Opt. Express 24, 12851 (2016). 

27.  M. C. Pujol, M. Rico, C. Zaldo, R. Solé, V. Nikolov, X. Solans, M. Aguiló, and F. Díaz, 
"Crystalline structure and optical spectroscopy of Er3+-doped KGd(WO4)2 single crystals," 
Appl. Phys. B 68, 187–197 (1999). 

28.  M. J. P. Dymott and A. I. Ferguson, "Pulse duration limitations in a diode-pumped 
femtosecond Kerr-lens mode-locked Cr:LiSAF laser," Appl. Phys. B Lasers Opt. 65, 227–
234 (1997). 

29.  F. Salin, P. Grangier, P. Georges, and A. Brun, "Pulse propagation near zero group-velocity 
dispersion in a femtosecond dye laser," Opt. Lett. 15, 1374 (1990). 

30.  S. Ozharar, I. Baylam, M. N. Cizmeciyan, O. Balci, E. Pince, C. Kocabas, and A. 
Sennaroglu, "Graphene mode-locked multipass-cavity femtosecond Cr4+:forsterite laser," J. 
Opt. Soc. Am. B 30, 1270 (2013). 

31.  V. L. Kalashnikov, E. Sorokin, and I. T. Sorokina, "Mechanisms of spectral shift in 
ultrashort-pulse laser oscillators," J. Opt. Soc. Am. B 18, 1732 (2001). 

32.  Q. Lin and I. Sorokina, "High-order dispersion effects in solitary mode-locked lasers: side-
band generation," Opt. Commun. 153, 285–288 (1998). 

33.  P. F. Curley, C. Spielmann, T. Brabec, F. Krausz, E. Wintner, and A. J. Schmidt, "Operation 
of a femtosecond Ti:sapphire solitary laser in the vicinity of zero group-delay dispersion," 
Opt. Lett. 18, 54 (1993). 



51 
 

34.  J. Petit, P. Goldner, and B. Viana, "Laser emission with low quantum defect in 
Yb:CaGdAlO4," Opt. Lett. 30, 1345 (2005). 

35.  M. Siebold, S. Bock, U. Schramm, B. Xu, J. L. Doualan, P. Camy, and R. Moncorgé, 
"Yb:CaF2 — a new old laser crystal," Appl. Phys. B 97, 327–338 (2009). 

36.  J. Boudeile, J. Didierjean, P. Camy, J. L. Doualan, A. Benayad, V. Ménard, R. Moncorgé, 
F. Druon, F. Balembois, and P. Georges, "Thermal behaviour of ytterbium-doped fluorite 
crystals under high power pumping," Opt. Express 16, 10098 (2008). 

37.  U. Griebner, V. Petrov, K. Petermann, and V. Peters, "Passively mode-locked Yb:Lu2O3 
laser," Opt. Express 12, 3125 (2004). 

38.  F. M. Bain, A. A. Lagatsky, C. T. A. Brown, and W. Sibbett, "High-power Kerr-lens mode-
locked ytterbium lasers," in SPIE Proceedings 6871, p. 68712L (2008). 

39.  A. Yoshida, A. Schmidt, V. Petrov, C. Fiebig, G. Erbert, J. Liu, H. Zhang, J. Wang, and U. 
Griebner, "Diode-pumped mode-locked Yb:YCOB laser generating 35 fs pulses," Opt. Lett. 
36, 4425 (2011). 

40.  A. Agnesi, A. Greborio, F. Pirzio, G. Reali, J. Aus der Au, and A. Guandalini, "40-fs 
Yb3+:CaGdAlO4 laser pumped by a single-mode 350-mW laser diode," Opt. Express 20, 
10077 (2012). 

41.  F. Pirzio, S. D. D. D. Cafiso, M. Kemnitzer, A. Guandalini, F. Kienle, S. Veronesi, M. 
Tonelli, J. Aus der Au, and A. Agnesi, "Sub-50-fs widely tunable Yb:CaYAlO_4 laser 
pumped by 400-mW single-mode fiber-coupled laser diode," Opt. Express 23, 9790 (2015). 

42.  J. Zhu, Z. Gao, W. Tian, J. Wang, Z. Wang, Z. Wei, L. Zheng, L. Su, and J. Xu, "Kerr-Lens 
Mode-Locked Femtosecond Yb:GdYSiO5 Laser Directly Pumped by a Laser Diode," Appl. 
Sci. 5, 817–824 (2015). 

43.  W.-L. Tian, Z.-H. Wang, J.-F. Zhu, Z.-Y. Wei, L.-H. Zheng, X.-D. Xu, and J. Xu, 
"Generation of 54 Fs Laser Pulses from a Diode Pumped Kerr-Lens Mode-Locked Yb:LSO 
Laser," Chinese Phys. Lett. 32, 24206 (2015). 

44.  M. Kowalczyk, J. Sotor, and K. M. Abramski, "59 fs mode-locked Yb:KGW oscillator 
pumped by a single-mode laser diode," Laser Phys. Lett. 13, 35801 (2016). 

45.  H. Zhao, I. T. Lima, and A. Major, "Near-infrared properties of periodically poled KTiOPO4 
and stoichiometric MgO-doped LiTaO3 crystals for high power optical parametric 
oscillation with femtosecond pulses," Laser Phys. 20, 1404–1409 (2010). 

46.  I. T. Lima, V. Kultavewuti, and A. Major, "Phasematching properties of congruent MgO-
doped and undoped periodically poled LiNbO3 for optical parametric oscillation with 
ultrafast excitation at 1 µm," Laser Phys. 20, 270–275 (2010). 

47.  S. Manjooran, H. Zhao, I. T. Lima, and A. Major, "Phase-matching properties of PPKTP, 
MgO:PPSLT and MgO:PPcLN for ultrafast optical parametric oscillation in the visible and 
near-infrared ranges with green pump," Laser Phys. 22, 1325–1330 (2012). 

48.  S. Uemura and K. Torizuka, "Sub-40-fs Pulses from a Diode-Pumped Kerr-Lens Mode-
Locked Yb-Doped Yttrium Aluminum Garnet Laser," Jpn. J. Appl. Phys. 50, 10201 (2011). 

 

  



52 
 

Chapter 5 

High power femtosecond pure Kerr-lens mode-locked 

Yb:KGW laser 

 

5.1. Introduction 

In this chapter, the generation of high power ultra-short pulses from a Yb:KGW laser 

pumped by a multimode fibre-coupled laser diode and by using the Kerr-lens mode locking 

technique is demonstrated for the first time to our knowledge. The main goal of this experiment 

was to generate watt-level femtosecond pulses directly from a purely Kerr-lens mode-locked laser, 

while eliminating the saturable absorber mirror due to the cost and its tendency to damage. 

However, it comes at the expense of designing the laser cavity near the stability boundary and 

arduous cavity alignment procedure. A brief introduction on this regime of mode locking and a 

review on the preceding work are provided below. In the following section the experimental results 

are presented. The laser delivered 240 fs pulse with 2.3 W of average output power (110 kW of 

peak power and 26 nJ of pulse energy). The shortest generated pulse duration was 120 fs with 1.2 

W of output power and the self-starting regime was also demonstrated. The laser exhibited more 

than an order of magnitude higher output power when compared to the previously reported bulk 

Yb-ion doped lasers with multimode laser diode pumping systems. In the discussion section, the 

oscillator performance in terms of the Kerr-lens mode locking sensitivity is investigated and the 

limiting factor to the laser operation is discussed. Also, a comprehensive comparison between our 

work and previous results is provided. Finally, a summary of the experiments and achievements is 

provided. 

5.2. Mode-locked laser based on Kerr lensing effect 

In the previous chapter, the generation of high power ultrashort pulses from diode-pumped 

Yb:KGW laser oscillators based on dual-action of quantum-dot saturable absorber mirror and Kerr 
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lensing effect was demonstrated. The mode locking of these lasers by using the QD-SESAMs 

provided self-starting operation and the design procedure was flexible, but saturable absorbers are 

susceptible to damage and are costly. Therefore, elimination of SESAMs from the laser oscillator 

is desired. Kerr-lens mode locking (KLM) of a laser, on the other hand, offers a fast saturable 

absorber-like loss modulation and results in a considerable pulse shortening at the expense of 

designing the laser cavity near its stability boundary and requires tedious alignment procedure. 

Furthermore, high power operation of the laser can be strongly affected by a considerable thermal 

lensing effect, which needs to be considered in the design procedure. 

Femtosecond pure Kerr-lens mode-locked bulk lasers have been reported in a variety of laser 

crystals, including Yb-doped crystals such as Yb:KYW [1–5], Yb:CALGO  [6], Yb:CALYO [7], 

Yb:YVO4 [8,9], and Cr-doped crystals such as Cr:forsterite [10]; Cr:ZnSe [11] and Cr:YAG [12], 

and Ti:sapphire [13]. Nevertheless, only a few watt-level KLM lasers have been reported, for 

example, with Yb:CaF2 [14,15], Yb:CALGO [16] Yb:YVO4 [9] and Yb:KYW [9] crystals, which 

were not directly diode-pumped by the widely used fiber-coupled pump modules. Indeed, output 

powers exceeding 1 W were exclusively reported for lasers that used high brightness pump sources 

with M2≤3 [9,14-16]. At the same time KLM bulk lasers with multimode pumping (M2>20) 

typically could deliver only an order of magnitude lower output powers [5-7,29-34]. These facts 

were caused by the current lack of powerful high brightness pump sources similar to those that are 

widely used for KLM operation of Ti:sapphire lasers. 

In this work, we investigated the development of a high-power diode-pumped pure KLM 

Yb:KGW laser. In contrast to the previous high power works [9,14-16], the laser was pumped by 

a conventional multimode (M2≈40) fiber-coupled laser diode and delivered 240 fs pulses with 2.3 

W of output power at the repetition rate of 86.8 MHz, corresponding to 110 kW of peak power 

and 26 nJ of pulse energy. Shorter pulses of 120 fs with 1.2 W of average output power were also 

generated. The self-starting operation of the oscillator was demonstrated. The limiting factor to the 

laser operation was the appearance of a strong continuous wave (CW) component in the mode-

locked laser spectrum. To the best of our knowledge, this is the first demonstration of a 

femtosecond Yb-ion doped KLM bulk laser that produced >1 W of average output power with 

highly multimode pump source.    
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5.3. Experiment and results 

A 6-mm-long Ng-cut Yb:KGW crystal doped with 1.6 at. % Yb was used in a cavity similar 

to the previous mode-locked laser oscillators in Chapter 4 (figure 5.1). The crystal was pumped by 

the same fiber-coupled laser diode (100 µm, 0.22 NA) with a maximum power of 30 W at 980 nm. 

The pump beam was imaged to a spot size of 320 µm in the crystal by using two AR-coated 

achromatic doublets. The absorption of the pump power was measured to be around 60% of the 

incident power on the crystal. For the initial alignment, the cavity mode size inside the crystal was 

estimated to be 290 µm in diameter without the Kerr lensing effect using the ABCD matrix 

analysis. The output coupler was mounted on a translation stage so that the laser beam size could 

be varied in the crystal with respect to the pump by reducing the OC-R3 separation. The laser 

could deliver up to 6 W of average power in continuous-wave regime with the polarization along 

the Nm-axis of the crystal. The strength of thermal lens in the crystal for the operating range of 

pump power was measured to be around 100-150 mm of equivalent focal length [17]. Gires-

Tournois interferometer mirrors (GTI, Layertec GmbH) were used in order to compensate for the 

positive group velocity dispersion (GVD) of the crystal and optical components, as well as the 

self-phase modulation (SPM). All other cavity optics was designed to exhibit low dispersion at the 

laser wavelengths (Laseroptik GmbH). 

 

Figure 5.1. Experimental setup of the Kerr-lens mode-locked Yb:KGW laser. AD, 

achromatic doublets; DM: dichroic mirror; R1-3: concave mirrors; OC: output coupler. R1=300 

mm, R2=300 mm and R3=500 mm. 

In order to compensate for the positive dispersion two GTI mirrors with −1300 fs2 GDD 

were used and a round-trip negative GDD of −10400 fs2 was achieved by two bounces on each 

mirror. The laser was aligned for the highest CW power with 10% output coupling. By carefully 
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adjusting the position of mirror R2 and R3-OC separation a single pulse mode-locked laser was 

achieved. Our simulation showed that at this point (i.e. without the Kerr lensing effect) the cavity 

mode size reached the same size as the pump beam size and its size was reduced by about 10 μm 

with the Kerr lensing effect. The mechanical perturbation that was required for the initiation of 

mode locking was produced by moving of the mirror R2. The single pulse oscillation per round 

trip was confirmed by using a fast oscilloscope/photodetector with a temporal resolution of 100 ps 

in combination with a wide-range scan (200 ps) autocorrelation [18]. The laser initially delivered 

335 fs pulses with 4.65 W of average output power at 18.7 W of incident pump power (figure 5.2). 

The spectral bandwidth of the pulse at half maximum was 3.4 nm and a strong CW component 

was accompanying the mode-locked laser spectrum (see figure 5.2(b)). The CW component could 

be suppressed by reducing the pump power to 16.2 W and introducing some adjustment to the 

cavity alignment by tilting the HR mirror. At this point, the laser delivered 240 fs pulses with 2.3 

W of average output power at the repetition rate of 86.8 MHz, corresponding to 110 kW of peak 

power and 26 nJ of pulse energy. The optical-to-optical efficiency was 14% which is quite typical 

for mode-locked lasers. The spectrum of the pulse was 4.7 nm wide with the central wavelength 

of 1031 nm (figure 5.3). The radio frequency (RF) spectrum showed a large signal-to-noise ratio 

of >60 dB for the fundamental RF harmonic without spectral sidebands which indicated the 

absence of Q-switched mode locking regime (figure 5.3(c)). The wide-span RF measurement 

exhibited no signs of additional peaks between the higher RF harmonics and therefore confirmed 

that no secondary pulses were present.  

Figure 5.2. (a) Intensity autocorrelation of the mode-locked laser with CW component. (b) The 

corresponding mode-locked laser spectrum. The sech2-shape fits are shown as red solid curves. 
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Figure 5.3. (a) Intensity autocorrelation of 240 fs pulse. Inset: wide-range scan of 200 ps. (b) The 

corresponding mode-locked laser spectrum. (c) Radio frequency spectral power. Inset: the wide-

span RF measurement. The sech2-shape fits are shown as red solid curves. RBW: resolution 

bandwidth. 

The mode-locked laser with the shortest pulse duration was obtained by using a 7.5% output 

coupler and a round-trip GDD of −5600 fs2, which was achieved through four bounces on the 

−1300 fs2 and −100 fs2 GTI mirrors. At the incident pump power of 17 W, the laser initially 

operated in the mode-locked regime with a CW component. It produced 3.6 W of average output 

power with a ~5 nm wide spectrum. By reducing the pump power to 14 W and adjusting alignment 

of the cavity, the CW component was eliminated and the laser delivered 120 fs pulses with 1.2 W 

of average output power. The spectral bandwidth of the pulse became 9.5 nm with the central 

wavelength of 1038.5 nm (see figure 5.4).  
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Figure 5.4. (a) Intensity autocorrelation of 120 fs pulse. Inset: wide-range scan of 200 ps. (b) The 

corresponding mode-locked laser spectrum. (c) Radio frequency spectral power. Inset: the wide-

span RF measurement. The sech2-shape fits are shown as red solid curves. RBW: resolution 

bandwidth. 

A self-starting mode-locked laser operation was also realized by reducing the output 

coupling to 5% and using the same amount of negative GDD in the cavity (i.e. −5600 fs2). At the 

pump power of 14.8 W, the laser delivered 120 fs pulses with 1.7 W of output power. The self-

starting was confirmed by temporary blocking and unblocking of the laser cavity. In some cases, 

the laser could start oscillation in multi-pulse regime but switched to a single pulse oscillation after 

a few seconds. In case of the self-starting mode-locked laser, the spectrum of the pulse was 

accompanied by a CW component which could not be suppressed. 

The performance of the mode-locked laser was also investigated for smaller values of GDD. 

However, the CW component in the spectrum could not be eliminated and the measured pulse 
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duration did not appreciably change. A summary of laser performance for all values of GDD is 

shown in table 5.1.  

Table 5.1. A summary of the KLM laser performance. 

GDD (fs2) OC % Pump power (W) 
Pulse width 

(fs) 
Output power (W) 

−4000 10 17.6 120 2.9 (a) 

−4400 10 17.3 120 2.6 (a),(b) 

−5600 5 14.8 120 1.7 (a),(b) 

−5600 7.5 14 120 1.2 

−5600 10 15.5 135 1.7 

−6750 7.5 14.1 147 1.35 

−10400 10 16.2 240 2.3 
(a) with CW component 
(b) self-starting 

5.4. Discussion 

First, the strength of the Kerr lens mode locking of a resonator was evaluated by calculating 

the Kerr sensitivity parameter, which was defined by Magni et al. [19]. It describes a relative 

variation of the laser mode size due to the Kerr lensing effect (Appendix D). In order to have an 

effective discrimination between the CW laser mode and the self-focused laser mode which is 

induced by the Kerr lensing effect, a large and negative value of the sensitivity is required (i.e. the 

laser mode size should get smaller for more effective soft aperturing effect). We adopted the 

analysis for the case of a soft-aperture mode locking. In figure 5.5, the negative sensitivity values 

for the upper stability region are shown as contours in terms of the folding mirrors separation (R1-

R2) and the laser crystal position with respect to the mirror R2. The thermal lensing effect was 

included in the calculation. The operating point of the cavity was located near the stability 

boundary (shown as a red spot) but the mode-locked laser did not drift into the unstable condition. 

The Kerr sensitivity parameter was calculated to be −0.11 which was high enough for a reliable 

mode locking. 
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Figure 5.5. The Kerr sensitivity map. Contours show negative sensitivity values. The red spot 

shows the operating point of the mode-locked laser. 

Considering the experimental results, the observed CW component in the spectrum of the 

KLM mode-locked laser has been previously reported. For example, in a KLM Yb:KYW laser the 

CW radiation could be eliminated by increasing the output coupling and therefore reducing the 

intra-cavity power [5]. Naumov et al. [12] described it as the excess energy radiation inside the 

resonator for a KLM Cr4+:YAG laser, which led to the saturation and reduction of self-amplitude 

modulation (SAM) at high intensities. The CW radiation could be suppressed by lowering the 

pump power (i.e. by reducing the saturation of SAM). On the other hand, the self-starting mode-

locked operation (which requires a high SAM coefficient) was only feasible when the CW 

component was present. The same self-starting condition was also reported for a KLM Cr4+:YAG 

laser in [20]. In another experiments, the observed CW spikes in the KLM Cr4+:YAG [21] and 

Cr2+:ZnSe [22] lasers were attributed to the CW energy transfer to higher order transverse laser 

modes in the cavity. Furthermore, Machinet et al. [14] investigated the appearance of the CW 

component in the spectrum of a KLM Yb:CaF2 laser when they measured the sensitivity of the 

mode-locked laser to the pump waist position in the crystal. The CW component appeared in the 

spectrum when the pump waist was moved longitudinally, which implied the important role of 

spatial overlap between the gain channel and the laser beam waist. In the mode-locked lasers using 

saturable absorbers, however, such a CW radiation could be suppressed by increasing the 

modulation depth of the absorber [23,24]. 



60 
 

In our KLM laser, the CW radiation could not be eliminated solely by reducing the pump 

power or increasing the output coupler transmission. Some adjustment to the end mirror alignment 

was also required to suppress the CW component. We believe that two factors have contributed to 

this effect. First, by decreasing the pump power the possible saturation of SAM was reduced. At 

the same time, adjustment of the HR mirror alignment brought the laser mode into a position that 

had a more effective soft-aperturing effect. This is due to the fact that in case of the pump beam 

with poor beam quality factor (M2≈40) the soft-aperturing effect occurs within a short Rayleigh 

range of the pump beam. Therefore, precise positioning of the waists of the laser mode and pump 

beams was required. As a penalty, this could be achieved at the expense of the reduced output 

power. Similar to the self-starting KLM lasers in the previous works [12,20], the self-starting 

regime in our case was possible only with the CW spike present in the spectrum (see Table 5.1). 

It should be mentioned that since the laser cavity was designed for the soft-aperturing effect and 

large Kerr sensitivity in the crystal, adding a hard-aperture in the cavity did not help to eliminate 

the CW background or improve the Kerr-lens mode-locked operation.  

In order to compare the results of this experiment to the previous reports on KLM lasers, it 

is worth considering the thermal properties of the laser crystal required for high power operation 

and the gain bandwidth required for support of ultrashort pulse generation. High power regime 

requires careful compensation of thermal lensing effect. Most of the Yb-doped crystals for which 

the KLM lasers were demonstrated have higher thermal conductivity coefficient than the Yb:KGW 

crystal, including Yb:YVO4, Yb:CALGO, Yb:CaF2, Yb:LSO and Yb:YAG crystals (see figure 5.6 

(a)) [25–28]. Therefore, they are potential candidates for high power operation. The promising 

laser media for this regime are Yb:CaF2 and Yb:CALGO crystals with thermal conductivity 

coefficients of 5.2 W/m/K and 6.9 W/m/K, respectively [26]. For instance, the generation of 68 fs 

with 2.3 W and 60 fs pulses and 2.73 W of output power in Yb:CaF2 crystal have been reported 

(figure 5.6 (b)) [14,15]. In these works high brightness fiber lasers with high spatial beam quality 

(M2≈1-2) were used as the pump source. The optical-to-optical efficiency (~23-33%) of such 

mode-locked lasers was higher than our laser which indicated the important role of the spatial 

mode matching between the pump beam and the laser mode. However, when the overall efficiency 

is considered (i. e. including the pump source of the fiber laser system [40]), their efficiency 

reduces to a considerably lower value (~5-7%) than in our case. With a similar pumping system, 

a KLM Yb:CALGO laser delivered 40 fs pulses with 1.1 W of average output power [16]. Sub-
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100 fs KLM lasers based on the Yb:YVO4 and Yb:KYW crystals with the watt-level output power 

have been also reported using a tapered laser diode with a beam quality factor M2=3 in [9]. These 

results indicate that using a custom-made pump source with high spatial beam quality was 

beneficial to generating multi-watt femtosecond pulses, but it increases the cost and complexity 

when compared to the standard commercially available multimode fiber-coupled laser diode in our 

system. On the other hand, considering the relatively smaller thermal conductivity coefficient of 

the Yb:KGW crystal when compared to, e.g., Yb:CALGO and Yb:CaF2, our results demonstrated 

an outstanding performance in high power regime.    

At the same time our results favorably compared with the previously demonstrated KLM 

Yb:KYW lasers (the crystal of Yb:KYW has similar properties to the Yb:KGW) that used single-

mode fiber-coupled laser diodes as the pump [1–5]. For example, the KLM Yb:KYW laser 

delivered 204 fs pulses with 174 mW of output power at the repetition rate of 82 MHz in [2]. 

Therefore, our result represents more than one order of magnitude increase in average output 

power. 

Figure 5.6. (a) Thermal conductivity and emission bandwidth of the Yb-doped crystals  [7,25–

30,35–38]. (b) Comparison of femtosecond Kerr-lens mode-locked lasers based on bulk Yb-ion 

doped crystals in terms of average output power and pulse duration. R: Ring cavity, HA: Hard-

aperture mode-locked laser [1–9,14–16,29–34]. The hollow symbols show lasers excited with 

high beam quality (M2≤3) pump sources.  
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A summary of the KLM lasers with bulk Yb-ion doped crystals and a comparison between 

their thermal conductivity coefficients and emission bandwidths are compiled in figure 5.6. In the 

watt-level regime, none of the reported lasers (shown as hollow symbols in figure 5.6 (b)) used a 

multimode fiber-coupled laser diode as a pump source. Therefore, our results is the first report of 

a high power femtosecond KLM bulk Yb-ion doped laser using a simple multimode fiber-coupled 

pump diode module. It is believed that by using a shorter crystal with higher doping level coupled 

with an effective thermal management strategy it would be possible to enhance the laser operation 

in terms of output power. Another interesting direction would be to try mode locking regime with 

other laser polarizations [41,5,39] that have smoother emission spectra and can lead to the 

generation of shorter pulses or achieve this in dual-wavelength regime (chapter 3). Other 

broadband gain media such as Yb:CaF2 [14,15], Yb:CALGO [16] or Yb:YVO4 [9] can be also 

considered. 

5.5. Conclusion 

In summary, a high power pure Kerr-lens mode-locked operation of an Yb:KGW laser was 

demonstrated using a multimode fiber-coupled diode pump module. The laser delivered 240 fs 

pulses with 2.3 W of average output power at the repetition rate of 86.8 MHz, corresponding to 

110 kW of peak power and 26 nJ of pulse energy. This is an order of magnitude higher output 

power than in previous reports with similar pump sources. The main limiting factor to the laser 

operation was the appearance of a strong CW component in the spectrum of the pulse. It was 

attributed to the saturation of SAM at high intracavity intensities and imperfect overlap between 

the laser mode and the pump beam in the crystal used for soft-aperturing KLM effect. This 

background CW radiation, however, could be suppressed by reducing the pump power and 

introducing some adjustment to the laser cavity alignment. The shortest generated pulse duration 

was 120 fs with 1.2 W of average output power. Self-starting operation of the laser was also 

realized and was accompanied by the CW component. In this case the laser delivered 120 fs pulses 

with 1.7 W. The demonstrated laser exhibits excellent performance using a cost-effective 

multimode fiber-coupled laser diode for laser pumping. 
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Chapter 6 

Simulation of an optical parametric oscillator (OPO) based 

on the BIBO, BBO and LBO crystals pumped by a frequency-

doubled mode-locked Yb:KGW laser 

 

6.1. Introduction 

In this chapter, the results of numerical investigation of the phase-matching properties of 

the BIBO, BBO and LBO crystals for femtosecond optical parametric oscillators (OPO) are 

presented. An OPO laser source generates wavelength-tunable laser radiation (i.e., signal and idler 

waves) from an input laser (pump) and is based on parametric generation in a nonlinear optical 

crystal. The main goal of this numerical work was to investigate the performance of an OPO as an 

extension of the demonstrated high power mode-locked lasers in previous chapters as a future 

work. First, an introduction to an OPO oscillator and the nonlinear crystals that are used for 

frequency conversion is provided. The previous works on OPOs are also reviewed. Then the 

optical properties of the BIBO, BBO and LBO crystals as the chosen nonlinear media are reviewed. 

The phase-matching properties of these crystals for an OPO with wavelength tuning in the visible 

and near infrared spectral ranges were numerically investigated and the results were discussed. In 

addition, dispersive characteristics, including the group velocity mismatch and group velocity 

dispersion, which are of significant importance in femtosecond OPOs, were calculated and 

discussed. Finally, the attainable gain bandwidths for each crystal were estimated. The results of 

this work can be considered as the future application of the demonstrated high power femtosecond 

mode-locked lasers in the previous chapters. 
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6.2. Optical parametric oscillator and nonlinear crystals 

An OPO is a widely-tunable wavelength laser source based on parametric oscillation and 

consists of a nonlinear crystal with high second-order nonlinearity, i. e. χ(2) (Appendix E) placed 

in a resonator which is excited by the pump laser (figure 6.1). The typical capability of wavelength 

tunability of the OPOs is much higher than that of conventional lasers. Ultra-short pulses with high 

peak power from a mode-locked laser and with a central wavelength in the near-infrared region 

can be frequency doubled by a second harmonic generation crystal and be used as the pump for 

the OPO crystal. 

Figure 6.1. Optical parametric oscillator pumped by a frequency-doubled mode-locked laser. 

Optical parametric oscillation is based on the induced nonlinear polarization (

) by a high power input laser (i.e., pump) wave. As a result parametric waves (i.e., signal 

and idler) at different wavelengths can be generated with efficient energy coupling between the 

pump and these waves if the phase-matching condition is satisfied, 

Eq.6.1 

where , n is the refractive index, c is the speed of light in 

vacuum, ω is the angular frequency of the wave, and p, s, i stand for pump, signal and idler, 

respectively. Since the wave vectors are functions of the refractive indices along the propagation 

path of each wave, a nonlinear crystal with the defined principal axes of refractive index can be 

used in a particular geometry for generating specific wavelengths (see Appendix E). 
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Ultra-short pulse optical parametric oscillators (OPO) have found numerous applications 

due to their capability to generate broadly tunable radiation with relatively high peak power. In 

fact, OPOs based on the second-order nonlinearity in crystals can considerably expand the range 

of the attainable wavelengths as well as being able to produce ultrafast pulses owing to the 

instantaneous nature of the nonlinear gain. Such a versatile tunable laser can be used in coherent 

anti-Stokes Raman scattering (CARS) microscopy and spectroscopy [1], time-resolved 

spectroscopy [2] and stimulated emission microscopy [3]. In particular, picosecond synchronously 

green-pumped OPOs are of importance in CARS microscopy because the spectral width of the 

laser source matches the intrinsic linewidth of molecular vibrational frequencies, and they can 

provide wavelengths in the near-infrared region [4–6]. 

In general, femtosecond OPOs are pumped by the Ti:sapphire lasers at 800 nm, which are 

in turn excited by the other green laser sources such as argon-ion laser or harmonics of the 

Nd:YAG or Nd:YVO4 lasers [7,8]. These pumping schemes increase the complexity and cost of 

an OPO system. However, developments in Yb-doped materials have allowed the generation of 

femtosecond laser pulses with multi-watt output powers which can be directly pumped by 

inexpensive InGaAs diode lasers [9–13]. Using a pump source in the visible range, for instance, a 

frequency-doubled femtosecond Yb-doped laser at 520 nm, allows us to exploit the wavelength 

range of the OPOs more effectively, and the generated signal and idler wavelengths can cover the 

visible and near-infrared ranges, respectively. The tunability and optical characteristics of the 

OPOs are principally defined by the nonlinear crystals in a resonant cavity. Amongst the wide 

variety of the nonlinear crystals, β-barium borate (BaB2O4) and lithium triborate (LiB3O5) are well-

known materials that are extensively used in OPOs  [14–18].  

β-Barium borate (BBO) is a non-centrosymmertic negative uniaxial crystal possessing the 

point group symmetry 3m [19]. As a result of its small absorption, large temperature phase-

matching bandwidth and high damage threshold, BBO is a suitable candidate for frequency 

conversion at high peak powers  [19]. Furthermore, BBO exhibits a large transparency range over 

the ultraviolet and visible wavelengths, e.g. 190-3500 nm  [20–22]. The BBO-OPOs have been 

established as excellent sources of radiation with broad and continuous tuning range with high 

output powers [14,23–26]. The performance of the BBO-OPOs has been investigated in a number 
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of experiments employing nanosecond [15], picosecond [21,27] and femtosecond [28] pump 

pulses. 

The other classic crystal is lithium triborate (LBO), which is a biaxial crystal of group point 

symmetry mm2 and exhibits a wide transparency range (160–2600 nm), moderate nonlinear 

coefficient, high optical damage threshold, and the possibility of temperature tuning with 

noncritical phase-matching [29]. The last feature is favorable because of a considerable increase 

in the angular acceptance and elimination of the spatial beam walk-off. The maximum nonlinearity 

(deff =1.02 pm V-1) is expected when the type I noncritical phase-matching is maintained [30,31]. 

Due to the high temperature sensitivity of LBO, temperature tuning for noncritical phase-matching 

is preferred since no further re-alignment of the laser cavity is necessary. Compared to the BBO 

with higher nonlinear coefficient, LBO exhibits a higher damage threshold, smaller walk-off angle 

and larger angular bandwidth [32]. The performance of the LBO-OPOs has been demonstrated 

using nanosecond  [33], picosecond  [17] and femtosecond  [1] pump pulses. As an example, Cleff 

et al. reported the operation of a temperature-tuned LBO-OPO pumped by a frequency doubled 

mode-locked Yb-fiber laser at 1050 nm. The tuning range of a signal wave in the 780–940 nm 

range was obtained by changing the temperature of the crystal from 132 to 170° C [1].  

Recent developments in nonlinear optical materials have introduced a crystal of bismuth 

triborate (BiB3O6, BIBO) with attractive features. As a biaxial crystal, BIBO exhibits a broad 

transmission range (286–2600 nm), large angular and spectral acceptance bandwidths, low walk-

off and a considerable wavelength tuning range  [34]. It exhibits an effective nonlinear coefficient 

of about 3.7 pm V-1, which is larger than that of LBO and BBO, and is comparable to KTP [35,36]. 

The versatile phase-matching and high efficiency of BIBO for both frequency-up and frequency-

down conversion of ultrafast pulses from the UV to the IR region have been demonstrated in 

experimental results, including efficient second harmonic generation (SHG) using continuous-

wave, picosecond and femtosecond lasers [37–39], third harmonic generation [40], and optical 

parametric generation and amplification with green and IR pumps [41,42]. The BIBO-OPOs have 

been also investigated, including the OPOs pumped by femtosecond lasers in the blue and 

IR [43,44] and pumped by a green nanosecond laser [45]. For instance, Peltz et al. performed an 

experiment in which the BIBO-OPO was pumped by the second harmonic of a Q-switched 

Nd:YVO4 laser, generating 5.8 ns duration pulses at a repetition rate of 10 kHz at 532 nm. Through 
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the angle tuning scheme in the YZ plane, the signal was tuned from 735.6 nm at φ=0o to 970 nm 

at φ=11.7o, and the corresponding idler was tuned from 1930 to 1180 nm [45]. Therefore, a BIBO 

crystal is an attractive candidate for femtosecond OPOs with green pumps provided by the second 

harmonic of ultrafast Yb-doped lasers. 

Optical parametric generation is also possible in periodically poled materials such as 

PPKTP, PPcLN and PPSLT based on a quasi-phase-matching scheme (QPM) [46–49]. The 

engineered structure of these crystals makes it feasible to employ the largest nonlinearity element 

of a crystal, as well as eliminating the Poynting vector walk-off since the interacting waves have 

the same polarizations (e+e→e). For instance, PPcLN exhibits an effective nonlinearity on the 

order of 17 pm V-1, but it suffers from the photorefractive damage and a high coercive field which 

severely limits the achievable output power level and length of the crystal, respectively. On the 

other hand, the PPKTP and PPSLT crystals offer lower coercive fields, albeit at the expense of 

lower nonlinearity. These two crystals also exhibit a higher photorefractive damage threshold and 

should be more suitable for high-power applications. The phase-matching condition is attained 

through temperature tuning and was studied in detail in [46,48,49]. In contrast, BIBO, BBO and 

LBO do not suffer from photorefractive damage and can be used in high-power OPOs.  

6.3. Optical properties 

The linear refractive index of a material as a function of wavelength (or frequency) is an 

important optical property since it affects the speed of frequency components of an electrical field 

in the material and can disperse an optical pulse. The Sellmeier’s equation defines the refractive 

index as a function of wavelength for the material of interest (Appendix C). We have examined 

the best sets of Sellmeier’s coefficients for the linear refractive indices of the nonlinear crystals in 

question. For BBO, the wavelength-dependent Sellmeier’s equations from  [22,50–52] were 

evaluated and compared to the experimental results from  [15,32,51,53–55]. The most complying 

sets of coefficients were presented by [51], which were the altered version from [50] for long 

wavelengths (deep infrared region). For LBO, the Sellmeier’s coefficients from  [56–60] were 

chosen and evaluated in comparison to the experimental results of  [18,57,61] for angle-tuned 

phase-matching and the results of  [4,62–64] for temperature-tuned phase-matching schemes. The 

coefficients provided by [57] were found to be the most compatible with the experimental results 
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of the temperature-tuned wavelength curves. However, there are no significant differences from 

angle-tuned results. For BIBO, the coefficients from  [40,65–67] were evaluated and compared 

to [41,43,68] for angle-tuned phase-matching, and to [41,69] for temperature tuning. The most 

accurate sets were found from [67] for the temperature-tuned curves and for the angle-tuned curves 

at long wavelengths. The variation of the refractive indices and the group velocities (i.e. velocity 

of the pulse envelope) as functions of wavelength in a tuning range of these crystals are depicted 

in figure 6.2. 

Figure 6.2. The refractive index profiles and the group velocities versus the wavelength at room 

temperature. 

6.4. Phase-matching properties 

The phase-matching properties of each nonlinear crystal are a function of crystal structure, 

wavelength, polarization states of the interacting waves, temperature and orientation of the crystal. 

There are two principal conditions described by Eq. 6.1 that must be satisfied simultaneously by 

propagating waves in order to have phase-matched interaction: the energy conservation condition 

(ω3=ω2+ω1), and the momentum conservation condition (k3=k2+k1), where ωj=1,2,3 and kj=1,2,3 are 

the frequencies and wave vectors of the pump, signal and idler, respectively. On the other hand, a 

suitable type of wavelength tuning method for an OPO, temperature- or angle-based, is dependent 

on the required range of wavelengths, and the angular and temperature sensitivities of the chosen 



72 

crystal. However, in case of an acceptable temperature sensitivity and tuning response, temperature 

tuning is a favorable method owing to the fact that no further re-alignment of an OPO cavity is 

needed. The crystal’s orientation, propagation direction and polarization states of the interacting 

waves also determine the maximum achievable effective nonlinearity, maximum conversion 

efficiency, as well as the unfavorable parameters such as walk-off angle. In this section, we have 

investigated the collinear phase-matching conditions and wavelength tuning range of crystals 

based on the aforementioned contributing factors for an OPO pumped by a femtosecond Yb-ion-

based laser at 520 nm. The main features of the investigated crystals are represented in table 6.1. 

Table 6.1. Optical properties of BBO, BIBO and LBO crystals. 

BBO BIBO LBO 

Point group 3m 2 mm2 

Transparency range (nm) 190-3500 [20–22] 286-2600 [34] 160-2600 [29] 

Sellmeier’s coefficients  [51]  [67]  [57] 

Nonlinearity coefficients 
(pm V-1) 

d22=2.3 
d31=−0.16 [70] 

d12=3.2, d13=−1.76 
d14=1.66 [34] 

d31=−0.95, d32=1.02, 
d33=0.057 [31] 

Effective phase-matching 
configuration 

Type I (o+o→e) 
Angle tuning 

Type I (e+e→o) 
Angle tuning YZ plane 

Type I (e+e→o) 
Noncritical  
phase-matching 

Effective nonlinearity deff=d31sin(θ)− 
d22cos(θ)sin(3φ) 

deff=−d12cos(θ)2− 
d13sin(θ)2+d14sin(2θ) 

deff=1.02 pm V-1 

Thermo-optic coefficients       −  [67]  [57] 

The best performance of a BBO crystal is realized through a type I (o+o→e) angle-tuned 

interaction owing to its largest effective second-order nonlinearity (see table 6.1). The pump is 

assumed to be polarized in the extraordinary plane, and the phase-matched signal and idler would 

be in the ordinary plane. The calculated wavelength tuning range is shown in figure 6.3 (a). It can 

be readily seen that the signal wavelength can be tuned smoothly from about 650 nm at the blue 

side to the degeneracy at 1040 nm, while the corresponding idler is tuned from 1040 nm steeply 

to the infrared region by an azimuthal angle change from 23.2° to 21°, accordingly. The 

degeneracy happens at around 23.2°, so the pertinent angle tuning range would be limited only to 

2.2°. The type II interaction with a smaller nonlinear coefficient, acceptable conversion efficiency 

but narrower  wavelength tuning range has been also previously investigated [71–73]. 
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Figure 6.3. Angle tuning curves in BBO (a), LBO (B) and BIBO (c) crystals at room temperature 

with an effective nonlinearity coefficient deff. Idler — black curve, signal — red.  

The angle tuning scheme can also be applied in LBO. The most suitable phase-matching 

would be type I interaction in the principal XY plane, utilizing the maximum effective 

nonlinearity. For azimuthal angle change from 12.5° to about 9.2°, the signal wavelength covers 

650 nm to 1040 nm, and the idler is tuned from 1040 nm to the infrared region, namely 2.5 μm at 

11.7°. The applicable angle tuning range would be limited to about 3°, as can be seen from figure 

6.3 (b).  

For BIBO, the angle-based wavelength tuning is favorable through type I phase-matching 

in the principal YZ plane, where the maximum deff is achievable. The maximum effective 

nonlinearity is experienced if the azimuthal angle is changed near the Z axis. As shown in figure 

6.3 (c), the signal wavelength is tunable gently from 700 to 1040 nm and the idler wavelength 

changes from 1040 nm to 2 µm. The feasible range of angle tuning in this case is about 12.6°, 
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roughly five times that in BBO. The calculations clearly show that compared to BIBO, BBO gives 

a considerably greater phase-matched wavelength tuning range, especially at the red side, but it is 

much more sensitive to angular changes owing to the limited range of tuning angles.  

On the other hand, temperature tuning is of interest due to the fact that no re-alignment is 

necessary in the cavity, and it can be applied to BIBO and LBO, while BBO does not significantly 

respond to temperature changes. Assuming a collinear, non-critical phase-matching, i.e. φ=0° and  

θ=90°, calculations show that an LBO-OPO pumped at 520 nm allows continuous wavelength 

tuning range from 650 nm to 1040 nm for signal and form 2600 nm to 1040 nm for the idler 

wavelength when the temperature is changed from 168° C down to 116° C (figure 6.4a). The 

temperature tuned BIBO-OPO, however, does not exhibit considerable wavelength tuning range, 

as can be seen in figure 6.4. 

Figure 6.4. Temperature tuning curves in LBO (a) and BIBO (b) crystals with corresponding 

effective nonlinearity coefficients deff. Idler—black curve, signal—red. 

Another important parameter which sets limitations on the effective nonlinear length is the 

angular walk-off (spatial walk-off), which is primarily determined by the angle of light 

propagation, as well as by the refractive index profiles at the corresponding wavelengths [74]. For 

the phase-matching schemes for BIBO and BBO, the angular walk-offs at room temperature are 

predicted in figure 6.5. Since the walk-off angle is zero in the vicinity of the principal axes, in 

BIBO the spatial walk-off increases from zero to a maximum value of around 29 mrad, while BBO 

maintains a relatively constant walk-off angle (52–55 mrad) due to a considerably more limited 
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range of angle tuning. It can be readily seen that the maximum angular walk-off in BBO is roughly 

two times the maximum value in BIBO. In contrast, in temperature-tuned LBO the effect of 

angular walk-off is absent due to non-critical phase-matching condition. 

Figure 6.5. Angular walk-off versus wavelength in BBO and BIBO crystals. 

The comparison of borate-based crystals, i.e. BIBO and BBO, is of importance in terms of 

OPO performance in the UV and visible ranges. In addition to the higher effective nonlinearity of 

BIBO, it exhibits a superior angular acceptance and a lower spatial walk-off angle. Although the 

inferior nonlinearity of BBO could be compensated by using a longer crystal, BIBO is 

advantageous for its favorable characteristics in the femtosecond interaction regime when the 

length of a crystal is restricted due to the group velocity mismatch (GVM). On the other hand, 

BBO and LBO are preferable for deep UV performance owing to their wider transparency in the 

UV range. However, the lower nonlinearity of these crystals limits their use mainly for applications 

that involve high pulse energy. 

6.5. Dispersive properties 

Dispersive properties of the nonlinear crystals are of particular importance in the 

femtosecond pumping regime due to their effects on the effective interaction length of the pump 

pulses, the pulse width, and the conversion efficiency. Temporal pulse broadening by GVD (group 

velocity dispersion) and temporal walk-off by GVM (group velocity mismatch) impose limits on 
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the applicable crystal length. Practically, in order to restrict the signal pulse broadening to around 

10%, the maximum temporal dispersion, defined by , should be smaller than 

half of the initial pump pulse width [75,76]. Here, L is the crystal length, νP is the group velocity 

of the pump wave and νS is the group velocity of the signal wave.  

The group velocity mismatch values between the pump, signal and idler for BIBO and BBO 

are depicted in figures 6.6 (a) and (b), respectively. For type I phase-matching with 520 nm pump, 

BIBO exhibits about two times higher GVM between the pump and generated wavelengths than 

BBO over its wavelength tuning range and more than three times higher than LBO. The difference 

between the GVMPS (pump and signal) and GVMPI (pump and idler) becomes substantial (~150 

fs mm-1) far from degeneracy (~700 nm) in the case of BIBO, whereas it approaches 17 fs mm-1 at 

around 650 nm in BBO. In addition, the GVM between the signal and idler is always lower in 

BBO when compared to BIBO over the most of the wavelength tuning range, implying a smaller 

spectral acceptance bandwidth for BIBO, which is approximately defined as 

 [77].  
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Figure 6.6. Group velocity mismatch between the pump, signal and idler in BIBO (a), BBO (b), 

and LBO (c) crystals. 

Thus, a shorter crystal of BIBO should be used in the femtosecond regime, which can 

compromise the overall conversion efficiency. The group velocity mismatch values in LBO for 

the type I phase-matching scheme are shown in figure 6.6 (c). Exhibiting similar trends to BBO 

crystal, LBO maintains smaller values of GVM between the pump and generated wavelengths. 

The GVMSI reaches its maximum of 14.3 fs mm-1 at 800 nm in LBO, while it is almost 62 fs mm-

1 at around 700 nm in BBO. In the case of LBO, there are two points (710 and 1040 nm) at which 

the group velocities of signal–idler with respect to the pump are the same.  
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Group velocity dispersion is also calculated for these crystals, shown in figure 6.7. The signal 

wave experiences the lowest GDD over the wavelength tuning range in LBO. Since GDD for the 

signals in all crystals has positive values, the zero GDD points are located at 1580 nm in BIBO, 

1490 nm in BBO, and 1190 nm in LBO in the idler wavelength region. The idlers in LBO and 

BIBO, on the other hand, experience substantially higher (negative) GDD values than signals.  

Figure 6.7. Group velocity dispersion vs. signal wavelength. 

6.6. Spectral properties 

The spectral gain bandwidth is of importance because it defines the minimum achievable 

pulse duration. Under the assumptions of plane-wave approximation, the absence of pump 

depletion, steady-state gain approximation and the pump chromaticity, the analytical expression 

for the spectral bandwidth could be estimated by expansion of the wave-vector mismatch Δk. The 

parametric single-pass gain for the case of a large gain can be expressed as [34] 

, Eq. 6.2 

where   (ΓL>>1), nj is the refractive index, λj is the wavelength, L is the 

length of crystal and IP is the pump intensity. The wave vector mismatch in terms of signal 

frequency can then be expressed as 
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.    Eq. 6.3 

The gain bandwidth is defined by the amount of Δk for which the gain drops to half of its maximum 

value, which can be expressed as . In case of a phase-matched 

process Δk0=0 and the higher orders of derivatives, usually the second order, should be included 

near the degeneracy where the first term of the expansion approaches zero.   

The gain bandwidths for 1 mm long crystals with a pump intensity of 5 GW cm-2 are 

depicted in figure 6.8. The first-order approximations of bandwidth exhibit rapid increases and 

discontinuities around signal–idler degenerate wavelengths in all crystals (at 1040 nm) and around 

two-signal degenerate wavelengths in LBO and BBO. The second-order bandwidth 

approximations are also calculated near the signal–idler degeneracy. As can be seen, LBO exhibits 

the widest and BIBO the narrowest gain bandwidth over the entire wavelength tuning range. 

Similar calculations showed that exploiting other types of phase-matching in different principal 

planes in BIBO do not offer wider bandwidth for the pump wavelength of 520 nm. Nevertheless, 

it can be significantly improved if a shorter crystal is selected. In this case, the effect of a larger 

GVM in BIBO can be also reduced. For instance, a 0.5 mm BIBO crystal provides a bandwidth of 

around 18.2 THz at 900 nm for the same pumping scheme, compared to 12.8 THz at the 900 nm 

in BIBO with the crystal length of 1 mm. 
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Figure 6.8. The gain bandwidth versus the signal wavelength for LBO, BBO and BIBO crystals. 

The solid lines show the first derivative of the bandwidth approximation and the dashed lines 

show the second derivative around the degeneracy. 

6.7. Conclusion 

In this Chapter the phase-matching properties of BBO, BIBO and LBO crystals at a pump 

wavelength of 520 nm (which can be generated by the frequency-doubled Yb-doped lasers) were 

investigated. The BBO and LBO have been well established as nonlinear crystals with a moderate 

effective nonlinearity compared to the recently developed BIBO with substantially higher 

nonlinearity. The calculations were performed by considering the geometries of each crystal that 

yielded the highest effective nonlinearity. Comparing the angle tuning versatility of BBO and 

BIBO, BIBO offers a greater angular tuning range and as a result smoother wavelength tuning 

with smaller spatial walk-off. On the other hand, temperature tuning in LBO is preferable in order 

to avoid OPO cavity re-alignment, and the wavelength tuning properties of LBO are shown to be 

very favorable.  

Calculation of GVM values over the wavelength tuning range of crystals showed that the 

signal and idler in LBO experience the least amount of group velocity mismatch and BBO is 
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preferable to BIBO over the whole tuning range. The GVM is a crucial parameter in femtosecond 

OPOs, and in this case, LBO is the best choice. On the other hand, the shorter length of BIBO 

crystal could be chosen to minimize the effect of GVM while taking advantage of its superior 

nonlinearity.  

The gain bandwidth is another prominent factor in ultrafast OPOs. It was shown that LBO 

and BBO crystals offer broader gain bandwidths over the whole considered wavelength tuning 

range than BIBO. However, for spectroscopic investigation where narrow bandwidth is desirable, 

highly nonlinear BIBO would be preferred.  

In summary, the results of this work indicate the basic properties and highlight the potential 

of the LBO, BBO, and BIBO crystals for use in femtosecond OPOs with a green pump at 520 nm. 

The results of this work can be considered as the future application of the demonstrated mode-

locked lasers in the previous chapters. 
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Chapter 7 

Conclusions and future works 

7.1. Conclusions 

The main focus of this thesis was to develop a high power ultrafast laser source which can 

be considered as substitution to the widely used, but inefficient and costly Ti:sapphire laser and its 

concomitant external laser amplifier system. In fact, the demonstrated lasers in this work delivered 

comparable output powers in sub-100 fs regime to Ti:sapphire laser oscillator. Such a compact and 

efficient watt-level femtosecond laser source is required, for example, for nonlinear biomedical 

imaging, material spectroscopy and the study of nonlinear properties of materials. The 

demonstrated laser systems based on a diode-pumped Yb:KGW laser crystal were compact, 

efficient and cost-effective. Using the Yb:KGW laser crystal enabled us to generate watt-level 

output power due to its fairly high thermal conductivity and the absence of non-radiative losses. A 

fairly broad spectral gain bandwidth of this crystal also facilitated generation of ultra-short pulses.  

During the development of the laser system, a high power dual-wavelength continuous wave 

laser was demonstrated. Based on a simple approach, this laser exhibited substantial enhancement 

in terms of the output power and optical-to-optical efficiency when compared with prior work. 

High power femtosecond laser systems were demonstrated by using two well-known 

techniques: semiconductor saturable absorber and Kerr-lens mode locking. The hybrid action of 

these techniques allowed us to generate reliable multi-watt sub-100 fs laser pulses. The employed 

saturable absorber mirror was a novel quantum-dot based saturable absorber. The laser showed a 

substantial improvement in output power when compared with the previous work based on QD-

SESAMs. Furthermore, the generation of the shortest pulses from monoclinic double tungstate 

crystals (and Yb:KGW laser crystal in particular) and the most powerful in the sub-60 fs regime 

was also demonstrated using this technique.  

By using the Kerr-lens mode-locking technique, a high power pure Kerr-lens mode-locked 

Yb:KGW laser pumped by a highly multimode fiber-coupled diode laser was demonstrated. This 
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laser was the first demonstration of a watt-level KLM laser among the Yb-ion doped bulk lasers 

which used multimode fiber-coupled laser diode module as a pump. The optical-to-optical 

efficiency in this work was also higher than the overall efficiency of high power KLM lasers where 

fiber laser systems were used for pumping. 

All of these demonstrations extended the boundaries of the generation of high power ultra-

short laser pulses based upon efficient, compact and cost effective approach. Such laser systems 

can be used as the source of excitation for imaging and spectroscopy experiments and also an 

optical parametric oscillator (OPO). 

7.2. Future works 

Some aspects of the demonstrated laser systems are subject to improvement. In this section, 

possible solutions are suggested, which may result in enhancement of the performance of the 

demonstrated lasers in terms of output power and pulse duration as well as the elimination of 

undesired features. 

For the case of CW dual-wavelength laser, larger variety of wavelength pairs can be 

generated by using birefringent filter plates with different thicknesses. The CW dual-wavelength 

laser can be also developed to generate terahertz radiation using a photoconductive antenna 

(photomixer). Such a terahertz radiation is useful for THz imaging and spectroscopy applications.  

In case of the ultrafast laser, providing a group-delay dispersion (GDD) compensation for a 

wide range of wavelength with a smooth dispersion profile is of crucial importance to ultrafast 

laser. In chapter 4, it was shown that a dispersive wave appeared at long wavelengths, co-

propagating with the main pulse. The appearance of the dispersive wave is due to the rapidly 

shifting GDD profile of one of the GTI mirrors into the normal regime. Therefore, using GTI 

mirrors with wider and smoother dispersive profile can help to eliminate such a dispersive wave, 

further broaden the pulse spectrum into the longer wavelengths and, therefore, generate shorter 

pulses. 

In addition, by using a high power fiber-coupled laser diode with better beam quality 

(smaller M2 factor) as the pump source improvement for our femtosecond lasers is possible. A 

better beam quality of the pump enhances the performance of a laser through a more efficient 
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mode-matching between the laser mode and pump beam. Therefore, it is speculated that the 

optical-to-optical efficiency of the laser will be improved. A better mode-matching also improves 

the soft-aperturing effect in the Kerr-lens mode locking mechanism (Chapter 2). Therefore, it will 

be possible to suppress the undesired CW background radiation in case of the pure Kerr-lens mode-

locked laser (Chapter 5), which would translate into shorter pulses with higher output power. 

Another possible solution to improving the KLM laser performance would be using a shorter 

length of the laser crystal with higher doping level so that more effective soft-aperturing effect can 

be provided between the highly diverging pump beam and the laser mode.  

Laser oscillation with other polarizations (e.g. E//Np or E//Ng) may result in generation of 

even shorter pulses since the spectral gain bandwidth for these polarizations is broader than for the 

polarization along the Nm-axis of the crystal (Chapter 2). These polarizations, however, exhibit 

smaller values of emission cross-section and therefore the generated output power can be lower 

than the results of this work. 

Future development of the proposed high power ultrashort lasers also involves the generation 

of even higher pulse energies by extending the length of the laser cavity. It is based on the fact that 

the energy of the pulse is related to the product of the average output power and the period of 

repetition rate of the pulses. This would eliminate the need for external amplifier for further pulse 

amplification and up to 1000 nJ of pulse energy can be reached for a long enough laser cavity.  

Finally, the demonstrated ultrafast lasers can be developed into a femtosecond laser with 

widely tunable wavelength by using it as the pump source of an optical parametric oscillator 

(OPO), as investigated in chapter 6. It would result in a compact and efficient OPO laser source 

for spectroscopy and microscopy applications. 
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Appendix A 

The beam quality factor (M2) 

The beam quality factor is a measure of the spatial quality of a laser beam. This 

dimensionless factor relates the beam divergence and the minimum achievable beam waist for the 

beam and for a given wavelength as [1] 

                Eq.A.1 

where ω0 is the beam waist, λ is wavelength and θ is half-angle beam divergence. A diffraction-

limited Gaussian beam has M2=1. Therefore, a higher M2 factor shows a deviation of the laser 

beam from an ideal Gaussian beam.  
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Appendix B 

Ray transfer matrix analysis (ABCD matrix analysis) 

The effect of an optical system on a propagating wave can be analyzed by using the ray 

transfer matrix analysis (or ABCD matrix analysis) [1]. This analysis is widely used for ray optics 

and the Gaussian beams with paraxial approximation. In this method each optical element is 

ascribed to a 2×2 matrix and the optical system is then described by a matrix which is the product 

of the constituent matrices. In case of a Gaussian beam, a complex quantity (q) is used to calculate 

the parameters of the beam after its propagation through the system. The q parameter contains 

information about the beam radius and radius of curvature of the beam wavefront,  

            Eq.B.1 

where λ is wavelength, and ω and R are the beam radius and the radius of wavefront curvature of 

a beam, respectively, prior to its entering into the optical system. The q parameter of the output 

beam will be then transformed into, 

            Eq.B.2 

where A, B, C and D are the matrix elements of the total matrix of the system.  

The ABCD matrix analysis can be also used to calculate the parameters of the fundamental 

laser mode in a laser resonator. Since a laser cavity consists of elements such as reflective mirrors, 

propagation distance in air and in the laser crystal, the total matrix of the laser cavity is calculated 

from the roundtrip product of all the constituent elements. In this way, the beam waist of the laser 

mode in the cavity or the beam size in the gain crystal can be calculated. The thermal lensing 

strength of the gain medium in the laser cavity can be also estimated by using the ABCD matrix 

analysis [2]. In this case, the thermal lensing effect is approximated by an equivalent focal length 

of a lens element in the gain medium so that the output laser beam has the same parameters as 

measured in the experiment. 
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Appendix C 

The Sellmeier equation 

The refractive index of an optical medium is expressed by an empirical equation as a function 

of wavelength, which is called the Sellmeier equation or dispersion formula. It describes the 

dispersion of wavelength in a transparent medium. The general Sellmeier formula is 

        Eq.C.1 

where A, Bi, Ci and Di are the Sellmeier’s coefficients of the medium. In the following, the 

Sellmeier’s coefficients for pure KGW crystal (Chapter 4) and nonlinear crystals BBO, LBO and 

BIBO (Chapter 6) are presented. 

 

  A B1 C1 D1 D2 D3 

BBO [1] no 2.7359 0.01878 0.01822 −0.01471 6.081×10-4 −0.00006740 

 ne 2.3753 0.01224 0.01667 −0.01627 5.716×10-4 −0.00006305 

LBO [2] nx 2.45316 0.01150 0.01058 −0.01123 - - 

 ny 2.53969 0.01249 0.01339 −0.02029 - - 

 nz 2.58515 0.01412 0.00467 −0.0179132 −4.17241×10−4 7.65183×10−6 

BIBO[3] nx 3.07403 0.03231 0.03163 −0.013376 - - 

 ny 3.16940 0.03717 0.03483 −0.01827 - - 

 nz 3.6545 0.05112 0.03713 −0.02261 - - 
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For pure KGW crystal, a modified Sellmeier formula was used as 

            Eq.C.2 

 

  A B C/nm D/nm2 

KGW [4] ng 1.3867 0.6573 170.02 0.2913×10−9 

 nm 1.5437 0.4541 188.91 2.1567×10−9 

 np 1.5344 0.4360 186.18 2.0999×10−9 
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Appendix D 

The Kerr-lens mode locking sensitivity 

In a Kerr-lens mode-locked laser, the laser gain crystal or an additional optical medium with 

large nonlinear refractive index induces the Kerr lensing effect in the presence of an intense pulse. 

However, the position of the nonlinear medium and the waist of a laser mode determine the 

strength of this effect. In general, the laser mode distribution in a cavity can be calculated by using 

the ray-tracing ABCD matrix analysis which defines matrices for the optical components in the 

cavity [1]. Using this method it is possible to define the strength of the Kerr lensing effect by only 

employing linear matrices of the components. The Kerr-lens mode locking sensitivity can be 

expressed as [2] 

          Eq.D.1 

where ω is the laser beam size and P is the intra-cavity beam power. This parameter shows the 

rate of change of a laser mode size at the hard-aperture (in case of hard-aperture mode locking) or 

in a laser gain medium (in case of soft-aperture Kerr-lens mode locking (chapter 2, figure 2.8)) 

with respect to optical power in the Kerr medium. In order to have a relatively strong Kerr lensing 

effect which would effectively reduce the size of a laser mode, the sensitivity parameter need to 

be a large and negative value. It can be shown that the position of the laser crystal and the 

separation of the folding mirrors around the gain medium have a crucial effect on the Kerr 

sensitivity value [1,2]. 
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Appendix E 

Optical parametric generation 

Ultra-short pulses with high peak power can couple energy into the induced nonlinear 

polarization P in a nonlinear crystal as follows [1,2]  

   Eq.E.1 

where P0 is the intrinsic polarization, ε0 is the permittivity of free space and χ(i) are the susceptibility 

coefficients and E is the electric field strength. Efficient interaction between the waves requires 

phase-matching and energy conservation conditions 

 

                      Eq.E.2  

to be satisfied, where  is the wave vector with absolute value of , n is the refractive 

index, c is the speed of light in vacuum, ω is the angular frequency of wave,  and p, s, i stand for 

the pump, signal and idler, respectively. The phase-matching condition depends on the refractive 

indices which, in turn, depend on the propagation direction and polarization states of waves (i, p, 

s), wavelength and temperature ( ). Therefore, the phase-matching condition 

for different wavelengths can be fulfilled for different geometry of the crystal, temperature and 

polarization of the interacting waves. 

The phase-matching between the pump, signal and idler is possible in two general 

categories of crystal structures: uniaxial and biaxial birefringent crystals. The structures of these 

two types of crystals are depicted in figure E.1. The refractive indices of principal axes for a unit 

cell crystal are given by the Sellmeier’s equations and the corresponding refractive index for the 

phase-matched waves (i, p, s) can be calculated based on them [1,2]. 
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Figure E.1. Uniaxial crystal (a) and biaxial crystal (b);  defines the propagation direction of a 

wave (i, s, p);  and  are the unit vectors of possible polarization state of the wave; the 

intersecting curves in (b) define the values of the refractive indices for a wave ( ), given by the 

Fresnel’s equation.  

The uniaxial crystal has two principal refractive indices and its optic axis, by convention, is 

along the z-axis. If the polarization vector of a wave is perpendicular to the plane formed by its 

wave vector ( ) and the optic axis, the wave is called ordinary wave (o-wave) and its corresponding 

refractive index is constant (no) and independent of its angle θ with respect to the optic axis. If the 

polarization vector of the wave is in the same plane formed by the vector and optic axis, it is called 

an extra-ordinary wave (e-wave) and the refractive index along its propagation path varies as 

2 2

2 2 2

1 cos ( ) sin ( )

( )e o zn n n

 


  . Eq.E.3 

Therefore, for a specific angle of propagation and polarization states of interacting waves the 

phase-matching condition (Eq.E.2) can be satisfied. In a biaxial structure, there are three principal 

axes of refractive index (figure E.1(b)) and if a wave is propagating in one of three principal planes 

formed by these axes, the situation can be treated similar to the uniaxial structure. 
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