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Introduction 
 

After the demonstration of the first laser in 1960 it was stated that there was 

a solution looking for a problem [1]. After some time a number of possible applications 

were suggested like spectroscopy, distance measurements and pollution detection, fusion, 

microscopy and communication but one of the most important and more common 

applications for lasers is material processing.  

 The interaction of light and matter depends on a light wavelength as well as 

properties of the matter. Each laser medium has its own emission spectrum determined 

by its structure of energy levels. The possibility to generate different wavelengths 

stimulated the search for new laser materials. In 1960 the first gas laser was invented [2], 

in 1962 the first semiconductor laser followed [3] while in 1966 the first liquid dye laser 

was demonstrated [4]. The main ideas about another way to generate new wavelengths 

were published in 1962, they deal with parametric interaction [5, 6]. The way how light 

will interact with matter depends on light intensity too. In common case the maximum 

light intensity, 
E

I
Sτ

=
∆

, depends on pulse energy - E, the pulse duration - τ∆ and the 

minimum beam spot area - S . The minimum beam spot area depends on a radiance 

wavelength and beam quality and the beam can’t be focused onto a smaller spot than its 

radiance wavelength. Thus to maximize light intensity with a limited beam spot size the 

pulse energy should be maximized and the pulse duration should be minimized. 

Especially high intensities (1018 W/cm2 – 1019 W/cm2) radiance is used for 

electron beam generation and acceleration [7-10], neutron generation [11, 12] and fusion 

[13]. 108 W/cm2 – 1012 W/cm2 radiance intensity is used in nonlinear optics application. 

Radiance higher than ~1012 W/cm2 intensity may ionize solid state matter and produce 

optical damage [14]. Optical damage threshold for absorbing matter at lower intensities 

depends on pulse duration and energy density. The lower pulse duration the lower 

energy density is needed to induce optical damage of the matter [15]. Such correlation is 

because of the shorter heat diffusion length and smaller heated matter volume for a 

shorter pulse. The length of heat diffusion
dif imp

l τ κ= , where 
imp

τ is a pulse duration and 

κ - heat conductance. For example, in copper this length is ~ 3 mµ  for a pulse of 10ns 

duration. That explains why shorter pulses mean more precise material processing and it 



 7 

allows getting higher resolution. As it is well known light can’t be focused onto a 

smaller spot than its wavelength is and there comes another key potentiality of ultra short 

pulses. It is possible to set such energy of an ultra short pulse whose intensity is higher 

than optical damage threshold only in the center area of the beam. In this way it is 

possible to process formations smaller than beam spot size [16-18] and much smaller 

ones are processed by using multi photon polymerization technique [19]. Pulse energies 

for material processing are in order of a few hundred nanojoules to one milijoule [18, 20-

24]. Systems that generate pulses of such energy and duration usually consist of a mode 

locked oscillator and a regenerative amplifier. The fabrication speed depends on the 

average output power and the pulse repetition rate which is limited by the speed of the 

cavity quality modulator inside the regenerative amplifier. The average output power in 

the solid state laser is limited by thermo-optical effects and mechanical damage caused 

by stress induced by gradient of the temperature in the laser medium [25]. New types of 

active medium geometry have been developed to avoid and reduce thermo-optical effects. 

They are fiber and thin disk technologies but both of them have limited possibilities of 

being used in femtosecond lasers. 

 Organic dyes have a very broad emission spectrum, however, and they were 

widely used for first femtosecond lasers. However, because of their photochemical 

instability dyes were abandoned after the discovery of solid state materials with a 

sufficient broad emission spectrum for femtosecond pulse generation. The most widely 

used solid state material for femtosecond lasers is sapphire doped by titanium ions. 

Second harmonic of solid state neodymium lasers is the most common pump source for 

Ti:sapphire lasers, however they are much more complex, expensive and much less 

reliable and efficient in comparison with diode lasers. Many efforts were devoted to 

explore new solid state materials for femtosecond lasers after the development of 

commercially available high average power diode lasers. Chromium, neodymium and 

particularly ytterbium doped materials showed the best results [26]. The first Yb:YAG 

laser operating in room temperature was demonstrated in 1991 [27], while the first 

commercially available directly diode pumped femtosecond laser systems which 

generate more than 100 Jµ pulses at kilohertz repetition rates appear in 2003-2004 [28]. 

These achievements and promising possibilities were the key incentive for Light 
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Conversion Ltd to initiate the development of directly diode pumped Yb:KGW 

femtosecond laser for micromachining and pumping of optical parametrical amplifiers. 

This PhD thesis has been written in line with this initiative.  

The main objective of the present work is to investigate the dynamics and 

to optimize the properties of radiation of the diode pumped Yb:KGW femtosecond 

MOPA (master oscillator power amplifier) laser system. 

 

Main tasks 

1. To perform analysis of various Yb doper laser materials according to specific 

parameters such as emission bandwidth, fluorescence time, thermal conductivity, 

absorption and emission cross section and quantum defect. 

2. Cavity modeling: the optimization of the length and doping concentration of the 

active medium, the optimization of the cavity for maximum resistance to thermo-

lens effect and the optimization of the cavity for Kerr lens mode locking. 

3. The investigation of the dynamics of the Yb:KGW regenerative amplifier; 

4. The optimization of the amplified pulse compression. 

5. The investigation of the suitability and properties of the complete MOPA 

Yb:KGW system for the OPA pumping. 

 

Positions to defend 

 
• Yb:KGW is the most optimal laser medium for diode pumped high average power 

( )10 W≤  femtosecond lasers ( )150 fs≥ . 

• Tilted pulse amplification is the alternative to chirped pulse amplification method 

maintaining the rational dimensions of the stretcher and the compressor 

irrespective of a pulse bandwidth. 

• The information about time dependence of the pulse spectral components is 

obtained by spectral components spreading in a single shot autocorrelator with an 

angular dispersion optical device. This method enables the unambiguous and 

simpler characterization of the femtosecond pulse compression in comparison 

with well known FROG, GRENOUILLI and SPIDER methods. 
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• The 6 W average power femtosecond laser system capable of generating 200 fs 

pulses at up to 350 kHz pulse repetition rate or up to 1 mJ energy per pulse has 

been developed applying the results of the research on the dynamics of diode 

pumped Yb:KGW oscillator and regenerative amplifier. 
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1. Diode pumped solid state femtosecond lasers 
 
 

Laser diodes in comparison with flash lamps are much more effective 

sources for pumping of solid state lasers because of a number of their advantages. First 

of all, they have a narrower emission spectrum in comparison with lamp sources, which 

enables good overlap between active medium absorption and laser emission spectrum, 

and in addition, it is possible to tune the central wavelength of the diode laser by 

changing its temperature. The characteristic /d dTλ value is about 0.3 nm/K. All this 

enables to use higher pump intensities without worrying about thermo-optical 

phenomenon. Secondly, the lifetime and the reliability of the whole system are longer 

because of about 10 times longer lifetime of a diode laser. Thirdly, the laser diodes emit 

polarized light and it is possible to reshape their beam in order to make the same beam 

quality in traverse directions. The beam quality is expressed by 2
M value which shows 

how much the parameters of the generated beam differ from those of the ideal Gaussian 

beam. The better beam quality allows focusing the beam onto smaller spot size and the 

waist length is longer. This enables to overlap pump beam with generation beam 

spatially. Fourthly, a small size of such pump source allows creating small and universal 

laser systems such as end-pumped solid-state lasers, fiber laser and others. Besides, there 

is no need of high voltage supply units used by flash lamps. Only 2-3% of pump power 

is converted into laser radiation and the highest efficiency of 6.3% is reached [29-31] by 

flash lamp pumped lasers, whereas 65% of optical efficiency is reached by the diode 

pumped Yb:YAB laser at room temperature and 74% of optical efficiency is 

demonstrated by the diode pumped Yb:YAG laser at 70K.  

InGaAs semiconductor lasers provide the suitable wavelength to pump 

ytterbium doped laser medium [32]. Nowadays commercially available diode lasers with 

a 100 µm emitting aperture provide up to 5 W average power, whereas 10 mm width 

laser diode bars emit up to 60 W. More powerful pump sources may be created by 

combining a number of laser diode bars. 
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Pumping schemes for the bulk laser medium 

 End-pumped and side-pumped schemes are the most common for the bulk 

laser medium (see Fig. 1). The higher optical to optical efficiency is reached in end-

pumped lasers, furthermore, the good matching of spatial pump and generation beams 

allows generating TEM00 mode easier. However, the thermo-optical phenomenon 

appears in the end pumped laser medium because of some intensity distribution of pump 

beam and it is the limiting factor of maximum output power. The thermo-optical 

phenomenon is weaker in the side pumped bulk laser medium because the entire medium 

is pumped homogeneously however, in this case spatial modes of higher order are 

amplified as well. The end pumped laser scheme is more favorable for applications 

where good beam quality is needed more than maximum output power, because 

reabsorption in the non-pumped medium area acts like soft aperture for higher order 

spatial modes.  

 
Fig.1. Pumping schemes for bulk laser medium 

 

Diode pumped chromium, neodymium and ytterbium doped lasers 

 The development of high average power laser diodes generating at 600-

1000nm wavelengths enables the direct pumping of chromium, neodymium and 

ytterbium doped lasers and stimulates the research of new materials for high average 

power femtosecond lasers. 67 fs pulses were generated by Cr:LiSGAF Kerr lens mode-

locked laser, although the pulse energy of only 1 µJ is reached after the amplification 

with a Cr:LiSGAF regenerative amplifier [33]. 12 fs pulses were generated by Kerr lens 

mode-locked Cr:LiSAF and Cr:LiCAF oscillators [34, 35]. 90 fs pulses were generated 

at 235 MHz repetition rate with a new cavity design laser where laser crystal is placed 

between the pair prisms for dispersion compensation [36]. 20 fs pulses at 400 mW 
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average power were generated with a Cr4+:YAG laser with chirped mirrors for dispersion 

compensation. The pulse energy of 10.5 µJ was measured after the amplification with a 

Cr:LiSGAF regenerative amplifier [37]. Although chromium doped laser materials have 

broad enough gain bandwidth for femtosecond pulses generation the chromium 

regenerative amplifiers are not effective because of thermal quenching of the 

fluorescence and short fluorescence time (Cr:YAG - 0,003 ms, Cr:LiSAF - 0,067 ms). 

Neodymium doped materials have four-level energy structure and high absorption and 

emission cress sections and they also have longer fluorescence time (Nd:YAG - 0.23, 

Nd:glass - 0.29-0.39 ms) than chromium doped materials. 11 ps pulses at 2.7 W average 

power were generated by Nd3+:YVO4 laser [38]. 130 fs pulses were generated by 

Nd:glass laser with an antiresonant Fabri-Pero saturable absorber [39]. 64 fs pulses were 

generated with Kerr lens mode-locked Nd:glass laser, although average power was only 

50 mW and it was pumped by Ti:sapphire laser [40]. Nd:glasses have broad enough gain 

bandwidth for the generation of femtosecond pulses, but the maximum average power is 

low due to its low thermal conductivity (~14 times lower than Nd:YAG) and high 

quantum defect. Nd:KGW and Nd:YAG laser materials have higher thermal conductivity 

than glasses do although their gain bandwidth is not sufficient for femtosecond pulse 

generation. The low quantum defect of ytterbium doped laser materials is one of the 

main advantages for the development of high average power lasers. 240 fs pulses at 22 

W average power were generated by thin-disk Yb:KYW laser [41], 65 µJ pulses were 

amplified by Yb:KYW regenerative amplifier [42]. 44 µJ [43] and more than 100 µJ [44] 

pulses were generated by Yb:KGW regenerative amplifiers. Furthermore, lots of 

ytterbium doped laser materials have broad enough gain bandwidth for the generation of 

femtosecond pulses. 69 fs pulses were generated by Yb:BOYS laser with SESAM mirror 

[45]. 112 fs [46] and 230 fs [44] pulses were generated by Yb:KGW lasers and 101 fs 

[47] pulses were generated by Yb:KYW laser with a SESAM mirrors as well. 71 fs 

pulses were generated by Kerr lens mode locked Yb:KYW laser [48]. 

 The analysis of the energy level structure of different laser materials reveals 

deeper understanding about the advantages of ytterbium-doped laser materials usage for 

high power lasers. 
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Three, four and quasi-three-level systems 

The energy level system of most laser materials can be ascribed to three 

basic models (see Fig.2), where red arrows show non-radiative transfers and black 

arrows shows radiative transfers. 

 

 
Fig.2. Energy level structure of three, four and quasi-three-level systems. 

 

Three-level system 

 The ruby laser, Cr3+:Al2O3, is a three-level system. In a three-level system, 

the laser transition ends on the ground state which makes it necessary to pump the crystal 

at high intensity to achieve at least the inversion 0N∆ > , where 
C A

N N N∆ = − , where 
C

N  

is the population of the C level and 
A

N  is the population of the A level. The population 

of the C level is negligible because of very fast non-radiative transition (from 10-8 s to 

10-11 s) [30] to the upper laser level B in comparison with the B level lifetime (from 10-5 s 

to 10-3 s) [30]. Thus, the inversion can be achieved only when more than a half of ions 

are pumped into the upper laser level. The rate equation for a three-level system can be 

expressed as follows: 

2 2T
AB A CA

N Nd N
W N W N

dt τ
+ ∆∆

= − − ∆ ,  (1.1) 

where τ  is the lifetime of the upper laser level, 
T

N  is the total system population and 

xy
W  is the possibility of the radiative transition between X and Y levels and it can be 

expressed as follows: 

xy

xy

xy
h

I
W

ν
σ

= ,  (1.2) 
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where xy  is the index showing the transition between X and Y levels, σ  is the transition 

cross section, 
xy

I  is the intensity of 
xy

ν  frequency radiance. 

Four-level system 

The Nd:YAG laser is a four-level system. The main difference of four-level 

system from a three-level system is that the laser transition ends on the level well above 

the ground state which makes it easier to pump the crystal to achieve the inversion 

C D
N N N∆ = − , where 

C
N  is the population of the C level and 

D
N  is the population of the 

D level. The population of D level 
D

N depends on how close it is to the ground state: 

expD A

E
N N

kT

−∆ =  
 

,  (1.3) 

where 
A

N  is the population of the ground A level, E∆  is the energy difference between 

A and D levels, k  is Boltzmann constant and T  is the temperature. The population of the 

Nd:YAG lower laser level in thermodynamic equilibrium at room temperature is less 

than 1% in comparison with ground state population. Thus we can assume that 
C

N N∆ =  

and the rate equation of four-level system can be expressed as follows: 

AB A CD

d N N
W N W N

dt τ
∆ ∆

= − − ∆ .  (1.4) 

Quasi-three-level system 

 The Yb:YAG laser is the most noteworthy quasi-three-level system. 

Ytterbium doped laser materials have a simple energy structure of two-manifold split 

into two groups of Stark levels, thus the laser transition ends on the level which is so 

close to the ground state that an appreciable population in that level occurs in thermal 

equilibrium at the operating temperature. The Boltzmann population factor shows the 

population of each Stark level in the manifold and may be expressed as follows: 

( ),
,

,

exp /
Ai Bi

Ai Bi

A B

E kT
f

Z

−
= ,  (1.5) 

where 

( )
,

, ,exp /
Ai Bi

A B Ai BiZ E kT= −∑ .  (1.6) 
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Ai
f  is the Boltzmann population factor for i  level in A  manifold, 

Ai
E  is the i  level 

energy and kT  is the thermal energy. Thus the population inversion  

L Bi B Ai A
N f N f N∆ = − ,  (1.6) 

where 
Ai

f  and 
Bi

f  are the Boltzmann population factors for lower and upper laser levels, 

A
N  and 

B
N  is the population of the A and B manifolds. Thus the rate equation for quasi-

three-level system can be expressed as follows: 

( ) ( )( ) ( )L AL tL
t AK BL AL BK L AK BK K AL BL L L

N f Nd N
N f f f f N f f W f f N W

dt τ
∆ +∆

= − − ∆ + − − + ∆ .  (1.7) 

The comparison of three, four and quasi-three-levels systems 

 The main disadvantage of three-level system is that it requires pumping 

more than a half of population to achieve inversion and the unpumped gain medium 

exhibits strong absorption of the laser transition. The four-level system doesn’t exhibit 

absorption of the laser transition because of negligible population of lower-laser level. 

On the other hand, the larger energy gap between the lower laser level and the ground 

level in a four-level system the more energy is transferred to a lattice due to quantum 

defect and it heats the gain medium. The efficiency of a quasi-three-level system 

depends on operating temperature. If the temperature of gain medium decreases the 

Boltzmann population factors 
AK

f , 
BL

f approache 1 and 
BK

f , 
AL

f  approache 0. Thus, at 

lower temperatures the quantum efficiency of a quasi-three-level system approaches the 

quantum efficiency of a four-level system, but the optical-optical efficiency may become 

higher because of lower quantum defect. Cryogenically cooled Yb:YAG laser reaches 

the optical-optical efficiency of 76% at 100 K [49], it is the maximum efficiency 

reachable by Nd:YAG laser pumped at 808 nm. 

 

The comparison of ytterbium doped laser materials 

 The analysis of various ytterbium doped laser materials was performed 

according to the main parameters shown in Table 1. 

The gain bandwidth is the main parameter which determines how much 

short pulses are supported by the gain medium. The FWHM bandwidth of 100 fs 

Gaussian shape pulse at 1 µm central wavelength is 15 nm. However, the gain bandwidth 
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of 15 nm at FWHM is not sufficient to support such pulses because of effects like self-

phase modulation [50], dispersion [51], gain narrowing [52] and gain shifting [52]. 

 The lifetime of the upper laser level determines the energy storage of the 

amplifiers and the pump saturation intensity
( )sot

a AK BK

h
I

f f

ν
σ τ

=
+

, where 
a

σ  is the 

absorption cross section, hν  is the pump photon energy, τ  is the upper laser level 

lifetime and 
AK

f , 
BK

f  is the Boltzmann population factors of lower and upper pump 

levels. 

 The emission cross section and the absorption cross section determine the 

efficiency of amplification and pump absorption. 

 The quantum defects show what part of absorbed pump energy is transferred 

to the gain medium lattice due to the nonradiative transition. The low quantum defect 

and high thermal conductivity are especially important for the development of high 

average power lasers. 

 Thermally induced depolarization is suppressed if the gain medium has a 

sufficiently strong natural birefringence, so that the birefringent axis can not be 

significantly rotated by thermal effects. Thus, Yb:KGW is one of the most suitable 

medium for the construction of the femstosecond high output power laser system due to 

its natural birefringence, low quantum defect, broad emission bandwidth, absorption 

spectrum which is well matching the emission spectrum of commercially available high 

power laser diodes and good thermal conductivity. 
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Gain 

medium 
∆λ∆λ∆λ∆λ 

(nm) 

ττττ 

(ms) 

σσσσa 

(10
-20

cm
2
) 

σσσσe 

(10
-20

cm
2
) 

q 

(%) 

TK 

(W/mK) 

Yb:LSB 

[53], [54], 
[55] 

40 1,7 0,98 0,13 
0,28 

~5,8 2,8* 

Yb:YCOB 

[53], [56], 
[57] 

45 
 

44 

2,65 
 

2,28 

0,94 
 

1 

0,10 
0,55 
0,33 

~10 
~5,2 

4,7 
 

2,1* 

Yb:YAG 

[57], [58] 
 

8,5 
1 

0,95 
0,8 

0,82 
2,2 
2,1 

~8,8 11-14 
 

Yb:SFAP 

[53], [57] 
4,1 
4 

 
1,3 

 
8,6 

 
7,30 

~13,5  
2* 

Yb:KGW 

[59], [60] 
20 
25 

0,8 12 2,8 ~4,8 3,3 

Yb:KYW 

[59], [60] 
16 
24 

0,7 13 3 ~5,7 3,3 

Yb:YLF 

[57] 
12 
 

2,2 
 

0,9 0,8 
 

~7 6* 

Yb: Sc2O3 

[57], [61] 
20 

11,6 
0,65 
0,8 

4,4 
 

1,3 
1,4 

~6,4 15,5* 

16,5 
Yb:YAB 

[57] 
20 0,68 3,4 0,8 ~5,4 3* 

Yb: LuAG 

[57] 
16 0,925 0,75 2,7 ~10 12,6* 

Yb:NaGdW 

[62], [63] 
33 0,32 

0,397 
1,51 
1,21 

- ~5 - 

Yb:GdCOB 
[64], [57] 

44 
 

2,44 1,12 0,46 
0,36 

~7 2,1 

Yb:BOYS 

[60], [65] 
60 1,1 0,8 0,3 ~7,5 1,5 

1,8 
Yb:CaBOYS 

[65] 
50 1,2 0,6 0,3 ~7,5 1,2 

Yb:YSAG 

[58], [66] 
12,5 1,1 0,7 1,42 ~8,6 6,6 

Yb:LAG 

[58] 
6,5 0,51 0,7 3 ~8,8 8 

Yb:GGG 

[58] 
12 0,8 0,46 2 ~8,2 8 

Yb:Y2O3 

[58], [61] 
12,2 
14,5 

0,85 
 

0,24 
 

0,98 
1,06 

~5,3 11 
13,6 

Yb:Lu2O3 

[58], [61] 
11,5 
13 

0,82 0,3 1,1 
1,28 

~5,4 12,5 

Yb:stiklas 

[58] 
52 0,8 2,6 0,64 ~5,1 0,6 

 
1.1 Table. Parameters of various ytterbium doped gain mediums 
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Spectroscopic properties of Yb:KGW crystal 

The absorption and emission spectrum of 5% doped Yb:KGW at room 

temperature is shown in fig.3. E||a, E||b and E||c show the crystal orientation with regard 

to the way the crystallographic axis of the crystal matches the vector of electric field.  

 

 
Fig.3. Absorption and emission spectra of 5% Yb:GKW 

 

Although the emission bandwidth is broader for E||b orientated crystal than 

that for E||a orientated crystal, the absorption cross section at 981 nm wavelength is 6.4 

times and at 936 nm wavelength is two times higher for E||a orientated crystal than for 

E||b orientated crystal, therefore the pump saturation intensity for E||a orientated crystal 

at 981 nm wavelength is 3.2 kW/cm2 and it is ~6.3 times lower than pump saturation 

intensity for E||b. For the pumping of 936 nm wavelength the saturation intensity for E||a 

orientated crystal is 31.5 kW/cm2 whereas for E||b orientated crystal it is 63 kW/cm2. 
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2. Modeling of the laser cavity 
A resonator is one of the main parts of the laser. Commonly it is a system of 

mirrors which creates the feedback by reflecting the light amplified by the laser. The 

resonator needs to be stable to create the proper feedback. It means that the beam should 

match it self after some round trips in the cavity.  

The amplified beam quality depends on its spatial mode. The Gaussian beam 

has the best beam quality. The beam divergence of higher order spatial modes is higher, 

thus by applying spatial filters it is possible to suppress higher order spatial modes. The 

pump beam itself can be used as a soft aperture in the laser medium for the end pumped 

lasers especially if the laser medium with strong reabsorption is used. Therefore, for 

modeling of the laser cavity it is required not only to find stable cavity conditions but 

also to find properties of generated Gaussian beam.  

In this part of the study main tasks were as follows: 

1. To match pumping and generation spatial modes; 

2. To find a proper laser resonator with the proper radiation intensity and 

energy fluence not damaging intracavity optical components; 

3. To find proper position of the active medium so that the beam radius in the 

active medium is less dependent on the thermo-lens focal length; 

4. The length of regenerative amplifier should be long enough so that the 

Pockels cell could completely change its state after the high voltage 

appliance and all acoustic ringing could be suppressed after one round trip 

in the cavity. 

 

The form of the active medium 

Because of quantum defect some part of pump power is converted into heat. 

The higher pump power the more heat is produced in the active medium and effective 

heat removal is needed. In order to improve the heat removal the ratio of the active 

medium surface and volume should be increased. However, even if the heat removal is 

efficient the thermo-optical phenomenon remains the limiting factor of maximum 

average power. Depending on the pumping and generation beams, the cooling scheme 

and the active medium properties the temperature gradient is induced in the active 
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medium (Fig.4). The refractive index of the matter depends on temperature, so the 

temperature gradient in the active medium is followed by refractive index gradient and 

this is how active medium influences the stability of a laser cavity.  

 
Fig.4. Example of the temperature distribution in the end-pumped cubic gain medium with a two cooled 

surfaces 

 

 There are two different concepts of the active medium design created to 

reduce the thermo-optical phenomenon. They are fiber [67] and thin disk [68] designs 

and both of them have some disadvantages for femtosecond pulse generation and 

amplification.  

The single mode fiber maintains the Gaussian beam profile. However, the 

maximum core diameter of the single-mode fiber for ~1 µnm wavelength and the top-hat 

refractive index profile is ~30 µm [69]. The small beam spot size which leads to the high 

light intensity which together with long active medium length results in the low 

threshold of nonlinear effects. On the contrary, thin disk gain medium contributes only a 

small amount of nonlinearity, due to its small thickness (in order of few hundred 

micrometers [70, 71]) and the large mode size of the laser beam. However, small 

thickness of the gain medium leads to a small gain, thus to extract stored energy it is 

required a large number of resonator round trips which lead to strong gain narrowing. 

The increased amplification of spontaneous emission (ASE) for larger disks reduces the 

inversion and limits the scalability of thin disk lasers. The ASE in a fiber lasers not only 

reduces inversion but decreases temporal contrast of ultrashort laser pulse as well. 

A bulk gain medium is a kind of intermediate situation, where longitudinal 

dimensions are in the same order as transverse dimensions, thus it has a higher gain in 

comparison to a thin disk gain medium and lower contribution to nonlinearity in 
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comparison to a fiber laser. However, a laser cavity with a bulk gain medium requires 

optimization in order to reduce thermal-lens influence on the resonator stability. 

 

Analysis of the cavity stability 

 The thermal lens of less than 100 mm focal length is induced in Yb:KGW 

slab element pumped by more than 10 W pump power [71]. The main interest is how to 

minimize the effect of thermal lens induced in the laser crystal for the stability of the 

cavity. The well known ABCD matrix formulation is used for the analysis of the cavity 

and Gaussian beam propagation through the optical system. The four-mirror Z-shaped 

cavity has been analyzed. Figure 5 shows how the beam radius in the laser crystal 

depends on the focal length of the lens placed in the middle of the crystal and its position 

along the beam waste in the cavity without thermo lens. Any changes in the generation 

beam size changes its overlap with a pump beam. If laser beam radius increases the 

beam will suffer higher losses due to reabsorption in the unpumped laser crystal and if 

the laser beam radius decreases the optical-optical efficiency decreases as well. 
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Fig.5. Laser beam waist radius versus thermal-lens focal length for various positions of gain medium 

along the laser beam waist in the cavity, were w is the beam radius at the gain medium and w0 is the 

beam waist radius. 

 

Two similar cavities have been compared with regard to beam radius in the 

gain medium dependence on the thermal-lens focal length (see Fig.6). 



 24 

     






















 

 







 
Fig.6.The beam radius versus focal length of the lens placed in the middle of a laser crystal in two similar 

cavities. 

 

The beam radius in the laser crystal without thermal-lens is almost the same 

for both cavities but different curvature mirrors and different distances were used. The 

cavity B (see Fig.6) is more sensitive to the thermal-lens and its output power saturates 

at lower pump power then that for cavity A (see Fig.7). 
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Fig.7. Output power versus pump current 

 

Cavity with the nonlinear Kerr element 

Nonlinearity is typically observed at very high light intensities. The simplest 

of nonlinear effects is the Kerr effect, which can be described as a change in the 

refractive index in proportion to the optical intensity I, thus the refractive index: 

( ) ( )0, ( , ) ,n r t n r t n I r t= + ∆   
� � �

,  (2.1) 
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Where 0n is the linear refractive index and n∆ is a change in refractive index induced by 

I . The Gaussian beam results in a Gaussian refractive index profile, similar to that of a 

gradient-index lens and the focal length of Kerr lens can be found from the equation: 

2
0
'
2 04

n w
f

n I L
= ,  (2.2) 

where w is the beam radius, L is the length of the Kerr medium and 2n is nonlinear 

refractive index. Since n2 is positive in most materials, the refractive index becomes 

larger in the areas where the intensity is higher, usually at the centre of a beam, creating 

a focusing density profile which potentially leads to the collapse of a the beam itself. 

Such self-focusing effect can occur when the optical power is above the critical power: 

2
0

22c

c
P

n

ε λ
π

= .  (2.3) 

If the beam goes through the Kerr medium and then after some distance 

through the aperture, then its losses depend on the beam power, the more powerful beam 

the lower losses it will suffer. In this case it is possible to find the place for an aperture in 

the cavity where the beam radius decreases when the beam power increases accordingly, 

this is how Kerr lens mode locking with a hard aperture works. The parameter 

0

1

P

dw

w dP
δ

=

 =  
 

  (2.4) 

shows how the beam radius is sensitive to a small power change at low power levels, the 

more sensitive it is the easier Kerr lens mode locking starts. The ABCD matrix for Kerr 

medium is deduced in paper [72]. 

 

Four-mirror resonator 

Two spherical mirrors (ROC=150 mm) separated by the distance 

2Z X d X= + +  (see Fig.7) have been used to focus beam into the gain medium and two 

plain mirrors at distances 1 2 850L L= =  have been used to end the resonator. The given 

four-mirror resonator has two stability zones and in the case of symmetric resonator 

( 1 2R R= , 1 2L L= ) both zones are merged into one zone. 
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Fig.7. Four-mirror Z-shaped cavity  

 

The map of δ  parameter on a plain of M1 mirror (see Fig.8) has been 

calculated by using ABCD formulation. There are two areas with a negative δ  

parameter, both are close to the stability limit of its resonator (see Fig.8). The beam 

mode size distribution in both stability zones with a negative δ value is almost the same 

because they are close to each other. However, if the intracavity power increases then the 

beam size change in a different stability zone is opposite.  

 

Fig.8. The map of δ  parameter on a plain of M1 mirror. 

 

The change in the size of laser beam in the gain medium determines in 

which stability zone the pump beam operates as a soft aperture. The laser beam radius 

dependence on intracavity power is shown in Fig.9.  
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Fig.9. Beam radius versus intracavity beam power  
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3. Femstosecond Yb:KGW oscillator 
 

Mode-locking 

The laser may generate a number of longitudinal modes, /m ν= Θ ∆  where 

Θ is the gain bandwidth and / 2c Lν∆ = , where L is the length of the cavity. If each 

mode instead of oscillating independently operates with a fixed phase between it and the 

other modes, the modes of the laser will all constructively interfere with one another 

periodically, producing a pulse. The more modes there are in the phase the shorter and 

more powerful pulse is. The operation of the laser depends on its gain-loss dynamics. 

The most common method is to increase losses for low intensity light by incorporating a 

saturable absorber with suitable properties into the laser resonator. Any random number 

of modes present in the phase can create a fluctuation intensive enough to saturate the 

absorber, thus the net gain for this fluctuation will increase and the fluctuation will 

evolve into a pulse. The pulse duration could be determinated by the recovery time of the 

saturable absorber which forms the gain window. However, the lasers using 

semiconductor saturable absorber mirrors SESAM which very often have much longer 

recovery times than the shortest pulses generated from the given laser were demonstrated 

[73]. One reason for this behavior has been traced back to the soliton-like pulse 

formation, i.e., negative group delay dispersion (GDD) and self-phase modulation (SPM), 

occurring in femtosecond solid-state lasers. The soliton-like pulse formation leads to 

stable pulsing even in the presence of a considerable open net gain window following the 

pulse. The pulse is not any longer shaped dominantly by the saturable absorber, but the 

absorber is still essential for pulse stability. 

The Kerr lens may be used as artificial saturable absorber but it needs a 

specific and precise cavity design. ABCD matrix formulation is used to optimize the 

cavity for Kerr lens mode locking [72, 74]. 

 

Mode-locking by SESAM mirrors 

There are many designs of semiconductor saturable absorbers mirrors. The 

key parts are the Bragg reflector and the saturable absorber on it. Additional coatings are 

used to increase or decrease reflection from the input surface. The advantage of 
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semiconductor saturable absorbers is that the relevant absorber parameters can be varied 

by several orders of magnitude. The key parameters for a saturable absorber are its 

wavelength range (where it absorbs), its dynamic response (how fast it recovers), its 

saturation intensity and fluence (at what intensity or pulse energy density it saturates) 

and modulation depth (increase in reflectance when it is saturated). The saturation 

intensity can be expressed as following: 

,sat A

A A

h
I

T

ν
σ

= ,  (3.1) 

Where hν  is the energy of photon, 
A

σ is the absorption cross section and 
A

T is the 

recovery time. The recovery time of absorption depends on two processes, intraband 

thermal relaxation (10-100 fs) and recombination (from ps to ns). The saturation fluence 

is related to 
A

σ  by the relation: 

,sat A

A

h
F

m

ν
σ

= ,  (3.2) 

I.e. the saturation is reached when on average one photon with energy hν  impinges on a 

cross section area
A

σ . Inside a linear cavity it may happen twice ( m =2). In a ring cavity it 

may happen only once (m=1). 

 

CW Mode-locking 

In many applications we need the pulse sequence to be CW mode-locking 

instead of Q-switched mode-locking. From [75], the researchers came to the conclusion 

that the Q-switched mode-locking will be avoided if the following equation can be 

satisfied [75]. 

2
, ,P sat L sat A

E E E R> ∆ ,  (3.3) 

where 
P

E is the intracavity pulse energy defined as intracavity average power divided by 

the pulse repetition rate, ,sat L
E  is the saturation energy of the laser medium and it is 

proportional to , ,/
eff L e L

A σ  where ,eff L
A  is the average mode area inside the laser medium 

and ,e L
σ  is the emission cross-section of gain material. ,sat A

E  is the saturation energy of 

the absorber, which can be represented by , , ,sat A sat A eff A
E F A= . ,eff A

A  is the average mode 
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area inside the saturable absorber and ∆R is the modulation depth of the saturable 

absorber. Thus the critical pulse energy can be found. 

( ) ( )
11
22

, , , , , , ,P C sat L sat A sat L aff L sat A eff A
E E E R F A F A R= ∆ = ∆ .  (3.4) 

If the intracavity pulse energy is higher than the critical pulse energy then the laser tends 

to operate as a CW mode-locked, else it operates as a Q-switched mode-locked. 

Kerr lens mode-locking 

The first Kerr lens mode-locked laser was demonstrated in 1991 [76], 

however the Kerr lens mode-locking mechanism was explained later [77, 78]. For a 

Gaussian beam, the Kerr effect focuses the radiation toward the center, and essentially an 

intensity-dependent graded-index lens is formed with the focal length depending on the 

power P. 

1 2
4

4n d
f P

πω
− = ,  (3.5) 

where 2n is Kerr medium nonlinear refractive index, d is the length of Kerr medium and 

ω  is the beam radius. The action of a fast saturable absorber can be achieved if an 

aperture is introduced in the resonator at a position where the mode size decreases due to 

increased intensity. The transformation of the power-dependent change in the spatial 

profile of the beam into an amplitude modulation is shown in Fig.10. 

 
Fig.10. High intensity beam focusing in a Kerr medium 

 

In case of a soft aperture the Kerr lens leads to a better overlap of the 

generation and the pump beam, and thus to a higher gain for the peak of the pulse.  

As a beam has some spatial intensity profile the pulse has some time-

dependent intensity profile and accordingly that the Kerr effect causes a time-dependent 

phase shift. Spectral broadening induced by self-phase modulation allows generating 

pulses with a broader spectrum than the gain bandwidth of the laser medium and thus the 

laser with the right dispersion balance in the cavity generates very short pulses. 12 fs 
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pulses were generated by Cr:LiSAF laser [79], 13,5 fs pulses were generated by 

Cr:LiSGaF laser [80], 61 fs pulses were generated by Yb:YVO4 laser[81], 71 fs pulses 

were generated by Yb:KYW laser [48]. 

Dispersion compensation 

The round-trip time in the resonator for all frequency components of the 

mode-locked pulse should be the same. Dispersion in the laser crystal and mirror 

coatings will result in different delay for different frequency components and thus 

temporal spreading of the pulse. A delay that is linear with frequency is called second 

order dispersion or group velocity dispersion (GVD). GVD is often quantified as the 

group delay dispersion GDD. Group delay dispersion in the Yb:KGW laser medium at 

~1µm wavelength is positive and has flat dependence (see Fig.11), however, GDD in the 

mirror coatings may be complex.  
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Fig.11. GDD curve of 2 mm length Yb:KGW crystal. 

 

A number of devices may be used to compensate GDD in the laser cavity 

like the pair of prisms, Gires-Tournois interferometer or chirped mirrors. 

Gires-Tournois interferometer 

A Gires–Tournois interferometer (GTI) is an optical device designed for 

generating chromatic dispersion. It is a transparent plate with two reflecting surfaces, 

one of which has very high reflectivity, thus reflected beam interferes and has a phase 

shift that depends on the wavelength of the light. GDD of such device can be found from 

this equation. 

( )
( ) 0

22

2

2 1 sin

2 1 cos

r d
GVD

dr r ω

β β
ωβ

−  
= −   − +  

,  (3.6) 
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where r  is the first surface complex amplitude reflectivity ω  is the angular frequency 

and the phase shift β  can be expressed: 

2
cos

dn

c

ω
β θ= ,  (3.7) 

where d  is the distance between reflecting surfaces, n  is the refractive index and θ  is 

the angle of the beam incidence.  
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Fig.12. GDD curves of Gires-Tournois interferometer (2 µm thickness silica layer on a 100 % reflectance 

mirror) at different angles of beam incidence 

 

The wavelength-dependent group delay dispersion of a GTI made of a 2-µm 

thick silica layer on a high reflector is illustrated in Fig.12. 

Prism pair. 

Pairs of prisms can be used for introducing negative dispersion into a laser 

resonator. The first prism spatially disperses the pulse, causing the long wavelength 

component to travel through more glass in the second prism than the shorter wavelength 

components do. The GDD of pair prism can be found from the following equation: 

0 0

2
3 3 2
0 0

2 2 2
4

2 2prism

dn d n
GVD L L

c d c dλ λ

λ λ
π λ π λ

 
≈ − +  

 
,  (3.8) [82] 

where L  is the distance between apexes of the prisms, λ  is the wavelength, n  is the 

refractive index and
prism

L  is the length of light path in the prism matter. Fig.13 shows the 

GDD curve of the 200 mm length prism (SF10 glass) compressor with a 4 mm length 

optical path inside prisms.  
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Fig.13. GDD curve of the prism compressor 

 

Chirped mirrors 

Chirped mirrors have multilayer coating with a dependence of the 

penetration depth of the incident optical field on a wavelength. Negative group delay 

dispersion is produced if the multilayer period is increased near the substrate so the 

optical path is longer for a longer wavelength. Although it is possible to create very 

complex multilayer coatings for compensation of higher order dispersion, but it requires 

very precise control over coating layers thickness. 

 

CW Yb:KGW laser 

Four-mirror Z-shaped cavity design (see Fig.14) has been used in this 

experiment with the aim to find the best matching of pump and generation beams in the 

laser medium which results in the best optical-optical efficiency.  

 
Fig.14. Diode pumped Yb:KGW laser scheme 

 

The minimum pump beam diameter and thus the maximum pump intensity 

are limited by maximum output power of the laser diode and its beam quality. 5 W single 

emitter (1x100 µm) lased diode (Lumics GmbH) has been used to pump 1.2 mm length, 
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Brewster-cut E||a, 5% doped Yb:KGW crystal. The pump beam quality in its slow 

direction is 2 27
slow

M =  and that in its fast direction is 2 1
fast

M ≈ . Thus the 60 µm diameter 

pump beam waist in the air (in the slow divergence plain) is ~0.2 mm length. In a laser 

crystal the pump beam waist is n times longer (where n is the refractive index of the laser 

medium) and for the pump beam upon incidence of Brewster angle the beam waist inside 

the laser crystal becomes ~2 times longer. The pump beam transmitting and generation 

beam reflecting spherical mirror (R1 mirror in Figure) with a radius of curvature 

ROC=75 mm has been used to match the pump and generation beams in the laser crystal. 

The laser crystal has been placed in the middle ( 1 2 38X X= =  mm) between mirror R1 

and another one spherical mirror with the same ROC. 100% (M1) and 99% (M2) 

reflectance mirrors have been used to end the resonator at distances of 1 680L =  mm and 

2 610L =  mm, respectively. The generation beam diameter in the laser crystal is ~40 µm, 

thus ~1.5 times smaller than a pump beam. Under 2.7 W of incident pump power, the 

maximum output power reached 72 mW. Too low pump intensity, bad matching of 

pump and generation beams or not optimized reflectivity of the output mirror may cause 

low efficiency. The CW laser generation spectrum has peaks at 1032 nm and 1040 nm 

wavelengths. This means that the losses due to the reabsorption reduce the net gain at 

1028 nm wavelength which according to the emission spectrum has the highest gain. 

Strong reabsorption is caused by low population inversion which in its turn results either 

from too low pump intensity or too high field intensity inside the cavity. The wedge 

partially inserted in the intracavity beam reduces the field intensity, but there were no 

major changes in the generation spectrum observed. Thus low optical-optical efficiency 

is caused by too low pump intensity and bad matching of pump and generation beams. 

The pump beam has been reshaped in order to improve its quality in slow axis. The laser 

pumped by reshaped beam ( 2 2.5
G

M ≈  and 2 15
L

M ≈ ) provided up to 755 mW output 

power and reached 31% optical-optical efficiency.  

SESAM mode-locked laser 

SESAM mirror may be used as a passive mode-locker itself, or to initiate 

and stabilize mode-locking by other mechanism like Kerr lens. In this work we used 

BATOP GmbH mirror ( 1030 3%R∆ = , , 30
sat A

F = µJ/cm2, 10
A

τ ≤  ps). The experimental set-
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up is shown in Fig.15, where 1 2 200R R= =  mm, 3 300R =  mm, 1.2d =  mm, 1 460L =  mm, 

2 1200L =  mm, 3 140L =  mm, 1 2 102X X= =  mm, 0
1 12θ = , 0

2 8θ = , 0
3 6θ =  and the 

reflectivity of 2M  mirror is 2%. 

 
Fig.15. The scheme of diode pumped Yb:KGW laser with a SESAM mirror 

 

The length of the cavity is 2 m long, thus the pulse repetition rate is 75MHz. 

The laser beam waist in the gain crystal was ~29 µm and that on SESAM mirror was ~60. 

Thus, according to (3.4) the CW mode locking should be reached at higher than ~220 

mW output power. Fig.16 shows the laser behavior and measured output power 

dependence on the pump power. The CW mode locking is reached at above ~90 mW 

output power, the estimated output power was more than two times higher than that. 

Above the ~380 mW output power the laser tend to generate two pulses. 

A pair of prisms has been used in order to compensate dispersion of the gain 

medium. The pulse duration was estimated according to the pulse bandwidth. The 

broadest pulse bandwidth ( 6 nmλ∆ = ) was observed in the presence of positive 

dispersion in the cavity. 

 
Fig.16. The output power versus pump power, (a) is the CW operation, (b) is the Q-switched mode 

locking, (c) is the CW mode locking and (d) is the mode locking with two pulses. 
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 However, theoretical calculations and experiments show that the shortest 

pulses are generated by the lasers operating in a soliton mode locking in the presence of 

the negative dispertion in the cavity [83]. This disagreement is occurs because we 

estimated only the dispersion of the gain medium and the prism compressor, however, 

the mirror used to match pump and generation beams has complex dielectric coatings 

and it may create noticeable amount of negative dispersion. Thus the dispersion balance 

in the laser cavity without the prism compressor may be sufficient for the soliton mode 

locking. It explains the lower output power required for CW mode loking (see Fig.16). 

The broadest obtained pulse bandwidth (6 nm) corresponds to ~ 250 fs 

bandwidth-limited pulse duration. For the further shortening of the pulse Kerr 

nonlinearity in the gain medium may be used. Fig.17 shows the map of δ parameter 

calculated at the plane of R3 mirror (see Fig.15). 

 

Fig.17. The map of δ  parameter, black spot shows the working point for a given set-up cavity 

 

1.5 times braoder pulse spectrum is observed with the apperture placed into 

the cavity near to R3 mirror (see Fig.18). However, the pulse spectrum is shifted to 

longer wavelengths than that without an apperture. The wavelength-tuning curve (see 

Fig.18, green dots) shows that the gain medium supports a much braoder bandwidth. The 

high losses due to reabsorbtion in the unpumped gain medium may cause this behiviour. 
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Fig.18. Pulse spectrum, (red) is the pulse spectrum produced by the laser without an aperture, (blue) is 

the pulse spectrum produced by laser with a apperture, green dots show the gain bandwidth 

 

 Further research on Kerr lens mode locked oscillator was done by using a 

new pump source (from UAB MGF „Šviesos konversija“) which contains 40 W diode 

bar and microoptics shaper producing pump beam with equal beam quality in slow and 

fast directions ( 2 ~ 35M = ). After the optimization of the resonator, the gain medium 

length and the prism commpressor the Kerr lens mode locking has been obtained and 31 

fs pulses hasve been generated (see Fig.19). To our knowledge they are the shortest 

pulses reported from the laser with a bulk ytterbium doped gain medium.  

 The oscillator with a similar configuration and generating ~60 fs pulses was 

used for generation of terahertz radiation [84].  

 

    
Fig.19. Autocorelation and spectrum of the 31 fs pulse. 
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4. Ultrashort pulse amplification 
 

Efficient amplification of ultrashort pulses and energy scaling in compact 

diode pumped solid state lasers is limited by nonlinear effects due to the high intensity of 

the signal in the amplifier medium. This leads to the self-phase modulation, self-focusing, 

optical damage, and pulse breakup. 

Chirped pulse amplification 

The chirped pulse amplification laser dissects a laser pulse according to its 

frequency components, and reorders it into a time-stretched lower-peak-intensity pulse 

of the same energy. This benign pulse can then be amplified safely to high energy, and 

then only afterwards reconstituted as a very short pulse of enormous peak power. The 

scheme of CPA is shown in Fig.20. 

 
Fig.20. The scheme of chirped pulse amplification [85]. 

 

Tilted pulse amplification 

For relatively narrow spectral bandwidth of the pulses the chirped pulse 

amplification CPA technique is not applicable for intensity reduction. An increase in the 

mode diameter in the amplifier medium leads to a decrease in both gain and efficiency of 

the amplifier. We have done an experimental demonstration of a novel method for 

stretching of picosecond pulses, which we call Tilted Pulse Amplification (TPA). We 

demonstrate reconstruction of a 15ps pulse after stretching to 200 ps and amplification 
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with a gain factor of 4.5. The idea of the pulse stretching is based on the pulse tilting 

after reflection from a diffraction grating (Fig.21). The layout resembles that of the pulse 

stretcher used in the traditional chirped pulse amplifiers (CPA), however the amplifier 

medium is placed in the focal plane of the image inverting telescope. At this position the 

pulse tilt angle becomes equal to 90o and pulse duration here is defined by the diameter 

of the initial beam and the tilt angle, and does not depend on the initial duration of the 

pulse [86]. The pulse diffracted by the grating acquires a tilt defined by the incidence 

and diffraction angles.  

 
Fig.21. Principle of pulse stretching in the TPA 

 

Simple geometrical considerations show, that in a particular case of Littrow 

configuration and Gaussian beam profile the pulse duration 
str

τ (FWHM) in the Fourier 

plane of the focusing spherical lens is determined by the beam size, wavelength and 

grating pitch: 

2 ln 2 tan( )
Littrow

str

d

c

θ
τ = ,   (4.1) 

where d  is the beam diameter (FWe-2) on the grating, 
Littrow

θ  is the Littrow angle, and c  

is the speed of light. For a beam diameter of d=20 mm and Littrow angle of 
Littrow

θ =73 

deg (an approximate value for 1064 nm wavelength and 1800 mm-1 grating), the pulse 

duration in the focal plane of the lens is 
str

τ =250 ps. Thus for a pulse duration of 10 ps a 

stretching factor of 25 can be achieved. One should note that the main limitation of this 

stretching method comes from the fact that the pulse remains stretched only within 

limited distance. This means that the image of the focal plane has to be relayed in case of 

multi-stage amplifiers, and makes the application to regenerative amplifiers impractical. 

Although the TPA design is almost identical to that of spatially dispersed amplifiers of 

ultrabroadband pulses [87-89], its potential for amplification of narrow bandwidth 
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picosecond pulses has been overlooked so far. It is also worth noting that the spatially 

dispersed amplifier requires certain linear dispersion to suppress the gain narrowing, 

whereas the duration of the stretched pulse in TPA case is ultimately determined by the 

spectral resolution of the dispersive optic. The set-up of the test experiment is 

schematically depicted in Fig.22. We used passively mode locked Nd:YVO4 oscillator 

emitting 15 ps pulses at 85 MHz repetition rate with 200 mW average power as the 

signal source for two-pass amplifier in TPA design. The amplifier medium was Nd:YAG 

(L=8 mm, diam=5 mm, NNd=1%) crystal longitudinally pumped by a single laser diode 

bar emitting up to 13 W at 808 nm in a shaped beam with M2=45. For pulse tilting we 

used 1800 mm-1 diffraction grating in Littrow geometry. The focal length of the first 

lens (f1=500 mm) determines the dimensions of the signal beam in the amplifier crystal 

whereas the focal length of the second lens (f2=90 mm) sets the magnification of the 

telescope and thus the pulse stretching factor of the system.  

 
Fig.22. Experimental setup of the TPA. AR, antireflective; HR, highly reflective. 

 

For separation of the amplified beam we used Faraday isolator since 

separation simply by geometry increased the numeric aperture of the system and caused 

strong spherical aberrations. The signal spot on the face of the amplifier crystal had 

elliptical shape with vertical and horizontal axis measuring 45 and 400m respectively. 

The short axis of the ellipse corresponded to the waist of focused Gaussian beam 

whereas the long axis was determined by the bandwidth (0.14 nm) of the pulse and the 

linear dispersion of the system. The peak power of the signal pulses by far could not 

reach the threshold of the self modulation in the amplifier crystal even without stretching, 

however the use of continuous train was adequate for testing reconstruction of the pulse 

and the influence of thermal lensing. When continuous wave (CW) pump beam with 
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diameter of 200 µm was used, the duration of the amplified pulse was strongly 

influenced by the pump induced thermal lens in the Nd:YAG crystal. The thermal lens 

modifies the wave front of the spatially dispersed beam, which in turn changes the time 

delay between spectral components and prevents the pulse of being recompressed. By 

applying pulsed (QCW) pump (repetition rate 200 Hz, pulse duration 1 ms) we 

eliminated the thermal lens and achieved a gain factor of 4.5 in the double-pass scheme 

(Fig.23). However, in this case the duration of the amplified pulse (Fig.24a) was still 

impaired by spectral narrowing in the amplifier due to poor overlap of the spatially 

dispersed signal with the pump beam (signal, 45 µm ×400 µm, pump, 200 µm × 200 µm). 

With reshaped pump beam (170 µm × 700 µm ) we observed good pulse reconstruction 

after amplification (Fig.24b), however at the expense of the gain drop to 1.7. The 

reconstructed pulse was still ~20% longer than the original one, presumably due to 

residual geometric aberrations in the optical scheme. As one can see, the thermal lensing 

is the main obstacle for achieving high average power as while preserving the pulse 

duration. Several options can be considered for improving the situation. A laser medium 

with higher gain cross section like Nd doped Vanadate crystal can be used which would 

require lower pump intensity. The use of a spherical or cylindrical lens in the vicinity of 

the amplifier crystal could improve the pulse reconstruction significantly if the 

aberrations of the thermal lens are insignificant. And finally, an aspheric optic with a 

refraction inverse to that of the thermal lens could lead to proper pulse reconstruction, 

however only within limited pump power range. It is interesting to note that thermal 

lensing in the amplifier crystal has a very similar effect on the reconstructed pulse shape 

as the phase self modulation has on the pulse shape using CPA technique. In turn, phase 

self modulation in TPA scheme would lead mainly to the beam distortion after 

reconstruction. As an additional benefit of the TPA method is suppression of the gain 

narrowing if the amplifier is driven in saturation [87-89]. On the other hand, the 

saturation by a single pulse would not lead to the distortion of the pulse spectrum as it 

might be in the case of CPA [90]. However in our case this saturation might lead to the 

distortion of the beam, since beam intensity profile is converted into the pulse shape in 

the amplifier. In contrast to CPA these distortions can be reduced by passing the 

amplifier once again with inverted beam. 
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Fig.23. Gain of the TPA system versus pump power. 

 

 
Fig.24. Autocorelation traces of the pulses amplified at different quasi-CW pump powers. (a) Signal 

beam 45 µm ×400 µm; pump beam 200 µm × 200 µm. (b); Reshaped pump beam 170 µm × 700 µm, 

signal beam 45 µm ×400 µm. 

The dynamics of the regenerative amplifier 

 The principle scheme of the regenerative amplifier is shown in Fig.25. The 

Pockels cell inside the cavity controls the energy ejection out of the cavity. At the same 

time the Pockels cell modulates the quality value of the cavity. The regenerative 

amplifier resonator has been optimized on the basis of the results obtained from the 

examination of the thermal-lens effect on the stability of the resonator. 17 W CW output 

power is reached at 58 W pump power, it is 29% optical-optical efficiency.  

 
Fig.25. Principle scheme of the regenerative amplifier. PC is the Pockels cell, FR is the Faraday rotator, 

GM is the gain medium, and M1 and M2 are the resonator mirrors. 
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Although E||a absorption cross section is 6.4 times higher than that for E||b, 

the E||b emission cross section at 1040 nm wavelength is ~2 times higher than that for 

E||a. The reabsorption at 1040 nm is lower than the reabsorption at 1028 nm because the 

laser transition ends on the level with a lower Boltzmann population than that at 1028 

nm. The numerical analysis of (1.7) equation has been used for modeling of the pulse 

amplification in the regenerative amplifier. The comparison of the maximum pulse 

energy in both cases (E||a and E||b orientated Yb:KGW crystal) is shown in Fig.26. 

      

Fig.26. The pulse energy versus pump power. (a) Modeling results, (b) experimental results. 

 

The maximum pulse energy for E||a configuration is higher than that for E||a 

configuration because it is easier to achieve the inversion for 1040 nm transition. 

However, the experimental results showed that the maximum pulse energy in E||b 

configuration decreases more than that for E||a configuration if pump power decreases. It 

is because we had limited pulse round trip number in the cavity (53 round trips) in the 

experimental setup and for E||b configuration it is not enough round trips to extract 

maximum stored energy due to lower gain than for E||a configuration. The higher pulse 

repetition rate the lower inversion in the gain medium is due to shorter pump time 

between amplified pulses. Thus at high repetition rates E||a configuration is more 

efficient than E||b configuration due to lower pulse round trip number which is needed to 

extract the maximum pulse energy (Fig.27). 
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Fig.27. The pulse energy versus pulse round trip number in the amplifier cavity. 

 

 The modeling results reveal that under some conditions bistable pulse 

amplification occurs (Fig.28). It happens when reasonable part of stored energy remains 

in the gain medium after the pulse amplification and the pump is not intensive enough or 

the pump time is too short to restore the same inversion in the gain medium before the 

amplification of the next pulse. 

 
Fig.28. Calculated pulse energy dependence on the pulse round trip number in the cavity 

 

In camparison with CW laser the optimal ytterbium doping level of the 

regenerative amplifier gain medium additionally depends on its pulse repetition rate. The 

higher pulse repetition rate the lower Yb doping level is required to reach the maximum 

pulse energy (Fig.29). 
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Fig.29. The maximum pulse energy versus Yb doping concentration of the gain medium at different 

pulse repetition rate 

 

 In the Fig.30 is shown the maximum pulse energy of 25 round trips 

amplifier cavity dependence on pulse repetition rate. The limiting factor of the maximum 

pulse energy at pulse repetition rates up to 5kHz for the given cavity is Raman scattering. 

At (8 kHz - 50 kHz)  pulse repetition rates the pulse energy is limited by bistable 

amplification and for the higher than 50 kHz pulse repetition rates the pulse energy is 

limited due to limited average power which accordingly is limited by thermal-lens effect 

in the gain medium. 

 
Fig.30 The maximum pulse energy of 25 round trips amplifier cavity dependence on pulse repetition rate. 

 

Ultrafast pulse characterization in the time domain 

Techniques for the complete measurement of ultrashort laser pulses are now 

well established. The most popular and simple way to characterize a pulse is the 
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measurement of autocorrelation function and the spectrum of a pulse. However this does 

not provide sufficient information for the complete characterization of the bandwidth 

non-limited pulses. Frequency resolved optical gating (FROG) [91], its modifications X-

FROG [92] and GRENOUILLE, and spectral phase interferometry for direct electric-

field reconstruction (SPIDER) are powerful techniques that precisely determine the pulse 

shape and phase information of a short pulse, which can not be obtained through 

autocorrelation. Although these methods can provide full amplitude and phase 

information they suffer either from phase ambiguity, complicated interferometric optical 

layout or sophisticated mathematical algorithms for processing of a signal. Alignment of 

modern chirped pulse amplification (CPA) systems requires straightforward and evident 

methods for ultrashort pulse measurement, which could provide truthful directions for 

optimization of pulse width. In this paper we present a novel method for characterization 

of ultrashort pulses with improved spectral resolution and extremely simple and 

straightforward data acquisition with no ambiguities. The new method differs from 

FROG in a way that spectral processing of a pulse is performed before non-linear 

interaction and spectral resolution is determined by the dispersion of a spectral 

instrument and is not influenced by the bandwidth of the pulse itself.  

We used the new method for characterization of a Yb:KGW based 

femtosecond system which incorporates a transmission grating based stretcher and 

compressor in a traditional chirped pulse amplification (CPA) scheme. The setup of the 

experiment is schematically depicted in Fig.31.  

 
Fig.31. The optical scheme of the device for characterization of ultra-short pulses in the time domain. 

Inset shows in more details the interaction of the pulses in nonlinear medium. SF – represents BBO 

crystal for sum frequency generation, SH represents BBO crystal for second harmonic generation, 3H 

filter represents third harmonic filter. 
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The pulse under investigation from the laser is divided by a 10/90 beam 

splitter, 90% of light goes for the second harmonic generation as a probe pulse and 10% 

of light goes to the prism as a test pulse. In order to clean the probe pulse we generated 

the second harmonic using much lower than saturation intensity. An autocorrelation 

trace and the spectrum of the probe pulse are shown in Fig.32(a,b). For comparison, 

time-bandwidth product of the fundamental pulse was ∆ν∆τ=0.81 and for the second 

harmonic pulse was ∆ν∆τ =0.58.  

 
Fig.32. Autocorrelation function (a) and spectrum (b) of the second harmonics pulse used as a probe. The 

pulse duration was calculated using Gaussian fit, ∆ν∆τ=0.58. 

 

The remaining 10% of the pulse passes a Brewster type prism made of SF10 

glass to achieve angular dispersion. The both pulses are combined in a thin nonlinear 

crystal for noncollinear sum frequency generation. The crystal is positioned in the focal 

plane of a cylindrical lens. We used a 1mm thick BBO crystal (θ=30deg), which 

provides sufficiently wide acceptance bandwith. λ/2 waveplate rotates the polarization of 

the pulse for Type-2 interaction.It is well known that after a dispersing prism the pulse 

acquires group velocity dispersion intrinsic for tilted pulses [93]. This effect slightly 

influences the result of the measurement, however, in practical CPA systems the group 

velocity dispersion can be simply compensated by detuning the compressor length. The 

dispersed first harmonic pulse and the second harmonic probe pulse are combined in the 

BBO crystal at about 10deg angle in the plane perpendicular to the plane of Fig.31 (see 

inset of Fig.31). Such a scheme allows single shot pulse characterization similarly to 

single shot autocorrelator [94] with added frequency resolution. A CCD camera behind 

the UV filter detects the sum frequency (third harmonic) image. Time scale is on the 

vertical axis of the image and frequency on the horizontal axis. A typical spectrally 
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resolved correlation image of the optical pulse is shown in Fig.33. The autocorrelation 

function and the spectrum of the same pulse is shown in Fig.34 (a,b). The gray line in 

Fig.34 indicates relative delay for different spectral components. This line was obtained 

by finding analog of the center of mass in each column of image matrix. Oscillations of 

this line show the presence of uncompensated high order dispersion (higher than 3-rd 

and 4-th order).  

 
Fig.33. The typical spectrally resolved correlation image of an optical pulse.  

 

The autocorrelation function and spectrum of the pulse is shown in 

Fig.35(a,b). The gray line indicates relative delay for different spectral components and 

the contour line shows half maximum level. 

 
Fig.34. The autocorrelation function (a) and spectrum (b) of an optical pulse used for the demonstration 

of the new method (Fig.31). 

 

We attributed this dispersion to imperfections of the surface quality of an 

acylindrical lens used in the stretcher. We measured these imperfections of the 

acylindrical lens using another technique too. 

To demonstrate possibilities of the method we misaligned the stretcher and the 

compressor of the CPA system in such a way that third order (Fig.35a) or second order 
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dispersion (Fig.35b) dominated. It is interesting to note that the shown images were 

obtained without any sophisticated mathematical processing.  

 

 
Fig.35. The spectrally resolved correlation image of the optical pulse with the strong third order 

dispersion chirp (a) and the second order dispersion chirp (b). The gray line indicates relative delay for 

different spectral components, and the black contour line shows half maximum level. 

 

An interesting and distinguishing feature of the new method is enhanced 

spectral resolution. When two pulses, test and probe, interact in a nonlinear medium, the 

test pulse is spectrally resolved with a resolution defined by the resolution of a spectral 

instrument and the bandwidth of the probe pulse could not influence spectral resolution. 

In the case of FROG or XFROG the spectral resolution is blurred by the bandwidth or a 

pulse itself of by the bandwidth of a probe pulse and only phase and amplitude retrieval 

algorithms help to get complete information about a pulse. 

The amplified pulse was compresed down to 148 fs (see Fig.36) after the 

replacment of problematic acilindrical lens into new one with a more uniform spherical 

surface and optimization of the stretcher. 

 
Fig.36. The Autocorelation function. 
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Conclusions 
 

 

• On the basis of thermal-lens and nonlinear Kerr medium effect on the stability of 

the resonator study results we have demonstrated a Kerr lens mode-locked diode 

pumped Yb:KGW oscillator that generates 31 fs pulses. To our knowledge, this is 

the shortest pulse obtained from the laser based on ytterbium doped bulk gain 

medium. 

• The study and optimization of cavity configuration, length, orientation and doping 

level of the gain medium has allowed to demonstrate that the gain bandwidth of 

the Yb:KGW regenerative amplifier is sufficient to support the amplification of 

the 150 fs pulses. 

• Information obtained by the new design single shot autocorrelator with a 

spectrical resolution doesn’t need complex algorithm to be unambiguously 

interpreted and is easy to use for optimization of CPA stretcher and compressor. 

• It was experimentally demonstrated the amplification and reconstruction of a 15 

ps pulse after stretching to 200 ps in the tilted pulse amplification (TPA) scheme. 

It has be found, that aberrations of focusing system can significantly distort the 

reconstructed pulse. A gain factor of 4.5 in a two-pass end pumped Nd:YAG 

amplifier has been achieved using quasi-CW pump and CW 15 ps pulse train as 

the seed. Similar gain factors with CW pump can only be achieved with proper 

management of thermal lensing in the amplifier medium. 

• The diode pumped Yb:KGW femstosecond laser system consisting of a Kerr lens 

mode locked oscillator and the regenerative amplifier has been demonstrated for 

pumping of the optical parametric amplifiers, two-photon polymerization, 

generation of terahertz radiation and micro-processing of different materials. 
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