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Abstract 
 

 

Ultrashort-pulse fiber laser systems, which offer, due to their high peak 

pulse intensity in combination with high pulse frequencies (repetition rate), an 

innovative technology of nonlinear interaction with materials, help to fabricate 

components with unprecedented quality, precision and speed. Also due to the 

short pulse duration, laser energy can be introduced into the material in a shorter 

time than heat transfer occurs, which thus prevents thermal damage to the part. It 

is not surprising that industrial laser systems with a sub-nanosecond pulse length 

are widely used in the markets of precision processing, medical devices and in 

many other applications. The most critical component of such systems is the seed 

laser source. To date, the existing devices in the commercial market do not fully 

satisfy the industrial requirements.  

In this thesis I describe a new concept for the generation of ultrashort laser 

pulses using an all-passive, fiber-ring, mode-locked laser with at least two passive 

spectral filters incorporated. Also presented is a full theoretical model of the 

operation of the laser. I report on the development and the comprehensive 

characterization of a fully optimized laser configuration, finding excellent 

agreement of the theoretical model and the experimental results. Various practical 

configurations and their application were demonstrated. During the period of the 

project, a fully commercially developed laser scheme was implemented in a variety 

of IPG Photonics picosecond and femtosecond laser systems. 
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Overview 
 

This thesis is organized as follows.  

In chapter 1, an overview of all the essential components and techniques 

as well as the basic physics and technology required for describe and understand 

the construction and characterization of this new laser concept are presented.  

Chapter 2 then contains a brief analysis of existing technologies of 

femtosecond laser sources and discusses major advantages and disadvantages 

of different laser configurations. 

Chapter 3 is devoted to the description and explanation of the concept of 

the new “Cross Filter” (CF) mode locking technique. This Chapter also describes 

the configuration and performance of the CF assembled for initial investigation. 

Additionally, the startup technique and conditions are discussed. 

In Chapter 4 a comprehensive theoretical model of the laser is provided. 

The basic parameters of the algorithm providing stable, reproducible results of 

laser operation are reported. Also demonstrated is very good correlation of 

simulation results and experimental performance. 

Chapter 5 Experimentally reports the versatility of the oscillator, 

demonstrating transform limited (TL) operation and femtosecond pulse shaping on 

demand. The control of the outputs was also demonstrated with the use of the 

booster-amplifier and the optimal results are presented. 

Chapter 6 contains conclusions and the major results of this project.   
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1 Introduction  

 

Before proceeding directly to the description of the subject of this study it 

is necessary to briefly describe the physical effects, which lie at the basis of the 

operation of the laser system that has been developed.  

To fully understand the operation of the laser, it is absolutely necessary to 

develop a relatively comprehensive mathematical model of the laser while the 

experimental results generated provide a clearer understanding of the processes 

involved and allow possible improvements and future developments to be 

suggested. However, in order to have a basic understanding of the experimental 

laser and the associated processes it is important that the principles of operation 

and the basics of the main optical components used in the laser system are briefly 

described. Also, knowledge of the structure and principles of operation of the 

various optical components are extremely important both for modeling and for 

understanding the results of experiments. 

 

The basic physical principles and effects considered in this work 

are: 

 

1. Propagation of light in a transparent dielectric medium. 

2. Light propagation in a glass light waveguide. 

3. Nonlinear interaction of light within the propagation medium, 

including 

4. Kerr effect, self-phase modulation (SPM), cross-phase modulation 

(XPM), four wave mixing (FWM), stimulated Raman scattering 

(SRS) and stimulated Brillouin scattering. 

5. Amplification of radiation in a rare earth doped fiber amplifier. 
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1.1 Propagation of light in a transparent homogeneous dielectric 

medium. 

  

A transparent dielectric medium is characterized by the parameters such 

as the optical loss, the refractive index and refractive index dispersion. Silica glass 

is the basis of the most widely deployed fiber optic light waveguides.  For silica 

glass used in telecommunication optical fibers at present the achieved 

experimental losses have almost reached the theoretical limit set by the purity of 

the material.  

The passive losses are mainly determined by two physical effects. 

Rayleigh scattering through fluctuations of the glass density is responsible for the 

loss in the short-wavelength region of the spectrum, while multi-

phonon absorption limits transmission in the long-wavelength region of the 

spectrum. In the region of the minimum optical loss around 1.55 μm, used in 

telecommunications, the overall loss reaches a value of less than 0.17 dB / km. 

In the spectral range of operation of the laser described in this work, around 

1 micron, the loss is typically about 1 - 2 dB / kilometer and determined mainly by 

the Rayleigh scattering in the glass, see Figure 1.1 

  

 

Figure 1-1 Representative loss spectrum of silica fiber highlighting the principal contributions. 

Loss, dB/km 

λ, µm 
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The dispersion of the refractive index is due to the dependence 

of the absolute refractive index on the frequency of the light, or similarly the 

dependence of the phase velocity of light on frequency. As a rule, for the more 

"red" or for the longer wavelength part of the light, then the propagation velocity in 

the medium is a maximum and the refraction is a minimum, while for the "blue" or 

short wavelength part of the spectrum, the propagation velocity is a minimum, and 

the index refraction is maximal.  Such a case is referred to as “normal” dispersion. 

In our laser systems, normal light dispersion takes place in silica glass at the 

operational wavelength around 1 micron. 

The dispersion parameters are most conveniently expressed in terms of 

the propagation constant of light in a fiber. 

 

                                                  𝛽 = 𝑛
𝜔

𝑐
     , where n is the refractive index. 

  

Since n also depends on the frequency, then 

  

𝛽(𝜔) = 𝑛(𝜔)
𝜔

𝑐
 

This expression can be expanded in a Taylor series in the region of the 

operating wavelength. 

  

β(ω) = 𝛽0 + 𝛽1(𝜔 − 𝜔0) +
1

2
𝛽2(𝜔 − 𝜔0)2 + ⋯,   

 

In this case, 𝛽1 will determine the group velocity of the propagating pulse 

and 𝛽2 is responsible for the second-order dispersion, also called the group 

velocity dispersion. 
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It is the sign 𝛽2 that determines the type of dispersion. If the sign of 𝛽2 is 

positive, then the dispersion will be positive (normal), if negative, then anomalous 

[Agr08]. 

 

 

 

1.2  The propagation of light in a fiber light waveguide. 

  

A fiber waveguide is most commonly a thin rod of circular cross-section 

with a refractive index profile varying over the cross-section of the fiber [San02].  A 

typical profile is a step-index. The principle of guiding light by total internal 

reflection, which underpins the operation of optical fibers, was initially 

demonstrated in a water fountain by Daniel Colladon in 1842 [Col42]. Due to the 

fact that the inner part of the fiber, the core, has a higher refractive index of light 

than the outer cladding, light introduced into the core with an angle less than the 

angle ϕ (see Fig.1.2) will propagate through the fiber, practically without loss, due 

to the effect of total internal reflection at the boundary of the refractive indices 

[Agr08]. 

 

                                

where  𝜑 = sin−1 𝑛2

𝑛1
 

 

Figure 1-2 Schematic of the transmission of light in an optical fiber due to total internal reflection and 
the acceptance angle. 
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For a small difference in 𝑛1 and 𝑛2 , as  typically takes place then,  

                 

𝜑 ≅  𝑛0 sin 𝜑 = 𝑁𝐴 =
1

𝑛0
√(𝑛1

2 − 𝑛2
2)    

 

NA is the numerical aperture of the fiber and 𝑛0  is the refractive index of 

the medium surrounding the fiber [Sal07], which is most commonly air and so 

 𝑛0 = 1 

When light propagates along the fiber core, multi-beam interference 

occurs, which creates an interference pattern inside the fiber that corresponds to 

positive interference. The pattern can be divided into mode states, the so-called 

eigenstates of the waveguide field, which are stationary in the cross section. The 

number of modes in the fiber is approximately equal to the  
𝑉2 

2
 were V   is so-could 

V-parameter of the fiber. 

 

𝑉 =
2𝜋

𝜆
𝑎√(𝑛1

2 − 𝑛2
2) 

 

Where a is a radius of the core and 𝜆 is wavelength of propagating 

radiation. 

  

If V <2.404, then only one transverse mode propagates in the fiber. Such 

a fiber is called a single-mode fiber. In all the laser systems described in this 

thesis, only single-mode fibers were deployed [Glo71].   

Figure 1.3 shows an example of a fundamental mode fiber cross-section 

field distribution in a standard step-index fiber.  
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       Figure 1-3 Fundamental mode fiber cross-section field distribution in a standard step-index fiber. 
Red - mode shape, Blue – fiber core shape, Green – FWHM. 

 

 

The geometry of the waveguide also contributes to the dispersion 

characteristics of the fiber. This additional dispersion contribution is called 

waveguide dispersion and is added to the normal fiber material dispersion. As a 

result we deal with an effective overall dispersion. A short pulse of light propagating 

in a fiber receives a so-called frequency chirp as a result of the dispersion of the 

group velocities in the fiber, which usually leads to temporal dispersive broadening 

of the pulse.  

1.3 Nonlinear interaction of light with the propagation medium. 

Light is an electromagnetic field that creates an induced polarization in 

a medium. The interaction of a field with a medium is most fully described by 

Maxwell's equations. In the case of a transparent dielectric media such as silica 

glass, in which there are no free charges, the Maxwell system of equations is 

simplified to: 

 

 

∇2𝐸 = −
1

𝑐

𝜕2𝐸

𝜕𝑡2
− 𝜇0

𝜕2𝑃

𝜕𝑡2
 

  

40 20 20 40
Radius , m
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0.4

0.6

0.8
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1.2

1.4

Core Cladding RI difference ,10 3 and LP01 Field

Radius, µm 

 



22 
 

where P is the polarization of the medium depending on the applied field, 

c is the speed of light and  𝜇0 is vacuum permeability.  In general, polarization can 

be written as: 

 

𝑃(𝐸) = 𝜀0(𝜒1𝐸 + 𝜒2𝐸𝐸 + 𝜒3𝐸𝐸𝐸 + ⋯ 

  

Where the first term 𝜒1 is the linear polarization response to the applied 

field and determines the refractive index of the medium (as well as attenuation and 

gain in the case of a complex value of this parameter). 

 

The second term determines the non-linear second-order effects and is 

observed only in the centro-asymmetrical materials (in fact it is the 

induced birefringence and in the case of a static field it is responsible for the 

Pockels effect). When light interacts with such a medium, effects such as the 

generation of second harmonic, sum and difference frequencies take place. In the 

case of silica glass, because of the symmetry of the medium, this term can be 

neglected. 

The third term determines the change in the refractive index due to the 

intensity of the radiation, the so-called Kerr effect or Kerr nonlinearity. 

 

𝑛(𝜔, |𝐸|2) = 𝑛(𝜔) + 𝑛2|𝐸|2 

 

1.3.1 Self-Phase Modulation and Cross-Phase Modulation 

 

For short, high-power pulses the Kerr nonlinearity leads to two main effects. 

The so-called effect of self- phase modulation (SPM) when a pulse of light 

acts on itself nonlinearly and cross-phase modulation (XPM) when the nonlinear 
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effect is created by another powerful pulse overlapping in space with 

the investigated one. 

 

For SPM, the nonlinear phase shift can be written as:- 

 

𝜓𝑛𝑙 = 𝑛2𝑘0𝐿𝐼(𝑡) 

  

Where  𝑛2 is the nonlinear refractive index, 𝑘0 is the wavevector, L the 

interaction length and I(t) the intensity profile of the incident laser pulse .  

This effect was first observed in optical fibers in 1978 [Sto78] 

The effect of SPM is shown on Fig.1.4 

 

 

Figure 1-4 A picosecond Gaussian pulse and associated self-phase modulation SPM induced frequency 
chirp across the pulse. 

 

Since this nonlinear effect introduces phase changes along the pulse and 

leads to a change and the appearance of new frequencies, this is in fact equivalent 

to spectral broadening of the pulse (see Fig. 1.5). 
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Figure 1-5 Sample of spectrally broadened Gaussian pulse due to SPM effect. Silica fiber 1m, 6.5µ 
MDF, λ=1025 nm, Pin=5nJ, Tin=1pS. 
 

 

1.3.2 Four wave Mixing 

Four wave mixing is a special case of Kerr nonlinearity, a parametric effect 

which takes place in the case of the presence of two pump wavelengths in the 

fiber, which generate two other wavelengths during nonlinear interaction (see 

Fig.1.6) 

 

𝜔1 + 𝜔2 = 𝜔3 + 𝜔4 

 

 

 

 

 

𝜔3    𝜔1    𝜔2   𝜔4 

 

 

In our work, this effect was neglected and not observed as the efficiency of 

four wave mixing significantly reduces through using short duration broadband 

pump pulses. 

Figure 1-6 Schematic of the process of four wave mixing with two pump frequencies and  generating 

two new frequencies and , the signal and the idler 

Power, µW 

Frequency, Hz 
µW 
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The simplest way to understand the effect is purely mathematically, at 

the peaks of positive interference, the Kerr effect takes place and 

thus self- phase modulation which changes the shape of the quasi pulse (see 

Figure 1.7)             

In the case of a Fourier transformation, this is equivalent to the formation 

of harmonics with frequencies                                                     

𝜔3 = 𝜔1 − ∆𝜔   and   𝜔4 = 𝜔2 + ∆𝜔    where    ∆𝜔 = 𝜔2 − 𝜔1 

E1+E2 = cos 𝜔1𝑡 + cos 𝜔2𝑡 

 

 

cos ∆𝜔𝑡/2 ∗ cos(𝜔1 + 𝜔2)𝑡 /2 

 

 

 

(cos ∆𝜔𝑡/2)2 

 

                            Figure 1-7 Simulation of the process of four wave mixing. Red is nonlinear distortion. 
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The FWM effect in optical fiber was first observed in 1974 [Sto74] 

In high-power CW fiber lasers, where there are a large number of cavity 

longitudinal modes, the four-wave mixing effect plays a dominant role in 

broadening the laser radiation spectrum. 

In our case of a pulsed laser with ultrashort pulses, the spectrum is 

continuous, physical longitudinal modes are absent, and the effect can be 

neglected. 

 

1.3.3 Stimulated Raman scattering.  

 

In contrast to the above effects, in the case of Raman scattering [Ram28], 

the light interacts not with the electron cloud’s induced dipoles, but with the dipoles 

of the atomic or molecular vibrations in a medium. Raman scattering of light is 

scattering by the optical phonons of the medium.  Optical phonons are vibrations 

of atoms in a lattice or in a molecule in which neighboring atoms always move in 

opposite directions like weights on springs, in contrast to Brillouin scattering by 

acoustic phonons, in which a neighboring atom always moves in one direction. 

Vibrations of atoms create an oscillating dipole moment (or we can talk 

about oscillations of the refractive index) which interacts with the radiation 

field and leads to the formation of a new field with a frequency equal to  

 

𝜔1 = 𝜔0 − 𝜔𝑅 

 

The difference energy is transferred to the thermal vibrations of the 

medium. 

If two beams, a pump beam and a signal beam, are launched into the fiber, 

so that the signal beam will be amplified due to the transfer of energy from the 

pump with the exchange of a part of the energy for the excitation of optical 

phonons. 
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𝐾𝑎 = 𝑒𝑝𝐾𝑅𝑙 

 

Where     p is the pump power density 

                 𝐾𝑅 is the Raman coefficient  

                 l is the interaction length  

The Raman gain spectrum for silica is shown in Fig1.8 [Hol02] 

 

 

Figure 1-8 Normalized Raman gain in silica glass. 
 

 

SRS was first observed in optical fiber in 1972 [Sto72].  

Raman amplifiers are widely used in telecommunications [Isl02] and for 

conversion of laser sources to other wavelength [Sto72]. 

The results of our simulations and experiments, which will be described 

below, show that SRS, although insignificant, affects the spectral characteristics 

of our laser, mainly on the tail of the long-wavelength part of the laser pulse 

spectrum. The Raman Effect is taken account of in our model. 

 

______ Parallel Polarized 

………. Orthogonal Polarized 
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1.3.4 Brillouin scattering. 

 

As mentioned earlier, Brillouin scattering is the scattering by acoustic 

phonons. Stimulated scattering is the case of effective backscattering from an 

acoustic traveling wave (coherent Bragg scattering) in which the frequency of the 

scattered backward wave obeys the Doppler Effect. 

 

𝜔1 = 𝜔0 − 𝜔𝐵 

 

 Where  𝜔𝐵 =
2𝜋𝑉𝑆

𝑐
   and 𝑉𝑆 is the speed of sound in the medium. The 

Brillouin frequency shift  𝜔𝐵  is typically 10-20 GHz with less than 100 MHz 

bandwidth [Agr08].  SBS is a very important effect for very narrow laser lines and 

extended interaction lengths (long fibers) however, within the context of the short 

pulse, broad bandwidth lasers developed and reported in this thesis, the effect is 

negligible. 

 

1.4 Amplification of light in a fiber. 

 

Fiber light amplifiers are usually doped fiber amplifiers. It is based on the 

stimulated emission effect. Typically, the gain medium is a glass fiber doped with 

rare earth ions such as Er, Yb, Tm, and others [Sni61b]. The first fiber amplifier 

was demonstrated by C.J.Koester and E.Snitzer in1964 [Koe64]. 

Fiber amplifiers were not in demand until the second half of the eighties 

when erbium-based amplifiers became key components of the booming 

telecommunications industry [Mea87] and the demonstration that they could be 

efficiently pumped by semiconductor diode lasers. 

The next fundamental leap forward in fiber amplifier applications came in 

the early nineties when ytterbium-doped fiber amplifiers became the backbone of 

the entire fiber laser industry and has dominated the laser market ever since 
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[Han88]. For pumping amplifiers, as a rule, semiconductor diodes with a fiber 

output are used. In high-power laser systems, pumping is carried out by high-

power multimode laser diodes using various variations of the so-called double-clad 

technology [Sni88]. 

In the practical schemes described in this thesis, for amplification in the 

region of one micron, we use fibers doped with Yb3+ ions and pumped by a 

semiconductor diode at a wavelength of 960 nm. The energy level diagram of the 

Yb3+ ions is shown in Figure 1.9 

 

 

Figure 1-9 Schematic of the energy level scheme of the Yb3+ ion, showing the excitation (absorption) 
and emission processes. 

 

 

The transitions occur between two levels with strong Stark splitting. Due to 

the fact that there are many Stark sublevels which are closely spaced, the 

transitions turn out to be very broad spectrally and practically uniformly broadened. 

Under the action of pumping due to the absorption of radiation at a 

wavelength of 960 nm, ytterbium exhibits transitions from the lowest sublevel of 

the lower level (F7/2) to the upper sublevels of the upper energy level (F5/2). Further, 

due to the thermal interaction, rapid thermalization takes place within the upper 

960 nm 1030 nm 
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sublevels of the upper level, relaxing rapidly to the lower sublevel of the upper 

manifold in times of the order of a picosecond. The lifetime of the excited state of 

the upper metastable energy level in silica glass is on the order of 1 millisecond. 

When a signal with a wavelength falling into the amplification band passes 

through the excited medium, ytterbium ions pass from the upper metastable level 

to the lower level with energy transfer in the form of radiation at the signal 

wavelength. Thus, the signal emission in the fiber amplifier is amplified. 

∆𝐼𝑠 = 𝐼𝑠(𝑔𝑒𝑛2 − 𝑔𝑎𝑛1)∆𝐿, or 

𝐼𝑠 = 𝐼𝑠0𝑒(𝑔𝑒𝑁2−𝑔𝑎𝑁1)𝐿/𝑆 ,  

Where  𝑔𝑒 – emission cross-section  

𝑔𝑎 – absorption cross-section  

𝑛2 – upper level population density  

𝑛1 – lower level population density 

L –length of fiber 

S – fiber core cross-section  

N1 - total number of Yb ions on the lower level 

N2 - total number of Yb ions on the upper level 

The emission cross-section and absorption cross-section in SiP fiber is shown in 

Fig.1.10 

Figure 1-10 Emission and absorption cross-section in our Yb-doped SiP core fiber. 
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1.5 Optical fibers 

In our experiments to be described later, we used polarization-maintaining 

fibers (PANDA type). 

In a conventional single-mode fiber with a circular cross-section of the core 

and an axisymmetric distribution of the refractive index, two orthogonally polarized 

modes 𝐻𝐸11  propagate, which are usually denoted 𝐻𝐸𝑥11 and 𝐻𝐸𝑦11. When one 

of these modes is introduced into the fiber, the state of its polarization changes 

due to the transformation into an orthogonal mode under the influence of external 

factors: pressure, temperature, vibrations, etc. Therefore, optical fibers exhibit 

birefringence as the two polarisation axis modes have different propagation 

constants [Pas08]. Consequently, linearly polarized radiation becomes elliptically 

polarized. The transfer of light energy from one mode to another is due to the fact 

that they are degenerate, that is, their propagation constants βх and βу are the 

same. The state of polarization of the radiation can be preserved if the symmetry 

of the shape or refractive index of the core is broken. In this case, βх and βу will 

differ, limiting the degree of transformation of orthogonal modes. Optical fibers of 

this type are called anisotropic single-mode fibers. Geometric anisotropy is created 

by the transformation of the round shape of the core into an elliptical one, and the 

anisotropy of the refractive index is generally provided by the orthogonal 

orientation of stresses when using materials with different coefficients of thermal 

expansion. 

  The mode birefringence B, is a measure of the anisotropy of such a fiber: 

В = (βх - βу)/(2π/λ)   Is the birefringence   B = Bx -By = 2(nx-ny)  

But BL = 2     from which   (nx-ny) = /L  

Which is calculated on the basis of measuring the beat length (Lb) of 

orthogonal modes (the length at which the phase incursion of the polarization 

modes is 2π).   

B = λ / Lb.  

The shorter the beat length, the greater the birefringence and therefore the 

less the coupling between the polarization modes. The fraction of the power of 
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linearly polarized radiation Px introduced into the fiber, which has passed into the 

orthogonal (parasitic) mode Py, is characterized by the attenuation coefficient η:   

η = 10 log (Py / Px) = 10 log (hL)  

Where h is the degree of conservation of polarization of the radiation, L is 

the length of the fiber. It follows from this equation that:  

h = (Py / Px)/L 

An optical fiber of the "PANDA" type is a special optical fiber that preserves 

the polarization of the polarized radiation introduced into it due to high 

birefringence (BR). In PANDA type fibers, birefringence occurs due to the stress 

anisotropy caused by the structure of the fiber, in particular, through "stressing" 

elements made of borosilicate glass. A photograph of the end of a typical "PANDA" 

type optical fiber is shown in Fig.1.11 

 

 

Figure 1-11 Photograph of the cross-section of a “PANDA” type optical fiber where: 1 - core, 2 - 
fluorosilicate shell, 3 - stressing element, 4 - technological quartz shell, 5 - primary polymer coating, 6 - 
secondary polymer coating. 

 

http://www.volokno-optic.com/wp-content/uploads/2013/07/%D0%91%D1%83%D1%84%D0%B5%D1%80-%D0%BE%D0%B1%D0%BC%D0%B5%D0%BD%D0%B001.jpg
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The fiber consists of a round core formed by pure silica glass or 

germanium-silica glass. The core is surrounded by a reflective depressed shell of 

fluorosilicate glass deposited inside the support tube by MCVD. 

The typical parameters of optical fibers of the PANDA type are :- 

• Losses are ≤ 3 dB / km at λ = 1.06 μm, 

• Runout (beat) length ≤ 1.5 mm at λ = 1.06 μm, 

• Value of coupling of polarization modes (h-parameter)  (6 ÷ 8) × 10−6 𝑚−1 

The use of polarization-maintained fiber in our laser avoids the parasitic 

effect of polarization mode dispersion. Unlike conventional chromatic dispersion, 

PMD is very difficult to compensate for. 

 

1.6 Fiber Optic Isolator 

 

The fiber optic coupled optical isolator is a key element in the systems 

incorporating a fiber optic amplifier. An isolator is actually a unidirectional valve 

that allows light to pass through in one direction and blocks its propagation in the 

opposite direction, the operation of which is based on the magneto-optical Faraday 

Effect. 

In 1842, Faraday discovered that the plane of polarization of radiation 

rotates as it propagates through optically inactive substances that are in a 

magnetic field [Far48]. The direction of rotation depends on the direction of the 

magnetic field and does not depend on the direction of propagation of light. 

Optically inactive substances under the action of an external magnetic field acquire 

the ability to rotate the plane of polarization of linearly polarized light propagating 

along the direction of the field and optical materials become optically active. The 

angle of rotation of the plane of polarization θ is proportional to the thickness of the 

substance layer through which the linearly polarized monochromatic radiation L 

[cm] passes and the strength of the external longitudinal constant magnetic field 

H, the Verdet constant V [min / Oersted · cm]. 
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 θ = L x H x V 

The structure of the optical isolator includes an input polarizer, a Faraday 

cell with a magnet, and an output polarizer.  

 

1.6.1 Polarization-dependent isolators (LP) 

 

The construction of a polarization-dependent isolator is shown in the upper 

figure of Fig. 1.12. For forward propagation of light let us assume that the polarizer 

at the input transmits only radiation whose polarization plane is vertical, that is, the 

angle of rotation of the intensity vector E is equal to zero (0 °). Radiation, polarized 

or unpolarized, passing through the polarizer becomes linearly polarized. The 

Faraday cell will rotate the plane of polarization 45 ° clockwise, and light will exit 

the isolator through a polarizer that transmits light whose plane of polarization is 

rotated 45 °, relative to the plane of polarization of the input polarizer. In the 

backward propagation of light through an isolator, light will pass through the output 

polarizer, which transmits light with polarization rotated 45 ° relative to the plane 

of the input polarizer, then the light passes through the Faraday cell and the plane 

of polarization will rotate another 45 ° clockwise. Thus, the plane of polarization 

will be rotated by 90 ° relative to the transmission plane of the input polarizer. As 

a result, light will be reflected or absorbed. 

 

1.6.2 Polarization-independent isolators IS/PM) 

 

In this case, referring to the bottom figure of Fig.1.12, for forward 

propagation of light in a polarization-independent fiber-optic isolator, the input light 

is split into two beams using a birefringent crystal. The Faraday cell and half-wave 

plate ( SiO2) rotate the polarization of the light in each beam before they enter the 

second birefringent crystal, at the exit from which they combine into one beam. 

Light propagating in the opposite direction will hit the second birefringent crystal 

and will be split into two beams, the polarization of which will correspond to the 
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states of polarization in the beams propagating in the forward direction. The 

Faraday cell is a nonreciprocal optical element, so it will eliminate the polarization 

rotation that a half-wave plate introduces. When the light passes through the input 

birefringent crystal, the beams are diverged in such a way that they do not pass 

through the collimating lens and do not enter the optical fiber. 

 

Figure 1-12 Construction of our LP (linear polarized or polarization dependent) and IS/PM (isotropic 
state or polarization maintained) isolators. 

 

The typical parameters of the isolators are deployed in our laser systems 

are: 

Insertion loss 0.7-1.2 dB 

Return loss 28-38 dB in operation spectral range 

Pulse dispersion less than 50 fsec (chromatic) 
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1.7 Diode pumped amplifier  

In our laser systems that will be described later, we use Yb-doped fiber 

amplifiers pumped by multimode high power semiconductor laser diodes (SLD). 

The pump configuration is that of a double fiber, double-clad. This means that the 

two fibers are in optical contact and are both covered with the same reflective 

polymer cladding as in a standard double-clad pumping. One of the fibers is a 

multimode fiber through which the pump radiation is coupled into an amplifier, and 

the other is a fiber with an ytterbium-doped single-mode core Fig.1.13. 

When the pump from a high-power multimode diode enters the pump fiber, 

due to the optical contact, it penetrates into the doped fiber and is absorbed in the 

core. A common reflective cladding maintains the pump radiation inside the fiber 

along its entire length. 

The distribution of the amplification along its length significantly affects the 

parameters of the fiber laser. The key question is, does the amplifier induce 

nonlinearity of the propagating pulse or only effects the amplitude of the pulse with 

no penalty?  

In order to take this effect into account, a separate mathematical model of 

the amplifier operation was developed and its results are taken into account in the 

lasing model. 

Below you can see description of the amplifier model. 

 

 

                              Figure 1-13 Schematic of the double cladding pumping 

P

S

R
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1.8 Fiber amplifier pump and amplification model. 

We consider pumping of the upper, large fiber with diameter dp [m] using 

power Pp [Watt] at wavelength p [m] to amplify a signal in the core fiber of diameter 

ds [m] at wavelength s [m] along the length z [m]. The amplified signal has a 

spectral density Ps() with power 𝑃𝑠 = ∫ 𝑃𝑠(𝜆)𝑑𝜆 [Watt], The concentration of Yb 

doping nYb = ppm×6×1022 [m-3]. The intensities of the pump and signal are Ip=Pp/Ap 

and Is=Ps/As [W/m2], the photon flux Fp=Pp/hp/Ap [photons/m2s], where the area 

Ap=2rp
2, and Fs=Ps/hs/As, and where area As=rp

2. The area of pump is 2rp
2 

because the pump is distributed over two fibers and the photon energy hp=hc/ 

[Joule]. To have numbers in the equation small we multiply using the dopant 

concentrations Yp=Fp/nYb and Ys=Fs/nYb  [m/s]. The cross-sections of absorption 

and stimulated emission of the pump light are gp and ep and the absorption and 

stimulated emission are gs() and es() [m2]. It is more convenient in our 

calculations to use gain parameters agp=gpnYb, aep()=ep()nYb, ags=gsnYb, 

aes()=es()nYb [1/m].  

The dynamics in time and space are described as a solution of a partial 

differential equation, where ng and ne are the population of ground and exited 

states and ng+ne=1. The numbers cp and cs are group velocity of light in the media, 

and are not used in the case of stationary conditions. The ratio As/Ap appears 

because the pump power Pp is spread over area Ap but interact with dopant in an 

area As. Forward and backward pumping is 𝑃𝑝
± 

±
𝜕𝑃𝑝

±(𝑧, 𝑡)

𝜕𝑧
+

𝜕𝑃𝑝(𝜆, 𝑧, 𝑡)

𝑐𝑝 𝜕𝑡
=

𝐴𝑠

𝐴𝑝
(𝜎𝑒𝑝𝑛𝑒(𝑧, 𝑡) − 𝜎𝑔𝑝(𝜆)𝑛𝑔(𝜆, 𝑧, 𝑡)) 𝑛𝑌𝑏𝑃𝑝

±(𝑧, 𝑡) 

𝜕𝑃𝑠(𝑧, 𝑡)

𝜕𝑧
+

𝜕𝑃𝑠(𝜆, 𝑧, 𝑡)

𝑐𝑠 𝜕𝑡
= (𝜎𝑒𝑠𝑛𝑒(𝑧, 𝑡) − 𝜎𝑔𝑠(𝜆)𝑛𝑔(𝑧, 𝑡)) 𝑛𝑌𝑏𝑃𝑠(𝜆, 𝑧, 𝑡)

𝜕𝑛𝑒(𝑧, 𝑡)

𝜕𝑡
= (

𝜎𝑔𝑝

𝐴𝑝

𝑃𝑝
±(𝑧, 𝑡)

ℎ𝜈𝑝
+

𝜎𝑔𝑠

𝐴𝑠

𝑃𝑠(𝜆, 𝑧, 𝑡)

ℎ𝜈𝑠
) 𝑛𝑔(𝑧, 𝑡) − (

𝜎𝑒𝑝

𝐴𝑝

𝑃𝑝
±(𝑧, 𝑡)

ℎ𝜈𝑝
+

𝜎𝑒𝑠

𝐴𝑠

𝑃𝑠(𝜆, 𝑧, 𝑡)

ℎ𝜈𝑠
+

1

𝜏𝑓
) 𝑛𝑒(𝑧, 𝑡)

𝑛𝑔(𝑧, 𝑡) = 1 − 𝑛𝑒(𝑧, 𝑡)

 

In the case of stationary conditions when spatial profiles are stabilized 
𝜕

𝜕𝑡
=0 

we can rewrite these semi-explicit nonlinear differential equations in terms of 

normalized flux of photons. 
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±
𝑑𝑌𝑝

±(𝑧)

𝑑𝑧
=

𝐴𝑠

𝐴𝑝
(𝑎𝑒𝑝𝑛𝑒(𝑧) − 𝑎𝑔𝑝𝑛𝑔(𝑧)) 𝑌𝑝(𝑧) 

𝑑𝑌𝑠(𝜆,𝑧)

𝑑𝑧
= (𝑎𝑒𝑠(𝜆)𝑛𝑒(𝑧) − 𝑎𝑔𝑠(𝜆)𝑛𝑔(𝑧)) 𝑌𝑠(𝜆, 𝑧)

0 = (𝑎𝑔𝑝𝑌𝑝
±(𝑧) + ∫ 𝑎𝑔𝑠(𝜆)𝑌𝑠(𝜆, 𝑧)𝑑𝜆)𝑛𝑔(𝑧) − (𝑎𝑒𝑝𝑌𝑝

±(𝑧)(𝑧) + ∫ 𝑎𝑒𝑠(𝜆)𝑌𝑠(𝜆, 𝑧)𝑑𝜆 + 𝜏𝑓
−1)𝑛𝑒(𝑧)

0 = 1 − 𝑛𝑒(𝑧) − 𝑛𝑔(𝑧)

We can simplify these equations to an ordinary differential equation with two 

additional semi empirical filling parameters p and p  

±
𝑑𝑌𝑝

±(𝑧)

𝑑𝑧
= Γ𝑝[𝑎𝑒𝑝𝑛𝑒(𝑧) − 𝑎𝑔𝑝(1 − 𝑛𝑒(𝑧))]𝑌𝑝

±(𝑧) 

𝑑𝑌𝑠(𝜆,𝑧)

𝑑𝑧
= Γ𝑠[𝑎𝑒𝑠𝑛𝑒(𝑧) − 𝑎𝑔𝑠(1 − 𝑛𝑒(𝑧))]𝑌𝑠(𝜆, 𝑧)

𝑛𝑒(𝑧) =
𝑎𝑔𝑝𝑌𝑝

±(𝑧)+∫ 𝑎𝑔𝑠(𝜆)𝑌𝑠(𝜆,𝑧)𝑑𝜆

𝑎𝑔𝑝𝑌𝑝(𝑧)+∫ 𝑎𝑔𝑠(𝜆)𝑌𝑠(𝜆,𝑧)𝑑𝜆+𝑎𝑒𝑝𝑌𝑝
±(𝑧)+∫ 𝑎𝑒𝑠(𝜆)𝑌𝑠(𝜆,𝑧)𝑑𝜆+𝜏𝑓

−1

  

 In forward pumping we know 𝑌𝑝
±(0) > 0 and Ys(0) >0 and backward 

when 𝑌𝑝
±(𝐿) > 0 and Ys(0) >0 . We used a standard Runge-Kutta 4th order method 

(MATLAB “ode45”).  

The simulation results are shown in the Fig.1.14 below. The model contains 

exactly the parameters of the amplifier used in the laser. 

As you can see from the figure, the efficiency, the gain and the output 

power depend very little on the direction of pumping, however, such an important 

parameter as B-integral, 

𝐵(𝑧) = ∫
2𝜋𝑛2

𝜆𝜋𝑟2
max𝑡[𝐼(𝑡, 𝑧)]

𝑧

0

𝑑𝑧 

which determines the SPM efficiency, differs almost by a factor of 2 and in both 

cases is large enough to take into account the influence of the amplifier on the 

pulse formation in our main model .Results of modeling of amplification of the seed 

signal when pumping is in the direction opposite to that of the propagation are 

shown below in the right hand column of Fig. 1.14.(A) shows the dependence of 

pump (green) and amplified pulse (black) along the fiber. (B). Gain per meter (red) 

and accumulated nonlinear phase (blue) for 1 ps pulse. (C). Population on ground 

(red) and excited states (blue).    
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(A) 

(B) 

(C) 

Figure 1-14 Calculations Left and Right, Forward and backward pumping respectively, Bi-integrals were 
calculated for input pulse parameters are presenting in the laser under research. 
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1.9 Interference optical thin-film bandpass filters 

 

Interference optical bandpass filters are one of the key components used 

in the X-filters laser configuration, to be described later.  

Interference spectral filters are, in fact, Fabry - Perrot interferometers with 

a very small gap between parallel mirrors. 

A schematic representation of the design of the interference filter is shown 

in Fig.1.15 

 

 

Figure 1-15 One layer of thin-film interferometric filter. 
 

On a glass substrate are deposited sequentially (usually by vacuum 

sputtering): a mirror R with a high reflectance; a dielectric layer with a refractive 

index n of small thickness L (one - several radiation wavelengths for which this 

filter is designed), - and another mirror R, similar to the first. The result is a Fabry 

- Perrot etalon with a very small dielectric gap thickness. The combination of 

multiple such interferometers can produce almost any desirable transmission 

spectrum [Mar96]. We are using thin-film filters with about 300 layers which give 

us very narrow optical pass band with high suppression beyond the band   and, at 

the same time, very low optical losses within the band. 
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In spite of the very small thickness (less than 1 mm) due to multiple layers 

interference the filter can produce a phase shift on our signal that can destroy the 

pulse quality (coherence). Fig.1.16 

As a part of the development program, we measured the real phase shift 

induced by the applied filters. 

 

As can be seen within the transmission band, the phase shift for the second 

filter (that is used now in the laser) is much more flat than for the previous one. But 

in the computer model we still using actual data, even if the effect is small enough, 

for better compliance.  

Figure 1-16 Transmission, group delay and phase shift for two types of filters used in 
our system. 

GD ~ T GD ~ √𝑇 
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1.10 Ultrafast pulse measurements 

In the 1960s, laser pulse durations broke the nanosecond barrier and 

became shorter than even the fastest electronics could measure - hence the field 

of ultrashort laser pulse measurement was born, as new techniques were required 

in order to overcome the limits of electronics. 

In this work, we deal with laser pulses with durations from 10-15 psec to 40 

fsec. 

Various types of autocorrelation are used to measure the duration of such pulses. 

[Tre02] 

1.10.1  Autocorrelations 

The simplest way to measure a short pulse is by field autocorrelation at the 

photodetector. See Fig.1.17 Technically, the system is a two-arms Michelson 

interferometer in which the initial pulse is split into two beams that interfere with 

each other at the input of the photodetector. By continuously varying the length of 

one arm, you can extract the autocorrelation function of the pulse and so determine 

the pulse duration. 

 

Figure 1-17 Simple configuration of field autocorrelator. 
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1.10.2  Autocorrelation function of field 

The real electric field is practically impossible to measure, because of the 

fast oscillations ( ~10−15𝑠) 

ℰ(𝑡) ∝ 𝐸(𝑡) + 𝐸(𝑡)̅̅ ̅̅ ̅̅        (1) 

where 𝐸(𝑡) is the complex electric field, a mathematical construction, which 

is not physical and impossible to measure and 𝐸(𝑡)̅̅ ̅̅ ̅̅   is complex conjugate to  𝐸(𝑡). 

The Fourier transform of electric field is a complex function 

𝐸(𝑣) ∝ ∫ 𝐸(𝑡)𝑒−𝑖2𝜋𝑣𝑡𝑑𝑡
+∞

−∞
      (2) 

The power spectrum of the field,  

𝑆(𝑣) ∝ |𝐸(𝑣)|2        (3) 

where 𝑣 is defined for positive value, it is possible to measure.  

The intensity of light of two delayed replicas of pulses 

𝐼(𝑡, 𝜏) ∝ |𝐸(𝑡) + 𝐸(𝑡 − 𝜏)|2 = |𝐸(𝑡)|2+|𝐸(𝑡 − 𝜏)|2 + 2𝑅𝑒[𝐸(𝑡)𝐸(𝑡 − 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]  (4) 

Here an autocorrelation function of the field is not a constant part of 

integrated intensities, it is a function of delay time.  

𝐴(𝜏) ∝ ∫ 𝐸(𝑡)𝐸(𝑡 − 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅𝑑𝑡
+∞

−∞
      (5) 

The spectrum of the signal is the Fourier transform of an autocorrelation 

function (Weiner-Khinchin theorem) and autocorrelation function is the Fourier 

transform of the Spectrum 

𝑆(𝑣) ∝ ∫ 𝐴(𝜏)𝑒−𝑖2𝜋𝑣𝜏𝑑𝜏
+∞

−∞

𝐴(𝜏) ∝ ∫ 𝑆(𝑣)𝑒𝑖2𝜋𝑣𝜏𝑑𝑣
+∞

−∞

      (6) 

The Interferogram is a fully measured signal including a constant part and 

the autocorrelation function normalized on full intensity: 

𝐼𝑁𝑇(𝜏) ∝ 1 + 𝑅𝑒{∫ 𝐸(𝑡)𝐸(𝑡 − 𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅𝑑𝑡
+∞

−∞
}/𝐼 = 1 + 𝑅𝑒{𝐴(𝜏)/𝐴(0)}  (7) 
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Unfortunately, the direct autocorrelation field function adequately reflects 

the pulse width only for the case of a transform limited pulse. In real devices and 

experiments, a laser pulse propagates in a medium with nonzero chromatic 

dispersion, which leads to a significant broadening of the pulse with a constant 

spectrum. The autocorrelation of the field does not feel the influence of the phase 

incursion from the frequency and gives deliberately distorted values for the pulse 

duration and shape. 

 

1.10.3  Autocorrelation function of intensity 

 

In an intensity autocorrelator as shown in Figure 1.18, a beam splitter splits 

the incoming pulse into two pulses, which are focused and sent to a nonlinear 

crystal with χ (2) nonlinearity. Relative timing of the pulses, can be mechanically 

adjusted by means of a variable delay line (different types of delay lines are used, 

for example, rotating glass blocks or mirrors mounted on vibrating speakers). 

 

Figure 1-18 Typical intensity autocorrelation configuration. 
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If the arm lengths match, such that the pulses arrive simultaneously at the 

nonlinear crystal, the second harmonic is generated, which can be detected at the 

output of the device. If the relative delay is increased and the overlap of two pulses 

in the crystal decreases, the intensity of the second harmonic generation is 

weaker. 

The intensity of second harmonic generation of the two delayed fields is 

given by 

𝐸𝑆𝐻𝐺(𝑡, 𝜏) ∝ [𝐸1(𝑡) + 𝐸2(𝑡 − 𝜏)]2     (8) 

𝐼𝑆𝐻𝐺(𝑡, 𝜏) ∝ |[𝐸1(𝑡) + 𝐸2(𝑡 − 𝜏)]2|2 = |𝐸1(𝑡)2 + 2𝐸1(𝑡)𝐸2(𝑡 − 𝜏) + 𝐸2(𝑡 −

𝜏)2|2          (9) 

𝐼𝑆𝐻𝐺(𝑡, 𝜏) ∝

𝐸1(𝑡)2𝐸1(𝑡)2 + 2𝐸1(𝑡)2𝐸1(𝑡)𝐸2(𝑡 − 𝜏) + 𝐸1(𝑡)2𝐸1(𝑡 − 𝜏)2 +

2𝐸1(𝑡)𝐸2(𝑡 − 𝜏)𝐸1(𝑡)2 + 2𝐸1(𝑡)𝐸2(𝑡 − 𝜏)𝐸1(𝑡)𝐸2(𝑡 − 𝜏) + 2𝐸1(𝑡)𝐸2(𝑡 − 𝜏)𝐸2(𝑡 − 𝜏)2

𝐸2(𝑡 − 𝜏)2𝐸1(𝑡)2 + 2𝐸2(𝑡 − 𝜏)2𝐸1(𝑡)𝐸2(𝑡 − 𝜏) + 𝐸2(𝑡 − 𝜏)2𝐸1(𝑡 − 𝜏)2

          (10) 

There are 9 terms here, but not all of these terms are giving a contribution 

to the signal because SHG can be achieved only according to some specific 

selection rules depending on the direction of propagation of the fields, the type of 

SHG and the indexes of refraction for fundamental and second harmonic. Analysis 

of the selections rules can be found in textbooks [Agr08, Ahm88]. According to 

these rules, in some cases (non-collinear propagation SHG of type II crystal cut) 

the measured SHG intensity will be equal to the barred term of the Eq.10.  

𝐼𝑆𝐻𝐺(𝑡, 𝜏) ∝ 2𝐸1(𝑡)𝐸2(𝑡 − 𝜏)𝐸1(𝑡)𝐸2(𝑡 − 𝜏) ∝ 𝐼1(𝑡)𝐼2(𝑡 − 𝜏)  (11) 

If we measure the integrated intensity of SHG generation as a function of 

delay time we will get an autocorrelation function of the intensity, similar but 

different to the interferogram of Eq.7  

𝑨𝑪𝑭(𝝉) ∝ ∫ 𝑰(𝒕)𝑰(𝒕 − 𝝉)𝒅𝒕
+∞

−∞
 (12) 
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Because the intensity in the time domain depends not only on the spectrum 

of the pulse but also on the so called spectral phase, then this function is not equal 

to the Fourier transform of the spectrum as for the autocorrelation function in Eq.6 

 

1.10.4  Comparison of autocorrelation function of field and intensity 

for Transform Limited (TL) and linear chirped pulses 

Fig. 1.19 compares the results of modeling the measurement of pulses with 

the same spectra but different durations or shape in the time domain using field or 

intensity autocorrelations. In Fig.1.19 (left and right) the spectrum is the same but 

pulse on the right has a chirp (different frequencies have different speed of 

propagation as in normal media). We can see that the interferogram (or 

autocorrelation of field) cannot detect this distortion and in both cases are the 

same, but the autocorrelation of intensity is wider and the pulse duration can be 

calculated using this measurement, if and only if we know that pulse has a known 

phase distortion, in other words we can recalculate the value of a known phase 

distortion.  
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Figure 1-19 Gaussian pulse I(t)=exp(-t2/2) with Full Width Half Maximum 15 fs in the time domain 

(9fs). Left column is for a transform limited (TL) pulse (no phase distortion), right is for a pulse 

chirped with a linear phase distortion ()=(2 in the frequency domain. First row shows the spectra 

(black) and Group Delay Dispersion d()/dfor a chirped pulse. The second row is the intensity 
and the electric field strength (normalized on max). The third row is the interferograms (see formula 
7). The fourth row is the SHG non-collinear autocorrelation (see formula 12).  
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1.10.5  Comparison of autocorrelation function of field and intensity 

for spectrally and phase asymmetrical pulses 

In Fig.1.20 (left and right) the spectrum of the pulse is the same but the 

pulse on the right has a more complicated phase distortion. Here we can see that 

even the autocorrelation of intensity cannot determined even the sign of the time 

delay (it is symmetrical around zero delay time).  Both methods cannot measure 

time profiles of intensity in the time domain for even slightly complicated spectra 

and phase distortions. 

Figure 1-20  Left column is a TL pulse (no phase distortion), right is for a pulse with cubic chirp. The 

first row is the spectra (black) and the Group Delay Dispersion (d()/d (red). The second row is the 
intensity and the electric field strength (normalized on max). The third row is the interferograms (see 
formula 7). The forth row is the SHG non-collinear autocorrelation (see formula 12).  
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1.10.6  Examples of strongly distorted pulses 

 

In Fig. 1.21 we demonstrate pulses generated from the model of our laser 

(which will be described later in the text) in the spectral and time domains and their 

associated autocorrelation. In the first row we see the pulse generated by the laser. 

It is about 50 nm wide and heavily chirped, up to 5 ps pulse duration, with the 

autocorrelation only reflecting that the pulse is long, but have no information about 

the real shape of it in time domain. On the second row is the result of calculations 

in the case of a TL (no phase distortion) pulse with the same spectrum. We can 

see that the pulse is very short in time domain and exhibits pre and sub pulses. It 

is practically impossible to remove all phase distortion. In the best case we can 

remove the smoothest region and end up with the pulse presented on third row. 

Here the pulse has a very sharp front edge and a long tail, but the simple 

autocorrelation function cannot distinguish between the nose and the tail. In this 

particular case, the compression is very good. The intensity of the main fs portion 

of pulse is more than 1000 times intense and the autocorrelation looks as a 

scanning delta function across the long tail. If we can define a sign of the time 

delay we can use it for pulse characterization.  
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As we have seen in the previous examples, neither the autocorrelation of 

field nor intensity can measure the temporal profile of a light pulse in the case of 

an asymmetrical spectral shape and/or nonlinear phase distortion. To measure the 

time profile of a nontrivial light pulses different methods have necessarily been 

developed including: 

SPIDER (Spectral Phase Interferometry for Direct Electric-field 

Reconstruction) 

FROG (Frequency-Resolved Optical Gating)  

MIIPS (Multiphoton Intrapulse Interference Phase Scan)  

Figure 1-21 The pulse generated by our laser (model). The top row is the uncompensated pulse and its 
ACF, middle row the theoretical fully phase compensated pulse, bottom row pulse with compensation 
of smoothed phase distortion. Note: Uncompensated pulse picosecond pulse duration with linear 
rising and sharp end and some tail. Compensated pulse has long tail.  
 



51 
 

1.10.7  SPIDER 

SPIDER is an interferometric pulse measurement technique in the 

frequency domain based on spectral shearing interferometry in the frequency 

domain. The spectral shear is generated by sum-frequency mixing the test pulse 

(TP) with two different quasi-monochromatic frequencies derived by chirping a 

copy of the pulse (CP). See Fig. 1.22 [Wal98] 

The intensity of the interference pattern from two time-delayed spectrally 

sheared pulses can be written as 

𝑆(𝜔) = |𝐸(𝜔) + 𝐸(𝜔 − Ω)𝑒𝑖𝜔𝜏|
2

= 𝐼(𝜔) + 𝐼(𝜔 − Ω) +

2√𝐼(𝜔)𝐼(𝜔 − Ω)𝑐𝑜𝑠[𝜙(𝜔) − 𝜙(𝜔 − Ω) − 𝜔𝜏]   (13) 

 

 

Figure 1-22 Typical SPIDER configuration. 
 

Analyzing the phase of the oscillating cos function it is possible to extract 

the unknown spectral phase 𝜙(𝜔). But, this method requires extreme 

spectrometers with very high spectral resolution, very high energy of the pulse to 

be analyzed and overall is a very expensive and complex method, which can be 

afforded only by a handful of university laboratories. 
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1.10.8  FROG and MIIPS 

 

The FROG spectrogram is a graph of the intensity as a function of 

frequency ω and delay τ between two replicas of the pulse. See Fig.1.23 [Tre97] 

The measured signal can be generated using different nonlinear optical 

methods, and in the case of using non-collinear sum harmonic generation in type 

II SHG media can be written as  

𝐹𝑅𝑂𝐺(𝜔, 𝜏) = |∫ 𝐸(𝑡)𝐸(𝑡 − 𝜏)𝑒𝑖𝜔𝑡𝑑𝜔|
2
    (14) 

 

 

                            Figure 1-23 Typical FROG configuration. 
 

The MIIPS is a method that simultaneously measures (phase 

characterization), and compensates (phase correction) femtosecond laser pulses 

using an adaptive pulse shaper. See Fig.1.24 [Dan03] 

  

                           Figure 1-24 Typical MIIPS configuration.  
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The MIIPS trace is dependent on the SHG intensity as a function of 

frequency ω and applied calibrated phase distortions, in the simplest case an 

additional constant chirp c() = d2()/d 

𝑀𝐼𝐼𝑃𝑆(𝜔, 𝑐) = |∫ 𝐸′2(𝑡)𝑒𝑖𝜔𝑡𝑑𝜔|
2
,      (15) 

where 𝐸′(𝑡) = ∫ 𝐸(𝜔)𝑒−𝑖𝑐(𝜔−𝜔0)2 2⁄ 𝑒−𝑖𝜔𝑡𝑑𝜔    (16) 

Both the above methods are based on measuring sum frequency 

generation, but show very different methods of extraction/measuring the phase 

distortions. In the case of FROG, one must use a very complex and sophisticated 

mathematical algorithm, but in essence is a guess and probe of the spectra to 

reproduce the measured 3D surface of FROG, which is very sensitive to 

systematic and random noise of measurements and unreliable in the case complex 

spectra and/or phase distortions. In the case of MIIPS to extract phase one does 

not need any mathematical manipulation, it is a simple measurement line through 

the maximum of the 3D surface as a function of frequency. In rare cases when the 

extracted second derivative is too big and/or too complicated then using the same 

shaper which applied roughly compensates the pulse chirp and then the procedure 

is repeated. Usually in second or third iteration phase c() = d2()/dthe distortion 

is measured from which phase is just calculated by numerical integration 𝜙(𝜔) =

∬ 𝑐(𝜔)𝑑𝜔𝑑𝜔.  

In the following figures a comparison of the FROG with MIIPS methods are 

presented for pulses with complicated phase and nonlinear phase distortions. One 

can easily see that MIIPS traces are very easy to analyze and see phase distortion, 

as opposed to the FROG trace where it is impossible to see what has occurred 

without use of unreliable fitting procedures. For example, in Fig.1.25 the presence 

of just a simple linear chirp generates a very complicated FROG trace, but in the 

case of MIIPS the chirp scan is very easy to detect and measure on the basis of 

the visual picture shape. In the case of more complicated phase distortion (positive 

or negative cubic chirps on Fig. 1.26) the FROG traces are a complete mess and 

practically impossible to analyze, but with MIIPS a simple pattern is displayed and 

through determination of the maximums of 3D surface the second derivative of the 

phase in the frequency domain may be measured and phase calculated by a 

simple integration. 
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Figure 1-25 Left columns are FROG, and right are MIIPS traces. The first row is the analysis of the 
pulse with a complex spectrum and no phase distortion (TL pulse). The second row is a pulse with 

linear chirp. 1. Spectrum and a) phase () b) GDD= d()/dc) local chirp =d2()/d. 2 FROG 
trace, 4. MIIPS trace and line corresponding to local chirp 
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Figure 1-26  Left columns are FROG, and right are MIIPS traces. The first row is the analysis of a 
pulse with a complex spectrum and positive (left) and a negative (right) cubic phase distortion 

(d3()/d. 1. Spectrum and a) phase () b) GDD= d()/dc) local chirp =d2()/d. 2 
FROG trace, 4. MIIPS trace and line corresponding to local chirp  
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1.10.9  Fidelity 

 

Here we discuss measuring a pulse which cannot be fully characterized 

because it has some unknown values, such as some spectral and phase 

distortions, or a sequence of pulses with slightly different spectra and phases. 

Three examples of such uncertainties are discussed here including:- 

 

Homogeneous distortion (all pulses are identical but there is distortion of 

the spectrum or spectral phase). 

Inhomogeneous pulse sequence (all pulses have different spectra and 

spectral phases). 

Distorted spectrum and phase (in this case we do not know the exact 

spectrum or there is some systematic phase compensation). 

 

New metrics for femtosecond lasers have been introduced called “fidelity” 

[Dan13] to characterize pulse-to-pulse stability and intrinsic pulse quality. The 

method is based on using an additional strong chirp to stretch the pulse and 

compare the intensity of SHG (Second Harmonic Generation) of that pulse with 

the SHG intensity generated by pulses with the same spectrum but no amplitude 

or phase distortions. Because the distorted pulse is usually longer than the 

corresponding TL pulse then it will generate less second harmonic signal and this 

attenuation will give a metric to characterize generation. The MIIPS trace is the 

dependence of the SHG intensity as a function of the frequency ω and applied 

calibrated phase distortions, which in the simplest case is an additional constant 

chirp c()=d2()/dMIIPS is a function of frequency and chirp and the integral of 

the MIIPS 2D trace over all frequencies will the give total intensity of SHG 

generational at some chirp SHG(c)  

𝑀𝐼𝐼𝑃𝑆(𝜔, 𝑐) = |∫ 𝐸′2(𝑡)𝑒𝑖𝜔𝑡𝑑𝜔|
2
,      (17) 

where 𝐸′(𝑡) = ∫ 𝐸(𝜔)𝑒−𝑖𝑐(𝜔−𝜔0)2 2⁄ 𝑒−𝑖𝜔𝑡𝑑𝜔    (18) 
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𝑆𝐻𝐺(𝑐) = ∫ 𝑀𝐼𝐼𝑃𝑆(𝜔, 𝑐)𝑑𝜔      (19)  

Simple spectral measurements of the pulse do not produce phase 

information, but we can calculate how the SHG will be generated by a TL pulse 

with measured spectrum SHGTL(c). Because (usually) we do not know efficiency 

of SHG we can use relative values to characterize the efficiency of SHG  

𝑆(𝑐) =
𝑆𝐻𝐺(𝑐)

𝑆𝐻𝐺(0)
        (20)  

For large chirps the value 1/S(c) is proportional to c because of the linearly 

stretched pulse in the time domain. The shorter pulse initially the bigger the 

stretching by chirping. The ratio of the efficiency of stretching in comparison to a 

TL pulse we call the “Fidelity function” of the pulse 

𝐹(𝑐) =
𝑆𝑇𝐿(𝑐)

𝑆(𝑐)
.          (21)  

For large chirps this value converges to some constant called just simple 

“Fidelity”. The closer the fidelity to 1 the “better” the quality of the pulse.  

Pulse distortions may be different in nature. If all pulses are identical, but 

the amplitude or phase have the same non coherent distortions of each pulse, then 

we call this case homogeneous distortions (analogous to optical spectroscopy). If 

the pulses have different distortions of any kinds, then it the case of 

inhomogeneous distortions we only characterize the whole ensemble of pulses by 

comparing the fidelity measured using the average spectrum of the ensemble, 

using 𝐸𝑇𝐿(𝜔) ∝  √𝐼(𝜔)  with the measured 𝐼(𝜔) to calculate the efficiency of SHG 

In the following figures the results of simulation of the calculation of fidelity 

for different cases are presented. In each figure on panel 1 are the spectra and 

phase of the average pulse (dash line) and measured pulses. On panel 2 is the 

corresponding intensity in time in dB (10log10(I(t)/I(0) ) for the TL pulse calculated 

using the average spectrum. On panel 3 is MIIPS (chirp scan of measured pulse). 

On panel 4 are intensities of SHG of measured and TL pulses (blue) and their 

inverse functions (red). On panel 5 the Fidelity function which converges to the 

fidelity value at large chirps is presented. In Fig. 1.27 it is shown how the presence 

of amplitude or phase modulation of measured pulse decreases the value of the 

Fidelity (which is value of fidelity function for large chirps). 
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Fig. 1.28 shows the results of modeling a sequence of pulses with different 

amplitude or phase distortions, when we do not measure the individual pulses but 

take an overall average result, when the pulses with distortions have smaller than 

1 Fidelity.   

 Shown in Fig.1.29 are the results of modeling the measurement of a pulse 

with an unknown hole in the spectrum or unknown (uncompensated) phase 

distortion. Again the asymptotic fidelity is less than 1. The main question is what 

fidelity is acceptable for a particular application of a particular laser and this is a 

practical problem. Usually we assess lasers with fidelity 0.99 as perfect, 0.9 as 

good, 0.8 as acceptable and 0.7 as bad.   
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Figure 1-27 Homogeneous fidelity, when all pulses in measuring the SHG as a function of the chirp 
are identical. First row is the case of periodical spectral distortion, second row is the case of 
periodical phase distortion. 
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Figure 1-28 Inhomogeneous fidelity, when all the pulses used to measure the SHG as a function of 
chirp are different. First set is the case of periodical spectral distortion with different phases, second 
set is the case of periodical phase distortion with different 
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Figure 1-29 Fidelity, when calculation were carried out using distorted spectrum (first set) or additional 
uncompensated cubic distortion (second set) 
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2 Technological Landscape 

 

Here we consider the main advantages of picosecond and femtosecond 

lasers over traditional nanosecond and microsecond lasers. 

Picosecond lasers allow the processing of any kind of solid-state materials, 

regardless of the linear absorption coefficient of the material at the incident laser 

radiation wavelength. This is due to the very high peak power of picosecond 

pulses, which on focusing allows operation far into the nonlinear absorption zone 

of any material. Thus, for example, using a 1 micron laser, it is possible to 

effectively cut materials like sapphire or diamond which are transparent in this 

spectral range. 

Picosecond lasers allow one to process materials in a pure ablation mode, 

that is, bypassing the stage of melting of the treated material and immediately 

converting the materials into a vapor. This is due to the fact that the pulse energy 

absorbed by the electrons of the medium does not have sufficient time to transfer 

to the kinetic energy of the atoms of the material during the duration of the pulse, 

while the amount of energy pumped into the small volume at the focal spot typically 

significantly exceeds the melting and evaporation heating energy combined. Thus, 

the material goes into a plasma state with a temperature of 3000C and above 

instantly flying away from the surface being processed. This allows for precision 

cutting and micro-processing without changing the structure of the treated material 

and without the occurrence of thermal stresses. 

Femtosecond lasers are even more flexible in their impact on these 

materials. While maintaining the high peak power necessary for nonlinear 

absorption, the pulse energy can be small enough such as not to evaporate the 

material but only to melt it at any specified point (for example, in welding 

transparent materials at the point of internal contact when the laser radiation 

passes through the material and is focused at a contact point between the two 

plates). 
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For femtosecond lasers with extremely short pulse durations (<100 fs), 

nonlinear absorption occurs without substantial heating of the material itself, which 

is a critical requirement for numerous applications in medicine and biochemistry.  

Here we briefly consider the design of the more common commercially 

available ultrafast laser systems.   

A pulsed laser system is most frequently configured as an oscillator with a 

fixed cavity length.  The frequencies circulating in the cavity and having more gain 

than the combined losses are called the longitudinal modes and can be considered 

as an assembly of independent oscillators. While circulating in the cavity, the 

longitudinal modes are separated by ΔF = v/L,  for a fiber laser configured with a 

ring cavity which is of particular interest here, where L is the cavity length and v is 

the speed of light in the cavity. When these modes oscillate independently of each 

other, the laser emits continuously.  However, when a fixed phase shift exists 

between the various modes, the laser becomes mode locked and the cavity emits 

a pulses train.  

Several methods for generating ultrashort pulses are well established.  One 

of these methods – passive mode locking – is part of the subject matter under 

research and reported here. The process of passive mode locking of lasers was 

introduced by Mocker and Collins through the introduction of a liquid saturable 

absorber cell in a pulsed ruby laser [MOC65]. The key to the passive modelocking 

is the presence in the cavity of at least one component which exhibits a nonlinear 

response to increasing peak intensity.  Several architectures are known to carry 

out the passive mode locking mechanism. 

One of these architectures is nonlinear polarization rotation (NLPR) 

[STO82] [NEL97][KOB10] which can be better understood using the ring cavity 

shown in the Fig.2.1. The polarizing isolator placed between two polarization 

controllers acts as the mode-locking element. It plays the double role of an isolator 

and a polarizer, such that light leaving the isolator is linearly polarized. The 

polarization controller placed after the isolator changes the polarization state to 

elliptical. The polarization state evolves nonlinearly during propagation of the pulse 

because of self-phase and cross-phase modulation induced phase shifts imposed 

on the orthogonally polarized components. The state of polarization is non-uniform 
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across the pulse because of the intensity dependence of the nonlinear phase shift. 

The second polarization controller (placed before the isolator) is adjusted such that 

it forces the polarization to be linear in the central part of the pulse. The polarizing 

isolator lets the central intense part of the pulse pass but blocks (absorbs) the low-

intensity pulse wings. The net result is that the pulse is shortened after one round 

trip inside the ring cavity.  Thus the polarization-dependent isolator, working 

together with the birefringence fiber, can generate an intensity-dependent loss.  

 

              Figure 2-1 Configuration of a fiber laser mode locked using nonlinear polarization rotation 
 

A variety of ultra-high-energy pulses can be successfully generated by 

using the NLPR architecture including solitons, gain-guided solitons usually with 

cavity dispersion purely normal, and similaritons.  However, the polarizing 

controllers require complicated feedback with a fine control system to establish 

and maintain the mode locking process. The NLPR process is also sensitive to 

environmental changes and packaging conditions. As a consequence, it is difficult 

to satisfy periodicity conditions, i.e., reproducibility of pulse characteristics at a 

consistent location after each round trip of the laser cavity.  

Output 
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Polarization Controllers 
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Pump 

Pump 
Coupler 
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The interferometric fiber architecture has two general types: the nonlinear 

optical loop mirror (NOLM) [DOR88] shown in Fig. 2.2A and the nonlinear 

amplification loop mirror (NALM) [FER90] seen in Fig. 2.2B. The latest 

developments in pulse generation using these devices can be seen in [NIC07] 

[AGU10] [AGU12]. Both configurations are working in accordance with “Sagnac” 

interferometer operation. The latter is constructed from a fused fiber coupler whose 

output ports are spliced together to form a loop and the counter-propagating 

intensities Ic (clockwise) and Icc (counterclockwise) are made unequal either by 

the coupler splitting not equal 50% (NOLM) or by the inclusion of an in-line fiber 

amplifier closer to one of the ports of the coupler (NALM).  
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The optical replicas with unequal intensities acquire a differential phase 

shift, due to the nonlinear refractive index.  For example, in FIG. 2A, the coupler 

splits light intensity of the signal between (50 – n) % (Icc) carried in the 

counterclockwise propagating replica with intensity Icc and (50 + n) % (Ic) in the 

clockwise replica.  Thus, if Ic of the clockwise replica is sufficiently intense to trigger 

a nonlinear response of the fiber, i.e., to induce SPM, and Icc of the other replica 

is low, a significant differential phase shift will accumulate between the parts of 

counter-propagating replicas having different instant intensities.  After propagation 

and on recombination at the fused coupler, the signals interfere with one another.  

With imbalanced intensities leading to different phase shifts throughout the two 

pulses, phase interference leads to a resultant shorter pulse.   

The lasers, configured in accordance with interferometric mode-locking 

architectures, represent a relatively new, rarely used structure which renders the 

discussion about practical advantages or disadvantages of this particular approach 

rather difficult.  However, the NOLM/NALM architecture, like the NLPR may not 

have the desired stability, i.e., the output pulses may not be reproducible, leading 

to unacceptable laser performance.  Furthermore, the NOLM/NALM architecture, 

like NLPR, is neither simple nor particularly more cost-effective in comparison with 

the other designs. 

Another method to obtain passively mode-locked laser generation is to use 

some kind of physical saturable absorber. At present, there are several effective 

types of the saturable absorbers and respectively two types of appropriate fiber 

lasers particularly in 1 µm range. SESAM (Semiconductor Saturable Absorber 

Mirror) mode-locked fiber laser, Carbon nanotube mode-locked fiber laser and 

Graphene mode-locked fiber lasers. 

 Over the past twenty years, the semiconductor saturable absorbing mirror 

or SESAM based on substrates like InGaAs/GaAs-on-GaAs has been successfully 

deployed in the passive mode locking of bulk solid state lasers and has also been 

a remarkable scientific and commercial success in the mode locking of fiber lasers 

[ZIR91] [DES93]. By the nature of the structure of the device it is employed as the 

cavity mirror in linear or Fabry-Perot type laser cavities, a schematic of which is 

shown in figure 2.3(a).  Figure 2.3 (b) shows the reflection/ absorption of a 

representative device consisting of alternating 5nm InGaAs and 10 nm GaAlAs 
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barriers. Highly stable, self-starting mode locking of fiber lasers using SESAM 

technology throughout the near infra-red has been achieved, generating 

picosecond and femtosecond pulses. 

 

Figure 2-3 (a) Schematic of a passively mode locked fiber laser incorporating a SESAM and (b) the 
reflection/absorption profile associated with a SESAM for operation in the 1060 nm spectral region. 

 

The key disadvantage of such type of mode-lock lasers is the long term 

reliability. Unfortunately, the semiconductor materials used as an absorber tend to 

degrade, especially at a wavelength of 1 micron and shorter, which makes it 

problematic to consider such a laser as applicable for mass and especially, 

industrial use.  

The carbon nanotube mode-locked fiber laser [SET04] gives the possibility 

for a ring configuration and potentially can have better characteristics than the 

SESAM based laser system, but it has a similar problem with reliability.  The plastic 

host material of the nanotube or graphene saturable absorber is also prone to 

damage, while exhibiting the additional problem of reproducibility.  

The Graphene mode-locked fiber laser uses single but more commonly 

multiple layer graphene as the saturable absorber. Graphene is composed of a flat 

single layer of carbon atoms arranged in a 2D lattice through sp2 hybridization. Bao 

et al. [BAO09] demonstrated the first passive mode locking of an Er-doped fiber 

laser, generating ~1 ps pulses of high dynamic range around 1560 nm. Since then 

the passive mode locking of Yb [ZHA10] and Tm [ZHAN12] fiber lasers using 

graphene saturable absorbers has been reported, as well as numerous bulk solid 

state laser systems [SUN12]. Generally, the mode locked performance and 
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reliability problems are relatively similar to those based upon nanotube or SESAM 

based devices and like both systems 

A need therefore exists for a completely new architecture capable of 

carrying out passive mode locking in a ring cavity pulse generator which has a 

simple, rugged structure capable of outputting uniform and high-energy sub-

nanosecond pulses of light. This was the prime objective of the research and 

development work reported in the following chapters of this thesis.  
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3 The concept of the new Cross Filter mode locking 

technique 

 

3.1 The basic configuration of laser under research  

The laser cavity is a ring which consists of two parts effectively making a 

mirror reflection of one another, see Fig 3.1. below. Each of these parts has a 

narrow band pass filter, amplifier, fiber coil and output coupler. In fact, it looks like 

we have arranged a so called “Mamyshev Regenerator” in a ring [MAM98]. The 

essential difference in our case is that the width and central wavelength of filters 

are chosen to make them slightly overlap in wavelength see Figs. 3.2 [SAM16]. 

 

Figure 3-1 A schematic of the proposed fiber laser configuration 
 

Formally, the overall ring laser cavity consists of two linear amplifiers, 

providing a weak (partial) seeding of one to another.  

The polarizing isolator is needed to ensure unidirectional laser operation 

and selection of the appropriate polarization mode. The output coupler is used for 

removing useful power out of the cavity. The laser can be built as an all-normal 

dispersion device or may have components with anomalous dispersion.  

In spite of the apparent design symmetry of the sub-cavities, their 

functionality is sufficiently different. One of the amplifiers provides much higher 
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gain than the other, which creates the conditions for strong pulse broadening due 

to self-phase-modulation, making the pulse positively chirped and having a broad 

and smooth spectrum. This spectrum completely fills the pass band of the filter 

located next to it, so that its replica evolves in the cavity afterwards. The other, 

lower power pumped amplifier is needed to ensure stable performance, i.e., to lock 

the laser in a stable equilibrium state when small deviations from this state create 

an action returning it to the target state. The spectrum reaching the filter located 

next to the lower pumped amplifier does not fill the pass band of this filter 

completely, which creates the force returning the laser to the target state when a 

deviation happens. 

In order for the laser pulse to evolve and circulate within such a ring cavity 

its intensity must be sufficient for the pulse to experience nonlinear spectral 

broadening and recover in intensity after each pass around the cavity. The 

combination of two filters having weak spectral overlap works as an effective 

“saturable absorber”. Weak spectral overlap allows discrimination against CW in 

favor of a pulse whose intensity is sufficient for spectral broadening. As soon as 

the peak intensity reaches a level sufficient to broaden the pulse spectrally the 

losses for the newly acquired spectral components drop as these components are 

spreading towards the center of filter pass band. The losses for CW stay constant 

and are very high. Stable and reproducible circulation of the pulse around the 

cavity may happen without any spectral overlap of the filters at all. The overlap is 

needed to allow easy start-up of laser pulsing. 
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Figure 3-2 Principal architecture of laser under the investigation and pulse evolution during transient 
“unsaturated broadening” stage. 

 

 

In contrast to conventional passively mode locked lasers that incorporate a 

nonlinear element (i.e. the saturable absorber), the ring cavity that was 

investigated in this present body of work did not have a single additional element 

which exhibited a nonlinear response. In this configuration, as a pulse propagates 

through each individual element, the intensity of any given spectral component 

only changes linearly. The response of the host passive fiber, however, does 

exhibit a nonlinear response. In fact, it is similar to the situation of the NLPR laser, 

all the elements in the cavity apart from the fiber show a linear response, and the 

polarizers are just filters. But in case of NLPR we have to control two effects 

resulting from nonlinear processes in the fiber, namely nonlinear polarization 
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rotation and spectral broadening, as in our case we are concerned only about a 

desirable spectrum. Potentially this is much more flexible and stable. 

The nonlinear effect in the developed structure is a result of the generation 

of new spectral components during the pulse evolution inside the fiber of a ring 

cavity, primarily as a result of self-phase modulation.  It is these new spectral 

components that make the pulse passing through two spectral filters, which are 

centered on different central wavelengths, have its peak intensity change 

nonlinearly.  The new spectral components make the process of mode 

synchronization highly competitive, due to low losses for mode locking, compared 

to other types of generation, like CW operation and Q-switching.  

The investigated structure may generate various types of pulses including 

solitons, similaritons and others and the generation mechanism is particularly 

beneficial to the generation of ultrashort pulses with a giant chirp.  For giant chirped 

pulse generation, two steps are important for establising a passively mode locked 

regime for  short pulse generation: (a) filtering out a spectrally narrow pulse from 

a broader pulse, and (b) broadening the thus formed narrow pulse both in the 

frequency and time domains due to nonlinear effects affecting radiation in a long 

fiber length.  The result of these two steps is a linear positively chirped pulse, i.e., 

a pulse which is broadened in both spectral and temporal domains as compared 

to the intial pulse and which has a carrier frequency linearly varying across the 

pulse.  The degree of linearity of the carrier frequency is  vitally important for the 

subsequent compression of such a stretched pulse. 

The reason for trying to configure systems to output a chirped pulse is well 

known to one of ordinary skill in the laser art, as it is the key aspect of chirp pulse 

amplification,  in order to decrease the available peak pulse intensity from lasers 

(and amplifiers), otherwise deleterious nonlinear effects and optical damage would 

undermine the operation of the pulse generator (and amplifier).  In the chirped 

pulse amplification scheme the solution to this problem was found by temporal 

stretching the pulse duration or chirping via dispersion, thus keeping the peak 

power at a safe level and then, following one or multiple amplifying stages 

subsequently compressing the stretched and amplified output pulse to the original 

duration. 
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The proposed generator of giant chirped pulses is configured with a ring 

fiber waveguide or cavity guiding light in one direction.  The fiber waveguide 

includes a fiber isolator providing the desired directionality of light propagation 

within the waveguide.  A plurality of fiber components all constituting the device 

are organized in multiple fiber chains each necessarily including one amplifier, one 

fiber coil and one spectral filter. During the start-up stage of pulse generation, in 

response to pulses launched from an external seed source or artificially induced 

noise by the pumps, spontaneous emission is amplified (ASE) in a first fiber 

amplifier within the desired spectral range and which is characterized by a 

continuous wave (CW) component and a pulsed (spike) component or 

components.  Propagating through the first fiber coil, the spike is spectrally and 

temporally broadened and then spectrally filtered by the first filter.  For example, 

the long wavelength sub-region of the spike is filtered out from further propagation 

in the desired direction.  

The filtered pulsed component is then amplified in a second amplifier to 

peak intensity sufficient to induce self-phase modulation (SPM) as it propagates 

through the second fiber coil.  The SPM, in combination with linear dispersion, is 

manifested by spectral and temporal broadenings of the pulsed component and is 

accompanied by the generation of new frequency components or modes around a 

center component.  Some of the newly generated frequency components partially 

overlap the frequency bandpass of the second filter which, in contrast to the first 

filter, cuts off the short wavelength sub-region of the spike. The generation of the 

new spectral components becomes possible only at certain peak intensities of the 

spikes, i.e., spikes with synchronized modes, sufficient to induce self-phase 

modulation.  

The circulation of the spike may continue through the first group of the first 

amplifier, fiber coil and filter combination configured again to respectively amplify, 

spectrally and temporally broaden and finally filter out the developing pulsed 

component.  The developing spike is finally amplified in the second amplifier to the 

required peak intensity that the spectrally broadened signal fully covers the 

bandpass of the second filter.  At this point, the spike spectrally develops to the 

desired signal with a somewhat reduced peak intensity, lost in the second filter but 

fully compensated in the following first amplifier.  The predetermined percentage 
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of subsequent spectrally and temporally expanded signal in the first fiber coil is 

guided outside the ring waveguide as a pulse with the desired spectral width, 

intensity and energy to be further following extraction at this point. The output 

signal can be used as seed source for high power pico-femto laser system or can 

be compressed as is.   

The startup of the described pulse generator requires an external source 

to create noise which, when amplified, is essential in creating the spectral 

broadening of the evolving pulse compared to the spectra of continuous wave 

operation. In the investigated structure, low frequency noise or CW generation 

cannot be significantly amplified due to the operation of the multiple spectral filters 

having narrow band-passes, and different central frequencies compared to a 

steady state spectrum of the pulsed regime.  The configuration of the start-up 

scheme in the pulsed regime depends on a noise-generating technique.  

In one start-up scheme, an external source, such as a diode laser, operates 

as a pump outputting light at a wavelength different from the operating wavelength 

of the pulse generator.   In this embodiment, the described pulse generator is 

configured with spectral filters that have overlapped bandpasses.  This 

configuration of the filters provides the discrimination of CW narrow line 

generation, which may be spontaneously formed from quantum or other type of 

noise, and/or of Q-switch pulses with a prohibitively high energy. 

However, the CW component plays an important role in the proper 

functionality of the pulse generator during the transient stage of laser mode 

locking.  The amplifiers are each characterized by a significant accumulation of 

energy.  A spike passing through these amplifiers may have prohibitively high peak 

intensity at the amplifier’s output which can lead to complete destruction of not only 

the pulse generator but also the following amplifying stages.  To somewhat 

decrease this accumulated energy, it is desirable to reduce the population 

inversion in the gain medium.  This is realized by the CW component that may be 

provided with a significant gain to reduce the overall accumulated energy in the 

amplifiers.  The reduced accumulated energy contributes to a decreased pulse 

peak intensity and energy of the spike.  Having the unfiltered spectral region 

formed between the overlapped bandpasses of respective filters allows the CW 
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component to be guided through this region along the ring waveguide and 

accomplish the reduction of accumulated energy. 

A further aspect of the embodiment featuring the CW pump relates to the 

amplification of spontaneous emission in the desired spectral region allowing the 

spike to pass through the predetermined (and uniform) spectral width of both filters.  

Such amplification in the desired spectral region is assured by a special form of 

pump radiation.   Initially, the pump output is controlled to emit a high-power, short 

duration (tens of microseconds to millisecond) pump pre-pulses to initiate noise 

within a required spectral region.  The pre-pulse is thus needed to populate phase 

space of the noise distribution in the frequency and time domains.  Subsequently, 

a current signal at the input of the pump is interrupted and the energy provided in 

the pre-pulse(s) is sufficient to amplify one or more small intensity peaks within the 

desired spectral region corresponding to the bandwidth of both filters.  Thereafter, 

the pump outputs CW radiation with an amplitude lower than that of the initial pump 

signal(s) which allows the spike to develop into the desired signal and establish 

the mode-locked regime. 

In an additional embodiment, the start-up scheme is provided with a seed 

launching a starting pulse or pulses at the operating wavelength of the pulse 

generator.  These pulses are guided along the ring waveguide at a repetition rate 

that can be the same as or different from spikes generated in the ring waveguide 

in response to pump light from a pump which is turned on sometime after the seed.  

After the seed is switched off these etalon pulses disappear, but not before the 

excess of energy stored in the amplifiers is reduced to appropriate safety levels to 

prevent the generation of Q-switched pulses.  In this embodiment the filters may 

or may not have their respective bandpasses overlap.   

In a steady self-starting regime of generation of dissipative solitons or 

similaritons, the disclosed pulse generator operates similarly to other ring 

architectures, such the NOLM/NALM and NLPR, each having an individual 

nonlinear element.  This is because in the stable regime, such an element does 

not substantially affect the evolution of a pulse but is necessary only for the pulse 

formation from noise. But in the stable regime, the proposed pulse generator is 

operative to output the desired chirped pulse at most once each round trip, which 

is in contrast to linear cavities where signal light repeatedly passes through the 
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cavity. In other words, there are no spectral components which can pass the ring 

more than once without absorption on the filters (almost). The realization of such 

an output includes either one output coupler positioned immediately downstream 

from either of fiber coils or two output couplers which are located immediately 

downstream from respective fiber coils.  In the case of two output couplers, the 

chirped pulse is coupled out of the ring waveguide each half a round trip.  

 

3.2 Laser start-up 

Pulse initiation is an important if not the critical problem for a mode-locked 

laser. Such lasers are usually CW pumped and in general emit a narrow CW line 

until special conditions, favorable for the mode-locking, are satisfied. These 

conditions may depend on a number of factors and may not be easily reproducible. 

The easiest implementation of mode-locking happens for lasers with a real 

saturable absorber, whereas a laser utilizing nonlinear polarization rotation 

requires a special procedure for searching for the favorable conditions that may 

take up to a minute of more, and these conditions may change from time to time. 

NALM/NOLM lasers may require special assisting devices to ensure start on-

demand. The mode-locked pulse evolves from a noise spike or spontaneous mode 

beats. In our case we utilize pump modulation to create noise in the cavity to 

increase the probability of mode-locking within a short time scale, (less than a 

second), which allows start-up of the laser, in fact, on demand. For the purpose of 

pulse initiation, we modulate the pump source with a train of pulses of microsecond 

duration at tens of kilohertz repetition rate (schematically shown in Fig.3.3). The 

train of such pump pulses, having duration much shorter than the life time of the 

active centers induces stimulated emission and dissipative processes creating 

broad band noise, which eventually causes mode beats capable of evolving into 

the steady-state pulse. Simultaneously, this train of pump pulses is safe for 

amplifiers which cannot accumulate energy sufficient for the evolution of a Q-

switched pulse due to the weakness of pump energy delivered in one pump pulse 

and in the complete train of pulses. Application of a train of pump pulses with 25 

microsecond pulse duration and a 50% duty cycle induces evolution of pulses 

which are characterized by a relatively broad spectrum, inherent to mode-locked 

operation, but having a quite long nanosecond duration which allows attributing 
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them to the Q-switch process. These pulses have high peak intensity and carry a 

lot of energy which nevertheless is safe for laser operation. Such transient pulses 

create the noise required which is sufficient to evolve into mode-locked pulsed 

operation. When such a transient pulsing is induced, the application of the CW 

pump at a predetermined and optimized intensity switches the laser output to the 

purely mode-locked operation, with the switching happening on a sub-

microsecond scale.  

 

 

                Figure 3-3 .   Schematic of the “laser initiation” excitation pump pulse profile 

 

Thus, during the startup, the laser represents a system with a high gain to 

compensate for the high losses which are intentionally introduced to discriminate 

against CW operation. However, the level of this high gain and the mode of 

pumping are insufficient to induce pure Q-switched evolution in cavity, which 

makes the laser start safely, in terms of potential laser induced damage. Upon the 

end of the start-up process the gain becomes quite moderate.  

To understand the mechanism of pulse formation in the cavity let us follow 

step-by-step the evolution process with reference to the system configuration 

shown in Figure 3.2. Broad band spectral noise induced by pulsed, high intensity 

modulation of the pump source causes mode beats, resulting in the formation of 

relatively long in time and spectrally narrow noise spikes, having higher intensity 

than the rest of the noise present in cavity at that moment. This corresponds to the 

location between Filter 1, having a blue shifted band with respect to spectral 

bandwidth of the evolving noise, and Amplifier 2 (see Figure 3.2). At that instant, 

the high intensity pump modulation is turned off and the CW pump is applied.  A 
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noise spike of dominating intensity propagates through the cavity without any 

changes until it reaches Amplifier 1. When amplification is sufficient to raise the 

peak intensity of this spike to the level where it starts experiencing self-phase 

modulation due to the Kerr nonlinearity of material, the spike will transform into a 

pulse, having even longer duration and broader spectrum due to broadening in the 

fiber coil C2, (as shown on Figure 3.2). The pulse subsequently experiences linear 

losses at the Isolator. The band pass filter F2 represents a red shifted band with 

respect to the spectral bandwidth of the evolving pulse and consequently the blue 

fraction of the pulse will be blocked by this filter, truncating the pulse temporarily 

and spectrally.  Only the red edge of the pulse passes the filter F2, as shown 

schematically in Figure 3.2 and this portion of the pulse has a much higher level of 

coherence than the noise spike had before it was amplified by A2. Amplifier 1 

increases the pulse energy to a level sufficient for further nonlinear broadening 

which takes place in the fiber coil C1, after which the pulse further spectrally 

broadens. Then, filter F1, which has the blue-shifted pass band with respect to 

filter F2 transmits the blue edge of pulse after the broadening processes in C1.  

 

3.3 Seed laser tests in configuration with stretcher and compressor.  

Laser operation can be characterized by a mode-lock stability island which 

may not be readily and directly achievable by single step conversion from the 

transient oscillating state.  Moreover, there are usually several stability islands and 

each one is attributed to a specific combination of output pulse parameters and 

their ranges. For this reason, it may take several steps, each characterized by a 

specific intensity of the CW pump and the duration of the exposure at that intensity 

to reach the desired stability island. Once trapped within the specific island, the 

laser remains stable within a broad range of pump parameters. Upon reaching 

some threshold value, the pulse peak intensity stays constant and the spectrum 

experiences significant broadening with an increase in the pump intensity, see 

Figure 3.4.  

The spectrum has a plateau region where it does not show modulations 

and where the chirp is very close to linear, Figure 3.4 (left). This region is very 

convenient for use with amplifying systems as it allows linear stretching-
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compressing components to be efficiently used for obtaining high energy pulses 

with duration close to transform limited and with no parasitic satellites. Simple, 

highly reliable components like Fiber Bragg Gratings (FBG) can be used for pulse 

stretching and simultaneous spectral filtering to ensure the best coupling with the 

amplification system. Figure 3.5 shows the spectrum and pulse waveform obtained 

after stretching the broadband pulse with simultaneous spectral filtering 

(truncation) by the FBG. The spectrum reflected by the FBG has very smooth 

spectral and temporal envelopes, favorable for high gain amplification. Apodization 

of the FBG is the parameter responsible for the envelope shape which allows 

mitigation of parasitic effects during high gain amplification. If the laser spectrum 

is broad enough to fill the bandwidth of the FBG which is simultaneously a pass 

band filter, then further increase of laser output power results in a broader output 

spectrum, but the output of the stretcher remains almost constant in terms of 

spectrum and power. 

The laser spectrum broadens with increasing pump intensity and may 

increase up to 50 nm and more. The spectra presented below were recorded using 

an Anritsu 9740A optical spectrum analyzer, operated with a spectral resolution of 

0.07 nm and the highest acquisition speed to reveal any possible instability. The 

stronger pump intensity gives the broader spectrum and the lower modulation 

induced on it. An Agilent ultrafast optical sampling oscilloscope equipped with a 40 

GHz optical head was used to examine the pulse train stability. The signal was 

continuously accumulated for a minimum of 10 minutes for the purpose of 

statistical measurement. The train of output pulses was found to be very stable, 

achieving 0.3% RMS stability and 2% peak-to-peak stability, see Figure.3.6.  

Figure 3-4 Examples of the laser output spectra under high (left) and low (right) 
pump intensity. 
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The temporal profile of output pulse varies with the pulse evolution which 

is strongly affected by the Kerr nonlinearity. The spectral shape and bandwidth of 

the bandpass filters also has an impact on the pulse evolution and can be used as 

an independent parameter for mitigating pulse break up and chirp nonlinearity 

under high gain conditions. A typical spectral profile of the radiation coupled out of 

the cavity just after the filter is shown in Fig.3.8. The small dip close to the spectral 

peak is a result of pulse deformation during the evolution without amplification. 

This shown spectral component when exposed to appropriate amplification 

experiences nonlinear broadening. Depending on the magnitude of the 

amplification the broadening results in a representative output spectra as shown 

in Figure 3.4. The output pulse is close to Gaussian at low pump intensity with 

output pulse energies < 1 nJ and pulse durations < 5 ps and becomes square at 

high pump intensities when the pulse energy exceeds 7 nJ and pulse broadens to 

more than 10 ps, see Figure 3.7. 

Figure 3-5 Spectrum and pulse temporal waveform after stretching the pulse with a 
Fiber Bragg Grating (FBG). Left: spectrum reflected by FBG. Right: waveform of pulse 
stretched by FBG. 
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                        Figure 3-6 Output pulse train stability. RMS < 0.3%, P-to-P < 2% 
 

 

                       Figure 3-7 Autocorrelation, indicating a square pulse, FWHM 10 ps. 
 

 

                     Figure 3-8 Spectral replica of band pass filter coupled out of cavity after the filter. 
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Nonlinear evolution of this replica eventually broadens to generate output 

spectra as  shown in Figure 3.4. 

Nonlinear evolution of the pulse for the purpose of spectral broadening and 

temporal expansion may cause significant spectral phase destortion across the 

pulse which will affect the pulse compressibility and thus usefullness of the source. 

In the extreme case it is possible to observe pulse break up due to a strong 

nonlinear phase, or spectral chirp, acquired through intense pulse broadening. In 

order to examine the output laser pulse properties after significant spectral 

broadening acquired as a result of nonlinear evolution the MIIPS (multiphoton 

intrapulse interference phase scan)  methodology of phase analysis was 

implemented  using a FemtoJock phase modulator manufactured by IPG 

Photonics. In the experiment only a 17 nm fraction of the output spectrum was 

subject to analysis ,which constitutes the maximum range available for the device 

at present within the wavelength range of interest, see Figure 3.9. We demonstrate 

below the fraction of the output spectrum that was analysed and the 

autocorrelation recorded as a result of pulse compression achieved by means of 

this pulse shaper. The output pulse showed a high level of chirp linearity and 

perfect coherence which resulted in compressibility to the transform-limited pulse 

duration. The measured autocorrelation allowed an estimation of the FWHM of 

pulse to be 135 fs, assuming a Gaussian pulse shape or 200 fs if a square pulse 

shape was inferred. The Fast Fourier Transform tool provided as a part software 

package serving the pulse shaper yielded a FWHM=155 fs for the transform limited 

pulse, simply by transforming the measured spectrum. The result showed very 

good compressibility for the selected fraction of spectrum. The compressed pulse 

also had a temporal shape closed to Gaussian and showed no presence of 

parasitic satellite pulses. 
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Figure 3-9 . Pulse shaping using MIIPS methodology and a FemtoJock pulse shaper. The fraction of the output 
spectrum selected for shaping (left), autocorrelation of the shaped pulse (right) having FWHM=135 fs when 
Gaussian calibration is applied or FWHM=200 fs for square pulse calibration. 
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4 Modeling of Cross-filter Femtosecond Fiber Laser. 

4.1 Schematic of the laser 

A theoretical model of the Cross-filter Femtosecond Fiber  Laser based on 

the solution of the equation describing the evolution of the electric field of the 

coherent laser pulse in the cavity has been developed. A schematic of the 

elements incorporating the laser is shown in figure 4.1.   

 

 

 

In this scheme, RG and RS are Red Gaussian and Red Square filters.  BS 

is a Blue Square filter.  The transmission and phase distortions of these filters have 

been measured experimentally and the relevant parameters are included in the 

model, the results of which are very sensitive to the spectral characteristics. RC, 

BC and BI are a Red Coupler, a Blue Coupler and a Blue isolator (to prevent 

counter propagation). Almost all the parameters used in the model of the system 

(fibers and filter characteristics) have been measured, but some, for example the 

inversion of amplifiers, are impossible to measure. A reasonable variation of 

parameters has also been tested and those which have best fit with experimental 

observations were used. For example, the spectral transmission of filters were all 

fully measured and calibrated, however, the  phase distortions were measured 

over a smaller spectral region and the with the performance projected  to cover the 

unknown regions. In addition, the doping and amplification of RA and BA have 

been measured, but the exact profile of excitation along the fiber is calculated 

below.  

  

Figure 4-1 Schematic of the CFF laser. 
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4.2 Theoretical model of the pulse propagation.  

4.2.1 Main equation 

In this approach the real, fast oscillating electric field of  the optical pulse 

𝐸(𝑧, 𝑡) is written as the slow complex modulated envelope A(z,t) and its complex 

conjugate 𝐴(𝑧, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅ along of the fiber length z: 

𝐸(𝑧, 𝑡) = 𝐴(𝑧, 𝑡)𝑒−𝑖𝜔0𝑡 + +𝐴(𝑧, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅𝑒𝑖𝜔0𝑡     (1) 

The main equation which we solve is the following:  
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This equation is a combination of the standard Cubic-Quintic Complex 

Ginzburg-Landau Equation [AGR13] with the addition of the last term which takes 

higher order nonlinear effects into account [AKH05]. We analyzed solutions of this 

equation including all terms and found that under our conditions, the effects of 

linear and nonlinear absorption (a), cubic frequency dispersion (𝛽3), nonlinear front 

steepening (𝑇𝑆) and high order nonlinear absorption and phase modulation (𝜈 −

𝑖µ) can be neglected. The term in square brackets is nonlinear in respect to A, 

where the main nonlinear optical effect is self-phase modulation, which is  included 

using the parameter 𝛾 =
2𝜋 𝑛2

𝜆0𝐴𝑤
 , where the index of refraction 𝑛 = 𝑛0 + 𝑛2𝐼2 

depends on the  intensity and 𝑛2 is the real, positive nonlinear index of refraction 

of second order. In the case of single mode fiber, the radial distribution of the field 

can be approximated using the Gaussian distribution 𝐸(𝑟) = 𝐸𝑒
−2

𝑟2

𝑟
𝑤
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 is the effective area of the 

fiber, which is used to calculate the nonlinear parameter γ. A small, but detectable 

and measurable effect is Stimulated Raman Scattering (SRS) which is taken to 

account using the so-called Raman time 𝑇𝑅 in the simplest form in formula (2). 

After running numerous simulations we found that under our conditions, the best 

value of 𝑇𝑅 is 4.5 fs, which is close to the commonly used experimentally extracted 

values between 3 and 6 fs. This equation is a simplified by using  the so-called 
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retarded time 𝑡′ = 𝑡 − 𝑧 𝑣g⁄ = 𝑡 − 𝛽1𝑧 moving with group velocity 𝑣𝑔 and in this case 

we can see how the temporal shape of the envelope 𝐴(𝑧, 𝑡′) changes along the 

fiber length z.  

𝛽1 =
1
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[𝑛 − 𝜔
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𝜕𝜔
]
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     (3) 

The group velocity dispersion is taken to account through the second 

derivative of the phase 
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where the index of refraction of the fiber is a polynomial 𝑛(𝜆) = ∑ (𝑏𝑛𝜆)𝑛4
𝑛=1  

specific to each fiber. We found that terms higher than 𝛽2(𝜔0) at the carrier 

frequency at 1025 nm does have a small effect and should be included for very 

long fibers.  

Under our conditions, we can write the Complex Ginzburg-Landau 

Equation (CGLE) including  Self Phase Modulation and Raman terms proportional 

to the intensity and  can be written as:- 

𝜕𝐴

𝜕𝑧
=

g

2
𝐴 − 𝑖

𝛽2

2

𝜕2𝐴

𝜕𝑡2 + 𝑖𝛾 [|𝐴|2 − 𝑇𝑅
𝜕|𝐴|2

𝜕𝑡
] 𝐴    (5) 

For picosecond pulses,  where the pulse duration is much longer than 𝑇𝑅, 

we can neglect the last term and the equation becomes the  so-called Nonlinear 

Schrodinger Equation (NSE) 

𝜕𝐴

𝜕𝑧
=

g

2
𝐴 − 𝑖

𝛽2

2

𝜕2𝐴

𝜕𝑡2 + 𝑖𝛾|𝐴|2𝐴      (6) 

All these equations are written for the complex electric field amplitude 

envelope A in time domain, but the electric field can be presented also in the 

frequency domain =  
2𝜋𝑐

𝜆
 . using the complex spectrum of the field at each spatial 

point z detuned from the carrier frequency 𝜔0 and using the Fourier Transform (FT) 

of the complex spectrum on detuned frequency 𝐴̃(𝑧, 𝜔 − 𝜔0)  

𝐴(𝑧, 𝑡) =
1

2𝜋
∫ 𝐴̃(𝑧, 𝜔 − 𝜔0)𝑒−𝑖(𝜔−𝜔0)𝑡𝑑𝜔

∞

−∞
= 𝐹𝑇{𝐴̃(𝑧, 𝜔)}   (7) 

𝐴̃(𝑧, 𝜔 − 𝜔0) = ∫ 𝐴(𝑧, 𝑡)𝑒𝑖(𝜔−𝜔0)𝑡𝑑𝑡
∞

−∞
 = 𝐼𝐹𝑇{𝐴(𝑧, 𝑡)}   (8) 
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This spectrum 𝐴̃(𝜔)  is calculated using the inverse Fourier transform (IFT) 

of the envelope of the complex electric field 𝐴(𝑡). Using spectral representation is 

very useful, specifically in the case where the laser amplification per meter g(z, 𝜔) 

is spectrally dependent  

g(𝑧, 𝜔) = [𝜎𝑒𝑚(ω)𝑛𝑒(𝑧) − 𝜎𝑎𝑏(ω)𝑛g(𝑧)]𝑛𝑌𝑏(𝑧)    (9) 

where the concentration of doping is 𝑛𝑌𝑏(𝑧) and 𝑛𝑒  and 𝑛g = 1 − 𝑛𝑒 are 

the populations of the excited and ground states respectively in an effective two 

level system, with 𝜎𝑒𝑚 and 𝜎𝑎𝑏  the  cross-sections of stimulated emission  and 

absorption respectively in the fiber. Also, in this case we can use the spectrally 

dependent dispersion coefficient per meter: 

𝛽2(𝑧, 𝜔) =
1

𝑐
[2

𝑑𝑛(𝜔)

𝑑𝜔
+ 𝜔

𝑑2𝑛(𝜔)

𝑑𝜔2 ]      (10) 

The spectral representation of the field 𝐴̃(𝑧, 𝜔 − 𝜔0) is also particularly 

useful because it is practically impossible to measure the intensity of a 

femtosecond pulse in time domain, but relatively easy to measure the spectrum 

and compare theoretical prediction with experimental measurement. 

𝐼(𝑧, 𝜔 − 𝜔0) = |𝐴̃(𝑧, 𝜔 − 𝜔0)|
2
      (11) 

4.2.2  Fourier method of solution of equation. 

To solve these nonlinear differential equations we use the Split Step 

Fourier Method (SSFM). This method is very well developed and tested, where the 

differential operator in the time domain 
𝜕2𝐴

𝜕𝑡2  is replaced by –ω2 in the frequency 

domain using the property of the Fourier transform. In this method we calculate the 

forward propagation along the fiber since the back reflections are negligible in 

fibers. This allowed us to formulate the task as the so-called Cauchy problem, 

where we use the initial field in the frequency domain at point z=0 and calculate 

the evolution of field from point z to the next point z+h.  

We used the so-called symmetrical second order version of the SSFM, 

where evolution is split in several steps. On the first step (SSFM.1), the complex 

spectrum is just multiplied on exponent with a complex phase with real 

amplification g(𝑧, 𝜔) and a complex dispersion 𝛽2(𝑧, 𝜔)𝜔2  on half of the spatial 
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step ℎ/2. On the second step (SSFM.2), using the Fast Fourier Transform function 

(FFT) the spectrum is transformed to the field in time domain. The third step 

(SSFM.3) includes nonlinear optical effects dependent on intensity and the 

derivative calculated as the time dependent complex phase modulation including 

Self Phase Modulation 𝛾|𝐴′(𝑧 + ℎ/2, 𝑡)|2ℎ and Raman phase shift 

𝛾𝑇𝑅
𝑑|𝐴′(𝑧+ℎ/2,𝑡)|

2

𝑑𝑡
 ℎ on full spatial step h. On the next step of the algorithm (SSFM.4) 

the time dependent field is transformed back to the frequency domain using the 

Fast Fourier Transform (FFT) and multiplied to include spectral amplification and 

dispersion in the last half step (SSFM.5). The following is the sequence of 

transformations of the field in spectral domain from initial 𝐴̃(𝑧, 𝜔) to the next point 

𝐴̃(𝑧 + ℎ, 𝜔): 

𝐴̃′(𝑧 + ℎ/2, 𝜔) = 𝐴̃(𝑧, 𝜔)𝑒[0.5(g(𝑧,𝜔)+𝑖𝛽2(𝑧,𝜔)𝜔2)]ℎ/2  (SSFM.1) 

𝐴′(𝑧 + ℎ/2, 𝑡) = 𝐹𝐹𝑇{𝐴̃′(𝑧 + ℎ/2, 𝜔)}    (SSFM.2) 

𝐴′′(𝑧 + ℎ/2, 𝑡) = 𝐴′(𝑧 + ℎ/2, 𝑡)𝑒𝑥𝑝 {𝑖𝛾 [|𝐴′(𝑧 + ℎ/2, 𝑡)|2 −

𝑇𝑅
𝑑|𝐴′(𝑧+ℎ/2,𝑡)|

2

𝑑𝑡
] ℎ}       (SSFM.3) 

𝐴̃′′(𝑧 + ℎ/2, 𝜔) ∶= 𝐼𝐹𝐹𝑇{𝐴′′(𝑧 + ℎ/2, 𝑡)}   (SSFM.4) 

𝐴̃(𝑧 + ℎ, 𝜔) ∶= 𝐴̃′′(𝑧 + ℎ/2, 𝜔)𝑒[0.5(g(𝑧,𝜔)+𝑖𝛽2(𝑧,𝜔)𝜔2)]ℎ/2 (SSFM.5) 

In the case of the developing pulse in the cavity, we use a (weak) input 

pulse to the cavity and after a full trip through the cavity we then use the output 

field as the input and repeat the calculation observing the evolution of the pulse as 

it circulates inside the cavity. The static effects of mirrors, couplers, isolators are 

easily incorporated by additional spectral modulation 𝑀(𝜔) on the well-defined 

surfaces (points) of fiber.  

  



89 
 

4.3 Model of linear dissection of the cavity. 

  

One of the first tests was modeling of the propagation of a pulse in the 

linear cavity, to check all parameters of the model of the laser. For this model we 

experimentally measured energies and spectra at several points in the cavity and 

we adjusted the parameters of the model, primarily the excitation probability of 

Ytterbium, to match as much as possible, the simulated results with directly 

measured pulse energies and spectra. In figure 4.2 we demonstrate that using 

different models of the excitation of the active fiber have some, but not a critical 

effect, on the energy of the generated pulses.  

The main parameter which has the greatest effect on the model is the value 

of the spatial step, which should be small enough to have the so-called B-integral 

smaller than 1, which is the phase change induced via nonlinear phase self- 

modulation  

𝐵𝑖(𝑧, 𝑡) = 𝛾 |𝐴(𝑧, 𝑡)|2ℎ ≪ 1.     (12)  

Under our conditions the smallest spatial step is in the second amplifier and h=1 

cm. 

 

Figure 4-2 .  Left hand column illustrates the dependence of the population of the excited 
states in RA and BA (red and blue amplifiers) normalized, along the fiber in meters. The right 
hand column displays the pulse energies along the cavity in meters, Black – experimentally 
measured, Red – calculated. 
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4.4 Spectral and phase characteristics of the laser components. 

The spectral characteristics of the laser and the group velocity delay of 

components are presented in figure 4.3. The group velocity delay of components 

was measured using the Phase Shift Modulation method. The table of constants 

and parameters used in the model are presented in figure 4.4. 

 

 

Figure 4-3 Spectral properties of laser’ components. 1. Red – absorption and 
blue – stimulated emission spectra of Yb doped fiber. 2 – Group Delay 
Dispersion (GDD) of fibers. 3- Transmission and GDD of isolator, 4 
Transmission of couplers, 5 – Gdd of couplers. 6,7,8 – measured transmission 
and GDD of filters. 
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R 4.5 fsec Raman time 

s 1/0  Self-steepening time 

n2 2.6×10-20 m2/W Nonlinear index of refraction 

2 2n2/saw Nonlinear phase index 

n4 2.3×10-39 m2/W2 Nonlinear index of refraction of second order 

4 2n4/saw
2 Nonlinear phase index of second order 

b2 25.2 ps2/km Group velocity dispersion of second order 

b3 2.3 fs×b2 Group velocity dispersion of third order 

p 975 nm Pump wavelength  

s 1023 nm Mean amplified wavelength  

nYb 2000 ppm3 Concentration of dopant ions 

c 90 ns Period of the cavity 

f 840 s Fluorescence time of Yb ion 

rp 62.5 m Radius of pump fiber 

rs 4 m Radius of doped fiber 

rw 3.25 m Effective radius of fibers 

p 0.5rs
2/rp

2 Filling factor of pump light 

a 1-exp(-2rs/rw) Filling factor of amplified light 

 

  
 

Figure 4-4 General Parameters used in the model. 
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4.5 Control of B -integral. 

The main parameter to control quality of the solution of the equation is the 

value of the spatial step, which should be small enough to have the so called B-

integral smaller than 1 which is the phase change via nonlinear phase self- 

modulation  

𝐵𝑖(𝑧, 𝑡) = 𝛾 |𝐴(𝑧, 𝑡)|2ℎ ≪ 1.          (13) 

In fact, the value of the minimum step was chosen slightly less than the 

step at which further reduction does not affect the simulation result in any way. In 

our case, the B-integral should be less than 0.5 at all points of the laser ring 

Under our conditions the spatial step smallest in second amplifier is h=1cm.  

  The major parameters of the pulse and the B – integral along the fiber can 

be seen in Figure 4.5 

Figure 4-5 . Three upper rows illustrate the dependence of the population of the excited state of 
Yb, the energy of the pulse (nJ) at each point along the fiber and the maximum value of time-
dependent Bi integral along the fiber. The two lower panels present on the left, the calculated 
spectra (in the wavelength domain) and on the right, the Bi-integral (in the time domain). 
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3-D plots have also been generated which clearly illustrate the spectral 

evolution of the pulse as it evolves and propagates around the laser cavity, see 

Figure 4.6 below.   

Using our experimentally measured parameters of the laser and through 

adjusting the unknown parameters in the model, the output spectrum was 

calculated, with excellent agreement shown with the experimentally measured 

spectral profiles, as illustrated in Figure 4.7. 

 

 

 

 

Figure 4-6 Spectral intensity of the pulse (Z - log scale) along the length of the cavity (Y), X axis is 
wavelength in nanometers. 
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Figure 4-7 Comparison of calculated (red) and measured (black) spectra at the output of the 
cavity. 

 λ,nm 
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4.6 Optimization of the filters in the cavity. 

 

With excellent agreement shown between the experimental and theoretical 

prediction, the model was used to improve laser performance. For example, we 

added a narrow filter (BG Figure 4.8) before the second amplifier and eliminate 

noise-like spectral features of the pulse. In Figure 4.9. we show optimization of the 

position and width of the additional filter and the resulting spectrum achieved with 

it.  

 

  

Figure 4-8 Laser cavity composition. 

Figure 4-9 Optimization of the additional RG filter to improve output spectrum. 
First graph is variation of filter position, second is variation of filter width. 
In the bottom corresponding spectrums with a red is optimized. 



96 
 

4.7 Laser generation stabilization. 

In the process of studying the cavity, one feature was found that provides 

extremely stable laser operation over a wide range of output energies. 

In the case when a pulse after the red amplifier, as a result of nonlinear 

evolution in the fiber, arrives at the input of the blue filter so that the first formed 

nonlinear lobe hits exactly the filter window (see Figure 4.10), a very stable 

generation mode is observed. In this case, the gain of the blue amplifier can vary 

over a wide range without adversely affecting the generation. 

Any changes in the power in the resonator lead to a displacement of the 

lobe with respect to the filter and leads to negative feedback on the loss of the 

filter. 

Thus a kind of lock is implemented for the generation mode (Figure 4.11). 

 

 

Figure 4-10 Lock of generation on blue filter. 

Figure 4-11 Optimization of red amplifier 
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4.8 Calculation of field intensity in time domain. 

The fiber laser can generate ultrashort (femtosecond) pulses, however, 

there are no experimental techniques that allow the direct measurement of the time 

profile of femtosecond light pulses. Our theoretical model reproduces the 

experimentally measured spectral features with very high precision. Therefore, we 

have confidence that the theoretically calculated phase of the pulse is very close 

to the actual phase. Using the calculated spectrum and phase we can calculate 

the field in the time domain by a simple Fourier transform of the spectrum. The 

generated chirped pulses (not shown) had durations of several picoseconds, but 

by appropriate compensation of the phase distortion, transform limited 

performance can be effectively achieved  and pulse durations less than 30 fs 

readily generated , see Figure 4.12. 

 

Figure 4-12 Calculation of spectra, intensity and autocorrelation of the optimized and compressed 
pulses. Left figure : blue – spectrum, black – group delay and  red – smoothed GDD (using 2 nm 
resolution); Right figure:  Displays the temporal profile of the pulse , red,  compressed by removing  
smoothed GDD, blue using fully compensated phase (no phase distortion).  
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4.9 Starting of the laser. 

The model has also been used to give insight into the startup process of 

pulse generation, which has also shown excellent agreement with experimental 

observation.  In Figure 4.13, the left-hand illustration shows the time dependence 

of the energy of the output pulse during the period from turn on, while the right 

hand figure presents the inversion of the amplifiers. It can be seen that under CW 

pumping, it takes about 1 ms to develop the laser pulse and stabilize the dynamic 

equilibrium of the inversion of the amplifiers.  

 

 

  

Figure 4-13 Calculation of the development of the laser pulse in the cavity. Left figure  is the time 
dependence of output energy of the pulse, blue – linear,in nano-Joules, red similarly but 
presented on a log scale. On the  right hand is shown the  time dependence of the population 
inversion in first (RA, red) and second (BA, blue) amplifiers. 
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4.10  Stability of single and double pulsing. 

 The model has also been used to predict or prove some very interesting, 

important and experimentally observed effects, for example so called “double 

pulsing”, when instead of a single femtosecond pulse, the  laser generates two 

weaker pulses with approximately the same total energy. In this case, it was found 

that in order to suppress such an effect that from the beginning of the generation 

process instead of a simple CW pumping scheme, pulsed pumping with a very 

specific time profile should be employed. The simulation shown in Figure 4.14 

demonstrates that such modulation will negate double pulse generation, 

maintaining single pulse operation.  The weaker pulses do not survive in between 

the pump while stronger (single) pulse successfully survive through the start-up 

pump pulses to steady state operation. In other words, a single pulse survives 

between pulses and recovers on the next pump pulse, while the double pulse 

disappears and on the next pump pulse everything starts from the beginning until 

we get a single pulse generation.  It was found that pump pulses intensity gap, in 

pulses survival, exceeds 10% of pump current and it is well enough for reliable 

single pulse startup.  

 

 

Figure 4-14 . Modeling of the suppression of double pulsing.  Figures A and B. represent the 
energy of the pulses, after the red and blue amplifiers, lasing energy (green), solid one pulse, open 
– another pulse. C. pumping powers of the red and blue amplifiers. 
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Modeling of steady-state operation shows the difference in parameters of 

stable laser operation for single and double pulse modes. In Figure 4.15 you can 

see the ranges of operation and tuneability for single pulse (black) and double 

pulse (red) modes of operation. The minimum energy per pulse when generation 

is stable is more or less equal for both modes and is about 0.7 nJ for simulated 

configuration. When the laser operates in single pulse mode it can be tuned within 

the range of stability without any problems until generation take place. 

In the case when the laser is started  at 0.65 W pump power (see Figure 

4.15)  it will have operate in single pulse mode for certain, in this particular case. 

It can then be powered up to any chosen power within possible range of operation. 

 

  

Figure 4-15 Modeling of pump ranges of operation and tuneability for single pulse (black) 
and double pulse (red) modes of operation. 
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4.11 “Shelves” of extra stability of laser generation. 

 

The model was also used to investigate how the femtosecond oscillator 

behaved with different pumping powers of the amplifiers. For example, if the first 

(RA) amplifier is kept under constant pumping but slowly compared to one period 

in the cavity decrease the pumping of second (BA) amplifier, the generated output 

energy decreases. The dynamics of the generation of pulses has been simulated 

for different rates, from a sharp switch-off to a slow, linear in time pump decreasing 

over 100 ms as presented in Figure 4.16. It can be seen when the pump to the 

second amplifier is sharply switched off, the laser continues to generate pulses, 

but the energy decreases in a step-like manner.  There exist some quite stable 

“shelves” where the pulses continue to be generated at a constant energy without 

any pumping taking place, but using the accumulated energy of the amplifier. 

When the pumping power is decreased very slowly (about 100 msec slope), the 

output energy follows the pump profile, but with some delay and there are unstable 

regions between stable “shelves” or plateaus. A similar picture was observed in 

the case of increasing of the pump. The output energy increased almost linearly 

with pumping, but going through stable shelved regions with unstable durations 

and with some hysteresis. The pump power can be slowly changed and the output 

power and pulse duration will follow it but at some values the output exhibits 

unstable spectra oscillating between two different realizations. However, the 

strength of the agreement between the theoretical model and the experimental 

realization has allowed the selection of pump power and cavity configuration to 

provide the most stable configuration.   
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                                                                                      Time, [ms] 

  

Figure 4-16 . Modeling of stable shelves and unstable intermediate regimes in laser operation. X 
– is time in cavity, Y – energy of output pulse. The modeling was carried out  under different rates 
of switching-off the pumping of the second amplifier. In the top row the pumping was switched-
off at zero time. In the lower panels the pumping power decreased  linearly with time with 
different rates going from max to zero from 0.1 ms to 100 ms range. Stable operational regions  
or “shelves” can be  seen with  very unstable regions between them.  

 



103 
 

4.12 Validation of the model on existence of the “shelves” 

Initial investigations were undertaken on the generation of the “shelves” or 

regions of power stability in a low power, experimental seed laser system. With the 

laser operating at maximum rate the BA amplifier was switched off and the output 

signal was observed in the real time on an oscilloscope.   As demonstrated in 

Figure.4.17 up to 6 stable regions of operation were identified, which was 

comparable the analytical estimate. During of investigation of these shelves of 

stability it was found that they can be used for laser tuning and calibration.  

Figure 4-17 Demonstrating up to 6 stability “shelfs “ of laser generation. 
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If changing the pump of blue and red amplifiers in the middle of the second 

“shelf”, one obtains the best stability of generation with wide spectral width at the 

pump condition of this particular shelf. In Figure. 4.18 and 4.19 you can see pulse 

stability and pulse spectrum at this point. 

 

 

  

Figure 4-18  Pulse stability at TSS (c) P-k to P-k stability 1.6%, RMS stability 0.24%; 

Figure 4-19 Spectrum in the middle of the second shelf. 
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The experimental operational spectrum has also been directly compared 

to the theoretical prediction and exceptionally good agreement has been obtained, 

see figures 4.20 and 4.21. Some differences in the amplitude of the spectral peaks 

was observed but these can be explain by the averaging of the real laser spectrum. 

 

 

 

Figure 4-20 Calculated spectrum of the field at the output of the laser (black, in units 
of  nJ/nm ) and associated group delay (red, in units of ps). 

Figure 4-21  Comparison of calculated (black) and measured (red) spectra (nJ/nm). 
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5 Ultrashort femtosecond pulses setup. 

 

5.1 Targets  

Ultrafast lasers have entered everyday manufacturing processes in several 

applications over the past decade. These applications mostly require pulses that 

are not very short, usually between 0.5 and 1 ps (1 ps = 10-12 s) and with relatively 

high pulse energies, ranging between 20 and 60 μJ,  as can be seen from the 

specification of the bestselling commercial laser systems. Ophthalmological 

surgery and material cutting or etching are the most common applications. This 

segment of the ultrafast laser market was historically established by the efforts of 

the leading laser manufacturers, like Coherent and Spectra-Physics. Currently, the 

market place has experienced continuous expansion in the number of potential 

suppliers.  

Lasers that generate pulses of the order of tens of femtoseconds in 

duration (1 fs = 10-15 s) contribute to another segment of the market. These devices 

are also offered by a number of manufacturers, but they are used mainly for 

research and development, where the requirements for environmental stability are 

generally not as strict. Current commercially available systems generally require 

delicate handling, usually need to be in a controlled environment, particularly with 

respect to temperature and vibration and require relatively frequent maintenance. 

The output pulse energy for such lasers varies over a very broad range, upwards 

from several nanojoules. The available repetition rate is again usually fixed but 

commercially available varies widely from 1 kHz to 100 MHz. There are many 

industrial applications that do not require high pulse energy, given the peak power 

available with such short pulse durations, but commercially, there is a need for 

reliable lasers that are tolerant to the industrial environment and that are simple in 

handling to allow operation by users not skilled in laser technology, like biologists, 

chemists, or physicians. Laser-assisted processing of optically transparent solid 

materials, like glasses or sapphire, which includes bulk modification for 3-D 

structuring [CHE05] surface etching [SOH05] [WOR08] and direct bonding  

[HEL12] may require pulse energies as low as 200-300 nJ, combined with a few 

hundred or sub-hundred femtosecond pulse duration. Other processes that require 
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pulse parameters of similar magnitude include laser induced forward transfer 

(LIFT) [BAN08] and frequency conversion using parametric or continuum 

generation [TZE09]. The process control for some applications may benefit from 

low pulse energies in combination with high repetition rates, in which case the 

effect takes place as a result of multi-pulse action which can be fine-tuned. 

Analytical applications require even lower pulse energy in combination with shorter 

pulse duration to ensure nondestructive interaction. These applications include 

multiphoton microscopy [DIA06] and spectroscopy [DRO11] that benefit not only 

from short pulse duration and high beam quality, but also from controllable spectral 

phase and temporal pulse profile for selective chromophore excitation when an 

ensemble of different chromophores is investigated. Laser-assisted crystallization 

or nucleation [ADA03][IKE15][SUG11][BLA00] finds application in the 

pharmaceutical industry and metallurgy as a method to enhance the extraction and 

an intermediate preparation step for further material analysis, where the target 

pulse parameter range is similar to multiphoton microscopy and spectroscopy. 

Two-photon polymerization [SER2003] for lithography and 3-D printing or micro-

structuring [RIC04] use pulse energies from a single nanojoule to tens of 

nanojoules, given the pulse duration is less than 100 fs. Similar pulse parameters 

are in use for photoporation and transfection [STE06] which became widely used 

processes in today’s gene manipulation procedures performed on living cells. The 

number of applications where low-energy femtosecond pulses can be successfully 

used is quickly growing and many of them have become a routine part of 

manufacturing or analytical processes. 

The common feature of all the aforementioned applications is the 

requirement for a “cold” process, where heat dissipation is suppressed or strongly 

mitigated and can be effectively controlled in both time and volume. This is 

achieved by using pulses shorter than 50 fs, which ensures minimal or no thermal 

effect caused by radiation on the region of interest. The realization of “cold” 

interaction regimes allows maximizing purely nonlinear processes without the 

destruction associated with the accumulation of excess energy inherent to longer 

pulses.  

A goal of this research programme goal was to offer a reliable, 

femtosecond laser tool, capable of satisfying the requirements of the above 
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mentioned applications and enhanced by the capability of programming the 

spectral phase and thereby manipulating and selecting the temporal pulse shape. 

Here we describe the architecture that that has led to its implementation by IPG 

Photonics in their YLPF-FlexO series of femtosecond oscillators and also 

demonstrate its pulse shaping capabilities. 

The laser system is built upon two functionally distinct blocks - an all-fiber, 

self-starting master oscillator, coupled to a hybrid low-power Yb amplifier and a 

free-space pulse compressor that is used to correct for the large group delay 

dispersion that laser pulses acquire through nonlinear evolution in the 

oscillator/amplifier. It also provides a means to shape output pulses, as described 

below. 

5.2 Master oscillator  

A cross-filter ultrafast laser is used as an oscillator; see Figure 3.2. This is 

a new type of ultrafast laser source invented and patented [SAM18] by IPG 

Photonics in 2014.  Briefly, this is a ring oscillator with an 11 MHz repetition rate, 

generating pulses with an energy around 10 nJ and a full spectral bandwidth of up 

to 90 nm (bottom-to-bottom), centered at 1030 nm. A typical laser spectrum is 

shown in Figure 5.1(a). As has been discussed previously, the output pulses of the 

cross-filter laser are positively chirped and stretched to ~10 ps. Figure 5.1(b) 

shows an experimental autocorrelation function (ACF), having 12 ps full-width at 

half-maximum (FWHM), with the triangular autocorrelation pulse shape 

representing the rectangular pulse of a strong linealy dispersed pulse.  The pulses 

are fully coherent and allow for perfect phase control, thus making it possible to 

achieve full compression to the transform limit. Based on Fourier-transform 

calculations, the spectrum in Figure 5.1(a) supports pulses as short as 50 fs 

FWHM. 



109 
 

 

 

Figure 5-1 Typical output pulse characteristics for the cross-filter oscillator: (a) Experimental laser 
spectrum, measured with an AQ6374 optical spectrum analyzer (Yokogawa, Japan); (b) Experimental 
autocorrelation trace, showing 12ps ACF FWHM. The ACF profile is measured with PulseCheck 
autocorrelator (APE, Germany). 

 
The internal field dynamics for cross-filter oscillators have been modeled 

using the nonlinear differential complex Ginsburg-Landau equation (CGLE), as 

described in textbooks [AGR12]. To solve the CGLE, a symmetrical split-step 

Fourier method (SSFM) was implemented in Mathcad (PTC, USA) on a standard 

personal computer. All necessary constants are taken from the literature and the 

components’ specifications. The physical parameters of the laser system were 

experimentally measured, except for the population inversion profiles in Yb fiber 

amplifiers as has been previously discussed. The latter were optimized to get the 

best match with experimental spectra and autocorrelation functions, measured at 

several critical points around the laser resonator. An example of a simulated output 

spectrum and its group delay dispersion is presented in Figure 5.2(a). The 

corresponding time-domain intensity profile in Figure 5.2(b) illustrates a strongly 

chirped pulse, with features that are associated with those in the spectrum.  
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Figure 5-2 . Modelling of the cross-filter oscillator using CGLE: (a) Simulated output spectrum (red 
curve) and group delay (green curve); (b) Simulated time-domain profile of strongly chirped output 
pulses. The width of the simulated ACF profile (not shown) matches the width of the experimental 
ACF trace in Figure 5.1(b).   

 

 
A low-power Yb amplifier-converter was employed to provide amplification 

with simultaneous spectral broadening at higher pulse energies under the 

conditions of the limited amplification bandwidth inherent to Yb amplifiers. This 

hybrid amplification-conversion mode allows not only obtaining up to 20 dB pulse 

energy amplification, but also broadening of the spectral bandwidth, compared to 

the oscillator. The amplifier- converter output remains fully coherent, allowing full 

manipulation of the phase similar to that achieved with the oscillator, but with pulse 

energies of up to 400 nJ. 

 

5.3 Two-stage compressor 

The oscillator/amplifier output was collimated in a linearly polarized 4.5mm-

dia. (1/e2) beam and sent into a free-space pulse compressor, see Figure 5.3. The 

laser beam was first double-passed through a pair of transmission gratings, 

comprising the “static” stage, and then, it was guided through a folded-4f pulse 

shaper [DAN17] with a programmable spatial light modulator (SLM) at the Fourier 

plane (1D-LCOS SLM, Hamamatsu). The throughput of the entire two-stage 

compressor setup is almost 50%. The output laser spectrum was slightly narrower 

than the original but was capable of supporting 53 fs pulses. 

A grating compressor was used to correct for the second-order dispersion 

(SOD) at the oscillator/amplifier output, which was estimated to be about 1.3105 
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fs2 at 1030nm. For 1000g/mm gratings, a grating separation of only 21 mm allowed 

offsetting this amount of SOD. This setup, however, does not address the 

nonlinear chirp, present in the oscillator/amplifier output pulses, and adds about 

0.73106 fs3 of third-order dispersion (TOD).  

The folded-4f shaper, commonly used for femtosecond pulse shaping [40], 

enabled further refinement of the laser pulse profile. The 4f setup dispersed the 

laser spectrum across the linear phase modulator and enabled direct manipulation 

of the spectral phase, regardless of the laser repetition rate. Multiphoton intra-

pulse interference phase scan (MIIPS) [XU06],[COE08] was used to measure the 

residual spectral phase and correct for the third order and higher-order dispersion. 

This adaptive compression stage also offered the capability to reshape the laser 

pulses by modifying the phase mask applied to the SLM. The shaper’s “time 

window” was about 3 ps. 

 

 

Figure 5-3 Two-stage pulse compressor, comprising a grating pair and a folded-4f shaper with an 
adaptive element at the Fourier plane: M1-4, guiding mirrors; G1-3 – transmission gratings; RM – roof 
mirror; L – lens assembly; SLM – spatial light modulator. 
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5.4 Pulse Compression and Shaping 

The fidelity of the two-stage pulse compression was validated via 

autocorrelation measurements (PulseCheck, APE, Germany). Non-collinear ACF 

traces were recorded after pulse optimization using only the grating pair, as shown 

in Figure 5.4(a), and also using both static and adaptive stages, see Figure 5.4(b).  

 

Figure 5-4 Verification of pulse compression using the two-stage compressor: (a) ACF trace for the 
optimized grating-pair compressor, without the 4f shaper; (b) ACF trace for compressed pulses at the 
system output. The theoretical limit (red curve) is calculated for the experimental output spectrum 
and a constant spectral phase. 

 
 

As anticipated, the grating compressor alone gave laser pulses with ~100 

fs FWHM duration (ACF FWHM of 130fs) and an extensive modulated tail due to 

the residual TOD. The MIIPS-enabled dispersion correction using the 4f shaper, 

following the static compressor, gave a 76.9 fs ACF FWHM, which is only 7% 

longer than what one would expect for TL pulses, calculated from the experimental 

output spectrum. The corresponding FWHM pulse duration was measured to be 

56.9 fs. It was calculated from the ACF FWHM using a 0.74 factor that is deemed 

appropriate for the given shape of the laser spectrum. Note that a sech2 

approximation gives an over-optimistic estimate of 49.6 fs FWHM (0.645 factor), 

which is lower than the Fourier-transform limit of 53 fs. A Gaussian fit would 

suggest a 54.5 fs FWHM (0.709 factor).  

Once the pulse dispersion is accounted for (and compensated if 

necessary), it is relatively straightforward to use the shaper in order to alter the 

spectral phase and thereby, generate other optical waveforms. The simplest 
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example is to add a linear chirp (applying  a parabolic spectral phase mask) in 

order to adjust the pulse duration or even the arrival time for the red- and blue- 

parts of the spectrum to, e.g., control excitation [NAI16] [WIP13]. Figure 5.5(c) 

illustrates the measured ACF profiles for several applied chirp values, targeting 

100 fs, 200 fs and 400 fs FWHM pulse durations, estimated from the ACF width 

using a sech2 fit. The corresponding SOD values, used to generate the phase 

masks for the shaper, are 1900 fs2, 3700 fs2, and 7000 fs2 at 1025 nm, respectively. 

For the latter, Figure 5.5(a) shows the corresponding parabolic phase profile, 

added to the dispersion compensation mask. The expected time-domain intensity 

profile of the pulse is shown in Figure 5.5(b). Note that either positive or negative 

chirp can be applied, and the SOD magnitude can be as high as 15000 fs2. 

 

 

Figure 5-5 Tuning the generated pulse duration using a programmable linear chirp: (a) A Parabolic 
phase mask corresponding to 7000 fs2 SOD at 1025nm, applied by the 4f shaper. The laser spectrum is 
shown as a reference; (b) Calculated intensity profile for 7000 fs2 SOD at 1025nm; (c) Experimental 
ACF profiles for the compressed pulse (reference) and for 1900 fs2, 3700 fs2, and 7000 fs2 SOD at 1025 
nm. The corresponding target sech2 pulse durations are 100 fs, 200 fs, and 400 fs, respectively. 

 

 

Another common technique is the use of sinusoidal phase modulation for 

the reshaping of a single pulse into a burst of sub-pulses [PES14]. The number of 

sub-pulses and their relative magnitude strongly depend on the phase modulation 
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amplitude. Their time period (spacing) is equal to the spectral phase modulation 

“frequency” (measured in [ps]), which can be continuously tuned. For the pulse 

burst in Figure 5.6, the modulation amplitude was set to 0.45, which leads to a 

pulse sequence with three main sub-pulses of similar magnitude. The calculated 

phase mask in Figure 5.6(a) and expected time-domain intensity profile in Figure 

5.6(b) are given for 0.2 ps spacing between pulses. The latter can be adjusted 

continuously, with high precision, by simply tuning the modulation frequency of the 

sinusoidal phase mask. Experimental ACF traces for 0.2 ps, 0.4 ps, and 0.8 ps 

spacing between pulses are illustrated in Figure 5.6(c). They match the simulated 

ACF profiles for the corresponding parameters. 

 

Figure 5-6 Generation of pulse bursts using sinusoidal phase modulation: (a) Sinusoidal phase with 

amplitude 0.45 and 0.2 ps modulation “frequency” (in the spectral domain). The input laser 
spectrum is shown as a reference; (b) Calculated intensity profile for the sinusoidal mask described in 
Fig. 5.6(a); (c) Experimental ACF profiles for 0.2 ps, 0.4 ps, and 0.8 ps spacing between pulses in the 
burst.  
 

 

Phase shaping is an attractive, relatively lossless way to bring selectivity 

into nonlinear optical processes. It can be illustrated in the second harmonic 

generation (SHG) process, see Figure 5.7. When ultrashort laser pulses are 

compressed to their transform limit and focused on to a thin nonlinear crystal, the 

dominant contribution to the bell-shaped SHG spectrum comes from sum-

frequency generation (SFG) across the laser spectral bandwidth. Laser photons at 

frequencies + and -, where  is an arbitrary detuning, add up to produce 
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SHG photons at 2 and interfere constructively with other contributions because 

their nonlinear phase (+)+(-) is independent of detuning ;  here, () is 

the spectral phase of the laser pulse. Then, if a phase mask with a proper 

symmetry is applied, such as, e.g., ()  (-0) 3, constructive interference is 

preserved only for 0, corresponding to frequency 20 in the SHG spectrum.  

 

Figure 5-7 Selective two-photon excitation using programmable cubic phase: a) Cubic phase mask 
corresponding to -106 fs3 TOD at 1025nm, applied by the 4f shaper. The laser spectrum is shown as a 
reference; (b) Calculated intensity profile for -106 fs3 TOD at 1025nm; (c) Experimental SHG spectra for 
the cubic phase mask scanned across the laser spectrum from 1015 nm to 1040 nm, in 5 nm 
increments. The SHG spectrum of the compressed pulses is given as a reference. The spectra were 
acquired with AQ6374 optical spectrum analyzer (Yokogawa, Japan), configured for 0.1nm resolution. 

 

 

The latter can be understood by recalling that TOD corresponds to a 

parabolic group delay (in the frequency domain). Spectral bands at frequencies 

symmetric relative to 0, i.e., at 0+ and 0-, are equally delayed and therefore, 

continue contributing to the signal at 20through the SFG process. For other SHG 

frequencies though, the timing between paired spectral bands drifts, suppressing 

their contribution to the nonlinear signal.  

Experimentally, one observes a narrowed SHG spike when a cubic phase 

is applied. If there are no other phase distortions, the SHG peak closely tracks the 

point of symmetry for the cubic phase. That is if the phase mask is centered at 

1025 nm, as in Figure 5.7(a), the SHG peak is expected to be at 512.5nm. By 



116 
 

changing the center frequency/wavelength of the cubic phase mask, one 

effectively tunes the two-photon excitation band. Note that the strength of the two-

photon peak when TOD is applied is similar to what one gets using compressed 

pulses; i.e., the entire spectral bandwidth of the shaped pulse contributes towards 

the two-photon transition at 20. 

5.5 Booster-converter. 

 

The dual filter seed source has an acceptable spectral width for ultrashort 

pulse generation but is quite limited in its output power, which is effectively defined 

by the stability window of generation and start-up limitations as previously 

discussed. Greater flexibility in the achievable output power and spectral output of 

the system can be rachieved by using an additional booster amplifier with a fiber-

optic nonlinear converter, see Fig 5.8. 

 

 

 

 

  

 

 

 

 

 

This configuration of booster is very flexible and makes it easy to control 

the output parameters because the major nonlinear conversion takes place in BF 

(the control fiber). As a result, we can manipulate the output power and the 

spectrum by changing the type (mode field) and length of the fiber BF only.    

BG 0.4 
BE 0.4 

BO 0.4 BF 1.0 BA 1.0 BI 1.0 

Figure 5-8 . Booster-amplifier with nonlinear converter. BA – ytterbium amplifier 1m, 
BF –relatively small mode field diameter fiber 1m (operating as a nonlinear 
converter), BG, BE, BI, BO – feeding, isolator and output LMA fibers. 
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Figures 5.9-5.11 show the simulation results for two configurations with 6 

m and 12 m mode field diameter control fibers. 

 

                    Figure 5-9 Input spectral FWHM 1 nm, “control fiber” diameter 6 µm, 55 nJ 

 

 

                    Figure 5-10 Input spectral FWHM 1 nm, “control fiber” diameter 12 µm, 100 nJ 

 

 

                        Figure 5-11 . Input spectral FWHM 1 nm, “control fiber” diameter 12 µm, 528 nJ 
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Thus, using the LMA booster-amplifier and the larger mode diameter 

control fiber a high energy (about 1 J) pulse and very broadband spectrum of the 

order of 50 nm and above can be controllably produced, with the capability to 

compress the pulse to 50 fs or less in a practically transform limited format. 

5.6 Booster – converter test results.  

Based on the above calculation we have assembled a prototype laser 

source with advanced characteristics (control fiber 1m MFD 6 m). 

750 mW output power, 70 nJ. Pulse FWHM (sech2) = 37fs 

Fidelity is 0.8-0.9, which is good. 

Satellites are present at ~2.35ps delay due to amplitude modulation. 

Fig. 5.12-5.15 illustrate the performance of the system. 

 

Figure 5-12 Output spectrum 750 mW output power, 70 nJ. 
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                            Figure 5-13 Pulse ACF. 
 

 

Figure 5-14 . A screenshot of femto Pulse Master simulation software, showing the calculated time-
domain characteristics of a pulse defined by the laser spectrum (top-left) and a flat spectral phase 
(bottom-left);  time-domain electric field profile (top-middle); intensity profile, normalized to unity at 
the peak and zoomed down to 1% level  (bottom-middle); interferometric autocorrelation (top-right) 
and background-free autocorrelation, normalized to unity at the peak and zoomed down to 1% level 
to highlight the pedestal (bottom right).  
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Figure 5-15 . Fidelity calculations based on the chirp scan: (top-left) the loaded laser spectrum; 
(bottom-left) calculated and experimental SHG spectra for the compressed pulses; (top-middle) laser 
spectrum, refitted on the calculation grid; (bottom-middle) calculated and experimental SHG traces as 
a function of linear chirp, scanned within +/-30,000fs2; (top-right) instantaneous SHG spectra plotted 
by the program for every chirp value as the spectrograms are generated; (bottom-right) Spectrally-
integrated SHG signal as a function of the applied chirp, calculated and experimental; the ratio 
between the theoretical (blue) and experimental (red) curves gives “fidelity” curve (black).   

 

 

For the calculations in Figure 5.14, the laser spectrum was acquired after 

the pulse shaper that was used to compress the laser output. The spectrum was 

confined by the passband of the pulse shaper, which cuts the spectral wings on 

both sides and limits the calculated transform-limited (TL) pulse duration to ~40fs 

FWHM. The expected autocorrelation (AC) width for this spectral shape is 54fs 

FWHM. There are significant side-pulses at ~2.8ps delay due to the high-

frequency amplitude modulation that can be seen across the laser spectrum. The 

modulation next to the main peak is imposed by the sharp cutoff on the spectral 
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wings. When the pulse is fully compressed, sub-pulse distribution is symmetric 

relative to the main peak, as to be expected. 

In the presence of instabilities, the compensation mask, determined via the 

MIIPS technique or some other method, accounts only for ensemble-averaged 

distortions. Each individual pulse can no longer be perceived as TL and pulse-to-

pulse variations would lead to deviations from the expected profile. Obviously, it 

also affects how such ensemble responses to deliberately added phase 

distortions. 

The degree of pulse reproducibility, or pulse-train fidelity, is estimated by 

comparing two traces – experimental linear chirp scan while monitoring SHG 

spectra and a calculation for the given spectrum under assumption that the pulse 

train has no instabilities and is fully coherent. The SHG spectrograms are 

integrated over the wavelength axis to show the total SHG signal as a function of 

applied chirp, in addition to the compensation mask that corrects for ensemble-

averaged distortion. The two curves are normalized to unity at the peak, where no 

chirp is applied. 

One can see that the experimentally measured curve (Figure 5.15, bottom-

right; red curve) is wider than the calculated one (Figure 5.15, bottom-right; blue 

curve) for the given laser spectrum; i.e., the rate of pulse stretching is not as fast 

as one would expect. This is interpreted as due to the instability that effectively 

broadens the pulses and thereby, makes them less sensitive to the added chirp.  

To have a metric to quantify the degree of instability, the normalized 

theoretical curve is divided by the normalized experimental curve (see Figure 5.15, 

bottom-right; black curve). Its asymptotic value in the limit of large chirp, plus or 

minus, is taken as the fidelity parameter. Its value is close to 1 for a stable pulse 

train, and approaches 0 for an incoherent source. For the example in Figure 5.15, 

the retrieved value is about 0.3, which is indicative of significant noise on the pulse 

train.    

When the blue edge of the output spectrum is removed by an amplitude 

mask (on the pulse shaper), the temporal satellites disappear at the expense of 

reduced power and a longer pulse duration, see Figures 5.16 and 5.17. 
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                                     Figure 5-16 Filtered spectrum 

 

 

We found a very good correlation of our numerical simulation with the 

experimental results. This gives the possibility to design, on demand, of different 

types of femtosecond laser sources which will be of immediate commercial 

importance.  

Figure 5-17 Improved pulse ACF 
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6 Conclusions. 

The key outcomes of this research have been: 

1. I have developed a new method of passive mode-locked pulse 

generation based on the cross-filters technique and nonlinear 

conversion in a passive fiber. The results of this research have 

been patented [ SAM16] 

2. The laser configuration provides the capability of self-starting 

operation and an appropriate technique was developed to 

enable this. 

3. An analytical computer model of the laser was developed 

which shows excellent correlation with experimental results. It 

provides a powerful tool for further improvement of the laser 

parameters and allows the customized design of new laser 

configurations according potential customers’ specification.    

4. The laser was tested in different applications: as the seed 

source for high power pico-femtosecond laser by spectrally 

selecting the generated spectrum (considering the flatness 

and linearity of the chirp, typically 15-20 nm). The results show 

that the laser is capable of providing configurations with an 

output energy greater than 100 J and pulse durations 200-700 

fs. 

5. The laser was investigated for the generation of ultrashort 

pulses utilizing the full operational spectral band, and was 

capable of delivering up to 15 nJ with 50 fs pulses. 

6. The technique of pulse amplification and conversion by using 

an external amplifier was also investigated.  A corresponding 

computer model of operation of such configuration was also 

developed. The overall system was capable of delivering pulse 

output energies of greater than 100 nJ in pulses of less than 

50 fs and an output power of 1000 mW. 

7. This research program has resulted in the generation of 

numerous commercial and technical know-hows which have 
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simplified the development and mass manufacture of pico-

femtosecond fiber lasers. 

8. The results of this project are currently being used by IPG for 

the development and manufacture of a new line of laser 

products. 

 

In the course of this project, results were obtained that were not included 

in this thesis however, they are important and very promising for practical 

applications. 

Namely: 

Theoretically and experimentally, the possibility of a controlable shift of the 

center of the lasing wavelength was demonstrated (up to 45 nm) by changing the 

fiber length of the amplifier and the gain profile along the fiber length (control of the 

pump wavelength). 

When using long amplifiers, the laser goes into the similariton mode. This 

mode is characterized in that the nonlinear broadening and gain in the amplifier 

occur simultaneously. As a result, a wider and smoother spectrum is obtained 

without loss of coherence. This is important for producing pulses shorter than 30 

fs. 

The conditions were found under which the laser is capable of generating 

multiple frequencies. In our case, this was 11xn MHz (n=1 to 11). All possible 

frequencies were obtained up to the 11th harmonic inclusive (11 pulses per 

period). The theoretical model also shows at what parameters such modes are 

possible and could be stable.  

All the above need extended research and development before they could 

be implemented in a commercial device for routine application. 
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8 Acronyms  

The following is a list of acronyms used throughout this thesis, presented 

in alphabetical order. Throughout the body of the text, the acronyms are defined 

once in their position of first use, then not again; except in figure captions where 

they are defined for every occurrence: 

ACF – Auto Correlation Function  

AML - Actively Mode-Locked  

AR - Anti-Reflection  

ASE - Amplified Spontaneous Emission  

CGLR – Complex Ginsburg-Landau Equation 

CF – Cross Filter 

CW - Continuous-Wave  

DFG - Difference-Frequency Generation  

EDFA - Erbium-Doped Fiber Amplifier  

Er - Erbium  

FBG - Fiber-Bragg Grating  

FPC - Fiber-Polarization Controller 

FROG - Frequency-Resolved Optical Gating  

FWHM - Full-Width at Half Maximum  

FWM - Four-Wave Mixing  

GVD - Group Velocity Dispersion  

IR - Infra-Red  

LD - Laser-Diode  

LMA - Large-Mode Area 

LP - Linear Polarized 
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MCVD - Modified Chemical Vapor Deposition 

MFD - Mode-Field Diameter  

MIIPS - Multiphoton Intrapulse Interference Phase Scan 

MOPA - Master Oscillator Power Amplifier  

MOPFA - Master Oscillator Power Fibre Amplifier  

NA - Numerical Aperture  

NALM - Nonlinear Amplification Loop Mirror 

Nd - Neodymium  

NLPR - Nonlinear Polarization Rotation 

NOLM - Nonlinear Optical Loop Mirror 

OSA - Optical Spectrum Analyzer  

PER - Polarization Extinction Ratio  

PD - Photodiode  

PM - Polarization-Maintaining  

PML - Passively-Mode Locked  

SBS - Stimulated Brouillion Scattering  

SESAM - Semiconductor Saturable Absorber Mirror  

SFG - Sum-Frequency Generation  

SHG - Second-Harmonic Generation  

SLD - Semiconductor Laser Diodes 

SLM - Spatial Light Modulator 

SOD- Second-Order Dispersion 

SPIDER - Spectral Phase Interferometry for Direct Electric-field 

Reconstruction 
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SPM - Self-Phase Modulation  

SRS - Stimulated Raman Scattering  

SSFM - Split-Step Fourier Method  

Tm - Thulium 

TL – Transform Limited 

TOD – Third-Order Dispersion  

UV - Ultra-Violet  

XPM - Cross Phase Modulation  

Yb - Ytterbium  
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