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Preface

Laser is one of the most applicable sources of energy that can be used in a large variety of
applications such as defense, industries and medicine. The special characteristics of this
source of energy make it very interesting for different applications. One of the unique char‐
acteristics of laser, compared to other light sources, is the coherence. Coherence is a unique
property of lasers that results in a very narrow beam with very limited diffraction compared
to other light sources. Also, the laser can be focused to a very small beam diameter and this
will perform at very high energy densities. Laser is a directional source of energy, and by
utilizing optics, it can be directed to a desired path.

This book includes an interesting and recent collection of relevant research on the develop‐
ment of high-powered laser systems. It includes topics such as using a variety of methods to
generate laser pulse in the femtosecond and attosecond range with different wavelengths.
The book includes 10 chapters.

In Chapter 1, High-Power Laser Systems of UV and Visible Spectral Ranges, three different exci‐
mer lasers with a variety of peak powers are discussed. The authors showed with experi‐
ments that a peak power of 14 TW can be achieved. Chapter 2, High-Brightness and
Continuously Tunable Terahertz-Wave Generation, focuses on generating high brightness tera‐
hertz wavelength radiation. The authors also revealed that by controlling the pumping, one
can optimize the tuning curve. In Chapter 3, High-Power, High-Intensity Contrast Hybrid Fem‐
tosecond Laser Systems, authors consider hybrid lasers by combining chirped pulse amplifica‐
tion (CPA) with optical parametric chirped pulse amplification (OPCPA). They also review
several systems that are used around the world.

Chapter 4, New Generation of Ultra-High Peak and Average Power Laser Systems, considers the
output peak power by extracting during pumping (EDP), as well as generating short pulses
using polarization-encoded chirped pulse amplification (PE-CPA). They use Ti:Sa crystals
and achieve 200 J output power. In Chapter 5, Kerr-Lens Mode-Locked High-Power Thin-Disk
Oscillators, the authors review the femtosecond Kerr-lens mode-locked thin-disk technology
as a great potential for future applications. They also review the challenges of this method
including mode-locking initiation, thermal lensing, and oscillator stability.

Chapter 6, Developing High-Energy Dissipative Soliton 2 μm Tm 3+ - Doped Fiber Lasers, discuss‐
es the mid-infrared wavelength sources with 2-micron fiber. The authors show that by using
the new model, they could achieve a steady 10 nJ pulse power. In Chapters 7 and 8, Frequen‐
cy-Synthesized Approach to High-Power Attosecond Pulse Generation and Applications: (I) Genera‐
tion and Diagnostics (II) Applications, the authors discuss the theory of a new scheme of high-
power attosecond laser. They also discuss the application of this method in Chapter 8,
separately. In Chapter 9, Theory of Laser Energy Harvesting at Femtosecond Scale, the authors
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considered femtosecond pulse energy scaling using dissipative soliton generation by two
methods of solid-state and fiber mode-locked lasers. In Chapter 10, Self-Focusing of High-
Power Laser Beam through Plasma, the authors study the beam laser characteristics during the
interaction with generated plasma. They discuss the self-focusing and defocusing in laser
plasma interaction.

This book is a relevant reference source for researchers as well as engineers working with
high-powered laser systems around the world. I would like to acknowledge my PhD advis‐
er Prof. Radovan Kovacevic who helped me with his great inputs, as well as my lovely wife
Neda who has always supported me to achieve my goals in life.

Challenges in any field are what keeps you alive!

Masoud Harooni, PhD
Product Manager – Laser Welding

TRUMPF Inc.
USA
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Abstract

Three high-power excimer laser systems with apertures of 25 and 40 cm of the output 
laser beam are described. The first and second laser systems consist of four and five 
excimer lasers, respectively. Third system consists of Ti:Sa front end and XeF(C-A) ampli-
fier. The experimental results of the generation of the high-quality and high-power laser 
pulses are presented. Laser beams with pulse energy of up to 330 J (308 nm, 250 ns) and 
peak power 14 TW (450 nm, 50 fs) were obtained.

Keywords: excimer laser systems, discharge, e-beam, hybrid laser system, laser pulse

1. Introduction

Laser systems on the noble-gas halides are the most powerful and effective sources of the 
coherent radiation in the UV spectral range. Nowadays, these systems serve as a unique means 
for solving fundamental and applied problems (e.g., inertial nuclear fusion, the physics of the 
interaction of the superintense radiation with matter, the generation of the x-ray radiation, the 
acceleration of particles in the presence of superstrong electromagnetic field, etc.).

Nike (United States) is the most powerful excimer laser system, generating radiation pulses with
energy of up to 5 kJ at a pulse duration of 240 ns on full width half maximum (FWHM) and a
wavelength of 248 nm [1]. The aperture of the output amplifier of this system is 60 × 60 cm. The
system was created and applied to solve the problem of laser thermonuclear fusion. It is used in
the experiments on the generation of high-power nanosecond pulses and their interaction with a
target. The second largest excimer laser system (Super-Ashura) was created in Japan [2]. The aper-
ture size of the output amplifier is 61 cm. This system generates radiation pulses with an energy

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Nike (United States) is the most powerful excimer laser system, generating radiation pulses with 
energy of up to 5 kJ at a pulse duration of 240 ns on full width half maximum (FWHM) and a 
wavelength of 248 nm [1]. The aperture of the output amplifier of this system is 60 × 60 cm. The 
system was created and applied to solve the problem of laser thermonuclear fusion. It is used in 
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of up to 3.7 kJ (KrF molecule) at a pulse duration of about 240 ns. The Super-Ashura system is 
used for experiments on the generation of high-power nanosecond and picosecond pulses and the 
interaction of these pulses with matter. The Titania laser system, created in England, employs KrF 
molecules and generates pulses with an energy of about 1 kJ and a pulse duration of about 150 ns 
[3]. The aperture size of the output amplifier is 42 cm. This system is used for experiments on the 
generation of high-power picosecond and femtosecond pulses and their interaction with matter.

Russian institutions also develop and create the powerful excimer lasers and laser systems [4–12]. 
In particular, a KrF laser system with a Garpun output unit (Institute of Physics, Russian Academy 
of Sciences) has an output aperture with a size of 16 × 18 cm and one generates radiation pulses 
with energy of 80 J and pulse duration of 100 ns [12].

The excimer lasers developed at the High-Current Electronics Institute (HCEI), Siberian 
Division, Russian Academy of Sciences, generate pulses with an energy of greater than 100 J 
[4–6, 8–11]. The two most powerful XeCl lasers (308 nm) with apertures of 40 [8] and 60 cm 
[9–11] generate pulses with energies of 660 J and 1.9 kJ and pulse durations of about 350 and 
250 ns, respectively.

At the end of the nineteenth century, the hybrid approach to femtosecond pulse amplification 
was developed. To amplify femtosecond pulses, the rare-gas-halide excimer media excited by 
a high-voltage discharge or an electron beam were used. In these media, the laser transitions 
between the excited B–state and ground weakly bound or weakly repulsive X-state of ArF, 
XeCl, XeF, or KrF excimer molecules were used [13]. However, B-X transitions have rather 
narrow gain bandwidths (broadest bandwidth of Δλ ≈ 2 nm) and rather small saturation flu-
ence (εsat ≈ 1 mJ/cm2). To realize high-output peak powers, (more than 1 TW) large apertures 
are required. Furthermore, a high gain of the amplifiers limits the temporal contrast of output 
radiation at the level of 102–103 [14]. The highest peak power of output radiation reached in 
traditional rare-gas-halide excimer amplifiers does not exceed ~ 4 TW [15].

А photodissociative-driven XeF(С-А) medium has a wide amplification band (~ 60 nm) in 
475 nm range and a high saturation fluence of ~ 0.05 J/cm2 unlike the traditional excimer mole-
cules on the B-X transition [16]. At present, the development of ultra–high-power laser systems 
with a pulse duration of 10–100 fs is based mainly on near-infrared solid-state Ti:sapphire or 
parametric amplifiers. In these systems, positively chirped pulses, i.e., stretched in time (up 
to 0.5–1 ns) by linear frequency modulation [17], are amplified, and following its temporal 
recompression, the initial duration is realized. A pulse stretching allows avoiding nonlinear 
effects related to self-focusing. The pulses are normally stretched ~104 times, and for pulse 
recompression, a vacuum compressor based on diffraction gold-coated gratings is used.

An alternative approach to the design of multiterawatt and petawatt femtosecond laser sys-
tems has been developed at the Lebedev Physical Institute (Moscow, Russia) [18, 19], LP3 
Laboratory of the Marseille University (Marseille, France) [20–22], and Institute of High 
Current Electronics (Tomsk, Russia) [23–25]. This approach is based on a solid-state fem-
tosecond front-end and a photochemical XeF(C-A) boosting amplifier with a gaseous active 
medium [26, 27]. The advantage of this hybrid (solid/gas) design is that due to the much 
lower optical nonlinearity of gas compared to solids, the admissible factor of stretching 
femtosecond pulse is three orders of magnitude smaller than for solid-state systems. This 
allows the amplification of picosecond chirped pulses and their subsequent compression by 
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simpler and more efficient methods. The compression of negatively chirped pulses can be 
realized in bulk glass with positive group velocity dispersion. In addition, the hybrid laser 
system operates in the visible spectral range, which may be advantageous in some applica-
tions to strong-field laser-matter interaction [28]. The gaseous nature of the active medium 
also allows easy scaling of hybrid laser systems. At the Institute of High Current Electronics 
(HCEI) SB RAS, the multiterawatt hybrid laser system THL-100 based on a photochemical-
driven XeF(C-A) boosting amplifier with a 24 cm aperture was developed.

In this work, we describe three high-power excimer laser systems developed at HCEI and based 
on wide-aperture lasers with the output laser beam sizes 25 × 25 cm [6], 40 cm (diameter) [8], and 
25 cm [29, 30], respectively. The experimental results obtained on these systems are presented.

2. MELS-4 k laser system

2.1. Experimental method and equipment

The MELS-4 k laser system consists of the master complex, preamplifier, and a UFL-100 M 
amplifier [7]. The master complex contains two electric-discharge XeCl lasers. One of them 
serves as the master oscillator. The combination of the two lasers makes it possible to vary the 
parameters of the output radiation. In particular, for single-pass lasing, the radiation energy 
is E = 15 mJ, the spectral line half width is Δν = 0.01 cm−1, and the pulse FWHM is 50 ns. In 
the case of injection locking, the parameters of the output beam are E = 100 mJ, Δν = 0.01 cm−1, 
and τ = 100 ns, while more than 50% of the radiation energy is concentrated inside the diffrac-
tion angle [31]. In the case of double-pass lasing with the phase conjugation, the parameters 
are E = 50 mJ, Δν = 0.01–0.4 cm−1, and τ = 30 ns, and the divergence is close to the diffraction-
limited Qd [32]. When the pulse is compressed to a pulse duration of 1–2 ns upon stimulated 
Brillouin scattering, the parameters are E = 10 mJ, Δν = 0.01 cm−1, and Qd [33].

The preamplifier represents an electric-discharge lase with an active volume of 6x11x80 cm3 
(Figure 1). This laser consists of a metal housing that contains the dielectric laser chamber, 
capacitors with a total capacitance of 368 nF that are directly connected to the electrodes, and 
the x-ray source. A discharge gap and a storage capacitor (0.4 μF) are placed outside. The 
laser mixture Ne/Xe/HCl = 1000/10/1 is photo-ionized at a pressure of 2–4 atm. The storage 
capacitor is connected to the discharge gap, and 300 ns prior to the moment when the voltage 
across the electrodes reaches the maximum value, the x-ray source is switched on. The radia-
tion of this source initiates the discharge. The x-ray radiation is injected through a stainless 
steel grid with a geometrical transparency of 50%. The doze inside the laser chamber is about 
25 mR. The laser energy amounts to 6–10 J at a pulse duration of τ = 80–160 ns.

The active volume of the main amplifier is 25 × 25 × 100 cm3. The gas is excited by two electron 
beams [6]. The electron accelerators are placed at the top and bottom of the laser chamber, which 
has an internal volume of 360 l. In each accelerator, the vacuum diode and the high-voltage 
generator are placed in a single metal housing. The cathode of the vacuum diode is directly 
fixed on the last stage of the high-voltage generator. The maximum energy of the laser with a 
plane-parallel cavity is 210 J, and the pulse duration is τ = 250 ns. In the amplification mode, the 
windows of the laser chamber are tilted at an angle of 100 relatively to the optical axis.

High-Power Laser Systems of UV and Visible Spectral Ranges
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simpler and more efficient methods. The compression of negatively chirped pulses can be 
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the x-ray source. A discharge gap and a storage capacitor (0.4 μF) are placed outside. The 
laser mixture Ne/Xe/HCl = 1000/10/1 is photo-ionized at a pressure of 2–4 atm. The storage 
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To start the master complex and to lock it to the amplifiers, we employ a high-voltage pulsed 
oscillator. The switch on time of the master oscillator and the amplifier is controlled using the 
cable and artificial delay lines. When the radiation is amplified in the laser system, the follow-
ing condition is satisfied: the maximum intensity of the input pulse coincides with the pump 
power maximum in each of the amplifiers.

To determine the wave-front distortions of the amplified beam on the optical elements, we 
calculate the optical path taking into account the positions of the elements and the surface 
finish. For the optical elements with a diameter of up to 100 mm, the wave-front distortion of 
the laser beam is no greater than λ/4. For a diameter D of greater than 100 mm, the distortion 
is no greater than λ (wave length).

To find the energy parameters of the radiation, we numerically simulate the amplification 
modes. For this purpose, we employ the one-dimensional model developed at HCEI based 
on the system of nonstationary equations for the concentrations of the excimer molecules and 
the photon fluxes [7].

2.2. Calculated parameters of the amplified radiation

The short spontaneous lifetime (10–14 ns) of the upper laser level of excimer molecules and a 
high small signal gain g0 (0.05–0.1 cm−1) lead to a relatively high level of amplified spontane-
ous emission (ASE). The purpose of the calculations is to predict the output parameters of the 
laser system with allowance for the ASE in the optical schemes.

The output characteristics of the radiation are calculated for the preamplifier and the main 
amplifier where the ASE effect is maximal. All of the intensity distributions are presented for 
a time-constant pump power. Figure 2 demonstrates the radiation intensity distribution with 
respect to the length of the preamplifier active medium for various intensities of the input 

Figure 1. Photograph of the electric-discharge preamplifier.
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 signal. The calculations are performed for the following initial parameters of the active medium: 
g0 = 0.08 cm−1, α = 0.015 cm−1, τef = 2.5 ns, and σ = 4 × 10−16 cm2, where α is absorption coefficient, 
τef is the efficient life time of XeCl* molecule, and σ is the stimulated emission cross section The 
spontaneous lifetime of the XeCl* molecules is τs = 14 ns. Based on the results of the calculations 
and the input pulse duration, we may conclude that an input energy of about 10 mJ is sufficient 
for the saturation of the amplifier at two passes. In this case, the intensity of the amplified signal 
as about 2Is (Is is the saturation intensity). For input signals with an intensity of no less than 
100 kW/cm2, it is expedient to employ single-pass amplification. In general, the ASE effect is 
weak provided that the input intensity is more than 2 kW/cm2 at the given parameters and sizes 
of the active medium.

For the main amplifier with a lower pump power, the parameters of the active medium are as 
follows: g0 = 0.065 cm−1, α = 0.0145 cm−1, τef = 3 ns, σ = 4 × 10−16 cm2, and τs = 14 ns [7]. Figure 3 dem-
onstrates the intensity distributions of the amplified radiation and ASE for the single-pass (a) and 
double-pass (b) configurations. It is seen that the ASE effect is significantly stronger than the effect 
in the preamplifier in spite of the comparable values of the product gL, where L is active medium 
length and g is the gain coefficient. For example, at a kilowatt level of the input signal, the ASE 
intensity at the output of the main preamplifier is close to the intensity of the amplified radiation, 
so that the latter cannot effectively make use of the population inversion. Note that the one-dimen-
sional model slightly overestimates the signal-to-noise ratio (especially in the case of double-pass 
amplification). Therefore, the real ASE effect should be even stronger. Thus, the minimum inten-
sity of the input signal of the main amplifier should be about 10 kW/cm2. At a pulse duration of 
80 ns, the corresponding energy density is about 1 mJ/cm2. In this case, preference should be given 
to the double-pass configuration with regard to the energy of the amplified radiation.

In the calculations, we employ the nonstationary model and, therefore, observe the shape 
of the desired signal and the ASE pulse shape [7]. The pulses at the input and output of the 

Figure 2. Intensity distributions of (1)–(4) the amplified signals and (5) the total ASE for (1)–(3) and (5) the double-pass and (4) 
single-pass amplification in the active medium of the preamplifier. The signal traveling from the right-hand side to the left-hand 
side is reflected by the mirror on the left-hand side. Curve 5 corresponding to the ASE is presented for the conditions of curve 1.
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active medium may substantially differ from each other. This difference depends on the dif-
ference between the radiation and pump pulse shapes, on the steepness of the pulse edges 
and the length of the active medium.

Figure 3. Intensity distributions of (solid lines 1–4) the amplified signals and (dashed lines 1–4) the total ASE for (a) one 
and (b) two passes in the active medium of the main amplifier.
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2.3. Experimental results

The experiments on the amplification of radiation in the laser systems are performed at a 
pulse duration of τ0.5 = 80 ns. The purpose of the experiments is to measure the energy char-
acteristics of the amplifiers and to determine the wave-front distortions in the optical path. 
Figure 4 shows the experimental optical scheme. In the case under consideration, the ampli-
fied beam diverges owing to the presence of the negative lens 5. This makes it possible, on the 
one hand, to increase the output energy of the first stage and, on the other hand, to relatively 
easily match the apertures of the electric-discharge amplifiers. To match the beam size with 
the aperture of the output amplifier, we additionally employ telescope 6, which also provides 
for the spatial filtering of the radiation.

Table 1 demonstrates the measured output radiation energies and divergences for each of the 
amplification stages. Here, A is the beam size at the amplifier output; Ein and Eout are the input 
and output energies, respectively; and Ed is the energy inside the angle Qd. The larger beam 
size in the preamplifier and amplifier corresponds to the presence of the telescope. The differ-
ence between the output and input energies of the stages is related to the loss at the turning 
mirrors and the loss resulting from the aperture matching.

It is seen from Table 1 that the radiation divergence at the output of the first stage is close to 
the diffraction-limited divergence. Nevertheless, a worsening of the discharge homogeneity 

Figure 4. Optical scheme of the experiment: 1 and 4 totally reflecting mirrors, 2 pinhole with a diameter of 1.5 mm, 3 
semitransparent mirror, 5 negative lens with F = − 80 cm, 6 telescope consisting of lenses with focal lengths of 50 and 
100 cm (L is the optical path length in between the stages).
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or an increase in the diameter of the beam amplified in it leads to a decrease in the energy con-
centrated inside the angle Qd to a level of no greater than 50%. Using single-pass amplification 
in the passive part of the active medium of the first stage, we additionally increase the output 
energy of the master oscillator by a factor of about 20.

For the second stage, an input energy of 3 mJ is sufficient for the saturation of the amplifier active 
medium at two passes. A minor increase in the divergence after the second amplification stage in 
comparison to the divergence after the first stage is related to the presence of the ASE. The active 
medium of the preamplifier does not contribute to the observed increase in the divergence that 
is related to the distortions in the remaining part of the optical path (air and optical elements).

The atmospheric turbulent flows impede the measurements of the divergence at the output 
of the main amplifier. In particular, the position and structure of the focal spot are unstable 
when the radiation of the master oscillator passes through the optical system in the absence of 
amplification. The instability strongly depends on the presence of heat sources in the vicinity 
of the optical path and on the time interval after the operation of the amplifiers. This is the 
reason for the approximate value of the ratio Ed/Eout for a beam size of 10 × 12 cm. We may 
state that, in this case, nearly 50% of the energy is concentrated in an angle of 5 × 10−5 rad. This 
result is in agreement with the results of the alternative measurements in which the output 
radiation is focused by a lens with F = 1.5 m on the titanium foil with a thickness of 50 μm: a 
hole diameter of 100 μm corresponds to a divergence of about 6.5 × 10−5 rad.

To more thoroughly study the effect of the heterogeneities in the active medium of the main ampli-
fier and the optical path, we amplify the radiation of the master oscillator at three beam diameters: 
35, 75, and 150 mm, respectively. Figure 5 demonstrates the intensity distributions of the original 
radiation (the amplifier is switched off) and the amplified radiation measured in the far-field 
region. The first three panels correspond to the single-pass amplification in the active medium. 
It is seen that, for beam diameters of 35 and 75 mm, the divergence of the original and amplified 
radiation is close to the diffraction-limited divergence Qd. At a beam diameter of 150 mm, the focal 
spot is broken into a few spots, so that the divergence is significantly higher than Qd.

The most probable reason for this lies in the fluctuations of the air density in the optical path, 
since, in the case under consideration, the distance between lens 5 and the focal spot is about 
25 m. We change the optical scheme to decrease the possible effect of air. In the new scheme, 
the amplified radiation is expanded with a telescope in front of the amplifier, amplified, 
reflected by the mirror, amplified on the return pass, compressed by the same telescope, and 
detected. For detection, the reflection mirror was slightly misaligned relative to the optical axis 

Parameters First stage Second stage Third stage Fourth stage

A, cm Ø = 0.6 1.2 × 1.8 5 × 6 21 × 25

Ein, J – 0.003 0.03 1.2

Eout, J 0.005 0.08 1.5 25

Ed/Eout 0.82 0.77 0.5 –

Table 1. Parameters of the radiation amplified with an MELS-4 k laser system.
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of the system. Figure 5d and e shows the densitograms of the focal spots for the new scheme. 
It is seen that the focal spot remains unbroken even at a beam diameter of 150 mm. The cal-
culations show that a certain broadening in comparison to the diffraction size is related to the 
spherical aberration in the telescope.

In the measurements of the densitograms, the time interval between the amplifier activations 
is no less than 30 min. At shorter pauses, the divergence of the original radiation increases 
even for a beam diameter of 35 mm (Figure 5a). Nevertheless, the distortions are not observed 
when the radiation of the master laser enters the working medium of the amplifier immedi-
ately after the termination of the pump pulse.

3. Laser system with an output aperture of 40 cm

The laser system consists of five excimer lasers (Photon-1–Photon-5), the synchronization and 
starting system, and the matching optical elements. In three lasers, the working mixture is 
excited by an electric discharge. In two lasers, electron-beam excitation is used. In the experi-
ments, the parameters of the laser radiation are measured using conventional methods and 
devices. To measure the time and energy characteristics of the laser pulses, we employ an 
FEK-22 vacuum photodiode, TPI and IKT-2 N calorimeters, and an OPHIR calorimeter with 
an L30A-EX head. The signals are detected with Tektronix oscilloscopes.

3.1. Discharge lasers

Figure 6 shows the exterior view of the first laser (Photon-1) [34]. The electrodes of the dis-
charge gap are mounted inside the steel discharge chamber of the laser, which has a diameter 

Figure 5. Densitograms of the focal spots for beam diameters of (a) 35, (b) and (c) 75, and (d) and (e) 150 mm: 1 original 
radiation, 2 amplified radiation, and 3 original radiation having passed through the amplifier a few seconds after its work.
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of 35 cm. The electrode length is 107 cm, its active length is 102 cm, and the width of the inter-
electrode gap is 4 cm. A rectangular hole on one of the sides of the laser chamber is covered 
with an insulator. The elements of the system for the laser excitation are placed on the insula-
tor surface and are covered with a metal housing.

For the excitation, we employ an electric circuit with inductive energy storage and a semi-
conductor current breaker [35]. In this circuit, the high-voltage pulse with a short leading 
edge that is needed for discharge ignition is formed with a peaking capacitor C = 3.2 nF that 
is charged by the inductive energy storage with 12 SOS diodes [36]. The discharge preioniza-
tion is realized upon the charging of the peaking capacitors owing to the radiation of 90 spark 
gaps that are uniformly distributed on the two sides of the anode. The main energy is depos-
ited to the active medium at a low optimal voltage supplied by the storage capacitor (550 nF) 
that consists of K15–10 ceramic capacitors. The laser cavity consists of dielectric mirrors with 
reflectances of 98% and 7%. For the mixture Ne:Xe:HCl = 1520:10:1 with a pressure of 2 atm, 
the maximum laser energy is higher than 1.5 J at a pulse duration of 300 ns (FWHM) and a 
total efficiency of 1.35%. The low efficiency was due to the low content of HCl in the mixture, 
which was necessary to ignite the bulk discharge with large duration (~ 500 ns).

The two remaining electric-discharge lasers (Photon-2 and Photon-3) [37, 38] are virtually 
identical with respect to the design and the pumping scheme. Figure 7 demonstrates the exte-
rior view of Photon-3. Each of these lasers consists of three units that contain the gas-discharge 
chamber with the pump generator and electric and pneumatic control panels. The chamber 
contains the vacuum diode of the soft x-ray source, the electrodes of the laser discharge gap, 
and the insulator of the high-voltage input. The electrodes are made of stainless steel. For the 
Photon-2 (Photon-3) laser, the interelectrode distance is 5.4 (9) cm and the electrode length 

Figure 6. Photograph of the Photon-1 laser setup.
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is 80 (100) cm. The x-ray radiation is transmitted to the discharge gap through the electrode 
window, which is covered with 80-μm-thick titanium foil. The anode of the discharge gap 
is connected to the pump generator located outside the chamber via an insulator with metal 
studs. The design of the elements that connect the generator to the anode and the backward 
wire-ways provides for the minimum inductance of the discharge circuit.

The vacuum diode of the x-ray source has a cylindrical housing that accommodates the anode 
and the cold cathode working upon explosive electron emission. The emission surface of the 
cathode consists of strips of foil-clad fiberglass plastic. The strips are attached to a separating 
grid that is covered with a 40-μm-thick titanium foil for the sealing of the vacuum diode and 
is used for the out coupling of the x-ray radiation. A tantalum foil serves as the anode of the 
vacuum diode. The vacuum diode is evacuated with an oil-diffusion pump to a residual pres-
sure of about 10−4 torr.

A three-stage Arkad’ev-Marx generator with a fast capacitance of 15 nF serves as the power 
supply for the vacuum diode. The generator is connected to the vacuum diode with a KVI-120 
high-voltage cable. A positive voltage pulse with an amplitude of 50–55 kV and a duration of 
700 ns is fed to the anode. The x-ray doze in the cathode region of the discharge gap is 20–30 mR.

The storage capacitor, the switching unit, and the peaking capacitor are the main elements of the 
laser pump generator. The storage capacitor CL consists of two (Photon-2) or three (Photon-3) 
FL-300 lines connected in parallel. The electric length of the line is 300 ns, its capacitance is 
150 nF, and the impedance is 1 Ω. The pulsed charging of the line employs an IK-100 capacitor 
that is connected to the line with a KVI-120 cable. This capacitor can be charged to a voltage of 
40–65 kV. The peaking capacitors C2 = 4.9 (Photon-2) and 6.9 nF (Photon-3) that form the space 
discharge in the gap represent the batteries of KVI-3 ceramic capacitors (20 kV and 680 pF).

Figure 7. Photograph of the Photon-3 laser setup.
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A rail-gap switch exhibits a low inductance. Its electrodes are made of stainless steel. For the 
Photon-2 (Photon-3) laser, the electrode length is 80 (100) cm and the interelectrode distance 
is 4 (6) mm. A starting electrode made up of foil leaves is located in the vicinity of the cathode 
along its entire length. The gaps are activated when a high-voltage pulse is fed to the starting 
electrode. The gap case represents a dielectric tube with an outer diameter of 65 mm. In the 
working mode, the gaps are filled with dry air at a pressure of 4–6.6 atm.

The high-voltage pulse needed for the activation of the spark gaps is produced by a high-voltage 
impulse generator based on a TGI-1-1000/25 thyratron. The artificial delay lines of the synchroni-
zation system provide for a sequential switching on of the pump generator and the x-ray source.

Plane-parallel plates made of fused quartz serve as the windows of the laser chamber. In the 
lasing mode, the laser cavity is formed by the external dielectric mirror with a reflectance of 
98% at a wavelength of 308 nm and the window of the laser chamber. The laser mixture has a 
pressure of 3.5–4 atm and consists of the gases Ne, Xe, and HCl.

The free-running Photon-2 and Photon-3 lasers generate pulses with a duration of 250–300 ns 
(FWHM) and an energy of 3.5 and 10 J, respectively.

3.2. Electron beam–pumped lasers

Figure 8 shows a photograph of the forth laser (Photon-4). The laser consists of the 
Arkad’ev-Marx generator (high-voltage generator), vacuum diode, laser chamber, gas-fill-
ing and evacuation system, and electric control panel. The vacuum diode and the genera-
tor that serves as its power supply are placed in a single case. Thus, vacuum insulation of 
the high-voltage components is realized in the high-voltage generator. This design makes 
it possible to minimize the inductance of the power-supply circuit of the vacuum diode, 
as well as the accelerator size and weight. The high-voltage generator has three paral-
lel branches that make it possible to minimize the inductance and the erosion of the gap 
electrodes. In each branch, the spark-gap space is filled with dry air mixed with SF6. The 
capacitance of each stage in one branch is 0.18 nF. The accelerator is started with a con-
trolled gap switched to a high-voltage cable connected to the high-voltage generator. The 
gap is activated by a high-voltage pulse of the thyratron generator. The vacuum-diode 
cathodes with a total length of 110 cm are mounted on a holder fixed on the upper stage 
of the high-voltage generator. The laser chamber that serves as the anode is located in 
between the cathodes in the center of the vacuum diode. The inner diameter of the laser 
chamber is 25 cm. At the entire length, the chamber is attached to the diode housing with 
a metal plate. The plate facilitates the current flow and decreases the electron beam loss 
owing to the effect of the self-magnetic field. In the absence of the plate, when the current 
is closed only on the ends of the gas chamber, the loss may amount to 50%. Velvet serves as 
the electron emitter on the cathodes of the vacuum diode. The width of the anode-cathode 
gap is 7 cm. Thus, four radially converging beams formed in the diode are injected into 
the laser chamber through eight windows (two windows in a row with a total length of 
120 cm). Each vacuum-sealed window is closed with a 40-μm-thick titanium foil attached 
to a metal grid. The residual gas pressure in the case that accommodates the high-voltage 
generator and the vacuum diode is 5 × 10−5 torr.
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At a charging voltage of 85 kV, the voltage pulse formed by the generator across the diode has 
a duration of 1000 ns, an amplitude of 480 kV, and a total current of 74 kA. The electron beam 
generated in the diode provides for a relatively homogeneous excitation of the laser mixture.

The plane-parallel plates, which have a diameter of 300 mm and are made of fused quartz, 
serve as the windows of the laser chamber. In the lasing mode, the laser cavity is formed by 
the Al-coated external mirror and the window of the laser chamber.

The laser mixture consists of argon, xenon, and HCl. For the mixture Ar:Xe:HCl = 760:20:1 
with a pressure of 2 atm, the radiation pulse energy amounts to 120 J at a charging voltage of 
85 kV. The FWHM of the laser pulse is about 250 ns. Figure 9 shows the exterior view of the 
Photon-5 laser. The laser gas mixture is excited by a radially converging electron beam from six 
directions [8]. The beam is generated in a vacuum diode that contains 18 cathodes. The cath-
ode profile is chosen in accordance with the results of the numerical calculations of the beam 
parameters using the original 2D code. The emitting cathode surface is made of carbotextim 
(graphite-fiber material with a resistivity of about [5–50] × 10−2 Ωm), and it is covered with 
velvet. The width of the emitting surface is 120 mm and the total area of the cathode-emitting 
surface is 0.95 m2. The interelectrode gap between the emitting surface and the supporting 
structure of the outcoupling window is 6 cm. The supporting structure contains 18 windows 
(three windows in a row with a total length of 150 cm). The geometrical transparency of the 
beam outcoupling system is about 75%. The beam is outcoupled to the laser chamber through 
the Ti foil with a thickness of 40 μm. The laser cell diameter is 41 cm and the cell volume is 200 l.

The voltage pulse across the diode is generated using two paralleled linear transformers with 
the vacuum insulation of the secondary coil. Each of the transformers consists of ten stages, 
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is 4 (6) mm. A starting electrode made up of foil leaves is located in the vicinity of the cathode 
along its entire length. The gaps are activated when a high-voltage pulse is fed to the starting 
electrode. The gap case represents a dielectric tube with an outer diameter of 65 mm. In the 
working mode, the gaps are filled with dry air at a pressure of 4–6.6 atm.

The high-voltage pulse needed for the activation of the spark gaps is produced by a high-voltage 
impulse generator based on a TGI-1-1000/25 thyratron. The artificial delay lines of the synchroni-
zation system provide for a sequential switching on of the pump generator and the x-ray source.

Plane-parallel plates made of fused quartz serve as the windows of the laser chamber. In the 
lasing mode, the laser cavity is formed by the external dielectric mirror with a reflectance of 
98% at a wavelength of 308 nm and the window of the laser chamber. The laser mixture has a 
pressure of 3.5–4 atm and consists of the gases Ne, Xe, and HCl.

The free-running Photon-2 and Photon-3 lasers generate pulses with a duration of 250–300 ns 
(FWHM) and an energy of 3.5 and 10 J, respectively.

3.2. Electron beam–pumped lasers

Figure 8 shows a photograph of the forth laser (Photon-4). The laser consists of the 
Arkad’ev-Marx generator (high-voltage generator), vacuum diode, laser chamber, gas-fill-
ing and evacuation system, and electric control panel. The vacuum diode and the genera-
tor that serves as its power supply are placed in a single case. Thus, vacuum insulation of 
the high-voltage components is realized in the high-voltage generator. This design makes 
it possible to minimize the inductance of the power-supply circuit of the vacuum diode, 
as well as the accelerator size and weight. The high-voltage generator has three paral-
lel branches that make it possible to minimize the inductance and the erosion of the gap 
electrodes. In each branch, the spark-gap space is filled with dry air mixed with SF6. The 
capacitance of each stage in one branch is 0.18 nF. The accelerator is started with a con-
trolled gap switched to a high-voltage cable connected to the high-voltage generator. The 
gap is activated by a high-voltage pulse of the thyratron generator. The vacuum-diode 
cathodes with a total length of 110 cm are mounted on a holder fixed on the upper stage 
of the high-voltage generator. The laser chamber that serves as the anode is located in 
between the cathodes in the center of the vacuum diode. The inner diameter of the laser 
chamber is 25 cm. At the entire length, the chamber is attached to the diode housing with 
a metal plate. The plate facilitates the current flow and decreases the electron beam loss 
owing to the effect of the self-magnetic field. In the absence of the plate, when the current 
is closed only on the ends of the gas chamber, the loss may amount to 50%. Velvet serves as 
the electron emitter on the cathodes of the vacuum diode. The width of the anode-cathode 
gap is 7 cm. Thus, four radially converging beams formed in the diode are injected into 
the laser chamber through eight windows (two windows in a row with a total length of 
120 cm). Each vacuum-sealed window is closed with a 40-μm-thick titanium foil attached 
to a metal grid. The residual gas pressure in the case that accommodates the high-voltage 
generator and the vacuum diode is 5 × 10−5 torr.
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At a charging voltage of 85 kV, the voltage pulse formed by the generator across the diode has 
a duration of 1000 ns, an amplitude of 480 kV, and a total current of 74 kA. The electron beam 
generated in the diode provides for a relatively homogeneous excitation of the laser mixture.

The plane-parallel plates, which have a diameter of 300 mm and are made of fused quartz, 
serve as the windows of the laser chamber. In the lasing mode, the laser cavity is formed by 
the Al-coated external mirror and the window of the laser chamber.

The laser mixture consists of argon, xenon, and HCl. For the mixture Ar:Xe:HCl = 760:20:1 
with a pressure of 2 atm, the radiation pulse energy amounts to 120 J at a charging voltage of 
85 kV. The FWHM of the laser pulse is about 250 ns. Figure 9 shows the exterior view of the 
Photon-5 laser. The laser gas mixture is excited by a radially converging electron beam from six 
directions [8]. The beam is generated in a vacuum diode that contains 18 cathodes. The cath-
ode profile is chosen in accordance with the results of the numerical calculations of the beam 
parameters using the original 2D code. The emitting cathode surface is made of carbotextim 
(graphite-fiber material with a resistivity of about [5–50] × 10−2 Ωm), and it is covered with 
velvet. The width of the emitting surface is 120 mm and the total area of the cathode-emitting 
surface is 0.95 m2. The interelectrode gap between the emitting surface and the supporting 
structure of the outcoupling window is 6 cm. The supporting structure contains 18 windows 
(three windows in a row with a total length of 150 cm). The geometrical transparency of the 
beam outcoupling system is about 75%. The beam is outcoupled to the laser chamber through 
the Ti foil with a thickness of 40 μm. The laser cell diameter is 41 cm and the cell volume is 200 l.

The voltage pulse across the diode is generated using two paralleled linear transformers with 
the vacuum insulation of the secondary coil. Each of the transformers consists of ten stages, 

Figure 8. Photograph of the Photon-4 laser setup.

High-Power Laser Systems of UV and Visible Spectral Ranges
http://dx.doi.org/10.5772/intechopen.71455

13



and each of the stages consists of eight IK-100-0.17 capacitors (100 kV, 17 μF, and 50 nH). The 
output power of the stage is about 12 GW. The voltage is fed to the diode (the cathode col-
lector) with vacuum lines that serve as the secondary coils of the transformer. The diameter 
of the diode vacuum chamber is 131 cm and its length is 210 cm. The collector is suspended 
coaxially to the vacuum chamber on two springs in the upper part of the chamber. The vac-
uum chamber is evacuated using two AVDM-250 vacuum devices with liquid-nitrogen traps 
to a residual pressure in the diode of (3–4) × 10−5 torr.

At a charging voltage of 85 kV, the amplitude of the voltage pulse across the vacuum diode 
amounts to 550 kV. In this case, the total current (the sum of two currents) is 320 kA, and the 
energy transferred from the transformer to the diode is 87 kJ. At a charging voltage of 80 kV, 
the voltage across the vacuum diode is 440 kV, the total current is 290 kA, and the energy 
transferred to the diode is 78 kJ. The energy input to the gas increases when the pressure 
increases to 2.5 atm. Then, the energy input remains virtually unchanged when the pressure 
increases to 3.5 atm. The maximum energy input to the gas from the electron beam is about 
19 kJ. The efficiency of the energy transfer from the primary storage to the gas is about 19%. 
This result is close to the value realized in conventional accelerators with water lines [1–3].

Plane-parallel plates with a diameter of 400 mm made of fused quartz serve as the windows of 
the laser chamber. This laser is tested in lasing mode with the cavity formed by the Al-coated 
plane mirror and the laser chamber window. For the mixture Ar:Xe:HCl = 760:20:1 with a 
pressure of 2 atm, the radiation pulse energy amounts to 660 J at a charging voltage of 85 kV 
[8]. The radiation pulse FWHM is about 350 ns. The heterogeneity of the radiation energy 
density distribution over the cross section of the laser beam is less than 10%.

Figure 9. Photograph of the Photon-5 laser setup.
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3.3. Laser system

Figure 10 demonstrates the block diagram of the synchronization and starting system that is 
used to synchronize the setups. The laser system is controlled with a PC that is interfaced with a 
synchronization pulse generator producing voltage pulses with an amplitude of 600 V and a vari-
able interpulse delay. These pulses are used to start four thyratron generators and the magnetic-
bias generator of the Photon-5 laser. The last generator produces two bias pulses that are fed to 
the linear transformers to premagnetize the transformer cores in the appropriate direction. The 
thyratron generators produce negative voltage pulses with an amplitude of about 20 kV. These 
pulses are fed to the spark gaps of the Photon-1, Photon-2, and Photon-3 lasers and to the inputs 
of the generators of the Photon-4 and Photon-5 lasers. Both generators produce negative pulses 
with an amplitude of about 85 kV, which are used to trigger the rail gaps of the Photon-2 and 
Photon-3 lasers and to start the Photon-4 laser. These pulses are also fed to the inputs of the trig-
ger generators G-1 and G-2. The trigger generators produce 40 negative pulses with an ampli-
tude of 85 kV that activate the gaps of the transformer stages of the Photon-5 laser. In addition, 
the PC controls the on-off switching of the capacitive storage charging in all of the lasers with 
allowance for the particular charging times, so that the storages are charged simultaneously.

Thus, at the first stage of the laser system’s operation, the storage capacitors of all of the lasers 
are charged. Then, the starting pulse is fed to the magnetic-bias generator of the Photon-5 
laser and a certain sequence of the starting pulses is fed to the thyratron generators of the 
Photon-1, Photon-2, Photon-3, and Photon-4 lasers. Thus, we activate the system as a whole.

Figure 10. Block diagram of the starting and synchronization system.
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and each of the stages consists of eight IK-100-0.17 capacitors (100 kV, 17 μF, and 50 nH). The 
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coaxially to the vacuum chamber on two springs in the upper part of the chamber. The vac-
uum chamber is evacuated using two AVDM-250 vacuum devices with liquid-nitrogen traps 
to a residual pressure in the diode of (3–4) × 10−5 torr.

At a charging voltage of 85 kV, the amplitude of the voltage pulse across the vacuum diode 
amounts to 550 kV. In this case, the total current (the sum of two currents) is 320 kA, and the 
energy transferred from the transformer to the diode is 87 kJ. At a charging voltage of 80 kV, 
the voltage across the vacuum diode is 440 kV, the total current is 290 kA, and the energy 
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pressure of 2 atm, the radiation pulse energy amounts to 660 J at a charging voltage of 85 kV 
[8]. The radiation pulse FWHM is about 350 ns. The heterogeneity of the radiation energy 
density distribution over the cross section of the laser beam is less than 10%.
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the linear transformers to premagnetize the transformer cores in the appropriate direction. The 
thyratron generators produce negative voltage pulses with an amplitude of about 20 kV. These 
pulses are fed to the spark gaps of the Photon-1, Photon-2, and Photon-3 lasers and to the inputs 
of the generators of the Photon-4 and Photon-5 lasers. Both generators produce negative pulses 
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allowance for the particular charging times, so that the storages are charged simultaneously.

Thus, at the first stage of the laser system’s operation, the storage capacitors of all of the lasers 
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laser and a certain sequence of the starting pulses is fed to the thyratron generators of the 
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Lasers Operating mode Energy, J Pulse duration, ns Line width, cm−1 Divergence, μrad

Photon-1 Laser
master
oscillator

1.5
0.05

300
200–250

–
0.9

–
130

Photon-2 Laser
amplifier

3.5
0.5

250
200–250

–
0.9

–
60

Photon-3 Laser
amplifier

10
5

300
200–250

–
0.9

–
37

Photon-4 Laser
amplifier

120
40

250
200–250

–
–

–
–

Photon-5 Laser
amplifier

660
250, 330

350
200–250

–
–

–
–

Table 2. Parameters of the radiation of the photon lasers.

In the laser system, the Photon-2, Photon-3, Photon-4, and Photon-5 lasers start working as 
slave amplifiers. In this case, the windows of all of the laser chambers are tilted at angles pro-
viding for the absence of feedback. The Photon-1 laser serves as the master oscillator [34]. Its 
optical scheme makes it possible to generate a high-quality beam in a certain part of the active 
volume and to amplify this beam in the remaining part. To improve the spatial structure of 
the radiation, we employ two pinholes with a diameter of 2 mm. In this case, the Fresnel 
number is N ~ 2 for a cavity with a length of 1.5 m. The spectral selection is realized with an 
auto-collimation diffraction grating (1800 mm−1). The feedback in the cavity is maintained via 
the first diffraction order. To decrease the contribution of the noise component to the output 
radiation, we outcouple the laser beam through a semitransparent mirror with a reflectance of 
R = 30%. Then, the low-power high-quality radiation of the master laser is additionally ampli-
fied at two passes in the same active medium, so that the output beam diameter increases to 
7 mm. The output pulse of the Photon-1 laser has an energy of 50 mJ, a duration of 250 ns, 
and a spectral line width of 0.9 cm−1. The divergence of the laser beam, which contains 80% 
of the energy (0.13 mrad), is greater than the diffraction-limited divergence by a factor of 1.2.

This beam is expanded using a lens telescope with a magnification of M = 1.5 to match the 
beam diameter with the sizes of the active media of the Photon-2 and Photon-3 lasers. The 
beam is amplified at three passes in the Photon-2 laser and one pass in the Photon-3 laser. 
The output beam diameters of these lasers are 3 and 6 cm, respectively. For further match-
ing of the beam diameter with the sizes of the active media of the Photon-4 and Photon-5 
lasers, we employ a lens telescope with a fivefold magnification. After the beam expansion, 
the radiation is amplified at one pass in the active medium of the Photon-4 laser and at one 
or two passes in the active medium of the Photon-5 laser.

Table 2 summarizes the experimental results for the laser system. The maximum energy 
(330 J) is obtained in the case of the single-pass amplification in the Photon-5 laser when 
the ASE flux and the absorption in the active medium are minimized. In the case of double 
pass amplification, both the absorption and the ASE contribution increase (the ASE intensity 
increases owing to the reflection from the rear mirror with R = 99%). This leads to a decrease 
in the energy of the amplified radiation to a level of 250 J.
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The spectral and spatial parameters of the radiation are measured only for the first three set-
ups (Photon-1, Photon-2, and Photon-3). The divergence is measured using the spot size in 
the focal plane of a lens with a focal length of F = 13.5 m. The line width is measured with the 
Fabry-Perot interferometer. In both cases, the radiation intensity distribution is detected by a 
CCD array. The spectral measurements show that the line width remains unchanged (0.9 cm−1) 
after the amplification. In general, the divergence of the amplified radiation decreases with 
an increase in the beam diameter. However, the divergence is slightly greater than the dif-
fraction-limited divergence due to the distortions in the active medium and the optical path.

Figure 11 shows the dependence of the output energy of the main amplifier on the input 
energy upon the double-pass amplification. The input energy is measured when one of the 
amplifiers (Photon-3 or Photon-4) is switched off. It is seen that the Photon-5 amplifier is satu-
rated only when all of the amplifiers are switched on. In this case, the gain is about 10. The 
laser beam spot on photosensitive paper exhibits a relatively homogeneous distribution and 
a minor contribution of the diffraction rings related to the heterogeneities in the optical path. 
This indicates a high spatial coherence of the output radiation.

4. Laser system THL-100

4.1. Femtosecond pulse generator

The femtosecond pulse generator (front-end) of laser system consists of a femtosecond 
Ti:sapphire master oscillator, regenerative and multipass amplifiers, a pulse stretcher and 
a pulse compressor, and generator of second harmonic. It operates at a pulse repetition rate 
of 10 Hz and in a single pulse mode. Output energy of front-end is up to 5 mJ at 475 nm. 
Transform-limited pulse duration is 50 fs.

Figure 11. Plot of the output radiation energy vs. the input signal energy for the double-pass amplification in the active 
medium of the Photon-5 laser.
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Lasers Operating mode Energy, J Pulse duration, ns Line width, cm−1 Divergence, μrad

Photon-1 Laser
master
oscillator

1.5
0.05

300
200–250

–
0.9

–
130

Photon-2 Laser
amplifier

3.5
0.5

250
200–250

–
0.9

–
60

Photon-3 Laser
amplifier

10
5

300
200–250

–
0.9

–
37

Photon-4 Laser
amplifier

120
40

250
200–250

–
–

–
–

Photon-5 Laser
amplifier

660
250, 330

350
200–250

–
–

–
–

Table 2. Parameters of the radiation of the photon lasers.
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4.2. Photodissociation excimer XeF(C-A) amplifier

XeF(C-A) amplifier and its schematic cross section are shown in Figures 12 and 13, respec-
tively. It consists of two high-voltage pulse generators, a vacuum chamber with six electron 
cathodes, a xenon gas chamber, and a laser cell. For multipass laser beam amplification, the 
laser cell has a mirror unit (32 mirrors).

Two high-voltage pulse generators are line transformers, which have twelve transformer 
stages. Each stage has 320 nF capacitors and multigap spark switch. A secondary turn of the 
transformer is a vacuum coaxial line, which is connected with an e-beam diode. The diode has 
six explosive emission cathodes (flock-coated metal). The anode of vacuum diode is 45 cm-dia 
gas chamber closed by 40-μm-thick titanium foil (Figure 14). The vacuum diode forms six radi-
ally converging electron beams, each of 15 × 100 cm2 area, that are injected into gas chamber 
filled by xenon at a 3 atm pressure. The capacitors of each stage can be charged up to 90–100 kV.

At charge voltage of 95 kV, the energy stored in the capacitor of a line transformer is 34.6 kJ, the 
energy of electron beam in the vacuum diode is 21 kJ, and the energy delivered to the gas chamber 
is 7 kJ. E-beam in the vacuum diode has following parameters: peak voltage of 550 kV, peak cur-
rent of 200 kA, and current pulse duration of 150 ns (FWHM). The electron beam is injected into 
the gas chamber and one almost completely is absorbed by xenon at its thickness of 8 cm. An effi-
ciency of the electron beam energy converting to VUV radiation of Xe2

* excimers is 30–40% [27].

The laser cell (Figure 15) is housed into the gas chamber along its axis and contains a gas mix-
ture of XeF2 and high-purity nitrogen at partial pressures of 0.2–0.4 and 190–380 torr, respec-
tively. The active medium of amplifier on XeF(C-A) molecules is excited by the VUV radiation 
(172 nm) due to photodissociation of XeF2 molecules with the XeF(B) molecules formation. The 

Figure 12. Photo of the XeF(C-A) amplifier.
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XeF(C) state of the laser (C-A) transition is formed due to relaxation of the XeF(B) molecules in 
collisions with buffer gas of N2. The active medium of 110 cm long is pumped through arrays 
of 54 CaF2 windows (square of 12 × 12 cm2) located on the side walls of the hexahedral laser 
cell against the foils through which the electron beams are injected into the gas chamber. This 
ensures the highest geometric coupling of the pumping source with the active medium. The 
windows are vacuum sealed by Viton gaskets. The hexagon laser cell has a clear aperture of 
25 cm. The laser cells are sealed by the end flanges with 30 cm-dia fused silica windows.

Figure 13. Schematic of the pump circuit of the XeF(C-A) amplifier active medium.

Figure 14. Gas chamber of the XeF(C-A) amplifier with windows for electron beam injection.

High-Power Laser Systems of UV and Visible Spectral Ranges
http://dx.doi.org/10.5772/intechopen.71455

19



4.2. Photodissociation excimer XeF(C-A) amplifier

XeF(C-A) amplifier and its schematic cross section are shown in Figures 12 and 13, respec-
tively. It consists of two high-voltage pulse generators, a vacuum chamber with six electron 
cathodes, a xenon gas chamber, and a laser cell. For multipass laser beam amplification, the 
laser cell has a mirror unit (32 mirrors).

Two high-voltage pulse generators are line transformers, which have twelve transformer 
stages. Each stage has 320 nF capacitors and multigap spark switch. A secondary turn of the 
transformer is a vacuum coaxial line, which is connected with an e-beam diode. The diode has 
six explosive emission cathodes (flock-coated metal). The anode of vacuum diode is 45 cm-dia 
gas chamber closed by 40-μm-thick titanium foil (Figure 14). The vacuum diode forms six radi-
ally converging electron beams, each of 15 × 100 cm2 area, that are injected into gas chamber 
filled by xenon at a 3 atm pressure. The capacitors of each stage can be charged up to 90–100 kV.

At charge voltage of 95 kV, the energy stored in the capacitor of a line transformer is 34.6 kJ, the 
energy of electron beam in the vacuum diode is 21 kJ, and the energy delivered to the gas chamber 
is 7 kJ. E-beam in the vacuum diode has following parameters: peak voltage of 550 kV, peak cur-
rent of 200 kA, and current pulse duration of 150 ns (FWHM). The electron beam is injected into 
the gas chamber and one almost completely is absorbed by xenon at its thickness of 8 cm. An effi-
ciency of the electron beam energy converting to VUV radiation of Xe2

* excimers is 30–40% [27].

The laser cell (Figure 15) is housed into the gas chamber along its axis and contains a gas mix-
ture of XeF2 and high-purity nitrogen at partial pressures of 0.2–0.4 and 190–380 torr, respec-
tively. The active medium of amplifier on XeF(C-A) molecules is excited by the VUV radiation 
(172 nm) due to photodissociation of XeF2 molecules with the XeF(B) molecules formation. The 

Figure 12. Photo of the XeF(C-A) amplifier.

High Power Laser Systems18

XeF(C) state of the laser (C-A) transition is formed due to relaxation of the XeF(B) molecules in 
collisions with buffer gas of N2. The active medium of 110 cm long is pumped through arrays 
of 54 CaF2 windows (square of 12 × 12 cm2) located on the side walls of the hexahedral laser 
cell against the foils through which the electron beams are injected into the gas chamber. This 
ensures the highest geometric coupling of the pumping source with the active medium. The 
windows are vacuum sealed by Viton gaskets. The hexagon laser cell has a clear aperture of 
25 cm. The laser cells are sealed by the end flanges with 30 cm-dia fused silica windows.

Figure 13. Schematic of the pump circuit of the XeF(C-A) amplifier active medium.

Figure 14. Gas chamber of the XeF(C-A) amplifier with windows for electron beam injection.

High-Power Laser Systems of UV and Visible Spectral Ranges
http://dx.doi.org/10.5772/intechopen.71455

19



A high-purity xenon (99.9997%) was supplied to the gas chamber to provide maximum effi-
ciency of the e-beam to VUV radiation conversion. The chamber preliminary evacuated to 
a pressure of 10−4 torr. During operation of the amplifier, the intensity of xenon VUV radia-
tion gradually decreased due to outgassing from the stainless steel walls of the gas chamber, 
exposed to the electron beam. Xenon was circulated through a Sircal MP-2000 purifier to sup-
port the gas purity recovery.

In our experiments, the mixture in the laser cell was replaced after each shot, because repeated 
pumping of the mixture decreased the output energy by 20–30%.

4.3. Measurement procedures

The laser beam of front-end was amplified in the XeF(C-A) amplifier in a multipass optical 
scheme (33 passes) formed by 32 round mirrors increasing in diameter. The mirrors with a 
reflectivity of 99.7% were fixed along the perimeter of the intracell flanges of the laser cell. A 
divergent laser beam is injected into the laser cell, so that it expands in diameter from 2 cm at 
the inlet to 6 cm after 32 passes. When traveling between the mirrors, the beam makes two cir-
cular rounds in the laser cell. The penultimate convex mirror directs the beam to a flat 10 cm-
diameter mirror located on the optical axis of the laser cell. A reflected beam propagates along 
the optical axis and is ejected from the laser cell with a diameter of 12 cm.

Input in the XeF(C-A) amplifier laser pulse was preliminary stretched up to 1 ps in a prism 
stretcher with negative group-velocity dispersion. The amplified negatively chirped laser 
pulse was expanded up to 20 cm and then one was collimated and compressed in three fused 
silica plates of 4 cm thickness at a Brewster angle on two passages. The energy loss in the 
compressor was about 2%. For measurement of the amplified pulse duration, the 90 mm-dia 
central part of the beam was attenuated by two wedges and focused by a 12-m focal length 
spherical mirror into a 0.25 mm-dia aperture placed in front of an ASF-20-480 single-shot auto-
correlator. The sech2 function was used in autocorrelator to fit the temporal intensity profile.

Figure 15. Laser cell of the XeF(C-A) amplifier.
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The energies of the e-beams in the converter and VUV radiation in the laser chamber were 
measured by TPI-2-7 calorimeter. The output energy ща XeF(C-A) amplifier was measured 
with an OPHIR energy meter placed in the output beam, which was attenuated with a fused 
silica wedge and focused to a spot of 2.5 cm. The part of the beam passed through the wedge 
plate was used to record an image of laser beam on a photographic paper. The small signal 
gain of active medium was measured using a Sapphire-488 CW semiconductor laser after four 
passes of its probe beam through the active medium. This laser emits at 488 nm wavelength 
coinciding with the amplification band maximum of the XeF(C-A) transition.

4.4. Experimental results

First of all, the VUV radiation energy transmitted through the CaF2 windows into the laser cell 
was measured. Its value was 240–260 J. In view of the quantum efficiency of laser transition 
and 100% quantum yield of XeF(C) state production, the integral value of the energy stored 
in the active medium is ~ 90 J. In actuality, the actual lifetime of the XeF(C) state, which is 
determined by radiative decay and quenching, is much shorter than the pump pulse width. 
This makes the maximum current value of the energy stored on the XeF(C-A) transition 10 
times less than the integral value.

The time profile of the small-signal gain near the CaF2 windows is shown in Figure 16. These 
results correlate well with those found in the experiments on femtosecond pulse amplifica-
tion. As can be seen in the Figure 16, the maximum gain is 0.004 cm−1 and the FWHM of the 
amplified signal is ~ 200 ns. The amplification of picosecond pulses was performed within the 
time interval of 146 ns (33 passes) close to the gain profile maximum.

Figure 16. Time profile of the e-beam current in the diode and gain measured near the CaF2 windows with the continuous 
laser at 488 nm for a XeF2 vapor pressure of 0.25 torr.
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The small-signal gain distribution over the active medium cross section, measured at differ-
ent XeF2 vapor pressures, is shown in Figure 17. These measurements show that decreasing 
the vapor pressure enhances the gain distribution uniformity, but at the same time, it greatly 
decreases the gain near the pump windows. Final optimization of the gas mixture composi-
tion was made by achieving the maximum output energy of the amplified picosecond pulse 
in the real multipass amplification scheme. The maximum output energy was obtained for a 
XeF2 vapor pressure of 0.2–0.25 torr.

In our experiments, the seed pulse energy varied from 0.04 to 2 mJ. At an input energy of 0.04 mJ, 
the gain of active medium is far from saturation. The total gain factor was 2.5 × 103 by 100 mJ 
output energy. The total gain factor was reduced down to 5 × 102 under near-saturation condi-
tions at a seed pulse energy of 2 mJ. In this case, the output energy was 1 J. The shot-to-shot 
fluctuations in the output pulse energy were within 10%. An imprint of the output laser beam 
on a photographic paper is shown in Figure 18.

The ASE power of the XeF(C-A) amplifier with seed pulse blocked was measured for an esti-
mation of the contrast ratio. It was 1 W within an angle of 0.2 mrad, which is close to the output 
beam divergence angle. Thus, the temporal contrast ratio between the output laser peak and 
background ASE was ~ 1013. It means that the real contrast of output beam is determined by 
the seed pulse temporal contrast, which is usually ~ 1010 at the second harmonic frequency [39].

After compression, the pulse duration was measured both with and without amplification in 
active medium. In both cases, the pulse duration was 50–60 fs inferred assuming sech2 pulse-
shape. The output beam energy was 0.5–0.7 J in these experiments. The autocorrelation func-
tion for the compressed pulse at 0.7 J output energy, which corresponds to 50 fs pulse duration, 

Figure 17. Small signal gain distribution from the window toward the center of the laser cell for different XeF2 vapor 
pressures. The nitrogen pressure is 190 tоrr.
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Figure 18. Autograph of the output laser beam.

Figure 19. Pulse duration of the laser beam with energy of 0.7 J.
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Figure 18. Autograph of the output laser beam.

Figure 19. Pulse duration of the laser beam with energy of 0.7 J.
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is shown in Figure 19. This result gives the peak power ~ 14 TW. According to literature data, 
the highest power of femtosecond pulses in the visible spectrum was attained earlier upon 
nonlinear conversion to the second harmonic in a Ti:sapphire laser [39] and upon direct ampli-
fication of 250-fs pulses in an electron beam–excited XeF(C-A) amplifier [40]. These values (4 
TW and 1 TW, correspondingly) are far below the power attained in the present work.

5. Conclusions

Three wide-aperture excimer laser systems created at HCEI were presented. The schemes 
of small powerful lasers pumped by electric discharge and electron beam were analyzed. It 
was shown that electron beam–pumped lasers are more efficient for long laser pulse duration 
(300 ns and more). The formation results of a high-quality and high-power radiation in UV 
and visible range were reported.

Based on the experimental data, we demonstrated that diffraction-limited laser beams with 
a large cross section can be amplified in the gas laser system. It was shown that the diver-
gence of amplified UV beam was close to the diffraction-limited beam when its diameter 
was no greater than 5 cm. But the divergence increased with a further increase of diameter. 
The wave-front distortions on the turbulent flows in the laser mixture and air were the main  
reason for it. The minimum divergence of the laser beam 10 μrad was obtained. The pulse energy 
of the amplified UV radiation at a wavelength of 308 nm with 250 ns pulse duration was 330 J.

The output energy of 1 J was reached in the first pilot experiments of amplification of down-
chirped 1 ps pulses in femtosecond hybrid laser system THL-100. At the output energy of 
0.7 J, the recompression of the amplified pulses in bulk fused silica to the initial duration of 
50 fs was realized. This means that a record-breaking peak power ~ 14 TW in the visible spec-
trum has been attained.
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is shown in Figure 19. This result gives the peak power ~ 14 TW. According to literature data, 
the highest power of femtosecond pulses in the visible spectrum was attained earlier upon 
nonlinear conversion to the second harmonic in a Ti:sapphire laser [39] and upon direct ampli-
fication of 250-fs pulses in an electron beam–excited XeF(C-A) amplifier [40]. These values (4 
TW and 1 TW, correspondingly) are far below the power attained in the present work.

5. Conclusions

Three wide-aperture excimer laser systems created at HCEI were presented. The schemes 
of small powerful lasers pumped by electric discharge and electron beam were analyzed. It 
was shown that electron beam–pumped lasers are more efficient for long laser pulse duration 
(300 ns and more). The formation results of a high-quality and high-power radiation in UV 
and visible range were reported.

Based on the experimental data, we demonstrated that diffraction-limited laser beams with 
a large cross section can be amplified in the gas laser system. It was shown that the diver-
gence of amplified UV beam was close to the diffraction-limited beam when its diameter 
was no greater than 5 cm. But the divergence increased with a further increase of diameter. 
The wave-front distortions on the turbulent flows in the laser mixture and air were the main  
reason for it. The minimum divergence of the laser beam 10 μrad was obtained. The pulse energy 
of the amplified UV radiation at a wavelength of 308 nm with 250 ns pulse duration was 330 J.

The output energy of 1 J was reached in the first pilot experiments of amplification of down-
chirped 1 ps pulses in femtosecond hybrid laser system THL-100. At the output energy of 
0.7 J, the recompression of the amplified pulses in bulk fused silica to the initial duration of 
50 fs was realized. This means that a record-breaking peak power ~ 14 TW in the visible spec-
trum has been attained.
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Abstract

One of the interesting frequency regions lies in the “frequency gap” region between mil-
limeter wave and infrared, terahertz (THz) wave. Although new methods for generating 
terahertz radiation have been developed, most sources cannot generate high-brightness 
(high-peak-power and narrow-linewidth) and continuously tunable terahertz waves. 
Here, we introduce the generation of high-brightness and continuously tunable terahertz 
waves using parametric wavelength conversion in a nonlinear crystal; this is brighter 
than many specialized sources such as far-infrared free-electron lasers. We revealed novel 
optical parametric wavelength conversion using stimulated Raman scattering in lithium 
niobate as a nonlinear crystal without stimulated Brillouin scattering using recently devel-
oped microchip Nd:YAG laser. Furthermore, we show how to optimize the tuning curve 
by controlling the pumping and seeding beam. These are very promising for extending 
applied research into the terahertz region, and we expect that this source will open up 
new research fields such as nonlinear optics in the terahertz region

Keywords: terahertz wave, nonlinear optics, parametric wavelength conversion

1. Introduction

Terahertz waves (wavelength, 30–3000 μm; frequency, 10–0.1 THz) are important not only in 
the fields of basic science, such as molecular spectroscopy, molecular optics, plasma measure-
ment, charged particle acceleration, and radio astronomy, but also in numerous applications, 
such as broadband wireless communication, nondestructive inspection, high precision radar, 
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Abstract

One of the interesting frequency regions lies in the “frequency gap” region between mil-
limeter wave and infrared, terahertz (THz) wave. Although new methods for generating 
terahertz radiation have been developed, most sources cannot generate high-brightness 
(high-peak-power and narrow-linewidth) and continuously tunable terahertz waves. 
Here, we introduce the generation of high-brightness and continuously tunable terahertz 
waves using parametric wavelength conversion in a nonlinear crystal; this is brighter 
than many specialized sources such as far-infrared free-electron lasers. We revealed novel 
optical parametric wavelength conversion using stimulated Raman scattering in lithium 
niobate as a nonlinear crystal without stimulated Brillouin scattering using recently devel-
oped microchip Nd:YAG laser. Furthermore, we show how to optimize the tuning curve 
by controlling the pumping and seeding beam. These are very promising for extending 
applied research into the terahertz region, and we expect that this source will open up 
new research fields such as nonlinear optics in the terahertz region
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1. Introduction

Terahertz waves (wavelength, 30–3000 μm; frequency, 10–0.1 THz) are important not only in 
the fields of basic science, such as molecular spectroscopy, molecular optics, plasma measure-
ment, charged particle acceleration, and radio astronomy, but also in numerous applications, 
such as broadband wireless communication, nondestructive inspection, high precision radar, 
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and global environmental measurement, since they have higher directivity like infrared than 
microwaves and higher transmittances in the atmosphere and in soft materials like micro-
wave than infrared. Therefore, high-peak-power, narrow-linewidth (high-brightness), and 
continuously tunable terahertz-wave sources that could be widely used in such applications 
are required. The terahertz (THz) region is relatively unexplored, because of the lack of the 
commercially available high-brightness and continuously tunable sources, high-sensitive and 
fast detectors, and optics, which has resulted in what is called the frequency gap [1–3]. Over 
the past two decades, there has been striking growth in the region of science and engineering, 
which has become a vibrant, international, cross disciplinary research activity [4]. Wavelength 
(frequency) conversion in nonlinear optical materials is an effective method for generating 
high-brightness and continuously tunable terahertz waves owing to the high conversion 
efficiency, bandwidth, wide tunability, and room temperature operation. A terahertz-wave 
source using parametric wavelength conversion based on lithium niobate (LiNbO3) crystals 
was first proposed in 1960s [5, 6] and realized in the mid-1990s with the terahertz-wave para-
metric oscillator [7]. At that time, the tuning range and the observed maximum peak output 
power of terahertz wave were from 1.1 to 1.6 THz (270–184 μm) and several milliwatts, respec-
tively. By using the current injection-seeded terahertz-wave parametric generator (is-TPG), 
the tuning range expanding from 0.39 to 5.0 THz (750–60 μm) and the peak output power 
exceeding 55 kW [8–11] were observed, representing an increase by 10 times and seven orders 
of magnitude, as shown in Figure 1. Table 1 lists the characteristics of three typical intense 
terahertz-wave sources: our injection-seeded terahertz-wave parametric generator (is-TPG), 
well-known intense terahertz-wave sources, a far-infrared free-electron laser (FIR-FEL) [12], 
and terahertz-wave pulse generation through optical rectification using a tilted-pulsefront 

Figure 1. Development of parametric sources using LiNbO3 in our group. Points represent the peak output power 
during 1–3 THz in each paper.
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excitation (OR) [13]. The is-TPG is one of the brightest sources in the terahertz region with a 
wide tuning range. We explain in this chapter how the high-brightness terahertz waves are 
generated via acoustic phonons of a nonlinear lithium niobate (LiNbO3) crystal.

2. Terahertz-wave parametric generation

When the intense laser beams pass through a nonlinear optical crystal, the transverse photon 
and phonon wave fields become coupled and behave as new mixed photon-phonon states 
called polaritons. Broadband terahertz-wave generation results from efficient parametric scat-
tering of laser light via polaritons [5, 6]. The polaritons exhibit phonon-like behavior in the 
resonant frequency region (near the transverse optical (TO)-phonon frequency ωTO); however, 
they behave like photons in the nonresonant low-frequency region, as shown in Figure 2. 
Generation of narrowband terahertz waves can be achieved by applying an optical resonator 
(in the case of the terahertz-wave parametric oscillator (TPO)) or injecting a “seed” (in the 
case of the injection-seeded terahertz-wave parametric generator (is-TPG)) for the idler wave 
[14]. The wide tunability is accomplished simply by changing the angle between the incident 
pumping beam and the resonator axis (in the case of TPOs) or the wavelength and axis of the 

Table 1. Characteristics of typical intense terahertz-wave sources: our injection-seeded terahertz-wave parametric 
generator (is-TPG), terahertz-wave pulse generation through optical rectification using a tilted-pulse-front excitation 
(OR), and a narrowband free-electron laser that works in the far-infrared region (FIR-FEL). The brightness temperature 
(Tb) is calculated as kBTB = Peak power/[(M2)2 × linewidth]. OR generates broadband terahertz waves.

Figure 2. (Left) Dispersion relation of the polariton. (Right) Noncollinear phase-matching condition.
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excitation (OR) [13]. The is-TPG is one of the brightest sources in the terahertz region with a 
wide tuning range. We explain in this chapter how the high-brightness terahertz waves are 
generated via acoustic phonons of a nonlinear lithium niobate (LiNbO3) crystal.
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When the intense laser beams pass through a nonlinear optical crystal, the transverse photon 
and phonon wave fields become coupled and behave as new mixed photon-phonon states 
called polaritons. Broadband terahertz-wave generation results from efficient parametric scat-
tering of laser light via polaritons [5, 6]. The polaritons exhibit phonon-like behavior in the 
resonant frequency region (near the transverse optical (TO)-phonon frequency ωTO); however, 
they behave like photons in the nonresonant low-frequency region, as shown in Figure 2. 
Generation of narrowband terahertz waves can be achieved by applying an optical resonator 
(in the case of the terahertz-wave parametric oscillator (TPO)) or injecting a “seed” (in the 
case of the injection-seeded terahertz-wave parametric generator (is-TPG)) for the idler wave 
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seeding beam satisfying the phase-matching condition (in the case of is-TPGs). In the para-
metric wavelength conversion process, a terahertz-wave signal photon and a near-infrared 
idler photon are created parametrically from a near-infrared pumping photon, according to 
the energy conservation law ωp = ωT + ωi (where ω indicates frequency and p, T, and i denote 
the pumping, terahertz, and idler photons, respectively) and the momentum conservation 
law kp = ki + kT (noncollinear phase-matching condition). This condition leads to the angle-
dispersive characteristics of the idler and terahertz waves. Thus, broadband terahertz waves 
can be generated depending on the phase-matching angle.

In this experiment, we used a magnesium oxide (MgO)-doped LiNbO3 crystal. The large figure 
of merit (FOM = 4deff2/nNIR

2 nTHz αTHz
2 ~ 10, deff; the effective nonlinear coefficient, nNIR and nTHz; 

the refraction indices in the near infrared and terahertz range, αTHz; the absorption coefficient 
for the terahertz wave) [13] of LiNbO3 at room temperature makes this well-known nonlinear 
crystal ideal for such an application. The gain curve of the terahertz-wave parametric genera-
tion is determined by the parametric gain and absorption coefficients in the terahertz region. 
Figure 3 shows the pumping intensity dependence (0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 GW/cm2) of cal-
culated gain curves [15]. As the pumping intensity increases, the gain coefficient also increases 
in whole frequency region, and the maximum value in the gain curve moves toward higher fre-
quencies. All gain curves have a broad bandwidth, with a drop appearing at around 2.6 THz. 
This is because the low-frequency modes of doped MgO in the LiNbO3 work as crystal lattice 
defects. Under the noncollinear phase-matching condition, the effective gain curve depends 
on both the intensity and the beam diameter of the pumping beam. Figure 4 shows the pump-
ing beam diameter dependence of calculated effective gain curves. When an Nd:YAG laser 

Figure 3. Pumping intensity dependence of calculated gain coefficient using MgO:LiNbO3 pumped by Nd:YAG laser, 
when the pumping intensities were 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 GW/cm2.
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(λ = 1064 nm) is used to generate the pumping beam and an MgO:LiNbO3 crystal is used as the 
nonlinear optical crystal, the effective gain coefficient is given [16–18] by

   g  T   = 𝛼𝛼 [  (1 + 16 cos 𝜑𝜑   ( g  0   / 𝛼𝛼)    2 )    1/2  –1]  / 2,  

  𝛼𝛼 =  𝛼𝛼  crystal   +  𝛼𝛼  beam  ,  

   α  beam   ∝ sin 𝜑𝜑 /  r  p  ,  

where αcrystal is the absorption coefficient of the terahertz wave in the MgO:LiNbO3 crystal, 
φ is the phase-matching angle between the pumping beam and the terahertz wave, g0 is the 
parametric gain under the low-loss limit, and rp is the diameter of the pumping beam. When 
the pumping beam intensity is 1 GW/cm2, all gain curves (pumping beam diameter 0.5, 1, 2, 
and 5 mm) have enough gain coefficient over a broad range extending from less than 1 THz 
to more than 3 THz. As the pumping beam diameter becomes larger, the gain coefficient also 
increases, and the maximum value of the gain curve moves toward lower frequencies. As a 
result, we can optimize the tuning curves by controlling these parameters.

When a high-intensity laser beam propagates through a nonlinear crystal, a number of non-
linear processes occur, such as the following: second- or higher-harmonic generation (SHG or 
HHG); difference- or sum-frequency generation (DFG or SFG); optical parametric generation, 
amplification, or oscillation (OPG, OPA, or OPO); stimulated Raman or Brillouin scattering 

Figure 4. Pumping diameter dependence of effective calculated gain coefficient, when the pumping beam diameters 
were 0.5, 1, 2, and 5 mm. The pumping intensity was 1 GW/cm2.
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(SRS or SBS); four-wave mixing; optical rectification (OR); multiphoton absorption; and the 
Kerr and Pockels effects. Of these, we revealed that the parametric wavelength conversion 
near the lattice resonance induced by SRS is significantly inhibited by SBS; however, this non-
linear process has long been ignored. In the previous research done by authors, the conver-
sion efficiency in energy from an infrared pumping beam to a terahertz wave was less than 
10−7. It has long been thought that this is the limit of the conversion efficiency using paramet-
ric wavelength conversion using LiNbO3 pumped by nanoseconds Nd:YAG lasers (duration, 
10–25 ns) [14]. However, when a photon of the pumping beam (1064 nm) creates two pho-
tons (idler beam and terahertz wave (100–1000 μm), in principle, the conversion efficiency 
reaches 10−2–10−3 according to the Manley-Rowe relations because the wavelength of the tera-
hertz wave is about 102–103 times longer wavelength than that of the pumping beam. In our 
experiment, an infrared pumping beam excites acoustic phonons in LiNbO3, and SRS of the 
pumping beam generates terahertz waves and an idler beams. We calculated both gain coef-
ficient of the SRS and the SBS in the previous condition; the gain coefficient of SBS has 1000 
times larger gain than that of the SRS [19–24]. Typically, the SBS gain reaches the steady state 
within 10 lifetimes of the acoustic phonon of crystal [25], within about 1.5 ns in LiNbO3 [24]. 
For efficient wavelength conversion, the pulse width of the pumping beam should be enough 
less than this, but the pulse width limits the linewidth of the generated terahertz waves. 
By applying a single-mode oscillated microchip Nd:YAG laser [26] with a sub-nanosecond  
(several hundreds of picoseconds) “pulse gap” pulse width [27] as a pumping source, a 
high-efficiency and narrow-linewidth wavelength conversion can be performed by the SRS 
without the SBS. Additionally, when the intensity of the pumping beam is too high, second-
order stoke (idler) beams can be generated, which do not contribute to the generation of tera-
hertz waves as they undergo strong absorption. We thus precisely controlled both pumping  
and seeding intensity and diameter as well as the nonlinear crystal length.

3. Experiment

The experimental apparatus, shown in Figure 5, consists of a pumping source (pulsed, 
Nd:YAG laser), a seeding source (CW, external cavity diode laser (ECDL)), amplifiers (for both 
pumping and seeding beams), and the nonlinear crystal (MgO:LiNbO3). The pumping source 
is a diode end-pumped microchip Nd3+:YAG laser passively Q-switched by Cr4+:YAG saturable 
absorber. This configuration enables the low-order axial and transverse mode laser oscillation, 
whose linewidth is below 0.009 nm. The laser delivers more than 1.4 MW peak power pulses 
(energy/pulse, > 0.6 mJ/pulse; duration, ~ 420 ps) at 100 Hz repetition rate with a M2 factor of 
less than 1.1 [26]. The pumping beam is amplified by two amplifiers in double-pass configura-
tions. Each amplifier has 0.7 at.% doped Nd3+:YAG with a length and diameter of 70 and 3 mm, 
transversely pumped by 200 W laser diodes (wavelength, 808 nm) in a threefold geometry. 
Amplified beam is extracted by a polarization beam splitter (PBS). The seeding beam from 
an ECDL is also amplified by an Yb-doped fiber amplifier. Owing to the grating and confocal 
arrangement, the noncollinear phase-matching condition is satisfied automatically depending 
on the wavelength of the seeding beam [28]. The diameter of both beams is the same on the 
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crystal input surface. We used a 50-mm-long nonlinear MgO:LiNbO3 crystal with antireflec-
tion coating for a pumping beam. A prism made by high-resistivity silicon placed on the out-
put surface of the nonlinear crystal works as an efficient output coupler only for the terahertz 
waves to avoid the total internal reflection of the terahertz waves on the crystal output side 
surface. For an optimization of terahertz-wave emission, the pumping region within the non-
linear crystal must be as close as possible to the output surface, because of the large absorp-
tion coefficient of the MgO:LiNbO3 crystal in the terahertz range (10–100 cm−1). The distance 
between the output surface and the beam center was precisely adjusted to obtain a maxi-
mum terahertz-wave output, and it was approximately equal to the pumping beam radius. 
The terahertz-wave output extracted through the Si-prism coupler was collimated, focused, 
attenuated, modulated, and then measured using a calibrated pyroelectric detector covered by 
thick black polyethylene sheet. The temporal waveform and linewidth of the terahertz wave 
were measured by a Schottky barrier diode (SBD) and a pair of scanning metal mesh plates.

4. Result and discussion

Figure 6 shows the tuning curves of two is-TPGs fabricated using our design obtained by 
scanning the wavelength of seeding beam. When the pumping beam diameter and energy are 
1.5 mm and 20 mJ/pulse, and the seeding beam power is 800 mW (continuous wave), the tun-
able range of the terahertz wave is 0.7–3 THz (430–100 μm). The maximum output peak power 
is more than 55 kW (BT ~ 1018 K, brightness ~ 0.2 GW/sr·cm2) at around 1.8 THz. This source 
has a broad tuning range, with a flat region around 1.6–2.6 THz. The terahertz-wave output 
decreased in the low- and high-frequency regions (below 1.6 and above 2.6 THz) because of a 
low parametric gain and high absorption coefficient [29] in these regions, respectively. From 
the is-TPG, the pulsed terahertz waves are generated by 100 Hz (by 10 ms); however, the 
pyroelectric detector we used in the experiment only gives an average power. We therefore 

Figure 5. Experimental apparatus for an is-TPG.
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has a broad tuning range, with a flat region around 1.6–2.6 THz. The terahertz-wave output 
decreased in the low- and high-frequency regions (below 1.6 and above 2.6 THz) because of a 
low parametric gain and high absorption coefficient [29] in these regions, respectively. From 
the is-TPG, the pulsed terahertz waves are generated by 100 Hz (by 10 ms); however, the 
pyroelectric detector we used in the experiment only gives an average power. We therefore 

Figure 5. Experimental apparatus for an is-TPG.
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used an optical chopper to measure the average power. We estimated the energy/pulse from 
the calibrated average power, and the maximum energy/pulse was more than 5.5 μJ/pulse. 
When the thick glass plate as an IR pass filter was inserted, the output signal from the detec-
tor completely disappeared. We measured the duration of generated terahertz wave around 
100 ps by the SBD, corresponding to peak power of more than 55 kW at 1.8 THz. The conver-
sion efficiency in energy from pumping beam to terahertz wave is about 10−4 in this case. The 
tuning curve for a 2.2-mm-diameter pumping and seeding beam is also shown in Figure 6. In 
that case, the tunable range is 0.39–2 THz (760–150 μm). The tuning curve has an extremely 
broad bandwidth, and the lowest frequency (longest wavelength) of 0.39 THz (760 μm) was 
also the lowest frequency (longest wavelength) achieved in our experiment. The maximum 
terahertz-wave output is more than 7 kW (energy, 0.7 μJ/pulse; duration, 100 ps), which 
occurs near 330 μm (0.9 THz) when the pumping energy is 15 mJ/pulse and seeding power is 
2400 mW. The conversion efficiency is about 10−5 in this case. These tuning curves depend on 
the gain curves, respectively. In the case of large-diameter pumping and seeding beams, the 
tuning curve has been shifted toward lower frequency (longer wavelength); the output peak 
power in the sub-terahertz range has been increased. These are because the parametric gain in 
the low-frequency (long-wavelength) region was increased by expanding the beam diameters 
as shown in Figure 4; that is, wavelength conversion in the region was effectively achieved. 
Meanwhile, in the high-frequency (short-wavelength) region, both tuning range and output 
peak power have decreased, because of the large absorption associated with increasing propa-
gation distance in the crystal.

Figure 6. The tuning curves of two is-TPGs with pumping beam diameters of 1.5 mm, represented by blue solid line and 
2.2 mm by red one.
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Figure 7. A beam profile of a terahertz wave from the is-TPG measured by a terahertz-wave imager (IRV-T0831, NEC). 
The terahertz wave is focused by the f = 50 mm lens. The spot size is less than 220 mm (FWHM) at 1.5 THz.

Figure 8. An example of the wavelength and linewidth measurements. In this case, the wavelength (frequency) of the 
terahertz wave is approximately 398 μm (0.754 THz), and the linewidth is less than 5 GHz. This linewidth is near the 
Fourier transform limit in the sub-nanosecond pulse.
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sion efficiency in energy from pumping beam to terahertz wave is about 10−4 in this case. The 
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power in the sub-terahertz range has been increased. These are because the parametric gain in 
the low-frequency (long-wavelength) region was increased by expanding the beam diameters 
as shown in Figure 4; that is, wavelength conversion in the region was effectively achieved. 
Meanwhile, in the high-frequency (short-wavelength) region, both tuning range and output 
peak power have decreased, because of the large absorption associated with increasing propa-
gation distance in the crystal.
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Figure 7. A beam profile of a terahertz wave from the is-TPG measured by a terahertz-wave imager (IRV-T0831, NEC). 
The terahertz wave is focused by the f = 50 mm lens. The spot size is less than 220 mm (FWHM) at 1.5 THz.

Figure 8. An example of the wavelength and linewidth measurements. In this case, the wavelength (frequency) of the 
terahertz wave is approximately 398 μm (0.754 THz), and the linewidth is less than 5 GHz. This linewidth is near the 
Fourier transform limit in the sub-nanosecond pulse.
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Figure 7 shows a beam profile of terahertz wave from the is-TPG measured by an imager for 
terahertz wave. The generated terahertz wave is collimated and focused by the Tsurupica cylin-
drical (f = 100 mm) and aspherical (f = 50 mm) lens. When the wavelength of the terahertz wave 
is 200 μm, the spot size is less than 220 μm (full width at half maximum). We estimated the M2 
value less than 1.1, and the brightness was B = Pp/(λ M2)2 ~ 0.2 GW/sr·cm2. The intensity and elec-
tric field were 0.3 GW/cm2 and 0.5 MV/cm at around 2.0 THz, respectively, at the focused point.

Figure 8 presents an example of wavelength and linewidth measurement by a scanning Fabry-
Perot etalon consisting of two metal mesh plates. The horizontal axis represents the distance 
between metal meshes, and the vertical axis represents the energy of the transmitted terahertz 
wave. The metal meshes were made of nickel and had periods of 45 μm and reflectance of 
about 98% at 0.75 THz. As the distance between metal mesh plates increases, intensity peaks 
are observed periodically. In this case, the estimated wavelength (frequency) of the terahertz 
wave is about 398 μm (0.754 THz), and the linewidth is less than 5 GHz. This linewidth is a 
near the Fourier transform limit for the terahertz-wave pulse with a sub-nanosecond duration.

5. Conclusion

We have introduced here high-peak-power, narrow-linewidth, and continuously tunable 
terahertz-wave generation via wavelength conversion in a MgO:LiNbO3 crystal. These result 
from the suppression of the SBS in a nonlinear crystal by using sub-nanoseconds pumping 
pulse. The high-brightness and continuously tunable source is important for the power cali-
bration of terahertz-wave detectors. In general, the power calibration is based on calorimetry 
as a traceable international standard, but there is no power standard in the terahertz region. 
In this case, the power levels obtained from two kinds of pre-calibrated detectors, a calorimet-
ric device, and a pyroelectric device, using the same terahertz beam were comparable [30]. 
Surprisingly, this was easily perceived directly by touch; the terahertz wave was felt to be 
similar to a 100 Hz (rep. rate) stimulation. Under our experimental conditions, the observed 
conversion efficiency is about 10−4 because the terahertz wave generated inside the crystal is 
absorbed by the nonlinear crystal itself while propagating to the crystal surface and is affected 
by Fresnel loss on the boundary surfaces. Furthermore, the parametric gain (absorption) of 
the terahertz wave in LiNbO3 could be increased (decreased) by cooling the crystal [31]. The 
conversion efficiency improves by a factor of at least 10 at liquid nitrogen temperatures. In 
this case, under the condition of a pumping energy of 50 mJ/pulse, the expected brightness, 
brightness temperature, peak power, and electric field of the terahertz wave are greater than  
4 GW/sr·cm2, 1019 K, 1 MW, and 2 MV/cm, respectively, from our narrowband and continu-
ously tunable is-TPG. Some applications require high-brightness terahertz waves, such as 
observing two- or multiphoton absorption to specific excitation states [32, 33]. The generation 
of the extremely high-brightness (megawatts (~ MW) peak power and narrow (~ GHz) line-
width) quasi-monochromatic terahertz-wave (several hundreds of cycles) pulses with field 
levels in the megavolt per centimeter (~ MV/cm) range will enable novel applications in the 
field of terahertz nonlinear optics. We also introduced how to optimize the tuning curve of the 
is-TPG by controlling the pumping intensity and the interaction volume.
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In the future, we have to endeavor to generate higher-brightness beam and wider tuning 
range for applied researches. Since extreme high-brightness terahertz-wave generation has 
attracted attention in recent years as a method of enabling nonthermal free target energy-level 
control and measurement. When we realize such a terahertz-wave control and measurement 
system, new applications in the terahertz region would be possible, and various issues in 
modern society could potentially be overcome. This system could be powerful tools not only 
for solving real-world problems but also fundamental physics, such as remote sensing, real-
time spectroscopic measurement/imaging, 3D fabrication, and manipulation or alteration of 
atoms, molecules, chemical materials, proteins, cells, chemical reactions, and biological pro-
cesses. We expect that these methods will open up new fields and unique applications.
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about 98% at 0.75 THz. As the distance between metal mesh plates increases, intensity peaks 
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5. Conclusion

We have introduced here high-peak-power, narrow-linewidth, and continuously tunable 
terahertz-wave generation via wavelength conversion in a MgO:LiNbO3 crystal. These result 
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as a traceable international standard, but there is no power standard in the terahertz region. 
In this case, the power levels obtained from two kinds of pre-calibrated detectors, a calorimet-
ric device, and a pyroelectric device, using the same terahertz beam were comparable [30]. 
Surprisingly, this was easily perceived directly by touch; the terahertz wave was felt to be 
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by Fresnel loss on the boundary surfaces. Furthermore, the parametric gain (absorption) of 
the terahertz wave in LiNbO3 could be increased (decreased) by cooling the crystal [31]. The 
conversion efficiency improves by a factor of at least 10 at liquid nitrogen temperatures. In 
this case, under the condition of a pumping energy of 50 mJ/pulse, the expected brightness, 
brightness temperature, peak power, and electric field of the terahertz wave are greater than  
4 GW/sr·cm2, 1019 K, 1 MW, and 2 MV/cm, respectively, from our narrowband and continu-
ously tunable is-TPG. Some applications require high-brightness terahertz waves, such as 
observing two- or multiphoton absorption to specific excitation states [32, 33]. The generation 
of the extremely high-brightness (megawatts (~ MW) peak power and narrow (~ GHz) line-
width) quasi-monochromatic terahertz-wave (several hundreds of cycles) pulses with field 
levels in the megavolt per centimeter (~ MV/cm) range will enable novel applications in the 
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is-TPG by controlling the pumping intensity and the interaction volume.

High Power Laser Systems38

In the future, we have to endeavor to generate higher-brightness beam and wider tuning 
range for applied researches. Since extreme high-brightness terahertz-wave generation has 
attracted attention in recent years as a method of enabling nonthermal free target energy-level 
control and measurement. When we realize such a terahertz-wave control and measurement 
system, new applications in the terahertz region would be possible, and various issues in 
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Abstract

Hybrid femtosecond lasers combine the chirped pulse amplification (CPA) in laser media
with optical parametric chirped pulse amplification (OPCPA) in nonlinear crystals. Gain
bandwidths as broad as 150 nm can be obtained by noncollinear optical parametric
chirped pulse amplification in nonlinear crystals. Therefore, stretched laser pulses com-
pressible to sub-10-fs pulse duration can be amplified in crystals like beta-barium borate
(BBO) and potassium dideuterium phosphate (DKDP). The ultra-broad phase-matching
bandwidth near 800 nm wavelength of beta-barium borate crystals pumped by green
nanosecond lasers and the gain bandwidth of Ti:sapphire laser crystals are practically
overlapped. Optical parametric chirped pulse amplification in beta-barium borate crystals
at low-energy level in the laser system Front-End (FE), combined with high-energy
chirped pulse amplification in Ti:sapphire crystals, represents an advanced solution for
petawatt-class femtosecond laser systems. A couple of worldwide developed hybrid
amplification high-power femtosecond laser systems are presented. The configuration
and output beam characteristics of the hybrid amplification petawatt laser of the Extreme
Light Infrastructure: Nuclear Physics (ELI-NP) facility are described.

Keywords: chirped pulse amplification, noncollinear optical parametric amplification,
ultra-broad gain bandwidth

1. Introduction

High-power femtosecond laser systems were developed using chirped pulse amplification
(CPA) technique [1]. PW-class Ti:sapphire laser systems have been demonstrated worldwide
in the last years [2–6].

To attain a high peak pulse power, we need high pulse energy in a short pulse duration. In a
laser amplifier system, the maximum acceptable laser fluence is restricted by the damage risks.
The amplified laser pulse energy is limited by the size of currently existing optical components,
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like Ti:sapphire crystals and diffraction gratings from optical compressors. To attain multi-PW
peak pulse power in CPA systems based on available optical components, it is necessary to
deliver the output laser energy in 10-fs range duration laser pulses. The recompressed amplified
pulse duration is inversely proportional to the spectral bandwidth, which contains the phase-
locked spectral components, which means flat-phase spectral bandwidth. The spectral band
narrowing and the increase of the recompressed amplified pulse duration are the result of gain
narrowing and redshifting in Ti:sapphire crystals [7]. A broad spectral bandwidth of amplified
laser pulses throughout CPA laser systems can be preserved by special techniques, like optical
cross-polarized wave (XPW) generation [8] and spectral filters for spectrum management [7].
Flat spectral phase over a large bandwidth can be obtained by the correction of high-order phase
distortions using acousto-optic programmable dispersion filters (AOPDFs) [9].

For many research applications, very high laser intensity in the focused beam is required. The
capability to tightly focus the laser beam in a very small spot is one of the most important
features of the high-power CPA laser systems. Tight focusing significantly depends on the
quality of the amplified pulse beam wavefront. Thermal loading of Ti:sapphire crystals is one
of the main reasons of wavefront distortions in CPA systems. The focused beam intensity
related to the ideal case of an undisturbed flat wavefront, having the same intensity profile as
the real beam, is given by the Strehl ratio (SR) [10]. By focusing 300-TW femtosecond laser
beams in few-μm diameter spots, 2 � 1022 W/cm2 peak intensity has been obtained [11]. More
than 1023 W/cm2 peak power is expected by tightly focusing 10-PW femtosecond laser pulses.

If a laser intensity of about 1011 W/cm2 is attained on the target before the main laser pulse, the
generated pre-plasma could disturb the experiment. High-intensity contrast becomes a crucial
laser beam parameter for accessing high-field physics in various experimental targets. Some
techniques for improving the intensity contrast of laser emission, such as saturable absorbers
[12, 13] and XPW [14–16], were used inside high-power femtosecond CPA laser systems.
Plasma mirrors, based on self-induced plasma shuttering, were proposed for improving inten-
sity contrast after the temporal compression of amplified chirped laser pulses [17, 18].
Reaching an intensity contrast in the range of 1012 represents a challenging task for a multi-
PW all Ti:sapphire CPA laser.

Optical parametric chirped pulse amplification (OPCPA) in nonlinear crystals provides large
amplification spectral bandwidth and improves the intensity contrast of the amplified pulses
outside the temporal window of the parametric amplification process [4, 19]. In case of
OPCPA with high-energy laser pulses, an important technical problem consists in the gen-
eration of a single pump beam with simultaneously difficult-to-accomplish specifications:
hundreds of Joules laser pulse energy, about one nanosecond pulse duration, spatial and
temporal smooth and nearly flat intensity profile, very good stability from pulse to pulse,
high repetition rate.

Hybrid femtosecond lasers combine OPCPA in nonlinear crystals at low-medium energy with
CPA in large size Ti:sapphire crystals at high energy. A key feature of high-power 10-fs laser
systems consists in the adaptation of the parametric amplification phase matching bandwidth
of nonlinear crystals to the spectral gain bandwidth of laser amplifying Ti:sapphire crystals.
The ultra-broad phase-matching spectral bandwidth near 800 nm wavelength of beta-barium
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borate (BBO) crystals pumped by green lasers and the gain bandwidth of Ti:sapphire crystals
are practically overlapped. In this case, a large spectral gain bandwidth can be preserved over
the whole hybrid amplification chain. High-power, high-intensity contrast recompressed fem-
tosecond pulses can be obtained. OPCPA in BBO crystals up to mJ energy level in the Front-
End, followed by CPA in large-aperture Ti:sapphire crystals up to 10/100 Joules, represents a
suitable solution for PW-class femtosecond laser systems.

A couple of worldwide developed hybrid amplification high-power femtosecond laser sys-
tems are described. The hybrid amplification configuration has been considered as an appro-
priate solution for the 2� 10 PW femtosecond laser system of the Extreme Light Infrastructure:
Nuclear Physics (ELI-NP) facility.

2. Chirped pulse amplification in broad spectral bandwidth laser media

The principle of CPA in broad gain bandwidth laser media (e.g., Ti:sapphire crystals) is
presented in Figure 1. Femtosecond laser pulses generated by a large spectral bandwidth
oscillator are temporally stretched with dispersive optical elements, in most cases diffraction
gratings, up to few-hundred picoseconds or about one nanosecond pulse duration.

The Ti:sapphire laser is a four-level system as depicted by a simplified energy level diagram in
Figure 1. Ti:sapphire crystals are optically pumped by nanosecond green lasers. By absorption
of pump laser photons, the Ti atoms are raised from the ground energy level E1 to the spectral
band E4. The excited atoms are rapidly transferred by nonradiative transitions from the
absorption band E4 to the upper laser energy level E3. The spontaneous fluorescence lifetime
of Ti atoms on the upper laser level is about 3 μs. The Ti atoms are accumulated on the upper
laser level giving rise to a population inversion between E2 and E3 laser levels. Under these
conditions, an input laser pulse with photon energy quanta corresponding to the energy
difference between the E3 upper level and the E2 lower level is amplified by stimulated laser
transitions between E3 and E2 levels. The generated laser radiation is coherently added to the
input radiation.

Figure 1. Chirped pulse amplification (CPA) in Ti:sapphire laser crystals. Bν, amplified pulse frequency bandwidth; τp,
temporally compressed pulse duration.
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tosecond pulses can be obtained. OPCPA in BBO crystals up to mJ energy level in the Front-
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To get the population inversion between laser energy levels for laser amplification, we essen-
tially need an efficient absorption of pump photons in Ti:sapphire crystals. The energy accu-
mulated in the upper laser level can be the result of pumping with single or multiple pump
laser beams. Angles between pump beams and seed pulse beam are noncritically defined and
are practically imposed by the amplifier geometry.

Because the Ti atoms lifetime is in the range of few-μs, an acceptable delay between pump
laser pulses and input stretched laser pulses is in the nanoseconds range. This temporal
synchronization can be easily obtained with electronic devices.

Pulse duration of the recompressed pulse is inversely proportional to the optical frequency
bandwidth which contains all phase-locked spectral components [20]. The highest amplifica-
tion gain is obtained near the central wavelengths (790–800 nm) of the Ti:sapphire fluorescence
spectrum, engendering the “gain narrowing” effect of the amplified laser pulse spectral band
(Figure 2a). In the regenerative amplifiers and multi-pass amplifiers, with many passes
through the laser amplifying media and high amplification factor, the effect of gain narrowing
significantly contributes to the decrease of the spectral bandwidth of the amplified pulses
(Figure 2b).

High-energy extraction efficiency can be obtained if laser amplifiers are working near the
saturation regime, where the input laser pulse fluence is higher than the saturation fluence of
the amplifying laser medium [20]. In this case, almost all accumulated energy on the upper
level of the laser medium could be extracted and added to the input pulse energy [20]. The
“red” spectral components travel in the leading edge of the temporally stretched pulse,
whereas the “blue” spectral components are delayed in the trailing edge. In the amplifiers
working near the saturation regime, due to the significant depletion of the upper laser-level
population, the amplification factor of the “red” spectral components coming first in the
amplifying medium is higher than that of the “blue” spectral components arriving on the
trailing edge of the stretched pulse. The result is a redshift of the amplified laser pulse
spectrum, associated with a spectrum narrowing (Figure 2b and c).

Stretched amplified pulses are recompressed in a temporal stretcher with diffraction gratings,
where “red” spectral components are delayed compared to the “blue” components. Both “gain
narrowing” and “redshifting” effects contribute to the increase of the amplified pulse duration
after temporal recompression.

The amplified spontaneous emission (ASE), which takes place in the laser media as long as the
population inversion between the upper and lower laser levels exists, deteriorates the picosec-
ond intensity contrast of femtosecond laser systems. By all Ti:sapphire amplification, it is very
difficult to attain more than 1011 intensity contrast of femtosecond pulses, as it is required in
case of PW-class femtosecond laser systems.

Dissipated heat in the active medium is given by the energy difference between the absorbed
pump energy and the laser emitted energy. The thermal loading of the Ti:sapphire crystals
produces beam wavefront distortions and phase dispersions of the spectral components of the
large bandwidth laser pulses. It results in a poor beam focusing and an increase of the
recompressed pulse duration.
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3. Broadband optical parametric amplification

Optical parametric amplification (OPA) is practically an instantaneous process without laser
energy accumulation in the amplifying medium.

By absorption of pump photons with ωp frequency, the crystal molecules leave from their
ground energy level E1 to an excited intermediate higher energy level E2 (Figure 3a). While
an excited molecule returns to its initial ground state, a photon with ωs signal frequency and

Figure 2. Gain narrowing and redshifting in Ti:sapphire amplifiers. (a) Polarized fluorescence spectra and calculated gain
line for an optical c-axis normal cut Ti:sapphire rod; =, c-axis parallel polarization; ┴, c-axis normal polarization. (b)
Spectrum narrowing and redshifting after amplification in an all Ti:sapphire TW-class laser manufactured by Amplitude
Technologies for the National Institute for Laser, Plasma, and Radiation Physics, Bucharest-Magurele; OSC: femtosecond
oscillator spectrum; AMPL: spectrum after amplification. (c) Redshifting effect in nearly saturation operated Ti:sapphire
amplifiers.
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To get the population inversion between laser energy levels for laser amplification, we essen-
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mulated in the upper laser level can be the result of pumping with single or multiple pump
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one “idler” photon with ωi = ωp - ωs are simultaneously created. This optical nonlinear
process is very rapid compared to the signal and pump pulse duration.

A fraction of the pump beam energy is transferred to the signal beam. At the output of the
nonlinear crystal, we get an amplified signal beam, a new generated idler beam, and a residual
pump beam (Figure 3b).

Amplification takes place only if the seed pulse and the pump pulse are spatially and tempo-
rally overlapped in the nonlinear crystal, in a collinear (Figure 3c) or a noncollinear geometry
(Figure 3d). In case of nanosecond pulses OPA, temporal overlapping can be obtained by
electronic synchronization of the pump pulsed laser with the signal pulses. In case of femto-
second/picosecond pulses, temporal overlapping can be obtained only by optical synchroniza-
tion of the interacting laser pulses.

The parametric amplification is produced under conditions of photon energy conservation and
wave-vector phase matching, only for a certain orientation of the crystal and for well-defined
angles between the wave vectors of the interacting laser beams (Figure 3c, d)

ωp ¼ ωs þ ωi

kp
!¼ks

! þ ki
! (1)

where kj
!
, j = p,s,i, are the wave vectors of the pump, signal, and idler beams.

The host crystal of the parametric process is transparent to the interacting waves, and the
amplification takes place without thermal loading of the nonlinear crystal.

Exact phase matching condition can be fulfilled only by monochromatic waves. Three beam
parameters and three geometrical parameters are involved in a noncollinear OPA (NOPA)

Figure 3. Optical parametric amplification in nonlinear crystals. (a) OPA energy level diagram. (b) Principle of OPA in a
nonlinear crystal. (c) Collinear OPA geometry. (d) Noncollinear OPA (NOPA) geometry.
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process: signal, pump and idler wavelengths, the angle between pump wave-vector and the
crystal optical axis (θ), the angle between signal and pump wave-vectors (α), and the angle
between signal and idler wave-vectors (β). For a monochromatic noncollinear parametric
interaction, three parameters are free-chosen, usually signal wavelength, λs, pump wave-
length, λp, and α angle between signal and pump beams. The idler wavelength (λi), θ, and β
angles of a NOPA process in a certain nonlinear crystal can be calculated using the phase-
matching Eqs. [21]

1
λp

¼ 1
λs

þ 1
λi

np λp;θ
� �
λp

sinα� ni λið Þ
λi

sin β ¼ 0

np λp;θ
� �
λp

cosα� ns λsð Þ
λs

� ni λið Þ
λi

cos β ¼ 0

(2)

Under approximations of small initial signal beam intensity, without input idler beam, and
neglected pump beam depletion, the parametric gain is given by [21]

Gs Lð Þ ¼ Is Lð Þ � Is 0ð Þ
Is 0ð Þ ¼ Γ2 sinh

2 gLð Þ
g2

(3)

where L is the length of the nonlinear crystal, Is(0) is the input signal beam intensity, Is(L) is the

output signal intensity, g2 ¼ Γ2 � Δk
2

� �2, Γ2 ¼ 2ωsωid2eff Ip
nsninpε0c3

, Ip is the pump beam intensity, deff is the

effective nonlinear coefficient, np,s,i are refractive indexes, ε0 is the permittivity of free space, c
is the speed of light, and Δk = kp� ks� ki is the wave-vector mismatch. The full width at half
maximum (FWHM) phase-matching bandwidth is usually defined as the spectral range where
the parametric gain Gs(Δk) is at least 50% from the peak gain obtained in the case of exact
phase-matching, Gs(Δk = 0) [21]

Gs Δkð Þ ¼ 1
2
Gs Δk ¼ 0ð Þ (4)

Broad gain bandwidth can be obtained if, near the exact phase-matching condition, the
wave-vector mismatch slowly varies depending on the signal wavelength. The Δk phase
mismatch can be represented by Taylor series around the phase-matching signal frequency
ωs0 [22]
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one “idler” photon with ωi = ωp - ωs are simultaneously created. This optical nonlinear
process is very rapid compared to the signal and pump pulse duration.

A fraction of the pump beam energy is transferred to the signal beam. At the output of the
nonlinear crystal, we get an amplified signal beam, a new generated idler beam, and a residual
pump beam (Figure 3b).

Amplification takes place only if the seed pulse and the pump pulse are spatially and tempo-
rally overlapped in the nonlinear crystal, in a collinear (Figure 3c) or a noncollinear geometry
(Figure 3d). In case of nanosecond pulses OPA, temporal overlapping can be obtained by
electronic synchronization of the pump pulsed laser with the signal pulses. In case of femto-
second/picosecond pulses, temporal overlapping can be obtained only by optical synchroniza-
tion of the interacting laser pulses.

The parametric amplification is produced under conditions of photon energy conservation and
wave-vector phase matching, only for a certain orientation of the crystal and for well-defined
angles between the wave vectors of the interacting laser beams (Figure 3c, d)

ωp ¼ ωs þ ωi

kp
!¼ks

! þ ki
! (1)

where kj
!
, j = p,s,i, are the wave vectors of the pump, signal, and idler beams.

The host crystal of the parametric process is transparent to the interacting waves, and the
amplification takes place without thermal loading of the nonlinear crystal.

Exact phase matching condition can be fulfilled only by monochromatic waves. Three beam
parameters and three geometrical parameters are involved in a noncollinear OPA (NOPA)

Figure 3. Optical parametric amplification in nonlinear crystals. (a) OPA energy level diagram. (b) Principle of OPA in a
nonlinear crystal. (c) Collinear OPA geometry. (d) Noncollinear OPA (NOPA) geometry.
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process: signal, pump and idler wavelengths, the angle between pump wave-vector and the
crystal optical axis (θ), the angle between signal and pump wave-vectors (α), and the angle
between signal and idler wave-vectors (β). For a monochromatic noncollinear parametric
interaction, three parameters are free-chosen, usually signal wavelength, λs, pump wave-
length, λp, and α angle between signal and pump beams. The idler wavelength (λi), θ, and β
angles of a NOPA process in a certain nonlinear crystal can be calculated using the phase-
matching Eqs. [21]

1
λp

¼ 1
λs

þ 1
λi

np λp;θ
� �
λp

sinα� ni λið Þ
λi

sin β ¼ 0

np λp;θ
� �
λp

cosα� ns λsð Þ
λs

� ni λið Þ
λi

cos β ¼ 0

(2)

Under approximations of small initial signal beam intensity, without input idler beam, and
neglected pump beam depletion, the parametric gain is given by [21]

Gs Lð Þ ¼ Is Lð Þ � Is 0ð Þ
Is 0ð Þ ¼ Γ2 sinh

2 gLð Þ
g2

(3)

where L is the length of the nonlinear crystal, Is(0) is the input signal beam intensity, Is(L) is the

output signal intensity, g2 ¼ Γ2 � Δk
2

� �2, Γ2 ¼ 2ωsωid2eff Ip
nsninpε0c3

, Ip is the pump beam intensity, deff is the

effective nonlinear coefficient, np,s,i are refractive indexes, ε0 is the permittivity of free space, c
is the speed of light, and Δk = kp� ks� ki is the wave-vector mismatch. The full width at half
maximum (FWHM) phase-matching bandwidth is usually defined as the spectral range where
the parametric gain Gs(Δk) is at least 50% from the peak gain obtained in the case of exact
phase-matching, Gs(Δk = 0) [21]
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2
Gs Δk ¼ 0ð Þ (4)

Broad gain bandwidth can be obtained if, near the exact phase-matching condition, the
wave-vector mismatch slowly varies depending on the signal wavelength. The Δk phase
mismatch can be represented by Taylor series around the phase-matching signal frequency
ωs0 [22]
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where Δk = 0 represents the condition for quasi-monochromatic phase matching; Δk(0) =Δk(1) = 0
is the condition for optical parametric broad gain bandwidth.

An ultra-broad bandwidth (UBB) of phase-matching can be obtained for Δk(0) =Δk(1) =Δk(2) = 0.
In this case, two more equations must be added to the three-equation system (2) [22]

νgs ¼ vgi cos β
∂2ks
∂ω2

s
cos βþ ∂2ki

∂ω2
i
� sin 2β

v2gski
¼ 0 (6)

where vgs and vgi are group velocities of signal wave and idler wave, respectively.

Particularly in the case of high-energy laser pulse amplification, only a couple of existing high-
energy lasers are suitable for OPA pumping. For this reason, usually the pump laser wave-
length λp represents the free-chosen parameter of the OPA process. For a certain nonlinear
crystal, the other five parameters, including signal central wavelength, are deduced from the
five-equation system comprising Eqs. (2) and (6).

UBBs of more than 100 nm, able to support amplification of sub-10-fs laser pulses, can be
obtained in nonlinear crystals [22], like potassium dideuterium phosphate (DKDP) and BBO.
Ultra-broad gain bandwidths for BBO and DKDP crystals, pumped by green nanosecond
lasers, in NOPA configuration are shown in Figure 4. Gain bandwidths were calculated
assuming plane interacting waves, uniform pump intensity distribution, no input idler
beam, and negligible pump beam intensity depletion. For both NOPA processes, I consid-
ered a flat pump intensity IP of 1 GW/cm2, which can be accepted without damage risk of
currently used nonlinear crystals in case of about one-nanosecond pump pulse duration
(e.g., the data sheets of the manufacturing company Altechna) [23]. Different lengths were
considered for DKDP and BBO crystals, corresponding to similar gain values in the para-
metric amplification process.

The UBB phase-matching of DKDP crystals is centered around λS0 = 900 nm central wave-
length, whereas the UBB of BBO crystals is centered in the range of 800 nm wavelength,
practically overlapped to the gain bandwidth of Ti:sapphire laser media.

Figure 4. NOPA gain spectra. IP = 1 GW/cm2. (a) 80-mm-long DKDP crystal; λP(DKDP) = 0.527 μm, θDKDP = 37.0�,
αDKDP = 0.92�, λS0 = 900 nm; UBBDKDP ≈ 135 nm. (b) 10-mm-long BBO crystal, λP(BBO) = 0.532 μm, θBBO = 23.8�, αBBO = 2.4�,
λS0 = 0.825 μm; UBBBBO ≈ 150 nm.
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4. Optical parametric chirped pulse amplification

OPCPA was proposed as an alternative solution for the amplification of large bandwidth
stretched laser pulses [24] (Figure 5). Drawbacks of the Ti:sapphire CPA, particularly those
related to the amplified spectral band narrowing, intensity contrast decrease, and thermal
loading, can be overcome in OPCPA laser systems. Signal pulses generated by a broad band-
width femtosecond oscillator are temporally stretched and synchronized to the pump pulses.
Signal and pump pulses have similar durations, usually in the range of picoseconds or nano-
seconds. The pump laser wavelength is chosen among the available high-energy green nano-
second lasers, such as frequency-doubled Nd:YAG (532 nm), Nd:glass (527 nm), Yb:YAG
(515 nm) lasers. After OPCPA in one or more amplifier stages with nonlinear crystals,
enhanced signal pulses can be temporally recompressed to get higher power femtosecond
laser pulses.

Unlike CPA, OPCPA is free from gain narrowing and redshifting effects. Because the host
crystal is transparent to the interacting beams, thermal loading is practically absent in the
parametric amplification process.

On the other hand, in the case of OPCPA, the spectrum of the amplified laser pulse is sensitive
to the angle between signal and pump laser beams. The parametric amplification of each signal
spectral component depends on the local instantaneous pump radiation intensity. In order to
keep a stable amplified signal spectrum from pulse to pulse, high temporal and spatial stability
of the pump beams, as well as very stable experimental setup, are required.

Unlike CPA amplifiers, due to angular constraints between pump and signal wave vectors,
imposed by the unique phase-matching geometry, in OPCPA experimental setups usually a
single pump laser beam can be used (Figure 6). To amplify broadband chirped laser pulses,
laser systems based on noncollinear OPCPA (NOPCPA) configuration, imposed by the condi-
tions of UBB parametric amplification in nonlinear crystals, were developed [3, 25–29].

For high-energy final amplifiers of multi-PW laser systems, as much as 102–103 J pump energy,
within ~1 ns pulse duration, is required. It is a real challenge to build a single-beam laser able
to deliver the pump pulses for these high-energy OPCPA stages.

Figure 5. Principle of optical parametric chirped pulse amplification.
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where Δk = 0 represents the condition for quasi-monochromatic phase matching; Δk(0) =Δk(1) = 0
is the condition for optical parametric broad gain bandwidth.

An ultra-broad bandwidth (UBB) of phase-matching can be obtained for Δk(0) =Δk(1) =Δk(2) = 0.
In this case, two more equations must be added to the three-equation system (2) [22]
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where vgs and vgi are group velocities of signal wave and idler wave, respectively.

Particularly in the case of high-energy laser pulse amplification, only a couple of existing high-
energy lasers are suitable for OPA pumping. For this reason, usually the pump laser wave-
length λp represents the free-chosen parameter of the OPA process. For a certain nonlinear
crystal, the other five parameters, including signal central wavelength, are deduced from the
five-equation system comprising Eqs. (2) and (6).

UBBs of more than 100 nm, able to support amplification of sub-10-fs laser pulses, can be
obtained in nonlinear crystals [22], like potassium dideuterium phosphate (DKDP) and BBO.
Ultra-broad gain bandwidths for BBO and DKDP crystals, pumped by green nanosecond
lasers, in NOPA configuration are shown in Figure 4. Gain bandwidths were calculated
assuming plane interacting waves, uniform pump intensity distribution, no input idler
beam, and negligible pump beam intensity depletion. For both NOPA processes, I consid-
ered a flat pump intensity IP of 1 GW/cm2, which can be accepted without damage risk of
currently used nonlinear crystals in case of about one-nanosecond pump pulse duration
(e.g., the data sheets of the manufacturing company Altechna) [23]. Different lengths were
considered for DKDP and BBO crystals, corresponding to similar gain values in the para-
metric amplification process.

The UBB phase-matching of DKDP crystals is centered around λS0 = 900 nm central wave-
length, whereas the UBB of BBO crystals is centered in the range of 800 nm wavelength,
practically overlapped to the gain bandwidth of Ti:sapphire laser media.

Figure 4. NOPA gain spectra. IP = 1 GW/cm2. (a) 80-mm-long DKDP crystal; λP(DKDP) = 0.527 μm, θDKDP = 37.0�,
αDKDP = 0.92�, λS0 = 900 nm; UBBDKDP ≈ 135 nm. (b) 10-mm-long BBO crystal, λP(BBO) = 0.532 μm, θBBO = 23.8�, αBBO = 2.4�,
λS0 = 0.825 μm; UBBBBO ≈ 150 nm.
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4. Optical parametric chirped pulse amplification

OPCPA was proposed as an alternative solution for the amplification of large bandwidth
stretched laser pulses [24] (Figure 5). Drawbacks of the Ti:sapphire CPA, particularly those
related to the amplified spectral band narrowing, intensity contrast decrease, and thermal
loading, can be overcome in OPCPA laser systems. Signal pulses generated by a broad band-
width femtosecond oscillator are temporally stretched and synchronized to the pump pulses.
Signal and pump pulses have similar durations, usually in the range of picoseconds or nano-
seconds. The pump laser wavelength is chosen among the available high-energy green nano-
second lasers, such as frequency-doubled Nd:YAG (532 nm), Nd:glass (527 nm), Yb:YAG
(515 nm) lasers. After OPCPA in one or more amplifier stages with nonlinear crystals,
enhanced signal pulses can be temporally recompressed to get higher power femtosecond
laser pulses.

Unlike CPA, OPCPA is free from gain narrowing and redshifting effects. Because the host
crystal is transparent to the interacting beams, thermal loading is practically absent in the
parametric amplification process.

On the other hand, in the case of OPCPA, the spectrum of the amplified laser pulse is sensitive
to the angle between signal and pump laser beams. The parametric amplification of each signal
spectral component depends on the local instantaneous pump radiation intensity. In order to
keep a stable amplified signal spectrum from pulse to pulse, high temporal and spatial stability
of the pump beams, as well as very stable experimental setup, are required.

Unlike CPA amplifiers, due to angular constraints between pump and signal wave vectors,
imposed by the unique phase-matching geometry, in OPCPA experimental setups usually a
single pump laser beam can be used (Figure 6). To amplify broadband chirped laser pulses,
laser systems based on noncollinear OPCPA (NOPCPA) configuration, imposed by the condi-
tions of UBB parametric amplification in nonlinear crystals, were developed [3, 25–29].

For high-energy final amplifiers of multi-PW laser systems, as much as 102–103 J pump energy,
within ~1 ns pulse duration, is required. It is a real challenge to build a single-beam laser able
to deliver the pump pulses for these high-energy OPCPA stages.

Figure 5. Principle of optical parametric chirped pulse amplification.
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5. High-power laser systems based on hybrid amplification

A schematic configuration of a high-power hybrid femtosecond laser system is shown in
Figure 7. In the low-energy amplification section, usually called the Front-End (FE) of the laser
system, femtosecond pulses generated by a laser oscillator are temporally stretched up to
10 ps – 100 ps. Stretched laser pulses are mainly amplified by OPCPA from the nJ energy level
up to 10 mJ – 100 mJ energy range, corresponding to seven to eight orders of magnitude
amplification. By high-energy CPA in broad gain bandwidth laser media, chirped laser pulses,
stretched in the range of one nanosecond pulse duration, are amplified by three to four orders
of magnitude up to 10 J – 100 J and then temporally compressed back to the femtosecond range.

OPCPA is considered an appropriate technique in the low energy amplification FE, where
large enough nonlinear crystals and good-quality beam ps-ns pump lasers are available.
Output FE laser pulses with large spectral bandwidths, recompressible with high intensity
contrast, are further amplified in high-energy Ti:sapphire amplifier stages.

In high-power laser systems (HPLS) based exclusively on parametric amplification, the techni-
cal bottlenecks move toward very high-energy pump lasers. Pump energy in the kJ range, few
nanosecond pulse duration, flat intensity profile, and stable temporal and spatial beam profiles
are required for pumping final OPCPA stages.

In femtosecond laser systems, the maximum amplified pulse energy is restricted by the size of
available amplifying media. The clear aperture of largest available Ti:sapphire crystals for CPA

Figure 6. Schematic description of broadband noncollinear OPCPA in nonlinear crystals.

Figure 7. Basic configuration of a hybrid chirped pulse amplification laser system.
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is smaller than the aperture of some available OPCPA nonlinear crystals, like DKDP, for
example. Nevertheless, there is an advantage of Ti:sapphire CPA: for optical pumping of
large-aperture Ti:sapphire crystals, several green pump lasers can be used, with output pulse
energy of 50–100 J, less restrictive requirements concerning pulse duration, and much higher
repetition rate compared to a single-beam kJ pump laser necessary for pumping a high energy
OPCPA stage.

Because most of the amplification in hybrid lasers is realized by OPCPA, gain narrowing and
ASE effects are attenuated compared to all Ti:sapphire amplifiers. It becomes easier to get high-
intensity contrast, high-energy laser pulses, recompressible down to femtosecond pulse duration.

In a hybrid femtosecond pulse amplification system, based on both OPCPA and CPA, a key
feature is the matching of the ultra-broad gain bandwidth of the nonlinear crystal to the
amplification spectral band of Ti:sapphire laser crystals. In this case, stretched pulses amplified
in the laser FE can be directly sent to the Ti:sapphire high-energy amplifiers.

The ultra-broad gain band of DKDP crystals is centered near 900 nm. OPCPA based on DKDP
crystals can be used in hybrid femtosecond laser amplifiers. In this case, seed laser pulses must
have a broad bandwidth adapted to the ultra-broad phase-matching spectral band of DKDP
crystals. In DKDP-OPCPA laser systems equipped with Ti:sapphire broadband femtosecond
oscillators, complicated experimental setups were realized to generate broadband laser pulses
with the central wavelength shifted near 900 nm [25, 26]. BBO crystals, pumped by frequency-
doubled Nd lasers, have a “lucky” ultra-broad phase-matching bandwidth in the range of
800 nm, practically overlapped to the gain bandwidth of Ti:sapphire laser crystals. Due to
more than 100 nm phase-matching bandwidth, BBO crystals pumped by green lasers can
support the amplification of stretched laser pulses recompressible at sub-10 fs pulse duration
[22]. The available few centimeters clear aperture BBO crystals are large enough for OPCPA up
to 100 mJ signal pulse energy. For this reason, BBO crystals are frequently used in the FEs of
the PW-class hybrid amplification femtosecond laser systems.

Considering the currently available technical solutions, hybrid amplification represents a good
choice for the development of petawatt-class femtosecond laser systems.

5.1. PW-class hybrid femtosecond laser systems

A couple of PW-class hybrid femtosecond laser systems are currently worldwide operated,
while other 10-PW laser facilities are under development.

A high spatiotemporal quality PW-class laser system has been developed at Advanced Photon
Research Center, Japan Atomic Energy Agency [3]. This laser system is based on a double CPA
configuration (Figure 8). In the first CPA section, femtosecond laser pulses generated by a Ti:
sapphire oscillator are stretched, pre-amplified in Ti:sapphire amplifiers, and temporally
recompressed to get mJ-energy output pulses with sub-30 fs duration. To improve the intensity
contrast, part of the ASE pedestal of these pulses is removed by a saturable absorber.

In the second CPA section, the intensity-filtered pulses, stretched up to ~1 ns pulse duration,
are amplified by OPCPA. The conventional regenerative amplifier used in all Ti:sapphire
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5. High-power laser systems based on hybrid amplification

A schematic configuration of a high-power hybrid femtosecond laser system is shown in
Figure 7. In the low-energy amplification section, usually called the Front-End (FE) of the laser
system, femtosecond pulses generated by a laser oscillator are temporally stretched up to
10 ps – 100 ps. Stretched laser pulses are mainly amplified by OPCPA from the nJ energy level
up to 10 mJ – 100 mJ energy range, corresponding to seven to eight orders of magnitude
amplification. By high-energy CPA in broad gain bandwidth laser media, chirped laser pulses,
stretched in the range of one nanosecond pulse duration, are amplified by three to four orders
of magnitude up to 10 J – 100 J and then temporally compressed back to the femtosecond range.

OPCPA is considered an appropriate technique in the low energy amplification FE, where
large enough nonlinear crystals and good-quality beam ps-ns pump lasers are available.
Output FE laser pulses with large spectral bandwidths, recompressible with high intensity
contrast, are further amplified in high-energy Ti:sapphire amplifier stages.

In high-power laser systems (HPLS) based exclusively on parametric amplification, the techni-
cal bottlenecks move toward very high-energy pump lasers. Pump energy in the kJ range, few
nanosecond pulse duration, flat intensity profile, and stable temporal and spatial beam profiles
are required for pumping final OPCPA stages.

In femtosecond laser systems, the maximum amplified pulse energy is restricted by the size of
available amplifying media. The clear aperture of largest available Ti:sapphire crystals for CPA

Figure 6. Schematic description of broadband noncollinear OPCPA in nonlinear crystals.

Figure 7. Basic configuration of a hybrid chirped pulse amplification laser system.
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is smaller than the aperture of some available OPCPA nonlinear crystals, like DKDP, for
example. Nevertheless, there is an advantage of Ti:sapphire CPA: for optical pumping of
large-aperture Ti:sapphire crystals, several green pump lasers can be used, with output pulse
energy of 50–100 J, less restrictive requirements concerning pulse duration, and much higher
repetition rate compared to a single-beam kJ pump laser necessary for pumping a high energy
OPCPA stage.

Because most of the amplification in hybrid lasers is realized by OPCPA, gain narrowing and
ASE effects are attenuated compared to all Ti:sapphire amplifiers. It becomes easier to get high-
intensity contrast, high-energy laser pulses, recompressible down to femtosecond pulse duration.

In a hybrid femtosecond pulse amplification system, based on both OPCPA and CPA, a key
feature is the matching of the ultra-broad gain bandwidth of the nonlinear crystal to the
amplification spectral band of Ti:sapphire laser crystals. In this case, stretched pulses amplified
in the laser FE can be directly sent to the Ti:sapphire high-energy amplifiers.

The ultra-broad gain band of DKDP crystals is centered near 900 nm. OPCPA based on DKDP
crystals can be used in hybrid femtosecond laser amplifiers. In this case, seed laser pulses must
have a broad bandwidth adapted to the ultra-broad phase-matching spectral band of DKDP
crystals. In DKDP-OPCPA laser systems equipped with Ti:sapphire broadband femtosecond
oscillators, complicated experimental setups were realized to generate broadband laser pulses
with the central wavelength shifted near 900 nm [25, 26]. BBO crystals, pumped by frequency-
doubled Nd lasers, have a “lucky” ultra-broad phase-matching bandwidth in the range of
800 nm, practically overlapped to the gain bandwidth of Ti:sapphire laser crystals. Due to
more than 100 nm phase-matching bandwidth, BBO crystals pumped by green lasers can
support the amplification of stretched laser pulses recompressible at sub-10 fs pulse duration
[22]. The available few centimeters clear aperture BBO crystals are large enough for OPCPA up
to 100 mJ signal pulse energy. For this reason, BBO crystals are frequently used in the FEs of
the PW-class hybrid amplification femtosecond laser systems.

Considering the currently available technical solutions, hybrid amplification represents a good
choice for the development of petawatt-class femtosecond laser systems.

5.1. PW-class hybrid femtosecond laser systems

A couple of PW-class hybrid femtosecond laser systems are currently worldwide operated,
while other 10-PW laser facilities are under development.

A high spatiotemporal quality PW-class laser system has been developed at Advanced Photon
Research Center, Japan Atomic Energy Agency [3]. This laser system is based on a double CPA
configuration (Figure 8). In the first CPA section, femtosecond laser pulses generated by a Ti:
sapphire oscillator are stretched, pre-amplified in Ti:sapphire amplifiers, and temporally
recompressed to get mJ-energy output pulses with sub-30 fs duration. To improve the intensity
contrast, part of the ASE pedestal of these pulses is removed by a saturable absorber.

In the second CPA section, the intensity-filtered pulses, stretched up to ~1 ns pulse duration,
are amplified by OPCPA. The conventional regenerative amplifier used in all Ti:sapphire
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lasers is replaced by a two-stage OPCPA with BBO crystals, pumped by a frequency-doubled
Nd:YAG nanosecond laser. Pump and seed pulses are electronically synchronized with a
timing jitter of �0.5 ns. To avoid the parametric fluorescence, the OPCPA stages are operated
with relatively high-energy seed pulses in a low gain mode. Seed pulses of ~2.5 μJ are ampli-
fied up to ~5 mJ, keeping each BBO stage to less than 100� amplification factor. Hereby, the
intensity contrast of amplified pulses in the nanosecond time range is significantly improved,
practically with the parametric amplification factor.

Laser pulses are amplified up to 3 J energy level in two Ti:sapphire stages pumped by 10 Hz
repetition rate green (532 nm wavelength) Nd:YAG lasers. Final Ti:sapphire amplifier is
pumped by a single-shot green (527 nm) nanosecond Nd:glass laser with ~60 J pulse energy.
Pump laser beams with smooth homogenized spatial intensity profile are delivered to a large-
aperture 80 mm diameter Ti:sapphire laser crystal. A near-homogenous flat-top intensity
profile of the amplified pulse beam was obtained. After temporal compression, 20 J/38 fs
pulses with more than 0.5 PW peak power and more than 1010 intensity contrast in sub-
nanosecond temporal range were generated.

1.1 PW laser based on hybrid optical parametric chirped pulse amplification and mixed Nd:
glass amplifiers (Figure 9) has been demonstrated at Texas Center of High Intensity Laser
Science, Austin, USA [27].

Nano-Joule-energy seed pulses with 16 nm FWHM spectrum centered at 1058 nm are gener-
ated by a tunable Ti:sapphire laser oscillator. Hundred-femtosecond oscillator pulses are
stretched to more than 1 ns pulse duration. Stretched pulses are amplified by approximate
nine orders of magnitude in three OPCPA stages to attain ~1 J pulse energy: two stages with
pairs of BBO crystals and the last one with a pair of yttrium calcium oxoborate (YCOB)
crystals. OPCPA crystals are pumped by frequency-doubled Nd:YAG lasers at 532 nm. The
parametric amplification takes place in a near-degeneracy type of interaction, where pump
wavelength is about two times shorter than the signal wavelength, which assures a broad
enough gain bandwidth to amplify ~30 nm broadband signal pulses. Nanosecond seed and

Figure 8. Schematic drawing of a hybrid PW-class laser amplifier based on low-energy OPCPA in BBO crystals and Ti:
sapphire high-energy amplification [3].
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pump pulses are electronically synchronized. Up to 250 J energy, stretched laser pulses are
amplified in two flash-lamp pumped Nd:glass amplifiers, with shifted peak gain wavelengths
of the Nd-doped glasses. The gain spectral bandwidth of mixed Nd:glass amplifiers is about
15 nm near 1 μm central wavelength. First amplifier stage consists in a 64-mm-diameter silicate
rod amplifier. In the second amplifier stage, the laser pulse passes four times through two pairs
of 315 mm aperture phosphate disk amplifiers. Finally 186 J, 168 fs compressed pulses, with
estimated nanosecond range contrast better than 1012 were obtained.

A high-contrast 1.16 PW laser system was developed at Beijing National Laboratory for
Condensed Matter Physics, Institute of Physics, by combining low-energy femtosecond optical
parametric amplification with high-energy Ti:sapphire amplification [4]. Sub-10 fs pulses, with
4 nJ pulse energy, generated by a Ti:sapphire oscillator are split into two beams. About 70%
energy pulse was used as the seed for a Ti:sapphire CPA to obtain 5 mJ, 50 fs pulses, which are
frequency-doubled by BBO crystals to generate second harmonic pulses for pumping the two-
stage broad bandwidth NOPA. The other 30% of the femtosecond oscillator pulse energy is
used as the broadband seed, at 800 nm central wavelength, for the first NOPA. The optical
synchronization of the signal and the pumping femtosecond pulses was accurately controlled
by a Herriot telescope delay line. This way, large bandwidth femtosecond pulses are amplified
to ~26 μJ energy without any temporal stretching in the two-stage NOPA with BBO crystals.
The parametric amplification process which involves the signal and pump pulses occurs on
few 10 fs timescale. The background noise beyond this time range cannot be amplified, and the
amplified signal pulse contrast is improved by a factor equal to the parametric gain. In the
second CPA stage, the clean signal pulses were stretched to about 600 ps. The medium energy
Ti:sapphire amplifiers are pumped by 532 nm wavelength nanosecond Nd:YAG lasers run-
ning at 1 Hz repetition rate. The last high-energy amplifier consists in an 80-mm-diameter,
40-mm-thickness Ti:sapphire disk, pumped by a nanosecond Nd:glass laser, 120 J at 527 nm
wavelength, 1 pulse/20 minutes repetition rate. After temporal compression, more than 32 J
pulse energy at ~28 fs pulse duration, corresponding to a peak power up to 1.16 PW, with
enhanced intensity contrast ratio of 1010, has been obtained.

In the frame of the French project Apollon, an optically synchronized OPCPA with picosecond
pulses was proposed for the Front-End configuration of a 10 PW laser system [28]. A similar

Figure 9. Schematic drawing of a PW laser system based on OPCPA in BBO and YCOB crystals and high-energy
amplification in mixed glasses at 1 μm spectral range [27].
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lasers is replaced by a two-stage OPCPA with BBO crystals, pumped by a frequency-doubled
Nd:YAG nanosecond laser. Pump and seed pulses are electronically synchronized with a
timing jitter of �0.5 ns. To avoid the parametric fluorescence, the OPCPA stages are operated
with relatively high-energy seed pulses in a low gain mode. Seed pulses of ~2.5 μJ are ampli-
fied up to ~5 mJ, keeping each BBO stage to less than 100� amplification factor. Hereby, the
intensity contrast of amplified pulses in the nanosecond time range is significantly improved,
practically with the parametric amplification factor.

Laser pulses are amplified up to 3 J energy level in two Ti:sapphire stages pumped by 10 Hz
repetition rate green (532 nm wavelength) Nd:YAG lasers. Final Ti:sapphire amplifier is
pumped by a single-shot green (527 nm) nanosecond Nd:glass laser with ~60 J pulse energy.
Pump laser beams with smooth homogenized spatial intensity profile are delivered to a large-
aperture 80 mm diameter Ti:sapphire laser crystal. A near-homogenous flat-top intensity
profile of the amplified pulse beam was obtained. After temporal compression, 20 J/38 fs
pulses with more than 0.5 PW peak power and more than 1010 intensity contrast in sub-
nanosecond temporal range were generated.

1.1 PW laser based on hybrid optical parametric chirped pulse amplification and mixed Nd:
glass amplifiers (Figure 9) has been demonstrated at Texas Center of High Intensity Laser
Science, Austin, USA [27].

Nano-Joule-energy seed pulses with 16 nm FWHM spectrum centered at 1058 nm are gener-
ated by a tunable Ti:sapphire laser oscillator. Hundred-femtosecond oscillator pulses are
stretched to more than 1 ns pulse duration. Stretched pulses are amplified by approximate
nine orders of magnitude in three OPCPA stages to attain ~1 J pulse energy: two stages with
pairs of BBO crystals and the last one with a pair of yttrium calcium oxoborate (YCOB)
crystals. OPCPA crystals are pumped by frequency-doubled Nd:YAG lasers at 532 nm. The
parametric amplification takes place in a near-degeneracy type of interaction, where pump
wavelength is about two times shorter than the signal wavelength, which assures a broad
enough gain bandwidth to amplify ~30 nm broadband signal pulses. Nanosecond seed and

Figure 8. Schematic drawing of a hybrid PW-class laser amplifier based on low-energy OPCPA in BBO crystals and Ti:
sapphire high-energy amplification [3].
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pump pulses are electronically synchronized. Up to 250 J energy, stretched laser pulses are
amplified in two flash-lamp pumped Nd:glass amplifiers, with shifted peak gain wavelengths
of the Nd-doped glasses. The gain spectral bandwidth of mixed Nd:glass amplifiers is about
15 nm near 1 μm central wavelength. First amplifier stage consists in a 64-mm-diameter silicate
rod amplifier. In the second amplifier stage, the laser pulse passes four times through two pairs
of 315 mm aperture phosphate disk amplifiers. Finally 186 J, 168 fs compressed pulses, with
estimated nanosecond range contrast better than 1012 were obtained.

A high-contrast 1.16 PW laser system was developed at Beijing National Laboratory for
Condensed Matter Physics, Institute of Physics, by combining low-energy femtosecond optical
parametric amplification with high-energy Ti:sapphire amplification [4]. Sub-10 fs pulses, with
4 nJ pulse energy, generated by a Ti:sapphire oscillator are split into two beams. About 70%
energy pulse was used as the seed for a Ti:sapphire CPA to obtain 5 mJ, 50 fs pulses, which are
frequency-doubled by BBO crystals to generate second harmonic pulses for pumping the two-
stage broad bandwidth NOPA. The other 30% of the femtosecond oscillator pulse energy is
used as the broadband seed, at 800 nm central wavelength, for the first NOPA. The optical
synchronization of the signal and the pumping femtosecond pulses was accurately controlled
by a Herriot telescope delay line. This way, large bandwidth femtosecond pulses are amplified
to ~26 μJ energy without any temporal stretching in the two-stage NOPA with BBO crystals.
The parametric amplification process which involves the signal and pump pulses occurs on
few 10 fs timescale. The background noise beyond this time range cannot be amplified, and the
amplified signal pulse contrast is improved by a factor equal to the parametric gain. In the
second CPA stage, the clean signal pulses were stretched to about 600 ps. The medium energy
Ti:sapphire amplifiers are pumped by 532 nm wavelength nanosecond Nd:YAG lasers run-
ning at 1 Hz repetition rate. The last high-energy amplifier consists in an 80-mm-diameter,
40-mm-thickness Ti:sapphire disk, pumped by a nanosecond Nd:glass laser, 120 J at 527 nm
wavelength, 1 pulse/20 minutes repetition rate. After temporal compression, more than 32 J
pulse energy at ~28 fs pulse duration, corresponding to a peak power up to 1.16 PW, with
enhanced intensity contrast ratio of 1010, has been obtained.

In the frame of the French project Apollon, an optically synchronized OPCPA with picosecond
pulses was proposed for the Front-End configuration of a 10 PW laser system [28]. A similar

Figure 9. Schematic drawing of a PW laser system based on OPCPA in BBO and YCOB crystals and high-energy
amplification in mixed glasses at 1 μm spectral range [27].
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solution was considered for the 2 � 10 PW laser system of the ELI-NP laser facility from
Bucharest-Magurele [29].

5.2. High-power laser system of the ELI-NP research facility

High-power laser system (HPLS) of the ELI-NP laser facility, developed by Thales Optronique,
consists in a two-arm 10 PW peak power femtosecond laser amplifier. ELI-NP HPLS combines
the advantages of a high amplification factor FE, based on OPCPA at low energy level, with
the high energy amplification in large-size Ti:sapphire crystals pumped by high-energy
frequency-doubled Nd:YAG and Nd:glass lasers [29]. For each arm, two additional output
beams of 100 TW pulse peak power at 10 Hz repetition rate and 1 PWat 1 Hz are available. The
schematic drawing of the ELI-NP 2 � 10 PW laser system is shown in Figure 10.

FE is based on OPCPA with optically synchronized seed and pump pulses of 20 to 25 ps
duration (Figure 11). Seed and pump pulses for OPCPA are created by amplifying two output
pulses generated by an ultra-broad bandwidth Ti:sapphire femtosecond oscillator (Venteon
Company).

Pump pulse is obtained by amplifying a pJ-energy pulse, generated at the edge of the fs
oscillator spectral bandwidth, with the central wavelength of 1064 nm and ~10 nm spectral
bandwidth. In the first diode-pumped Ytterbium-doped fiber amplifier, pulse energy is
increased to the nJ range. After spectral filtering in a Fiber Bragg Grating, the spectral band-
width of the pulse is reduced to less than 0.1 nm bandwidth and its energy decreases in the
range of 10 pJ. After amplification in the second Ytterbium-doped fiber amplifier, near-

Figure 10. Schematic drawing of the 2 � 10 PW ELI-NP femtosecond laser system.
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Fourier-transform-limited pulses of ~1 nJ energy and ~25 ps pulse duration are amplified in
bulk Nd:YAG amplifiers and frequency-doubled in a Lithium Triborate (LBO) crystal to get
more than 80 mJ pump pulse energy at 532 nm wavelength and 10 Hz repetition rate.

The broadband seed pulses of nJ pulse energy at ~800 nm central wavelength are temporally
stretched to 100 ps in a diffraction grating stretcher. An acousto-optic programmable disper-
sion filter (AOPDF), Dazzler type, is used to compensate for high-order phase distortions [9].
Stretched pulses are amplified to the mJ level in a Ti:sapphire regenerative amplifier and
recompressed in the range of few 10 fs pulse duration. Femtosecond pulses amplified in the
first CPA are intensity filtered and spectrally broadened by XPW generation in two barium
fluoride (BaF2) crystals. The femtosecond pulses with improved intensity contrast are stretched
to ~20 ps pulse duration in a bulk glass stretcher. Broad bandwidth picosecond pulses are
amplified in a two-stage NOPCPA with BBO crystals. To preserve a high intensity contrast
during the parametric amplification process, the parametric fluorescence is hampered by
keeping a relatively low parametric gain, less than 100� amplification factor for each
NOPCPA stage. Outside the temporal window of the parametric process, the intensity contrast
is improved by a numerical factor equal to the parametric gain.

By combining XPW and NOPCPA, the intensity contrast of recompressed pulses after FE
amplification was improved by at least six orders of magnitude. More than 1012 ASE intensity
contrast has been estimated in the few 10 ps range before the main femtosecond pulse. Spectral
bandwidth narrowing and redshifting effects, specific to all Ti:sapphire amplification, were
drastically reduced in the FE. Picosecond pulses with more than 70 nm FWHM spectral
bandwidth were obtained at the FE output [30, 31]. Amplified pulses of ~10 mJ energy, split
into two equal-energy beams, represent the seed pulses for A and B HPLS Ti:sapphire ampli-
fication arms.

Figure 11. ELI-NP HPLS front-end based on optically synchronized OPCPA with BBO crystals.
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Fourier-transform-limited pulses of ~1 nJ energy and ~25 ps pulse duration are amplified in
bulk Nd:YAG amplifiers and frequency-doubled in a Lithium Triborate (LBO) crystal to get
more than 80 mJ pump pulse energy at 532 nm wavelength and 10 Hz repetition rate.

The broadband seed pulses of nJ pulse energy at ~800 nm central wavelength are temporally
stretched to 100 ps in a diffraction grating stretcher. An acousto-optic programmable disper-
sion filter (AOPDF), Dazzler type, is used to compensate for high-order phase distortions [9].
Stretched pulses are amplified to the mJ level in a Ti:sapphire regenerative amplifier and
recompressed in the range of few 10 fs pulse duration. Femtosecond pulses amplified in the
first CPA are intensity filtered and spectrally broadened by XPW generation in two barium
fluoride (BaF2) crystals. The femtosecond pulses with improved intensity contrast are stretched
to ~20 ps pulse duration in a bulk glass stretcher. Broad bandwidth picosecond pulses are
amplified in a two-stage NOPCPA with BBO crystals. To preserve a high intensity contrast
during the parametric amplification process, the parametric fluorescence is hampered by
keeping a relatively low parametric gain, less than 100� amplification factor for each
NOPCPA stage. Outside the temporal window of the parametric process, the intensity contrast
is improved by a numerical factor equal to the parametric gain.

By combining XPW and NOPCPA, the intensity contrast of recompressed pulses after FE
amplification was improved by at least six orders of magnitude. More than 1012 ASE intensity
contrast has been estimated in the few 10 ps range before the main femtosecond pulse. Spectral
bandwidth narrowing and redshifting effects, specific to all Ti:sapphire amplification, were
drastically reduced in the FE. Picosecond pulses with more than 70 nm FWHM spectral
bandwidth were obtained at the FE output [30, 31]. Amplified pulses of ~10 mJ energy, split
into two equal-energy beams, represent the seed pulses for A and B HPLS Ti:sapphire ampli-
fication arms.

Figure 11. ELI-NP HPLS front-end based on optically synchronized OPCPA with BBO crystals.
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After stretching to ~1 ns duration, laser pulses will be amplified up to the level of few 100 J in
the all Ti:sapphire second CPA system (Figure 10). Ti:sapphire amplifiers AMP 1 are pumped
by frequency-doubled Nd:YAG lasers at 10 Hz repetition rate. More than 4 J energy of the
amplified chirped pulses can be obtained. By temporal compression of these pulses, 100 TW
beams are generated in each arm of the HPLS. The next amplifier, AMP 2, is pumped by Nd:
YAG lasers at 1 Hz repetition rate to get ~36 J pulse energy required for the generation of 1-PW
temporally compressed laser pulses. In the last amplification stages, AMP 3.1 and AMP 3.2, Ti:
sapphire crystals are pumped by 100-J energy frequency-doubled Nd:glass lasers (Atlas 100,
Thales Optronique Company) at 1 pulse/min repetition rate [32].

To attain the 10-PW peak power with as low as possible pulse energy, a large spectral
bandwidth of laser pulses must be preserved throughout all amplification process. To
compensate for redshifting and gain narrowing effects in the high-energy Ti:sapphire
amplifiers, the output spectrum will be managed using reflective filters for spectrum shap-
ing at the input of AMP 1, AMP 2, and AMP 3 amplifiers, similar to the solution proposed
for the 10-PWApollon laser in a previously published work [7]. Final spectral bandwidth as
broad as 60 nm with the central wavelength of ~815 nm is expected, compared to ~35 nm
bandwidth at ~845 nm central wavelength, calculated without spectrum control. The
improved spectral bandwidth theoretically allows the generation of recompressed pulses
as short as 15 fs. To secure the 10-PW peak power of the HPLS in case of 22- to 23 fs duration
of the temporally recompressed pulses, more than 300 J energy of amplified chirped pulses
could be obtained by full energy pumping of the last amplifier stage, AMP 3.2. Considering
a safe laser fluence of 1–1.5 J/cm2, Ti:sapphire crystals with clear aperture diameter in the
range of 160–200 mm are necessary for the last amplifier stages.

Main specifications of the ELI-NP HPLS are summarized in the Table 1.

To reach as high as 1023 W/cm2 focused beam intensity, the 10-PW laser beam must be tightly
focused in a few micrometers spot. Wavefront distortions, produced mainly by the thermal
loading of Ti:sapphire amplifiers, give rise to focal intensity profile aberrations. They gather
way by the enlargement of the focal spot size and the reducing of the energy content in the
main spot. The associated Strehl ratio, which characterizes the peak intensity related to the
ideal flat wavefront case, can decrease to values below 0.2 [10, 33]. Wavefront control and
correction using adaptive optics are essential requirements for the laser beam focusing in an
optimal and reproducible way. After high-energy amplifiers, deformable mirrors will be

Laser beam parameter Estimated value

Laser pulse peak power ≥ 10 PW

Estimated pulse duration 15–25 fs

Estimated pulse energy 150–250 J

Repetition rate 1 pulse/min

Intensity contrast ≥ 1012

Table 1. Main specifications of ELI-NP HPLS.
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installed in each HPLS amplification arm. Output beam wavefronts with more than 0.8 Strehl
ratio and near-diffraction-limited focal spots are expected.

6. Conclusions

Hybrid high-power femtosecond laser systems combine the advantages of ultra-broad band-
width OPCPA in nonlinear crystals with the CPA technique in large size Ti:sapphire crystals.
Ultra-broad gain bandwidths in the range of 150 nm can be obtained by noncollinear optical
parametric chirped pulse amplification in nonlinear crystals, like BBO and DKDP, pumped by
green lasers. A key feature of the hybrid amplification lasers consists in the adaptation of the
phase-matching bandwidth of OPCPA nonlinear crystals to the gain bandwidth of the laser-
amplifying media, such as Ti:sapphire crystals and Nd:doped glasses. The ultra-broad phase-
matching bandwidth of BBO crystals and the gain bandwidth of Ti:sapphire laser crystals
are spectrally overlapped. Many magnitude orders of amplification in hybrid femtosecond
laser systems are obtained by OPCPA. Gain narrowing effect and ASE intensity pedestal are
significantly attenuated compared to all Ti:sapphire amplifiers. It becomes easier to get high
intensity contrast, large spectral bandwidth, and high-energy femtosecond laser pulses. High-
power laser pulses in the range of 10-fs pulse width can be generated by hybrid femtosecond
laser amplifiers based on OPCPA in BBO crystals and CPA in Ti:sapphire crystals.

A 2 � 10 PW hybrid amplification femtosecond laser system is currently under construction at
ELI-NP research facility. The Front-End is based on optically synchronized picosecond pulses
OPCPA in BBO crystals. Picosecond stretched pulses of ~10 mJ energy, with spectral band-
width broader than 70 nm, were obtained at the output of ELI-NP laser Front-End. After high-
energy chirped pulse amplification in large aperture Ti:sapphire crystals and temporal
recompression, 10-PW pulses of about 20 fs duration, with more than 1012 picosecond ASE
intensity contrast, are expected at the output of ELI-NP high-power laser system.
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After stretching to ~1 ns duration, laser pulses will be amplified up to the level of few 100 J in
the all Ti:sapphire second CPA system (Figure 10). Ti:sapphire amplifiers AMP 1 are pumped
by frequency-doubled Nd:YAG lasers at 10 Hz repetition rate. More than 4 J energy of the
amplified chirped pulses can be obtained. By temporal compression of these pulses, 100 TW
beams are generated in each arm of the HPLS. The next amplifier, AMP 2, is pumped by Nd:
YAG lasers at 1 Hz repetition rate to get ~36 J pulse energy required for the generation of 1-PW
temporally compressed laser pulses. In the last amplification stages, AMP 3.1 and AMP 3.2, Ti:
sapphire crystals are pumped by 100-J energy frequency-doubled Nd:glass lasers (Atlas 100,
Thales Optronique Company) at 1 pulse/min repetition rate [32].

To attain the 10-PW peak power with as low as possible pulse energy, a large spectral
bandwidth of laser pulses must be preserved throughout all amplification process. To
compensate for redshifting and gain narrowing effects in the high-energy Ti:sapphire
amplifiers, the output spectrum will be managed using reflective filters for spectrum shap-
ing at the input of AMP 1, AMP 2, and AMP 3 amplifiers, similar to the solution proposed
for the 10-PWApollon laser in a previously published work [7]. Final spectral bandwidth as
broad as 60 nm with the central wavelength of ~815 nm is expected, compared to ~35 nm
bandwidth at ~845 nm central wavelength, calculated without spectrum control. The
improved spectral bandwidth theoretically allows the generation of recompressed pulses
as short as 15 fs. To secure the 10-PW peak power of the HPLS in case of 22- to 23 fs duration
of the temporally recompressed pulses, more than 300 J energy of amplified chirped pulses
could be obtained by full energy pumping of the last amplifier stage, AMP 3.2. Considering
a safe laser fluence of 1–1.5 J/cm2, Ti:sapphire crystals with clear aperture diameter in the
range of 160–200 mm are necessary for the last amplifier stages.

Main specifications of the ELI-NP HPLS are summarized in the Table 1.

To reach as high as 1023 W/cm2 focused beam intensity, the 10-PW laser beam must be tightly
focused in a few micrometers spot. Wavefront distortions, produced mainly by the thermal
loading of Ti:sapphire amplifiers, give rise to focal intensity profile aberrations. They gather
way by the enlargement of the focal spot size and the reducing of the energy content in the
main spot. The associated Strehl ratio, which characterizes the peak intensity related to the
ideal flat wavefront case, can decrease to values below 0.2 [10, 33]. Wavefront control and
correction using adaptive optics are essential requirements for the laser beam focusing in an
optimal and reproducible way. After high-energy amplifiers, deformable mirrors will be

Laser beam parameter Estimated value

Laser pulse peak power ≥ 10 PW

Estimated pulse duration 15–25 fs

Estimated pulse energy 150–250 J

Repetition rate 1 pulse/min

Intensity contrast ≥ 1012

Table 1. Main specifications of ELI-NP HPLS.
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installed in each HPLS amplification arm. Output beam wavefronts with more than 0.8 Strehl
ratio and near-diffraction-limited focal spots are expected.

6. Conclusions

Hybrid high-power femtosecond laser systems combine the advantages of ultra-broad band-
width OPCPA in nonlinear crystals with the CPA technique in large size Ti:sapphire crystals.
Ultra-broad gain bandwidths in the range of 150 nm can be obtained by noncollinear optical
parametric chirped pulse amplification in nonlinear crystals, like BBO and DKDP, pumped by
green lasers. A key feature of the hybrid amplification lasers consists in the adaptation of the
phase-matching bandwidth of OPCPA nonlinear crystals to the gain bandwidth of the laser-
amplifying media, such as Ti:sapphire crystals and Nd:doped glasses. The ultra-broad phase-
matching bandwidth of BBO crystals and the gain bandwidth of Ti:sapphire laser crystals
are spectrally overlapped. Many magnitude orders of amplification in hybrid femtosecond
laser systems are obtained by OPCPA. Gain narrowing effect and ASE intensity pedestal are
significantly attenuated compared to all Ti:sapphire amplifiers. It becomes easier to get high
intensity contrast, large spectral bandwidth, and high-energy femtosecond laser pulses. High-
power laser pulses in the range of 10-fs pulse width can be generated by hybrid femtosecond
laser amplifiers based on OPCPA in BBO crystals and CPA in Ti:sapphire crystals.

A 2 � 10 PW hybrid amplification femtosecond laser system is currently under construction at
ELI-NP research facility. The Front-End is based on optically synchronized picosecond pulses
OPCPA in BBO crystals. Picosecond stretched pulses of ~10 mJ energy, with spectral band-
width broader than 70 nm, were obtained at the output of ELI-NP laser Front-End. After high-
energy chirped pulse amplification in large aperture Ti:sapphire crystals and temporal
recompression, 10-PW pulses of about 20 fs duration, with more than 1012 picosecond ASE
intensity contrast, are expected at the output of ELI-NP high-power laser system.
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Abstract

Ultra-high peak power laser systems are applicable in new and very promising areas, 
such as charged particles acceleration and inertial confinement of the fusion nuclear reac-
tion. First one could be used as effective secondary source of Y and X-ray beams, which 
have multiple applications in industry and medicine if repetition rate will be increased, 
the last one could serve as a source of unlimited energy after transforming in to the 
power plants. New technologies are able to significantly increase the output peak power 
due to extraction of the higher energy extracting during pumping (EDP). The record of 
extracted energy about 200 J and output power of 5 PW were reached with this technique. 
Polarization Encoded Chirped Pulse Amplification (PE-CPA) technique as well as two 
stages of compression produced shorter pulse duration also are presented in this chapter. 
Besides, the capability of combination of the EDP method and the Thin Disk (EDP-TD) 
applied to Ti:Sa amplifiers to produce the higher repetition rate in the PW-class laser sys-
tems, as well as the results of the proof-of-principal experiments will be demonstrated.

Keywords: laser amplifiers, ultrafast lasers, lasers, titanium

1. Introduction

Ultra-high peak power laser pulses are the only way today to reach extremely high concentra-
tion of the energy in small volume after focusing with intensity 1022 W/cm2 and above. This 
possibility makes the pulse laser systems as remarkable instruments for scientific research, if 
the high average power (high repetition rate) could be simultaneously reachable for industrial 
applications. The pulsed lasers require a much lower energy to get ultra-high powers compar-
ing to continuous wave (CW)-regime. The situation became very promising when Q-switching 
[1] and mode-locking [2] regimes of laser operation were invented (Figure 1). This permitted 
to get a short enough laser pulse: nanosecond-level (10−9 s) at first and then consequently 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



parametric chirped pulse amplification in KD*P crystals. Laser Physics Letters. 2007;4:
421-427

[27] Gaul EW, Martinez M, Blakeney J, Jochmann A, Ringuette M, Hammond D, Borger T,
Escamilla R, Douglas S, Henderson W, Dyer G, Erlandson A, Cross R, Caird J, Ebbers C,
Ditmire T. Demonstration of a 1.1 petawatt laser based on a hybrid optical parametric
chirped pulse amplification/mixed Nd: glass amplifier. Applied Optics. 2010;49:1676-
1681

[28] Chambaret JP. The Extreme Light Infrastructure Project ELI and its prototype APOLLON/
ILE. LEI Conference, 21 October 2009, Brasov, Romania.

[29] http://www.eli-np.ro/documents/ELI-NP-WhiteBook.pdf

[30] Chalus O, Pellegrina A, Casagrande O, Derycke C, Boudjemaa L, Simon-Boisson C, Laux
S, Lureau F, Sanchez D, Biegert J, Ahrens J, Binhammer T, Prochnow O, Rausch S. High
Contrast Broadband Seeder for Multi-PW Laser System. CF-P 19, CLEO-Europe EQEC,
21–25 June 2015, Munchen

[31] Lureau F, Laux S, Casagrande O, Chalus O, Duvochelle PA, Herriot S, Matras G, Radier
C, Boudjemaa L, Simon-Boisson C, Dabu R, Dancus I, Ursescu D. Design and initial
results of 10 PW laser for ELI-NP. CF-P 20, CLEO-Europe EQEC, 21–25 June 2015,
Munchen

[32] Casagrande O, Derycke C, Soujae A, Ramos P, Boudjemaa L, Simon-Boisson C, Laux S,
Lureau F. High energy pump laser for Multi-Petawatt laser. CA-3.2, CLEO-Europe EQEC,
21–25 June 2015, Munchen

[33] Fourmaux S, Payeur S, Alexandrov A, Serbanescu C, Martin F, Ozaki T, Kudryashov A,
Kieffer JC. Laser beam wavefront correction for ultra-high intensities with the 200 TW
laser system at the Advanced Laser Light Source. Optics Express. 2008;16:11987-11993

High Power Laser Systems62

Chapter 4

New Generation of Ultra-High Peak and Average
Power Laser Systems

Vladimir Chvykov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70720

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.70720

New Generation of Ultra-High Peak and Average Power 
Laser Systems

Vladimir Chvykov

Additional information is available at the end of the chapter

Abstract

Ultra-high peak power laser systems are applicable in new and very promising areas, 
such as charged particles acceleration and inertial confinement of the fusion nuclear reac-
tion. First one could be used as effective secondary source of Y and X-ray beams, which 
have multiple applications in industry and medicine if repetition rate will be increased, 
the last one could serve as a source of unlimited energy after transforming in to the 
power plants. New technologies are able to significantly increase the output peak power 
due to extraction of the higher energy extracting during pumping (EDP). The record of 
extracted energy about 200 J and output power of 5 PW were reached with this technique. 
Polarization Encoded Chirped Pulse Amplification (PE-CPA) technique as well as two 
stages of compression produced shorter pulse duration also are presented in this chapter. 
Besides, the capability of combination of the EDP method and the Thin Disk (EDP-TD) 
applied to Ti:Sa amplifiers to produce the higher repetition rate in the PW-class laser sys-
tems, as well as the results of the proof-of-principal experiments will be demonstrated.

Keywords: laser amplifiers, ultrafast lasers, lasers, titanium

1. Introduction

Ultra-high peak power laser pulses are the only way today to reach extremely high concentra-
tion of the energy in small volume after focusing with intensity 1022 W/cm2 and above. This 
possibility makes the pulse laser systems as remarkable instruments for scientific research, if 
the high average power (high repetition rate) could be simultaneously reachable for industrial 
applications. The pulsed lasers require a much lower energy to get ultra-high powers compar-
ing to continuous wave (CW)-regime. The situation became very promising when Q-switching 
[1] and mode-locking [2] regimes of laser operation were invented (Figure 1). This permitted 
to get a short enough laser pulse: nanosecond-level (10−9 s) at first and then consequently 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



picosecond (10−12 s) and femtosecond (10−15 s) pulse durations using mode-locking oscillators. 
The lasers based on these technologies, and applying also master oscillator power amplifier 
(MOPA) configuration, achieved MW and GW-levels of power or 1011–1014 W/cm2 after focus-
ing. The ability to reach these high levels of power allowed to look forward to the application 
of these systems in other new and very promising areas, such as charged particles acceleration 
[3] and inertial confinement of the fusion nuclear reaction (ICF) [4]. The consequent evolution 
of these laser systems resulted in the tremendous National Ignition Facility (NIF) laser in the 
United States [5], and the Megajoule in Europe [6].

The prior, with its output energy in 192 laser beams about 4 MJ, is delivering to the target a 
power of up to 500 Terawatt. The laser occupies the area as large as three football fields (see 
Figure 2a) and consists of two laser bays, one of which is presented in Figure 2b.

So, a large area is required for these multichannel facilities due to damage threshold of the opti-
cal elements which is normally limited at 10 J/cm2 for ns-scale of the pulse duration. Further 
increasing of the power is associated with unacceptable gigantism of the laser systems.

Figure 1. Intensity evolution since the first laser demonstration in 1960, with the different regimes of optics and 
electrodynamics. Black boxes (joules) indicate typical laser energies. Blue boxes (electron volts) indicate typical laser-plasma 
accelerated particle energies. (Courtesy G. Mourou.) http://www.spie.org/newsroom/4221-exploring-fundamental-physics-
at-the-highest-intensity-laser-frontier?highlight=x2404&ArticleID=x88664&SSO=1 (QCD, quantum chromodynamics; 
QED, quantum electrodynamics; E, electric field; e, electron charge; λc, compton wavelength; m0, electron mass; c, speed 
of light. Ep, proton energy; mp, proton mass. Ee, electron energy; C3, cascaded conversion compression; ELI, extreme light 
infrastructure; ILE, institut de la lumiere extreme; CUOS, Center for Ultrafast Optical Science University of Michigan; HHG, 
high harmonic generation; CPA, chirped pulse amplification).
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Nevertheless, the next multiorder step in increasing laser powers was done more than 20 years 
after the Q-switch invention, when chirped pulse amplification (CPA) technology was sug-
gested in the mid-1980s and was related with significant reduction of the pulse duration for 
increasing peak power [7, 8] (Figure 1). The main goal of the CPA method is the reduction 
of optical elements and amplifier crystals size. If one will try to amplify the short laser pulse 
directly, undesirable nonlinear distortions of the pulse in the gain media and other optical 
elements will be reached very soon. This leads to self-focusing of the laser beam, and thus 
a growing intensity, which damages the optical elements. Therefore, one has to increase the 
beam diameter and the apertures of the amplifiers and others optics to avoid these problems. 
Nevertheless, the attempt to keep the intensity under the self-focusing threshold requires 
enormous apertures of the optical elements (e.g., several meters in diameter for petawatt 
output power).

Progressive idea of the CPA was adopted for the optical diapason and it gave an alternative 
way to increase pulse energy. Instead of enlarging the transverse beam size, increasing the 
pulse duration was suggested for further amplification, which was then followed by the pulse 
compression. Historically, first time, this idea was applied in the microwave diapason for radar 
technology in the 1960s. Soon, the stretching and compression of the laser pulse was suggested 
using different methods, among which were the use of compression in dispersive media [9], 
multilayer film interferometers [10] and, perhaps the most productive and widely explored 
today, the stretching and compression with a pair of diffraction gratings [11]. The first time 
when the pulse, chirped in a dispersive media (1.4 km of optical single mode fiber), was ampli-
fied and further compressed by a pair of diffraction gratings was done in 1985 [7, 8]. However, 
the distortion of the chirped pulse, introduced by the higher orders dispersion of the optical 
fiber made difficult to compensate by the grating compressor, and thus the output pulse dura-
tion was limited of a few picoseconds.

Most successful realization of this idea (Martínez-type stretcher setup containing a telescope 
between the gratings [12]) is presented in Figure 3, where the stretcher and compressor were 
both built on the base of diffraction gratings. The main clue can be explained very easily. 
Short pulse should possess a wide spectrum due to the Heisenberg uncertainty principle or 
other words, consist from the many harmonics. We can redirect different harmonics (parts) 
of this spectrum along different optical paths via diffraction, and thus get a different group 

Figure 2. (a) NIF laser and target area building; (b) laser bay 2, one of NIF’s two laser bays (from https://www.theguardian.com/
environment/gallery/2009/may/28/national-ignition-facility-fusion-energy#img-7. http://archive.boston.com/bigpicture/2010/10/
the_national_ignition_facility.html).
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delay for each, finally guiding them consequently to the same direction and expanding such 
a way to the pulse duration. If in the stretcher, harmonics with longer wavelengths were 
directed along the shorter optical paths (positive or normal dispersion), then the compres-
sor has to accomplish the reverse (negative or anomalous dispersion). Since the diffraction 
gratings are used both in the stretcher and the compressor, the functions of stretching and 
compression will be close to each other and the higher-order dispersion can be compensated 
up to 4th order.

Simplified layout of the classical CPA laser system is presented in Figure 3. Here the short 
pulse from the mode-locked oscillator passing through the stretcher is expanded usually by 
4–5 orders. Further, the pulse with low intensity is amplified in the chain of amplifiers by 
several orders of magnitude, and is then compressed back to the short duration.

Several different laser active medias were used for oscillators and amplifiers in the CPA 
systems, such as dye, Nd:YAG, Nd:Glass, and so on. The most preferable from them was 
Ti:Sapphire (Ti:Sa) crystal due to its very large bandwidth emission spectra (FWHM ~ 
200 nm), very high thermal conductivity and mechanical hardness. This setup was able to 
achieve pulse durations as short as below 10 femtosecond, if the Ti:Sa oscillators [13] with a 
few fs mode-locked pulse and amplifiers are adopted. Besides the laser amplifiers [14], optical 
parametrical amplifier (OPA) has been presented in CPA schemas [15].

Exploiting this technology, researchers developed laser systems with 100 s terawatt level out-
put power and 1019 W/cm2 intensity (see Figure 1) but, as any other technology, CPA has some 
boundaries on the continued improvement of its parameters, the foremost of which is the 
limitation on the output energy.

Figure 3. Simplified layout of the CPA laser system (from http://www.llnl.gov/str/Petawatt.html).
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1.1. Limitation on the output energy

As mentioned above, CPA laser systems have reached sub-petawatt output powers with the 
energy as low as several tens of Joules [16]. However, for that new generation of the ultra-high 
power lasers, the modest energy will no longer be enough, and the kJ-level has to be reached 
setting the next milestone at tens or even hundreds of petawatt [17, 18]. The modern ability 
to stretch pulse duration is restricted at the few orders by the existing grating technology, so 
further energy increase requires once again the enlargement of amplifier apertures due to 
the damage threshold. There are two candidates for the final amplifier of the ultra-high CPA 
systems: the optical parametrical amplifiers [15] and the laser amplifiers. Both of them possess 
their own advantages and shortcomings. OPA has several attractive properties as the gain 
bandwidths large enough to support light pulses as shorter as 10 fs; low amplifier heating due 
to “Optical cooling,” which leads to the potential of a high-repetition-rate; large high-quality 
nonlinear amplifier crystals; high pulse contrast due to the absence of amplified spontane-
ous emission (ASE) outside the pump pulse duration. At the same time, OPA possesses low 
efficiency (below 20%); there are severe requirements on the pump beam quality, such as 
limitation on the spatial fluctuations in amplitude; short pump pulses (below 1 ns), in order 
to match with the stretched signal pulses for higher efficiency and their precise matching in 
space and time with a ps accuracy; and so on [15].

The laser amplifiers are free of most of these restrictions, but possess problems of their own, 
which include severe losses due to th disk shape of the crystals and very high transverse 
gain and so the high transverse ASE (TASE), and possible parasitic generation (TPG). TASE 
as well as TPG leads to significant depletion of the inverted population, and thus the stored 
energy. The ASE from the pumped Ti:Sa crystal before and after the threshold of the para-
sitic generation is demonstrated in Figure 4 [16]. The absence of ASE from the significant 
part of crystal demonstrates the reduction of the population inversion and so loses the stored 
energy. Because of this, enlarging the aperture of the amplifier fails to be an unlimited means 
of obtaining more output energy under the constraints imposed by the damage threshold 
limit. Therefore, in this case, the main limitation that arises on the path toward ultra-high out-
put power and intensity is the restriction on the pumping and extraction energy imposed by 

Figure 4. ASE from the pumped Ti:Sapphire crystal before and after threshold of parasitic generation [16].
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delay for each, finally guiding them consequently to the same direction and expanding such 
a way to the pulse duration. If in the stretcher, harmonics with longer wavelengths were 
directed along the shorter optical paths (positive or normal dispersion), then the compres-
sor has to accomplish the reverse (negative or anomalous dispersion). Since the diffraction 
gratings are used both in the stretcher and the compressor, the functions of stretching and 
compression will be close to each other and the higher-order dispersion can be compensated 
up to 4th order.

Simplified layout of the classical CPA laser system is presented in Figure 3. Here the short 
pulse from the mode-locked oscillator passing through the stretcher is expanded usually by 
4–5 orders. Further, the pulse with low intensity is amplified in the chain of amplifiers by 
several orders of magnitude, and is then compressed back to the short duration.

Several different laser active medias were used for oscillators and amplifiers in the CPA 
systems, such as dye, Nd:YAG, Nd:Glass, and so on. The most preferable from them was 
Ti:Sapphire (Ti:Sa) crystal due to its very large bandwidth emission spectra (FWHM ~ 
200 nm), very high thermal conductivity and mechanical hardness. This setup was able to 
achieve pulse durations as short as below 10 femtosecond, if the Ti:Sa oscillators [13] with a 
few fs mode-locked pulse and amplifiers are adopted. Besides the laser amplifiers [14], optical 
parametrical amplifier (OPA) has been presented in CPA schemas [15].

Exploiting this technology, researchers developed laser systems with 100 s terawatt level out-
put power and 1019 W/cm2 intensity (see Figure 1) but, as any other technology, CPA has some 
boundaries on the continued improvement of its parameters, the foremost of which is the 
limitation on the output energy.

Figure 3. Simplified layout of the CPA laser system (from http://www.llnl.gov/str/Petawatt.html).
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1.1. Limitation on the output energy

As mentioned above, CPA laser systems have reached sub-petawatt output powers with the 
energy as low as several tens of Joules [16]. However, for that new generation of the ultra-high 
power lasers, the modest energy will no longer be enough, and the kJ-level has to be reached 
setting the next milestone at tens or even hundreds of petawatt [17, 18]. The modern ability 
to stretch pulse duration is restricted at the few orders by the existing grating technology, so 
further energy increase requires once again the enlargement of amplifier apertures due to 
the damage threshold. There are two candidates for the final amplifier of the ultra-high CPA 
systems: the optical parametrical amplifiers [15] and the laser amplifiers. Both of them possess 
their own advantages and shortcomings. OPA has several attractive properties as the gain 
bandwidths large enough to support light pulses as shorter as 10 fs; low amplifier heating due 
to “Optical cooling,” which leads to the potential of a high-repetition-rate; large high-quality 
nonlinear amplifier crystals; high pulse contrast due to the absence of amplified spontane-
ous emission (ASE) outside the pump pulse duration. At the same time, OPA possesses low 
efficiency (below 20%); there are severe requirements on the pump beam quality, such as 
limitation on the spatial fluctuations in amplitude; short pump pulses (below 1 ns), in order 
to match with the stretched signal pulses for higher efficiency and their precise matching in 
space and time with a ps accuracy; and so on [15].

The laser amplifiers are free of most of these restrictions, but possess problems of their own, 
which include severe losses due to th disk shape of the crystals and very high transverse 
gain and so the high transverse ASE (TASE), and possible parasitic generation (TPG). TASE 
as well as TPG leads to significant depletion of the inverted population, and thus the stored 
energy. The ASE from the pumped Ti:Sa crystal before and after the threshold of the para-
sitic generation is demonstrated in Figure 4 [16]. The absence of ASE from the significant 
part of crystal demonstrates the reduction of the population inversion and so loses the stored 
energy. Because of this, enlarging the aperture of the amplifier fails to be an unlimited means 
of obtaining more output energy under the constraints imposed by the damage threshold 
limit. Therefore, in this case, the main limitation that arises on the path toward ultra-high out-
put power and intensity is the restriction on the pumping and extraction energy imposed by 

Figure 4. ASE from the pumped Ti:Sapphire crystal before and after threshold of parasitic generation [16].
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TASE and TPG within the booster amplifier volume. As a result, the suppression of parasitic 
generation is a very important task that has been solved for the next generation of the ultra-
high power laser systems. The technology allowed to solve this bottleneck problem will be 
discussed below in this chapter.

1.2. Gain narrowing during amplification

The making of the output short pulse shorter and keeping the same energy paved another 
way to the next milestone of the ultra-high peak power. Nevertheless, pulse duration of 
CPA lasers is strongly limited by gain narrowing of the pulse spectra in the gain medium of 
the multipass amplifiers (to around 30 fs of 100 TW–1 PW lasers based on Ti:Sa). Different 
approaches were entertained to overcome this limitation. Among them, there is a gain nar-
rowing control by introduction of the thin film etalon into the front-end regenerative ampli-
fier cavity. Impressive results were reached with this technique (pulse duration—16 fs with 
spectral width—72 nm) [19], but this method still suffers some restrictions, such as losses of 
the energy, a finite possibility of the broadening of the spectra due to the fluorescence spec-
trum limitation of the amplifier crystal, further gain narrowing in the buster and final ampli-
fiers, as well as the limitation of the spectral transmission of the grating compressor.

The application of concept of optical-parametrical chirped pulse amplification (OPCPA) for 
broadband pulse allowed to reach a pulse duration of around 10 fs [20], but extremely severe 
requirements on the parameters of the pump laser which discussed above restrict output 
energy only to a few mJs. This way, an adequate method for shortening high-energy pulses 
has not yet been found. Two promising methods of the saving and restoring spectral band-
width will be discussed also in this chapter.

1.3. Requirements for high repetition rate

With the light sources of 10–100 PW peak power, the accelerated electron beams can reach 
the energy up to TeV and ion beams up to GeV, (see Figure 1) as well as by using these sec-
ondary sources the ultra-bright X and Y-rays can be obtained [21]. These results could be 
widely applied into many areas of science, industry, medicine, homeland security, and so on. 
Nevertheless, it will be possible if the ultra-high peak power laser systems also will be able 
to combine with high repetition rate (hundreds of Hz to kHz) or high average power (kWs). 
In the petawatt class laser amplifiers, a pump pulse energy exceeds a few hundred J regime, 
which means significant thermal load in the gain medium even at low repetition rates.

Thin disk laser technology (TDT) is able to eliminate thermal distortions and damages of the 
laser crystals in the systems with both high peak and average output power [22]. However, 
conventionally used in TDT, Nd:YAG and Yb:YAG possess the narrow emission spectra and 
the low emission cross-section that lead to very complicated multipass amplification schemes 
which is practically acceptable only for low peak power systems with the ps-level pulse dura-
tion. The most promising crystal with required characteristics for ultra-high peak power laser is 
Ti:Sa, especially if one is taking into account its higher emission cross-section and thermal con-
ductivity (compare 10 W/(mK) for YAG to 40 W/(mK) for sapphire at the room temperature and 
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more than two orders higher when cryogenically cooled). But the attempt to increase the longi-
tudinal gain in TD-amplifier by rising the concentration of active ions and/or using crystals with 
higher emission cross-section leads to dramatic increase of the gain in the transverse direction 
and consequently to the big losses and inability to store pump energy due to TASE. Technology 
for solving this problem will be presented below in this chapter.

2. Extraction during pumping (EDP) method

As it was mentioned above, the main limitation that arises on the path toward ultra-high 
output power and intensity of the CPA laser systems is the restriction on the pumping and 
extraction energy imposed by TASE and TPG within the booster and final large aperture 
amplifier volume [23].

The reflectivity reduction of the side wall of the gain crystals by grinding, sandblasting and/
or coating with an index-matched absorptive polymer or liquid layer in the laser amplifiers is 
the conventional procedure used to prevent parasitic generation (TPG) [24]. However, the dif-
ficulty to find the exact index matching within existing absorbers still restricts the diameter of 
the pump area to 6–8 cm, corresponding to an extracted energy to around 30 J from Ti:Sa [16]. 
The amplifier apertures enlarging, or to further pump fluence increasing has led to severe 
parasitic generation and has failed to increase extracted energy. The additional restriction on 
storing and extracting energy by TASE in larger gain apertures was demonstrated [25]. TASE 
necessarily increases with the aperture size, limiting the maximum stored energy that is why 
this restriction is even stronger than parasitic lasing because the threshold for the latter can 
be increased due to development of the new index matching materials for absorbers. The 
uniform luminescence on the left picture of Figure 4 should not delude us, if one will find 
method to reduce reflections down to zero; the losses remain still incredible big for amplifiers 
with the large aperture.

The method of the calculation of total volume of TASE radiated out from the crystal during 
its pumping was developed by Chvykov et al. [25]. Figure 5a shows the evolution of normal-
ized fluorescence of the crystals vs. pumping time when pumped by 100 ns-pulse for different 
crystal apertures. Here, Emax is the theoretical maximum of the extracted energy, and Eloss is the 
lost energy due to TASE. As seen from the plot, ASE grows dramatically after a certain time 
of pumping, even for 10 cm—crystal and soon becomes equal to the pumping energy. This 
means that further pumping is useless because all additional energy will be irradiated out of 
the crystal as ASE. The critical points of anomalous ASE (APs) are moving to the pumping 
process beginning with the growing crystal diameter. No more than 20–50% of the pump 
energy can be stored in the crystals with aperture of 15–20 cm as seen in Figure 5.

Shortening of the pump pulse duration does not help to reduce the losses, at least until pulse 
duration becomes shorter than the time-length of the light distribution through the crystal in 
transverse direction. This is about several 100 ps, and thus such a pump would be useless due 
to the very low damage threshold. Fluorescence during pumping for different pump pulse 
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TASE and TPG within the booster amplifier volume. As a result, the suppression of parasitic 
generation is a very important task that has been solved for the next generation of the ultra-
high power laser systems. The technology allowed to solve this bottleneck problem will be 
discussed below in this chapter.

1.2. Gain narrowing during amplification

The making of the output short pulse shorter and keeping the same energy paved another 
way to the next milestone of the ultra-high peak power. Nevertheless, pulse duration of 
CPA lasers is strongly limited by gain narrowing of the pulse spectra in the gain medium of 
the multipass amplifiers (to around 30 fs of 100 TW–1 PW lasers based on Ti:Sa). Different 
approaches were entertained to overcome this limitation. Among them, there is a gain nar-
rowing control by introduction of the thin film etalon into the front-end regenerative ampli-
fier cavity. Impressive results were reached with this technique (pulse duration—16 fs with 
spectral width—72 nm) [19], but this method still suffers some restrictions, such as losses of 
the energy, a finite possibility of the broadening of the spectra due to the fluorescence spec-
trum limitation of the amplifier crystal, further gain narrowing in the buster and final ampli-
fiers, as well as the limitation of the spectral transmission of the grating compressor.

The application of concept of optical-parametrical chirped pulse amplification (OPCPA) for 
broadband pulse allowed to reach a pulse duration of around 10 fs [20], but extremely severe 
requirements on the parameters of the pump laser which discussed above restrict output 
energy only to a few mJs. This way, an adequate method for shortening high-energy pulses 
has not yet been found. Two promising methods of the saving and restoring spectral band-
width will be discussed also in this chapter.

1.3. Requirements for high repetition rate

With the light sources of 10–100 PW peak power, the accelerated electron beams can reach 
the energy up to TeV and ion beams up to GeV, (see Figure 1) as well as by using these sec-
ondary sources the ultra-bright X and Y-rays can be obtained [21]. These results could be 
widely applied into many areas of science, industry, medicine, homeland security, and so on. 
Nevertheless, it will be possible if the ultra-high peak power laser systems also will be able 
to combine with high repetition rate (hundreds of Hz to kHz) or high average power (kWs). 
In the petawatt class laser amplifiers, a pump pulse energy exceeds a few hundred J regime, 
which means significant thermal load in the gain medium even at low repetition rates.

Thin disk laser technology (TDT) is able to eliminate thermal distortions and damages of the 
laser crystals in the systems with both high peak and average output power [22]. However, 
conventionally used in TDT, Nd:YAG and Yb:YAG possess the narrow emission spectra and 
the low emission cross-section that lead to very complicated multipass amplification schemes 
which is practically acceptable only for low peak power systems with the ps-level pulse dura-
tion. The most promising crystal with required characteristics for ultra-high peak power laser is 
Ti:Sa, especially if one is taking into account its higher emission cross-section and thermal con-
ductivity (compare 10 W/(mK) for YAG to 40 W/(mK) for sapphire at the room temperature and 
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more than two orders higher when cryogenically cooled). But the attempt to increase the longi-
tudinal gain in TD-amplifier by rising the concentration of active ions and/or using crystals with 
higher emission cross-section leads to dramatic increase of the gain in the transverse direction 
and consequently to the big losses and inability to store pump energy due to TASE. Technology 
for solving this problem will be presented below in this chapter.

2. Extraction during pumping (EDP) method

As it was mentioned above, the main limitation that arises on the path toward ultra-high 
output power and intensity of the CPA laser systems is the restriction on the pumping and 
extraction energy imposed by TASE and TPG within the booster and final large aperture 
amplifier volume [23].

The reflectivity reduction of the side wall of the gain crystals by grinding, sandblasting and/
or coating with an index-matched absorptive polymer or liquid layer in the laser amplifiers is 
the conventional procedure used to prevent parasitic generation (TPG) [24]. However, the dif-
ficulty to find the exact index matching within existing absorbers still restricts the diameter of 
the pump area to 6–8 cm, corresponding to an extracted energy to around 30 J from Ti:Sa [16]. 
The amplifier apertures enlarging, or to further pump fluence increasing has led to severe 
parasitic generation and has failed to increase extracted energy. The additional restriction on 
storing and extracting energy by TASE in larger gain apertures was demonstrated [25]. TASE 
necessarily increases with the aperture size, limiting the maximum stored energy that is why 
this restriction is even stronger than parasitic lasing because the threshold for the latter can 
be increased due to development of the new index matching materials for absorbers. The 
uniform luminescence on the left picture of Figure 4 should not delude us, if one will find 
method to reduce reflections down to zero; the losses remain still incredible big for amplifiers 
with the large aperture.

The method of the calculation of total volume of TASE radiated out from the crystal during 
its pumping was developed by Chvykov et al. [25]. Figure 5a shows the evolution of normal-
ized fluorescence of the crystals vs. pumping time when pumped by 100 ns-pulse for different 
crystal apertures. Here, Emax is the theoretical maximum of the extracted energy, and Eloss is the 
lost energy due to TASE. As seen from the plot, ASE grows dramatically after a certain time 
of pumping, even for 10 cm—crystal and soon becomes equal to the pumping energy. This 
means that further pumping is useless because all additional energy will be irradiated out of 
the crystal as ASE. The critical points of anomalous ASE (APs) are moving to the pumping 
process beginning with the growing crystal diameter. No more than 20–50% of the pump 
energy can be stored in the crystals with aperture of 15–20 cm as seen in Figure 5.

Shortening of the pump pulse duration does not help to reduce the losses, at least until pulse 
duration becomes shorter than the time-length of the light distribution through the crystal in 
transverse direction. This is about several 100 ps, and thus such a pump would be useless due 
to the very low damage threshold. Fluorescence during pumping for different pump pulse 
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durations are shown for 15 cm crystal diameter (Figure 5b). As seen, the losses slightly grow 
due to the higher pump rate that enhances TASE with reduction of the pump pulse duration.

If the total compensation of transverse gain by the index-matched absorber coating is not pos-
sible, the reflectivity from the side wall will be enough for parasitic generation-TPG. Therefore, 
one can establish the TPG threshold as an equality transverse gain of the crystal to absorption 
coefficient of its side wall. There are two most probable transverse modes which can develop: 
first one is due to the maximal population inversion which is a generation near two working 
parallel surfaces [23] and the z-pass between these surfaces due to total internal reflection 
[26] (Figure 6a). The latter mode surpasses the first one in large aperture crystals with a high 
aspect ratio and respectively low crystal doping because higher gain for second mode. One 
can define the TPG threshold small signal gain Gt through the pump intensity Fp as:

   G  t   = exp  (    Ϭ  _ zhν     p  
    D  F  p   )     (1)

Introducing K = D • Fp as a K-parameter, we can find the dependence of pump fluence TPG 
threshold on the crystal diameter (Figure 6b) calculating K for different crystal geometry and 
used absorber.

   K  s   =   
 ν  p   ___  ν  em     * ln  G  t   *   

z  F  s   ___ lnB  ;     K  z   =   
 ν  p   ___  ν  em     * ln  G  t   *   

z  F  s   ___ 2n    (2)

There (2) are two formula of the K-factor calculations for two transverse parasitic modes con-
sequently, the generation near working surfaces (Ks) and the z-pass between them (Kz), where 
D is the pump area diameter, Gt is the highest transverse gain that would be compensated by 
an index-matched absorptive coating, z is the crystal thickness, n is the index of refraction of 
the crystal, and the absorption coefficient for the pump frequency—B.

A crystal with a given aperture fixes the maximum pump fluence because the product of 
crystal diameter and the pump fluence is constant for each value of the critical transverse gain 

Figure 5. Fluorescence evolution of gain volumes vs. pumping time. (a) Normalized ASE to its maximal value for 
different crystal apertures, D: blue dash-doted curve D = 20 cm (Emax = 824 J, Eloss = 590 J), green dots D = 15 cm (Emax = 460 J, 
Eloss = 290 J), red dashes D = 10 cm (Emax = 210 J, Eloss = 100 J), and violet solid D = 6 cm (Emax = 74 J, Eloss = 20 J); (b) TASE for 
different pump pulse durations, τ pump (15 cm crystal diameter): violet solid curve τpump = 10 ns (Eloss = 325 J), red dashes 
τpump = 30 ns (Eloss = 321 J), green dots τpump = 50 ns (Eloss = 315 J), blue dash-dots τpump = 100 ns (Eloss = 290 J).
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or index matching of the absorber and crystal thickness. Therefore, enlargement of the crystal 
aperture requires reducing the pump fluence. Moreover, the pump fluence will be limited for 
any crystals and absorbers because the complete matching is impossible for both polariza-
tions of the transverse modes. The dependence of the maximal possible pump fluence on the 
crystal diameter was shown in Figure 6b, where the purple rhombus-marked curve is the 
ideal case of upper bound for 3 cm crystal thickness and reflectivity of σ-polarization under 
the condition of total index matching for π-polarization.

The same dependences can be built for TASE limitation based on the APs (Figure 5a, crosses 
with gray dashed line indicating 0.9 of the maximum volume). TASE curve for crystals with 
B = 0.01 nearly match the TGP curve with K values of 32 (these values correspond to exist-
ing absorbers [16]) and is located below the purple ideal curve as shown in the Figure 6. The 
main conclusion to be drawn from this correspondence is that there remains no motivation to 
develop better absorber materials, owing to restrictions of TASE. Therefore, the situation for 
laser amplifiers with large apertures appears bleak, especially with respect to their applica-
tion as final amplifiers in very high power laser systems. For example, one can conclude from 
Figure 6, that for 20 cm crystal diameter, the maximum Fp is 1.5 J/cm2 meaning the extracted 
fluence is about 0.7 J/cm2, when saturated one for Ti:Sa crystal is 0.9 J/cm2, which indicates 
the deeply inefficient amplifier operation. Nevertheless, below, we will demonstrate that the 
parasitic losses due to both TASE and TPG can be significantly reduced using EDP technique.

We suggest to change the conventional method of pumping and amplifying the multipass 
amplifiers to overcome the restrictions discussed above. Conventional method is based on 
the energy stored in the amplifier media prior to the arrival of the first pass of the input pulse 
[26]. We are able to forestall TASE and parasitic lasing and increase the extracted energy by 
continuing to pump after the arrival of the amplified pulse. In this case, the energy extracted 
during one pass of the amplified pulse through the crystal could be restored by pumping up 
to AP or TPG threshold before the next pass. An extended pump pulse duration ranging from 
tens to hundreds of nanoseconds, or several delayed pulses is required for EDP process. One 

Figure 6. (a) Two transverse optical paths with highest gain for TASE within a crystal; (b) dependence of pump fluence 
on crystal diameter: solid curves: calculated for TPG (K = 24, light blue squares; K = 32, green triangles; K = 42, blue 
squares); dot-dashed curves: calculated for TASE (red squares: B = 0.01).
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durations are shown for 15 cm crystal diameter (Figure 5b). As seen, the losses slightly grow 
due to the higher pump rate that enhances TASE with reduction of the pump pulse duration.

If the total compensation of transverse gain by the index-matched absorber coating is not pos-
sible, the reflectivity from the side wall will be enough for parasitic generation-TPG. Therefore, 
one can establish the TPG threshold as an equality transverse gain of the crystal to absorption 
coefficient of its side wall. There are two most probable transverse modes which can develop: 
first one is due to the maximal population inversion which is a generation near two working 
parallel surfaces [23] and the z-pass between these surfaces due to total internal reflection 
[26] (Figure 6a). The latter mode surpasses the first one in large aperture crystals with a high 
aspect ratio and respectively low crystal doping because higher gain for second mode. One 
can define the TPG threshold small signal gain Gt through the pump intensity Fp as:

   G  t   = exp  (    Ϭ  _ zhν     p  
    D  F  p   )     (1)

Introducing K = D • Fp as a K-parameter, we can find the dependence of pump fluence TPG 
threshold on the crystal diameter (Figure 6b) calculating K for different crystal geometry and 
used absorber.

   K  s   =   
 ν  p   ___  ν  em     * ln  G  t   *   

z  F  s   ___ lnB  ;     K  z   =   
 ν  p   ___  ν  em     * ln  G  t   *   

z  F  s   ___ 2n    (2)

There (2) are two formula of the K-factor calculations for two transverse parasitic modes con-
sequently, the generation near working surfaces (Ks) and the z-pass between them (Kz), where 
D is the pump area diameter, Gt is the highest transverse gain that would be compensated by 
an index-matched absorptive coating, z is the crystal thickness, n is the index of refraction of 
the crystal, and the absorption coefficient for the pump frequency—B.

A crystal with a given aperture fixes the maximum pump fluence because the product of 
crystal diameter and the pump fluence is constant for each value of the critical transverse gain 

Figure 5. Fluorescence evolution of gain volumes vs. pumping time. (a) Normalized ASE to its maximal value for 
different crystal apertures, D: blue dash-doted curve D = 20 cm (Emax = 824 J, Eloss = 590 J), green dots D = 15 cm (Emax = 460 J, 
Eloss = 290 J), red dashes D = 10 cm (Emax = 210 J, Eloss = 100 J), and violet solid D = 6 cm (Emax = 74 J, Eloss = 20 J); (b) TASE for 
different pump pulse durations, τ pump (15 cm crystal diameter): violet solid curve τpump = 10 ns (Eloss = 325 J), red dashes 
τpump = 30 ns (Eloss = 321 J), green dots τpump = 50 ns (Eloss = 315 J), blue dash-dots τpump = 100 ns (Eloss = 290 J).
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or index matching of the absorber and crystal thickness. Therefore, enlargement of the crystal 
aperture requires reducing the pump fluence. Moreover, the pump fluence will be limited for 
any crystals and absorbers because the complete matching is impossible for both polariza-
tions of the transverse modes. The dependence of the maximal possible pump fluence on the 
crystal diameter was shown in Figure 6b, where the purple rhombus-marked curve is the 
ideal case of upper bound for 3 cm crystal thickness and reflectivity of σ-polarization under 
the condition of total index matching for π-polarization.

The same dependences can be built for TASE limitation based on the APs (Figure 5a, crosses 
with gray dashed line indicating 0.9 of the maximum volume). TASE curve for crystals with 
B = 0.01 nearly match the TGP curve with K values of 32 (these values correspond to exist-
ing absorbers [16]) and is located below the purple ideal curve as shown in the Figure 6. The 
main conclusion to be drawn from this correspondence is that there remains no motivation to 
develop better absorber materials, owing to restrictions of TASE. Therefore, the situation for 
laser amplifiers with large apertures appears bleak, especially with respect to their applica-
tion as final amplifiers in very high power laser systems. For example, one can conclude from 
Figure 6, that for 20 cm crystal diameter, the maximum Fp is 1.5 J/cm2 meaning the extracted 
fluence is about 0.7 J/cm2, when saturated one for Ti:Sa crystal is 0.9 J/cm2, which indicates 
the deeply inefficient amplifier operation. Nevertheless, below, we will demonstrate that the 
parasitic losses due to both TASE and TPG can be significantly reduced using EDP technique.

We suggest to change the conventional method of pumping and amplifying the multipass 
amplifiers to overcome the restrictions discussed above. Conventional method is based on 
the energy stored in the amplifier media prior to the arrival of the first pass of the input pulse 
[26]. We are able to forestall TASE and parasitic lasing and increase the extracted energy by 
continuing to pump after the arrival of the amplified pulse. In this case, the energy extracted 
during one pass of the amplified pulse through the crystal could be restored by pumping up 
to AP or TPG threshold before the next pass. An extended pump pulse duration ranging from 
tens to hundreds of nanoseconds, or several delayed pulses is required for EDP process. One 

Figure 6. (a) Two transverse optical paths with highest gain for TASE within a crystal; (b) dependence of pump fluence 
on crystal diameter: solid curves: calculated for TPG (K = 24, light blue squares; K = 32, green triangles; K = 42, blue 
squares); dot-dashed curves: calculated for TASE (red squares: B = 0.01).

New Generation of Ultra-High Peak and Average Power Laser Systems
http://dx.doi.org/10.5772/intechopen.70720

71



can get sufficient time in this case for proper pumping between passes, allowing increased 
total pump fluence due to the longer pump pulse duration and overcoming problems with 
temporal jitter. This approach was shown to double the output flux above the parasitic lasing 
limit in the experiments in University of Michigan [27].

Optimization of EDP method for presently available large aperture Ti:Sa amplifiers was made 
in Ref. [28] . The description of amplified transmission of pulses through the multipass ampli-
fiers can be done by broadly applying Frantz-Nodvik solution for the 1-D photon transport 
Eq. [26]. Solution for optimal EDP-amplifiers can be rewritten as a single equation, in contrast 
to conventional amplifiers, where this equation is applied iteratively with adjustment of small 
signal gain for each pass, because the restoration of the population inversion by the pump 
between passes in case of EDP, and hence of the small signal gain, for each pass:

   F  out   =  F  s   ln  {1 +  [exp  (  
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where N is the number of passes, νem is the emission frequency, νp is the pump frequency, Fout 
is the N-pass output fluence, Fs is the saturation fluence, Fin is the incident fluence, and Fp is 
the initial pump fluence (before signal arrives).

Therefore, we simply introduce a factor of N into the small signal gain expression to get 
the output flux after N-passes of amplification. This could be easily proved by introducing 
the output flux from any N−1 passes as Fin for N-th pass and following the usual iterative 
procedure.

Dependences of the output fluence calculations for 4-pass amplification with conventional 
amplification and EDP for various pump fluence are presented in Figure 7a. From this graph, 
one can get the next conclusions. First—EDP amplifiers can deliver significantly more energy 
(up to four times for four-pass amplifier) compared to regular ones with the same initial pump 
fluence. Second—the input fluence that saturates the amplifier is much higher than that for 
the regular case because the graphs asymptotically approach to the value of four times of the 
initial pump flux multiplied by coefficient of quantum defect. From comparison of the two 
green or two blue curves in Figure 7a, one can see that the curvature slope becomes twice lower 
at 50–70 mJ/cm2 of the input fluence for conventional amplifier and near 200 mJ/cm2 for EDP-
amplifier. We have a higher extracted energy with growing input flux and so are able to add 
more pump fluence between passes. So, the input fluence for amplification with EDP has to be 
much higher to make them efficient and the process of amplification mimics the case of a high 
value of Fs. On the other hand, this says us about a much higher energy capacity of the amplifier.

The optimal diameter for the pump area of the EDP-amplifiers can be demonstrated if into 
Eq. (3), in place of Fin and Fp, will be introducing the ratios Ein/A and K/D (2), respectively, 
where Ein is the total incident energy and A is the pump area. The dependences of the output 
energy on diameter of the pump area, for different K values and incident energies, are pre-
sented in Figure 7b. The output fluence of damage threshold was marked by the red dashed 
line. Using these graphs, we can calculate the highest output energy for amplification with 
EDP for a practically available liquid absorber and a crystal with 20–25 cm diameter [29]. 
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This absorber is able to accommodate the maximum transverse gain of 4000, which leads to 
a value of K = 32. We can find the output energy of ~800 J from the blue rhombus curve in 
Figure 7b, which corresponds to 50 J input energy. In Ref. [16], the authors demonstrate the 
final EDP-amplifier 60 J, making 800 J realistic output energy for the next stage of amplifi-
cation. This output energy can be reasonable for crystals with this diameter due to output 
fluence 2 J/cm2 and the extraction efficiency close to theoretical one 65% which is reachable 
for EDP-amplifiers.

The EDP-technology was successfully spread out in the many world class laboratory for 
application in the ultra-high power laser systems, demonstrated today’s world record near 
200 J extracted energy and 5.0 PW output power [30]. Below several examples will be 
exhibited.

First time, this method was used in the 4-pass amplifier of the HERCULES-300 TW Laser [31]. 
Four-pass amplifier crystal was cooled cryogenically to 120 K avoiding wave-front thermodis-
tortion of the output beam. Because the amplifier crystal was located in the vacuum chamber 
to avoid the surface deposition, cladding of the side surface was impossible. Extracted flux 
was increased from 0.6 to 1.2 J/cm2 due to application of EDP [27].

The authors of [16] have successfully developed a high-energy Ti:Sa laser system that delivers 
33 J before compression at 0.1 Hz using LASERIX-4-pass EDP-amplifier. 100 mm diameter 
Ti:Sa crystal (pumped area-60 mm) was used as the final amplifier which was pumped with 
72 J of energy delivered by frequency-doubled high-repetition rate Nd:Glass lasers. The good 
amplification efficiency of 45% with a homogeneous flat-top spatial amplified intensity profile 
was finally obtained.

The EDP-method has also been applied on several Ti:Sa booster amplifiers of petawatt scale. 
One of them was 3-pass EDP-amplifier of APRI 1.5 PW CPA-laser (South Korea) [32]. The 
team of laser developers reported about the generation of 1.5 PW by using two stage final 
EDP-amplification with the maximum output energy of 60.2 J at a pump energy of 120 J.

Figure 7. (a) Dependence of the output fluence of the 4-pass amplifier on the input fluence for several pump ones;  
(b) dependence of the output energy on diameter of pumped area for different input energies and K-factor; dashed red 
curve: damage threshold fluence.

New Generation of Ultra-High Peak and Average Power Laser Systems
http://dx.doi.org/10.5772/intechopen.70720

73
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temporal jitter. This approach was shown to double the output flux above the parasitic lasing 
limit in the experiments in University of Michigan [27].

Optimization of EDP method for presently available large aperture Ti:Sa amplifiers was made 
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signal gain for each pass, because the restoration of the population inversion by the pump 
between passes in case of EDP, and hence of the small signal gain, for each pass:
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much higher to make them efficient and the process of amplification mimics the case of a high 
value of Fs. On the other hand, this says us about a much higher energy capacity of the amplifier.

The optimal diameter for the pump area of the EDP-amplifiers can be demonstrated if into 
Eq. (3), in place of Fin and Fp, will be introducing the ratios Ein/A and K/D (2), respectively, 
where Ein is the total incident energy and A is the pump area. The dependences of the output 
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line. Using these graphs, we can calculate the highest output energy for amplification with 
EDP for a practically available liquid absorber and a crystal with 20–25 cm diameter [29]. 
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This absorber is able to accommodate the maximum transverse gain of 4000, which leads to 
a value of K = 32. We can find the output energy of ~800 J from the blue rhombus curve in 
Figure 7b, which corresponds to 50 J input energy. In Ref. [16], the authors demonstrate the 
final EDP-amplifier 60 J, making 800 J realistic output energy for the next stage of amplifi-
cation. This output energy can be reasonable for crystals with this diameter due to output 
fluence 2 J/cm2 and the extraction efficiency close to theoretical one 65% which is reachable 
for EDP-amplifiers.

The EDP-technology was successfully spread out in the many world class laboratory for 
application in the ultra-high power laser systems, demonstrated today’s world record near 
200 J extracted energy and 5.0 PW output power [30]. Below several examples will be 
exhibited.

First time, this method was used in the 4-pass amplifier of the HERCULES-300 TW Laser [31]. 
Four-pass amplifier crystal was cooled cryogenically to 120 K avoiding wave-front thermodis-
tortion of the output beam. Because the amplifier crystal was located in the vacuum chamber 
to avoid the surface deposition, cladding of the side surface was impossible. Extracted flux 
was increased from 0.6 to 1.2 J/cm2 due to application of EDP [27].

The authors of [16] have successfully developed a high-energy Ti:Sa laser system that delivers 
33 J before compression at 0.1 Hz using LASERIX-4-pass EDP-amplifier. 100 mm diameter 
Ti:Sa crystal (pumped area-60 mm) was used as the final amplifier which was pumped with 
72 J of energy delivered by frequency-doubled high-repetition rate Nd:Glass lasers. The good 
amplification efficiency of 45% with a homogeneous flat-top spatial amplified intensity profile 
was finally obtained.

The EDP-method has also been applied on several Ti:Sa booster amplifiers of petawatt scale. 
One of them was 3-pass EDP-amplifier of APRI 1.5 PW CPA-laser (South Korea) [32]. The 
team of laser developers reported about the generation of 1.5 PW by using two stage final 
EDP-amplification with the maximum output energy of 60.2 J at a pump energy of 120 J.
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Shanghai Institute of Optics and Fine Mechanics, Chinese 5 PW CPA: laser, 4-pass EDP-
amplifier [30]. Effective suppression of the parasitic lasing in the final booster amplifier was 
done using the EDP-technology combined with index-matching cladding technique and the 
precise control of the time delay between the input seed pulse of 35 J and pump pulses of 
312 J. The output energy of 192.3 J from the final amplifier was corresponding to a pump con-
version efficiency of 62% to the output laser energy.

The design of the final EDP-amplifiers was recently developed for three pillars of the Extreme 
Light Infrastructure (ELI) project [33]. ELI is the ambitious pan-European laser research proj-
ect. The major mission of the ELI facility is to make a wide range of cutting-edge ultrafast light 
sources available to the international scientific community. The first purpose of the facilities 
is to design, develop and build ultra-high-power lasers with focusable intensities and average 
powers reaching far beyond the existing laser systems. The secondary purpose is to contrib-
ute to the scientific and technological development toward generating 200 PW pulses, being 
the ultimate goal of the ELI project. PW-class lasers have been planned to build in the three 
pillars of ELI. 2 PW peak power, 10 Hz repetition rates and <20 fs pulse duration lasers will 
be part of the ELI-BEAMLINES and the ELI-ALPS, while the L4 of the ELI-BEAMLINES as 
well as the ELI-NP lasers aiming at 300 J/10 PW lasers. The roadmap for 200 PW laser facil-
ity was paved by the ELI consortium. This will increase the available laser power by at least 
one order of magnitude in its first three pillars, and on another more order of magnitude in 
its fourth ultra-high-intensity pillar. The laser power frontier was planned to be pushed into 
sub-exawatt regime by the establishment of ELI s fourth pillar.

The examples of final EDP-amplifiers design of 10s PW laser system are presented on the 
Figures 8 and 9. As the estimations demonstrate, the EDP-technology is able to significantly 
increase the output energy and intensity. There are calculated as optimal output parameters: 
the diameter of the pump area and crystal −19 and 20 cm, the pump energy −960 J, the input 
and the output energy −60 and 600 J. The losses with the EDP technology can be made under 
5% (Figure 8).

The total losses in 4 cm thickness crystal of conventional amplifier is about 70%, and for 3 cm, 
it is −80% as seen from the Figure 8a, and significant gross begins from 30 and 20 ns of the 
pump, respectively. On the Figure 8b, dependences of losses for optimal extraction of the 
3-pass and 4-pass EDP amplifier are demonstrated with the crystal thickness of 4 cm.

For 3-pass, the delay between passes 1 and 2 is about 20 ns and 2 and 3–30 ns, whereas the 
scheme with delays between passes of the 4-pass amplifier (15, 20, 30 ns) is presented also in 
the Figure 8b. Taking in account the compressor transmission efficiency 70% [32], the com-
pressed energy up to 400 J can be expected. Output peak power about 30 PW can be reached 
in one channel with pulse duration 10–15 fs. This amplifier could serve as a building block 
for ELI fourth pillar, and seven EDPCPA channels will be enough for approaching 200 PW.

As a final remark of this part, we can emphasize that there is a big gap between the reached 
now output energy of 200 J and potential possibilities of the EDP amplifiers of 600–800 J 
extracted energy with today’s available Ti:Sa crystals, which should be filled in the closest 
future. Moreover, manufacturers are working now under the larger aperture Ti:Sa crystal and 
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have reached 30 cm crystal diameter. The estimations demonstrate the 40-cm crystals with 
6-cm thickness which is nearly maximum for EDP amplification due to geometric reasons. This 
amplifier is able to supply ~3 kJ/140 PW with 250 J of seed energy while suffering TASE losses 
of about 207 J. Two EDPCPA channels will be enough for approaching 200 PW in this case.

3. Pulse duration shortening

3.1. Preserving and restoring pulse spectral bandwidth

Here, we will concern another way of the peak power increasing, namely pulse shortening. It 
was discussed above that the gain narrowing and saturation limit the achievable pulse dura-
tion to about 30 fs [30, 31]. To achieve the 10–15 fs pulse duration designed for the Apollon 
system as well as for the 10 PW laser of the ELI [18], further scientific and technological efforts 
have to be made to avoid spectral narrowing in the power amplifiers.

The idea to use optical rotatory dispersion (ORD) (the angle of polarization rotation depen-
dence on wavelength) spectral filter was suggested for conservation of bandwidth in low gain 
multipass Ti:Sa amplifiers, typically used for the intermediate and duty end amplifiers of multi-
TW-PW class systems [34]. The spectral gain can be effectively re-shaped using difference of 

Figure 8. Dependences of losses for 4 (blue-dashed curve) and 3 cm (pink-solid curve) thickness of the crystal:  
(a) conventional amplifier; (b) EDP-amplifier.

Figure 9. Final EDP-amplifiers with 3- and 4-passes: (a) EDP amplifier with a 19-cm-diameter pump area can approach 
500-J energy with a 60-J input (100 J losses) during 3-pass; (b) 4-pass EDP amplifier with a 19-cm-diameter pump area 
can approach 600-J energy with a 60-J input, when pumped by 960 kJ (28 J losses).
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The design of the final EDP-amplifiers was recently developed for three pillars of the Extreme 
Light Infrastructure (ELI) project [33]. ELI is the ambitious pan-European laser research proj-
ect. The major mission of the ELI facility is to make a wide range of cutting-edge ultrafast light 
sources available to the international scientific community. The first purpose of the facilities 
is to design, develop and build ultra-high-power lasers with focusable intensities and average 
powers reaching far beyond the existing laser systems. The secondary purpose is to contrib-
ute to the scientific and technological development toward generating 200 PW pulses, being 
the ultimate goal of the ELI project. PW-class lasers have been planned to build in the three 
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one order of magnitude in its first three pillars, and on another more order of magnitude in 
its fourth ultra-high-intensity pillar. The laser power frontier was planned to be pushed into 
sub-exawatt regime by the establishment of ELI s fourth pillar.

The examples of final EDP-amplifiers design of 10s PW laser system are presented on the 
Figures 8 and 9. As the estimations demonstrate, the EDP-technology is able to significantly 
increase the output energy and intensity. There are calculated as optimal output parameters: 
the diameter of the pump area and crystal −19 and 20 cm, the pump energy −960 J, the input 
and the output energy −60 and 600 J. The losses with the EDP technology can be made under 
5% (Figure 8).

The total losses in 4 cm thickness crystal of conventional amplifier is about 70%, and for 3 cm, 
it is −80% as seen from the Figure 8a, and significant gross begins from 30 and 20 ns of the 
pump, respectively. On the Figure 8b, dependences of losses for optimal extraction of the 
3-pass and 4-pass EDP amplifier are demonstrated with the crystal thickness of 4 cm.

For 3-pass, the delay between passes 1 and 2 is about 20 ns and 2 and 3–30 ns, whereas the 
scheme with delays between passes of the 4-pass amplifier (15, 20, 30 ns) is presented also in 
the Figure 8b. Taking in account the compressor transmission efficiency 70% [32], the com-
pressed energy up to 400 J can be expected. Output peak power about 30 PW can be reached 
in one channel with pulse duration 10–15 fs. This amplifier could serve as a building block 
for ELI fourth pillar, and seven EDPCPA channels will be enough for approaching 200 PW.

As a final remark of this part, we can emphasize that there is a big gap between the reached 
now output energy of 200 J and potential possibilities of the EDP amplifiers of 600–800 J 
extracted energy with today’s available Ti:Sa crystals, which should be filled in the closest 
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have reached 30 cm crystal diameter. The estimations demonstrate the 40-cm crystals with 
6-cm thickness which is nearly maximum for EDP amplification due to geometric reasons. This 
amplifier is able to supply ~3 kJ/140 PW with 250 J of seed energy while suffering TASE losses 
of about 207 J. Two EDPCPA channels will be enough for approaching 200 PW in this case.

3. Pulse duration shortening

3.1. Preserving and restoring pulse spectral bandwidth

Here, we will concern another way of the peak power increasing, namely pulse shortening. It 
was discussed above that the gain narrowing and saturation limit the achievable pulse dura-
tion to about 30 fs [30, 31]. To achieve the 10–15 fs pulse duration designed for the Apollon 
system as well as for the 10 PW laser of the ELI [18], further scientific and technological efforts 
have to be made to avoid spectral narrowing in the power amplifiers.

The idea to use optical rotatory dispersion (ORD) (the angle of polarization rotation depen-
dence on wavelength) spectral filter was suggested for conservation of bandwidth in low gain 
multipass Ti:Sa amplifiers, typically used for the intermediate and duty end amplifiers of multi-
TW-PW class systems [34]. The spectral gain can be effectively re-shaped using difference of 
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π- and σ-emission cross-sections of Ti:Sa crystal which will result in the keeping bandwidth of 
efficient amplification [13]. The overall amplification process can be kept lossless and efficient 
as the effective spectral gain is tuned, unlike to the spectral shaping of the pulse. This technique 
is especially advantageous for amplifiers where the energy extraction is of major importance in 
intermediate and duty end ones of ultrashort pulse large-scale laser systems.

The optical rotatory dispersion (ORD) is applied to encode/decode the polarization state of the 
amplified spectrum in addition to using both π- and σ-emission cross-sections. Polarization 
vectors of spectral components are encoded before amplification using an ORD quartz crystal 
(right rotating quartz in Figure 10b) with a resulting distribution between π- and σ-cross-
sections (Figure 10a).

The emission cross-section of σ-polarized light is nearly 0.4 of the π-polarized light. The sides of 
the spectral band are aligned toward the π-axis, while the components around the central and 
most intense part of the spectrum are directed closer to the σ-axis. This allows shaping of the 
spectral gain so the gain narrowing can be substantially reduced or eliminated at all. The second 
quartz crystal (left rotating quartz in Figure 10b), with an opposite sign of ORD decodes the polar-
ization state of spectral components after amplification. The whole polarization encoded spectral 
distribution fits between π- and σ-directions by using of two achromatic λ/2 plates. A temporal 
walk-off between the π- and σ-components due to birefringence in Ti:Sa can be compensated by 
the addition of an undoped, but orthogonally oriented sapphire of the same thickness.

The 10 Hz, mJ laser system of the Max Born Institute was using proof-of-principle experi-
ment (Figure 11). The 20 fs pulses from oscillator were stretched to 120 ps and amplified in a 
10-pass Ti:Sa amplifier to ~1 mJ. The pulses with 35 nm bandwidth were compressed using a 
diffraction grating compressor to their transform limited pulse duration of 28 fs.

The computer modeling of the PE-CPA amplifier resulting in the broadest bandwidth showed 
an optimum thickness of 17.5 mm of the quartz crystal (Figure 10b). A spectrally dependent 
model of amplification of strongly chirped pulses was used for modeling the PE-CPA amplifi-
cation. It includes ORD encoding, saturation of amplification and decoding of polarization vec-
tors. The polarization encoded amplifier was built in a 6-pass configuration with a Ti:Sa crystal 
of 15 mm thickness (Figure 11). It was pumped from both sides by the second harmonic beam 
of a Q-Switched Nd:YAG laser. The pump diameter was de-magnified from 6 mm to 2.5 mm by 
two lenses (focal lengths 1 m) to fit it with the diameter of the seed pulse. An undoped sapphire 

Figure 10. Distribution of polarization directions of spectral components by a 17.4 nm ORD quartz (a); principle 
schematic of the polarization encoded amplifier (b).
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was mounted next to the Ti:Sa crystal (both with thickness of 15 mm). Both crystals had orthog-
onally directed C-axis to compensate for the inherent temporal walk-off. The incident angles of 
amplified beams on the active medium were kept as small as possible to minimize uncompen-
sated walk-off and the total length of the amplifier was set to 2.1 m. To eliminate the spectral 
interference fringes from the outgoing amplified spectrum, the sapphire crystal was mounted 
on a fine rotator stage and was adjusted. The compressed pulses were loosely focused into a 
5 mm BK7 glass plate by a lens (focal length 3 m) with the most homogeneous part of the SPM 
signal filtered out by a pinhole located at the focus of the lens. Using this technique, the band-
width of the seed pulse was broadened in self-phase modulation (SPM) stage and stretched in 
the bulk (Figure 11) to show the broadband amplification capability of the scheme.

A multi-passing SF6 glass block (80 cm path) was used for stretching the broadband pulse 
with a near top-hat spectral profile and a bandwidth of 91 nm, the last one was then colli-
mated by a lens (focal length 1.5 m). The seed pulse energy was about 35 μJ due to the energy 
losses at the pinhole, as well as two metallic mirrors used in the bulk material stretcher and 
reflections on surfaces of the uncoated ORD quartz.

The polarization encoded amplification was tested for a high (~200) and low (~30) gain case to 
demonstrate the effectiveness of the PE-CPA method. The broadband seed was initially ampli-
fied without polarization encoding in order to form a baseline (Figure 12a) with a gain of about 
200. The gain-narrowed feature with a resulting bandwidth of less than the half of the seed was 
demonstrated at the recorded spectrum. The output spectra closed to the input seed resulted 
in FWHM bandwidth of 82 nm using polarization encoded amplification. A dip was produced 
at the center due to the spectral edges of the spectrum that experienced a high gain. The fol-
lowing experiments demonstrated that spectral-dependent gain feature can even broaden the 
bandwidth depending on the initial shape of the seed spectrum and an amplifier saturation.

Figure 11. Schematic of the experiment system. Spectra were measured at places p1–p4.
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π- and σ-emission cross-sections of Ti:Sa crystal which will result in the keeping bandwidth of 
efficient amplification [13]. The overall amplification process can be kept lossless and efficient 
as the effective spectral gain is tuned, unlike to the spectral shaping of the pulse. This technique 
is especially advantageous for amplifiers where the energy extraction is of major importance in 
intermediate and duty end ones of ultrashort pulse large-scale laser systems.

The optical rotatory dispersion (ORD) is applied to encode/decode the polarization state of the 
amplified spectrum in addition to using both π- and σ-emission cross-sections. Polarization 
vectors of spectral components are encoded before amplification using an ORD quartz crystal 
(right rotating quartz in Figure 10b) with a resulting distribution between π- and σ-cross-
sections (Figure 10a).

The emission cross-section of σ-polarized light is nearly 0.4 of the π-polarized light. The sides of 
the spectral band are aligned toward the π-axis, while the components around the central and 
most intense part of the spectrum are directed closer to the σ-axis. This allows shaping of the 
spectral gain so the gain narrowing can be substantially reduced or eliminated at all. The second 
quartz crystal (left rotating quartz in Figure 10b), with an opposite sign of ORD decodes the polar-
ization state of spectral components after amplification. The whole polarization encoded spectral 
distribution fits between π- and σ-directions by using of two achromatic λ/2 plates. A temporal 
walk-off between the π- and σ-components due to birefringence in Ti:Sa can be compensated by 
the addition of an undoped, but orthogonally oriented sapphire of the same thickness.

The 10 Hz, mJ laser system of the Max Born Institute was using proof-of-principle experi-
ment (Figure 11). The 20 fs pulses from oscillator were stretched to 120 ps and amplified in a 
10-pass Ti:Sa amplifier to ~1 mJ. The pulses with 35 nm bandwidth were compressed using a 
diffraction grating compressor to their transform limited pulse duration of 28 fs.

The computer modeling of the PE-CPA amplifier resulting in the broadest bandwidth showed 
an optimum thickness of 17.5 mm of the quartz crystal (Figure 10b). A spectrally dependent 
model of amplification of strongly chirped pulses was used for modeling the PE-CPA amplifi-
cation. It includes ORD encoding, saturation of amplification and decoding of polarization vec-
tors. The polarization encoded amplifier was built in a 6-pass configuration with a Ti:Sa crystal 
of 15 mm thickness (Figure 11). It was pumped from both sides by the second harmonic beam 
of a Q-Switched Nd:YAG laser. The pump diameter was de-magnified from 6 mm to 2.5 mm by 
two lenses (focal lengths 1 m) to fit it with the diameter of the seed pulse. An undoped sapphire 
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schematic of the polarization encoded amplifier (b).
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was mounted next to the Ti:Sa crystal (both with thickness of 15 mm). Both crystals had orthog-
onally directed C-axis to compensate for the inherent temporal walk-off. The incident angles of 
amplified beams on the active medium were kept as small as possible to minimize uncompen-
sated walk-off and the total length of the amplifier was set to 2.1 m. To eliminate the spectral 
interference fringes from the outgoing amplified spectrum, the sapphire crystal was mounted 
on a fine rotator stage and was adjusted. The compressed pulses were loosely focused into a 
5 mm BK7 glass plate by a lens (focal length 3 m) with the most homogeneous part of the SPM 
signal filtered out by a pinhole located at the focus of the lens. Using this technique, the band-
width of the seed pulse was broadened in self-phase modulation (SPM) stage and stretched in 
the bulk (Figure 11) to show the broadband amplification capability of the scheme.

A multi-passing SF6 glass block (80 cm path) was used for stretching the broadband pulse 
with a near top-hat spectral profile and a bandwidth of 91 nm, the last one was then colli-
mated by a lens (focal length 1.5 m). The seed pulse energy was about 35 μJ due to the energy 
losses at the pinhole, as well as two metallic mirrors used in the bulk material stretcher and 
reflections on surfaces of the uncoated ORD quartz.

The polarization encoded amplification was tested for a high (~200) and low (~30) gain case to 
demonstrate the effectiveness of the PE-CPA method. The broadband seed was initially ampli-
fied without polarization encoding in order to form a baseline (Figure 12a) with a gain of about 
200. The gain-narrowed feature with a resulting bandwidth of less than the half of the seed was 
demonstrated at the recorded spectrum. The output spectra closed to the input seed resulted 
in FWHM bandwidth of 82 nm using polarization encoded amplification. A dip was produced 
at the center due to the spectral edges of the spectrum that experienced a high gain. The fol-
lowing experiments demonstrated that spectral-dependent gain feature can even broaden the 
bandwidth depending on the initial shape of the seed spectrum and an amplifier saturation.

Figure 11. Schematic of the experiment system. Spectra were measured at places p1–p4.
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Seed pulses (energy ~200 μJ) were sent directly to the amplifier, by-passing the compressor 
and SPM stages to investigate the low gain scenario. A pulse with a bandwidth of about 48 nm 
was achieved after polarization encoded amplification with a net gain of ~30. In contrast to the 
top-hat seed spectrum (Figure 12a), the amplified Gaussian spectrum is almost 40% broader 
compared to the seed due to the high-gain experienced by the spectral wings (Figure 12b).

It was also shown that an additional polarization rotation takes place during the pulse ampli-
fication, substantially changing the conditions of high-energy amplification and introducing 
the distortion into initial polarization encoding. Despite the additional polarization rotation 
occurring during amplification impeding the decoding process, the energy efficiency of the 
back conversion to the linear polarized state can be improved by increasing the thickness of 
the second quartz crystal. The computer modeling shows that an efficiency as high as 99% to 
convert energy to a linear polarized state for moderate gain values can be reached with the 
optimal thickness of the second quartz.

Good compressibility of spectrally shaped PE amplified pulses is highly important for the 
practical application of the PE-CPA method. For testing its compressibility, the pulse spec-
trum was broadened to ~72 nm during the PE amplification and then compressed down to 
compressor consisting of two diffraction gratings. The compressor reduced the bandwidth to 
~ 60 nm. Single-shot second-order autocorrelator (AC) was used for pulse duration measure-
ments. The width of the measured AC trace is 28.0 fs which corresponds to the pulse duration 
close to 18.5 fs.

The computer modeling shows that a 200 nm spectrum is achievable at a multi-joule level 
in a PE-CPA Ti:Sa amplifier with seed pulses broader than the experimental bandwidth. 
This output requires seed pulses with a smooth spectrum preferably with a Gaussian 
shape. The computer modeling of the output spectras of 4-pass PE-CPA amplifier seeded 
by a 2 J Gaussian-shaped pulse (FWHM of 180 nm) and pumped by 50 J is shown in 
Figure 13. The spectrum is broadened to 200 nm after amplification. Nearly, 30% depolar-
ization losses (Figure 13a) can be compensated by doubling the thickness of the decoding 
quartz (Figure 13b).

Figure 12. (a) Amplified spectra with (solid line) and without (dash line) the PE technique under a high gain amplification; 
(b) spectra before (dash line) and after the PE amplifier (solid line) at a gain of 30.
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High-energy polarization encoded Ti:Sa amplifiers are able to deliver an amplified bandwidth 
of 200 nm, which was predicted by detailed modeling, making it a promising technique for 
intermediate and final amplifiers of high field Ti:Sa CPA-laser systems. This technique may 
pave the way to PW class Ti:Sa lasers with tens of Joule few cycle laser pulses.

3.2. Multiple compression stages

The multiple compression method based on spectral broadening using self-phase modula-
tion (SPM) in the bulk of material with the further recompression of the chirped pulse is able 
to deliver even shorter pulse duration (potentially below 10 fs) without energy sacrificing. 
Previous attempts were not suited for the highest powers because it used SPM with combina-
tion of spatial filtering in near field [35, 36] in order to provide spatially uniform phase due to 
the axial uniform part of the Gaussian distributed intensity. These approaches were restricted 
to only mJ-level of the output energy.

In Ref. [37], the next logical step was suggested to use super-Gaussian beam profile due to its 
higher uniformity. If a laser beam has spatially uniform intensity, SPM can be used in near-
field without spatial filtering and consequently eliminating constraints of the laser energy and 
transmission efficiency. In a proof-of-principal experiment, spectral broadening of 30 nm pulse 
spectra to ~80 nm was demonstrated. A flat-top beam profile of the HERCULES laser [31] at 
30TW power level was used for SPM spectral broadening and compression of a fraction of this 
power from 30 to 14 fs by a prism-based compressor was fulfilled. The laser pulse with the 
energy about 1 J and 6 cm beam diameter was directed at intensity ~1 TW/cm2 on the bulk of 
fused silica plate after compression by the standard grating compressor to 30 fs. Glass plates 
of 0.8, 2 and 2.5 cm thicknesses were used for SFM in the experiments. After that, the 100 times 
attenuated energy and reduced to 1 cm diameter beam was directed into the prism compres-
sor. The spatially resolved spectrum of the pulse was measured and shows the deviation of the 
energy within 6% through most part of the beam aperture. It follows from Figure 14a that the 

Figure 13. PE-CPA amplifier (simulation): (a) thicknesses of encoding and decoding quartz plates are equal (17.4 mm); 
and (b) the second quartz plate is 35 mm thick. The seed pulse has a Gaussian spectrum with FWHN = 180 nm. Pump 
energy: 50 J, seed energy: 2 J, 4 passes.
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Seed pulses (energy ~200 μJ) were sent directly to the amplifier, by-passing the compressor 
and SPM stages to investigate the low gain scenario. A pulse with a bandwidth of about 48 nm 
was achieved after polarization encoded amplification with a net gain of ~30. In contrast to the 
top-hat seed spectrum (Figure 12a), the amplified Gaussian spectrum is almost 40% broader 
compared to the seed due to the high-gain experienced by the spectral wings (Figure 12b).

It was also shown that an additional polarization rotation takes place during the pulse ampli-
fication, substantially changing the conditions of high-energy amplification and introducing 
the distortion into initial polarization encoding. Despite the additional polarization rotation 
occurring during amplification impeding the decoding process, the energy efficiency of the 
back conversion to the linear polarized state can be improved by increasing the thickness of 
the second quartz crystal. The computer modeling shows that an efficiency as high as 99% to 
convert energy to a linear polarized state for moderate gain values can be reached with the 
optimal thickness of the second quartz.

Good compressibility of spectrally shaped PE amplified pulses is highly important for the 
practical application of the PE-CPA method. For testing its compressibility, the pulse spec-
trum was broadened to ~72 nm during the PE amplification and then compressed down to 
compressor consisting of two diffraction gratings. The compressor reduced the bandwidth to 
~ 60 nm. Single-shot second-order autocorrelator (AC) was used for pulse duration measure-
ments. The width of the measured AC trace is 28.0 fs which corresponds to the pulse duration 
close to 18.5 fs.

The computer modeling shows that a 200 nm spectrum is achievable at a multi-joule level 
in a PE-CPA Ti:Sa amplifier with seed pulses broader than the experimental bandwidth. 
This output requires seed pulses with a smooth spectrum preferably with a Gaussian 
shape. The computer modeling of the output spectras of 4-pass PE-CPA amplifier seeded 
by a 2 J Gaussian-shaped pulse (FWHM of 180 nm) and pumped by 50 J is shown in 
Figure 13. The spectrum is broadened to 200 nm after amplification. Nearly, 30% depolar-
ization losses (Figure 13a) can be compensated by doubling the thickness of the decoding 
quartz (Figure 13b).

Figure 12. (a) Amplified spectra with (solid line) and without (dash line) the PE technique under a high gain amplification; 
(b) spectra before (dash line) and after the PE amplifier (solid line) at a gain of 30.
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High-energy polarization encoded Ti:Sa amplifiers are able to deliver an amplified bandwidth 
of 200 nm, which was predicted by detailed modeling, making it a promising technique for 
intermediate and final amplifiers of high field Ti:Sa CPA-laser systems. This technique may 
pave the way to PW class Ti:Sa lasers with tens of Joule few cycle laser pulses.

3.2. Multiple compression stages

The multiple compression method based on spectral broadening using self-phase modula-
tion (SPM) in the bulk of material with the further recompression of the chirped pulse is able 
to deliver even shorter pulse duration (potentially below 10 fs) without energy sacrificing. 
Previous attempts were not suited for the highest powers because it used SPM with combina-
tion of spatial filtering in near field [35, 36] in order to provide spatially uniform phase due to 
the axial uniform part of the Gaussian distributed intensity. These approaches were restricted 
to only mJ-level of the output energy.

In Ref. [37], the next logical step was suggested to use super-Gaussian beam profile due to its 
higher uniformity. If a laser beam has spatially uniform intensity, SPM can be used in near-
field without spatial filtering and consequently eliminating constraints of the laser energy and 
transmission efficiency. In a proof-of-principal experiment, spectral broadening of 30 nm pulse 
spectra to ~80 nm was demonstrated. A flat-top beam profile of the HERCULES laser [31] at 
30TW power level was used for SPM spectral broadening and compression of a fraction of this 
power from 30 to 14 fs by a prism-based compressor was fulfilled. The laser pulse with the 
energy about 1 J and 6 cm beam diameter was directed at intensity ~1 TW/cm2 on the bulk of 
fused silica plate after compression by the standard grating compressor to 30 fs. Glass plates 
of 0.8, 2 and 2.5 cm thicknesses were used for SFM in the experiments. After that, the 100 times 
attenuated energy and reduced to 1 cm diameter beam was directed into the prism compres-
sor. The spatially resolved spectrum of the pulse was measured and shows the deviation of the 
energy within 6% through most part of the beam aperture. It follows from Figure 14a that the 

Figure 13. PE-CPA amplifier (simulation): (a) thicknesses of encoding and decoding quartz plates are equal (17.4 mm); 
and (b) the second quartz plate is 35 mm thick. The seed pulse has a Gaussian spectrum with FWHN = 180 nm. Pump 
energy: 50 J, seed energy: 2 J, 4 passes.
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initial FWHM of the space-integrated spectrum ~30 nm was broadened to ~80 nm with the 2 cm 
glass plate.

The final compressor consisted of two prisms (glass SF10) separated by ~50 cm, after which 
the single-shot autocorrelator was used for pulse duration measurement. Figure 14b and c 
demonstrate the autocorrelation picture and trace lineout, respectively. The initial nearly-
transform limited pulse, with the duration from the FWHM autocorrelation trace of ~30 fs was 
shown on Figure 14b and the solid blue curve in plot (c) inferred assuming Gaussian pulse-
shape. The pulse after the SPM used with the 2.5 cm glass plate and recompression is shown 
by autocorrelation (b) and the dashed pink curve in plot (c). The compressed pulse duration 
exhibits shortening by a factor of 2 leading to ~14 ±1 fs.

During these experiments, the instability from shot to shot of the output pulse shape, dis-
tribution of the significant part of the energy into wings (Figure 14b and c) and high level 
of the white light generation were observed. The distortion of the output pulse shape and 
its instability is a result of uncompensated third-order dispersion (TOD) of prism compres-
sor that was used as second stage of compression. Besides, TOD coefficient in nonlinear 
Schrödinger equation of laser pulse propagation through transparent media is inversely 
proportional to the third power of the pulse duration and the pulse duration consequently 
varies inversely with incident peak intensity due to SPM. This is why even small fluc-
tuation of the incident intensity leads to significant distortion of the shape of the com-
pressed pulse. A solution of these two complications could be the replacement of the prism 
compressor with chirped mirrors with compensated TOD. Using about 10 bounces on the 
chirped mirrors and the glass plate at Brewster angle promises compressor throughput 
above 90%.

On the other hand, reducing the white light generation could also be possible since the main 
processes involved in this generation are efficient only when phase matching conditions are 
fulfilled, which could be destroyed by correctly choosing incident intensity and glass plate 
thickness. Evidence of such possibility can be found in Ref. [36], where the SPM was done 

Figure 14. (a) Pulse spectrums: yellow curve (triangles): SPM with glass plate of 2 cm thickness, pink curve (squares): 
with plate of the 0.8 cm and blue curve (diamonds) represent the spectrum without the glass plate (no SPM); (b) 
autocorrelation of compressed pulse after SPM, (c) autocorrelation trace of the initial transform limited pulse (solid blue 
line) and compressed pulse after SPM (dashed pink line).
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with a 3 mm glass plate and incident intensity of 8 TW/cm2, and resulted in a very low level 
of the white light generation.

Further development of this idea was done in Ref. [38], where SPM in thin film (within 1 mm) 
and much higher intensity (up to tens of TW/cm2) was suggested. This technique is able to 
significantly reduce the instability and white light generation discussed above and is capable 
to compress 25 fs large energy pulses as high as 1 kJ to the 1–2 fs level. In order to demonstrate 
the potential of thin-film-compressor, numerical simulation was done with the following ini-
tial beam parameters: central wave length 800 nm, pulse duration T = 27 fs, flattop transverse 
intensity distribution with diameter 160 mm and total energy 27 Joules. Thicknesses of the 
first and second thin film elements for SPM are 0.5 mm and 0.1 mm. The fundamental peak 
intensity is 4.7 TW/cm2, after the first and second stages with temporal recompression proce-
dure 16.6 TW/cm2 and 43 TW/cm2 at pulse durations 6.4 fs and 2.1 fs correspondingly.

As a conclusion of this part of chapter one can deduce, the discussed technologies of the pulse 
shortening are able to reduce the pulse duration to additional one order without energy sacri-
ficing, which means the output peak power of a few hundred PW are possible from the single 
channel of CPA laser systems.

4. High repetition rate of ultra-high peak power laser systems

As it was discussed in Introduction (Section 1.3), the applications of the ultra-high peak power 
laser pulses required also high repetition rate or the other words high average power laser sys-
tems. Limitation of the high peak power laser systems on the repetition rate can be overcome 
by TD-technology and hence can increase their average power. Making the active medium 
thin reduces the longitudinal gain, which can be compensated by increasing the concentration 
of active ions and/or using crystals with higher emission cross-section, and the most promis-
ing crystal with required characteristics for these amplifiers is Ti:Sa. However, the attempt to 
increase the longitudinal gain leads to a dramatic growth of the gain in the transverse direc-
tion of the active medium. Therefore, TASE and TPG are strongly dependent on the axial gain 
and the ratio of the pumped area diameter to the crystal thickness (aspect ratio). For thin Ti:Sa 
active media, these effects cause significant depletion of the inverted population, and hence 
limit the extracted energy, the same way as it was detailed discussed in Section 2.

The EDP-technique was suggested to be applied for TD crystals [39] and successfully tested 
[41] mostly in powerful final stages of ultra-high peak power laser systems with hundreds of 
TWs to tens of PWs power, which are operating in the saturation regime. The overall gain of the 
amplifier can be kept as small as ~10–20, since the extraction of energy is a major importance. 
On the other hand, a large amplifier aperture is required for the high energy level. Therefore, 
power stages of the said Ti:Sa systems require a crystal size ranging from 5 to 20 cm, contrary 
to “conventional” TD amplifiers with the aperture of few millimeters where several tens of 
passes can be done [40]. The reasonable number of passes through the amplifier in this case, is 
restricted up to 6 due to geometrical complexity and available space. These two requirements 
form the lower boundary for the small signal gain of 3–5 per pass or the saturated one of 1.5–2.
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initial FWHM of the space-integrated spectrum ~30 nm was broadened to ~80 nm with the 2 cm 
glass plate.

The final compressor consisted of two prisms (glass SF10) separated by ~50 cm, after which 
the single-shot autocorrelator was used for pulse duration measurement. Figure 14b and c 
demonstrate the autocorrelation picture and trace lineout, respectively. The initial nearly-
transform limited pulse, with the duration from the FWHM autocorrelation trace of ~30 fs was 
shown on Figure 14b and the solid blue curve in plot (c) inferred assuming Gaussian pulse-
shape. The pulse after the SPM used with the 2.5 cm glass plate and recompression is shown 
by autocorrelation (b) and the dashed pink curve in plot (c). The compressed pulse duration 
exhibits shortening by a factor of 2 leading to ~14 ±1 fs.

During these experiments, the instability from shot to shot of the output pulse shape, dis-
tribution of the significant part of the energy into wings (Figure 14b and c) and high level 
of the white light generation were observed. The distortion of the output pulse shape and 
its instability is a result of uncompensated third-order dispersion (TOD) of prism compres-
sor that was used as second stage of compression. Besides, TOD coefficient in nonlinear 
Schrödinger equation of laser pulse propagation through transparent media is inversely 
proportional to the third power of the pulse duration and the pulse duration consequently 
varies inversely with incident peak intensity due to SPM. This is why even small fluc-
tuation of the incident intensity leads to significant distortion of the shape of the com-
pressed pulse. A solution of these two complications could be the replacement of the prism 
compressor with chirped mirrors with compensated TOD. Using about 10 bounces on the 
chirped mirrors and the glass plate at Brewster angle promises compressor throughput 
above 90%.

On the other hand, reducing the white light generation could also be possible since the main 
processes involved in this generation are efficient only when phase matching conditions are 
fulfilled, which could be destroyed by correctly choosing incident intensity and glass plate 
thickness. Evidence of such possibility can be found in Ref. [36], where the SPM was done 

Figure 14. (a) Pulse spectrums: yellow curve (triangles): SPM with glass plate of 2 cm thickness, pink curve (squares): 
with plate of the 0.8 cm and blue curve (diamonds) represent the spectrum without the glass plate (no SPM); (b) 
autocorrelation of compressed pulse after SPM, (c) autocorrelation trace of the initial transform limited pulse (solid blue 
line) and compressed pulse after SPM (dashed pink line).
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with a 3 mm glass plate and incident intensity of 8 TW/cm2, and resulted in a very low level 
of the white light generation.

Further development of this idea was done in Ref. [38], where SPM in thin film (within 1 mm) 
and much higher intensity (up to tens of TW/cm2) was suggested. This technique is able to 
significantly reduce the instability and white light generation discussed above and is capable 
to compress 25 fs large energy pulses as high as 1 kJ to the 1–2 fs level. In order to demonstrate 
the potential of thin-film-compressor, numerical simulation was done with the following ini-
tial beam parameters: central wave length 800 nm, pulse duration T = 27 fs, flattop transverse 
intensity distribution with diameter 160 mm and total energy 27 Joules. Thicknesses of the 
first and second thin film elements for SPM are 0.5 mm and 0.1 mm. The fundamental peak 
intensity is 4.7 TW/cm2, after the first and second stages with temporal recompression proce-
dure 16.6 TW/cm2 and 43 TW/cm2 at pulse durations 6.4 fs and 2.1 fs correspondingly.

As a conclusion of this part of chapter one can deduce, the discussed technologies of the pulse 
shortening are able to reduce the pulse duration to additional one order without energy sacri-
ficing, which means the output peak power of a few hundred PW are possible from the single 
channel of CPA laser systems.

4. High repetition rate of ultra-high peak power laser systems

As it was discussed in Introduction (Section 1.3), the applications of the ultra-high peak power 
laser pulses required also high repetition rate or the other words high average power laser sys-
tems. Limitation of the high peak power laser systems on the repetition rate can be overcome 
by TD-technology and hence can increase their average power. Making the active medium 
thin reduces the longitudinal gain, which can be compensated by increasing the concentration 
of active ions and/or using crystals with higher emission cross-section, and the most promis-
ing crystal with required characteristics for these amplifiers is Ti:Sa. However, the attempt to 
increase the longitudinal gain leads to a dramatic growth of the gain in the transverse direc-
tion of the active medium. Therefore, TASE and TPG are strongly dependent on the axial gain 
and the ratio of the pumped area diameter to the crystal thickness (aspect ratio). For thin Ti:Sa 
active media, these effects cause significant depletion of the inverted population, and hence 
limit the extracted energy, the same way as it was detailed discussed in Section 2.

The EDP-technique was suggested to be applied for TD crystals [39] and successfully tested 
[41] mostly in powerful final stages of ultra-high peak power laser systems with hundreds of 
TWs to tens of PWs power, which are operating in the saturation regime. The overall gain of the 
amplifier can be kept as small as ~10–20, since the extraction of energy is a major importance. 
On the other hand, a large amplifier aperture is required for the high energy level. Therefore, 
power stages of the said Ti:Sa systems require a crystal size ranging from 5 to 20 cm, contrary 
to “conventional” TD amplifiers with the aperture of few millimeters where several tens of 
passes can be done [40]. The reasonable number of passes through the amplifier in this case, is 
restricted up to 6 due to geometrical complexity and available space. These two requirements 
form the lower boundary for the small signal gain of 3–5 per pass or the saturated one of 1.5–2.
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Figure 15a demonstrates dependence of the transverse gain on the crystal aspect ratio for differ-
ent longitudinal small signal gain values, which correspond consequently to the absorbed pump 
fluence F of Gl = 10 – F = 3.8 J/cm2, Gl = 7 – F = 3 J/cm2, Gl = 5 – F = 2.5 J/cm2 and Gl = 3.5 – F = 2 J/cm2. 
The maximal possible suppression of transverse gain using a conventional method of the side 
surface cladding and its combination with the EDP-method correspond two horizontal lines 
(solid and dashed line in the figure). The side surface cladding with a commonly used liquid 
absorber is considered in both cases. The conventional method of transverse gain compensation 
supports the aspect ratio between 2 and 4, as seen from this picture, while the EDP-amplifiers 
can afford 8–15. That means the latter one can be applied as TD-amplifier and can increase the 
output energy up to 16 times. The maximum value of aspect ratio can be determined from these 
calculations taking into account the required output energy and crystal thickness. Then, the 
small signal gain could be chosen depending on amount of pump passes and the crystal doping 
that will support the required absorption. For example, EDP is able to afford for the small signal 
gain of 3.5, the highest aspect ratio 15 with the reasonable amount of signal passes of 4–5. So, the 
Ti:Sa crystal of 15 cm is required for 10 PW laser (300 J); this corresponds to the crystal thickness 
of 1 cm and doping according to the chosen pump absorption.

As for conventional amplifiers, the EDP method can be applied in a similar way to thin disks 
amplifiers [28]. This method allows in optimum conditions to significantly reduce the losses 
in the crystals with the big aspect ratio, or in thin disk crystals (to 5–15%). The EDP method 
requires an extended pump-pulse duration ranging from tens to hundreds of nanoseconds, 
or a train consisting of several delayed shorter pulses. EDP can then be naturally combined 
with thin disk Ti:Sa amplifiers with regularly doping crystals because a smaller portion of the 
pump energy can be absorbed in smaller crystal thickness per pass. Choosing the correct dis-
tances of the pump and the seed pass shoulders, the multipassing pump can be adjusted for 
the optimum EDP. We demonstrate further that a new line of the CPA ultra-high intense high 
average power laser systems can be opened by combination of EDP and TDT with a possibil-
ity to be scaled up to tens of a PW peak power and hundred Hz-repetition rate.

Figure 15. (a) Dependences of transverse gain on crystal aspect ratios; (b) losses calculated for the 200 TW/100 Hz 6-pass 
Ti:Sa EDP-power amplifier. Shaded area is the pump pulse.
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As an example, losses have been calculated in a 20 × 2 mm Ti:Sa crystal pumped with 11 J 
(532 nm, 100 ns) and seeded by 180 mJ using the method elaborated in Ref. [25] with some 
modification of the computer model. According to these calculations, TASE loss without EDP 
(dashed curve in Figure 15b) is ~80%, the output energy for an EDP-amplifier is 6 J, while 
energy loss (solid curve) is ~10–15%. The peak power of the laser can reach 120–400TW if 
compressor transmission efficiency is 70% and pulse duration is 10–30 fs, while the average 
power is close to 0.6 kW at the repetition rate of 100 Hz.

Proof-of-principle experiment of the operation of a broadband EDP-TD amplifier in a 100 
TW CPA laser system was presented in Ref. [41]. The amplifier head was fully characterized, 
including measurement and modeling of the temperature distribution, dynamics of amplifi-
cation, and wave front of the amplified pulses.

Test bed was assembled in Max-Born-Institute on the base of commercial CPA laser sys-
tem amplifier, which produces 100 TW peak power, 28 fs laser pulses at 10 Hz repetition 
rate. The final cryogenically cooled Ti:Sa amplifier has been replaced in experiments with 
the EDP-TD room temperature cooled arrangement (Figure 16). Ti:Sa crystal with a 35 mm 
diameter, 3 mm thickness and an absorption coefficient of 2 cm−1 was mounted in the home-
made thin disk head module. The active mirror scheme was applied for the amplifier. 
Rear side of the crystal was HR coated, while the front one was AR coated, for both pump 
(532 nm) and seed (800 nm) wavelengths. The sides surface of the Ti:Sa crystal was coated 
by the absorbing material (refraction index of 1.76 at 800 nm), for TASE and TPG suppres-
sion. The rear surface of the crystal was actively water cooled to room temperature. Three 
temporally synchronized lasers, each providing 15 ns, 2 J pulses at 532 nm wavelength 
pumped area of 24 mm diameter.

Each of the three pump beams passed through the thin disk twice, one pass includes the 
reflection from the rear surface of the crystal. The total absorption for double pass of pump 
was measured to be 85%. The vertically separated pump beams one can see on the side view 
of the Figure 16 with the smallest incidence angles, where the pump 2 was omitted. Three 
passes (mirrors S1-S5) amplified a positively stretched seed of few 100 ps pulse duration 
(energy −0.5 J) with a total gain of about 5.

Severe parasitic lasing was generated despite the use of the liquid absorber in the absence of 
the seed, when the active medium was simultaneously pumped with total absorbed energy 
3.4 J by the double passed pump beams 1 and 3. This is clearly visible on the oscillogram of the 
luminescence (Figure 17a) from Ti:Sa crystal. EDP technique was applied to avoid TPG losses, 
extracting energy from the crystal before the second pass of the pump 3 (~3 J of absorbed 
energy). After first pass of the pump 3, the second one added 0.4 J to the stored energy delay-
ing about 20 ns after the extraction of 0.5 J by the first seed pass (total amplified energy after 
the first pass was about 1 J). To avoid another round of parasitic generation, the pump pulse 
from the pump laser 2 was added between the second and third seed passes (Figure 17b), 
which allowed to reach 2.6 J of the amplified energy when the total absorbed pump was 
about 5 J. Three passes amplification only and two passes of the pump were required for this 
seed to achieve almost 50% extraction efficiency (compared with tens of passes of conven-
tional Nd:YAG or Yb:YAG TD amplifiers) due to the much greater emission cross-section and  
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Figure 15a demonstrates dependence of the transverse gain on the crystal aspect ratio for differ-
ent longitudinal small signal gain values, which correspond consequently to the absorbed pump 
fluence F of Gl = 10 – F = 3.8 J/cm2, Gl = 7 – F = 3 J/cm2, Gl = 5 – F = 2.5 J/cm2 and Gl = 3.5 – F = 2 J/cm2. 
The maximal possible suppression of transverse gain using a conventional method of the side 
surface cladding and its combination with the EDP-method correspond two horizontal lines 
(solid and dashed line in the figure). The side surface cladding with a commonly used liquid 
absorber is considered in both cases. The conventional method of transverse gain compensation 
supports the aspect ratio between 2 and 4, as seen from this picture, while the EDP-amplifiers 
can afford 8–15. That means the latter one can be applied as TD-amplifier and can increase the 
output energy up to 16 times. The maximum value of aspect ratio can be determined from these 
calculations taking into account the required output energy and crystal thickness. Then, the 
small signal gain could be chosen depending on amount of pump passes and the crystal doping 
that will support the required absorption. For example, EDP is able to afford for the small signal 
gain of 3.5, the highest aspect ratio 15 with the reasonable amount of signal passes of 4–5. So, the 
Ti:Sa crystal of 15 cm is required for 10 PW laser (300 J); this corresponds to the crystal thickness 
of 1 cm and doping according to the chosen pump absorption.

As for conventional amplifiers, the EDP method can be applied in a similar way to thin disks 
amplifiers [28]. This method allows in optimum conditions to significantly reduce the losses 
in the crystals with the big aspect ratio, or in thin disk crystals (to 5–15%). The EDP method 
requires an extended pump-pulse duration ranging from tens to hundreds of nanoseconds, 
or a train consisting of several delayed shorter pulses. EDP can then be naturally combined 
with thin disk Ti:Sa amplifiers with regularly doping crystals because a smaller portion of the 
pump energy can be absorbed in smaller crystal thickness per pass. Choosing the correct dis-
tances of the pump and the seed pass shoulders, the multipassing pump can be adjusted for 
the optimum EDP. We demonstrate further that a new line of the CPA ultra-high intense high 
average power laser systems can be opened by combination of EDP and TDT with a possibil-
ity to be scaled up to tens of a PW peak power and hundred Hz-repetition rate.

Figure 15. (a) Dependences of transverse gain on crystal aspect ratios; (b) losses calculated for the 200 TW/100 Hz 6-pass 
Ti:Sa EDP-power amplifier. Shaded area is the pump pulse.
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As an example, losses have been calculated in a 20 × 2 mm Ti:Sa crystal pumped with 11 J 
(532 nm, 100 ns) and seeded by 180 mJ using the method elaborated in Ref. [25] with some 
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pumped area of 24 mm diameter.
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was measured to be 85%. The vertically separated pump beams one can see on the side view 
of the Figure 16 with the smallest incidence angles, where the pump 2 was omitted. Three 
passes (mirrors S1-S5) amplified a positively stretched seed of few 100 ps pulse duration 
(energy −0.5 J) with a total gain of about 5.

Severe parasitic lasing was generated despite the use of the liquid absorber in the absence of 
the seed, when the active medium was simultaneously pumped with total absorbed energy 
3.4 J by the double passed pump beams 1 and 3. This is clearly visible on the oscillogram of the 
luminescence (Figure 17a) from Ti:Sa crystal. EDP technique was applied to avoid TPG losses, 
extracting energy from the crystal before the second pass of the pump 3 (~3 J of absorbed 
energy). After first pass of the pump 3, the second one added 0.4 J to the stored energy delay-
ing about 20 ns after the extraction of 0.5 J by the first seed pass (total amplified energy after 
the first pass was about 1 J). To avoid another round of parasitic generation, the pump pulse 
from the pump laser 2 was added between the second and third seed passes (Figure 17b), 
which allowed to reach 2.6 J of the amplified energy when the total absorbed pump was 
about 5 J. Three passes amplification only and two passes of the pump were required for this 
seed to achieve almost 50% extraction efficiency (compared with tens of passes of conven-
tional Nd:YAG or Yb:YAG TD amplifiers) due to the much greater emission cross-section and  
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thickness of the Ti:Sa crystal. The typical near field cross-section of pump and seed amplified 
after the third pass beams had the flat-top shape with the good uniformity.

The temperature distribution over the crystal input surface in the transverse direction through 
the crystal was measured (Figure 18a) with a thermal imager. The crystal was pumped with 
4 J of pulse energy at 10 Hz repetition rate without the energy extraction by the seed. Average 
flow speed was about 7 cm3/s with the initial temperature of the coolant 18°C.

Figure 17. Oscillogram of the luminescence from Ti:Sa crystal. (a) Parasitic generation after double pass of the pump 
beams 1 and 3 with total absorbed energy about 3.4 J; (b) the luminescence with three seed passes.

Figure 16. Experimental set up. The layout of the seed amplification consists of mirrors S1–S5 (red lines). The green 
beams are pump. Mirrors P1-1 and P1-2 were used for pump laser 1, mirrors P2-1 and P2-2 were used for pump 2, 
mirrors P3-1, P3-2 and P3-3 were used for pump 3.
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Figure 18b shows the temperature growth dynamic taken at the central point of the crystal 
until temperature stabilization. As seen from this curvature, the stabilization was reached 
after the crystal pumping within 20 s with 10 Hz repetition rate of the pump pulses. Figure 18 
shows that a coolant temperature of 18°C was sufficient to keep the maximal crystal tem-
perature after stabilization under 30°C. The variation through the pump area was only 3°C, 
which does not significantly affect the seed beam wave front. The liquid absorber consumed 
a TASE absorption which is the largest portion of total luminescence; so, most of the pump 
energy was transmitted to the crystal heating. That means, similar result could be seen with 
the same crystal pumped with 8 J at the same repetition rate, when half of this energy is being 
extracted by the seed. Furthermore, a higher coolant flow speed could reduce significantly 
highest temperature.

The impact on the beam wave front was also measured during these crystal heating condi-
tions. Measurements were taken until the crystal temperature was stabilized. The wave front 
before and after pumping was measured and consequently demonstrated P-V: 0.32 μm, RMS: 
0.06 μm and after heating stabilization P-V: 1.51 μm RMS: 0.39 μm. These results are bet-
ter than the comparable single-shot laser systems with side extraction of the heat measured 
before wave front correction [42].

Heat extraction from the Ti:Sa thin disk was numerically modeled to match experimental con-
ditions and scale-up the system for higher repetition rates of 100 Hz, corresponding to 360 W 
of the thermal load. These model parameters account for the 8 J pumping with an energy 
extraction efficiency by amplification of the seed pulses of 50%. Proper cooling conditions were 
considered using a flow velocity of 5 m/s, and coolant temperature of 5°C. According to these 
simulations, the temperature profile is much more symmetric and smoother in the thinner crys-
tal than in thick one. For 3 and 2 mm crystals, the temperature difference between the center 
and the edges was improved with central peak temperatures of 83.5 and 73.5°C, respectively.  

Figure 18. (a) Cross section of temperature distribution in the amplifier crystal after heating stabilization during 
pumping by the 4 J per pulse at 10 Hz repetition rate. The curve shows the temperature distribution of the horizontal 
mean section of the pumped area (red, solid line) and temperature distribution in the amplifier head (inset); (b) central 
point temperature growth dynamic of Ti:Sa crystal.
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The obtained results demonstrate the capacity to build a room temperature cooled final 
amplifier, providing few Joules energy of the seed laser pulses with in a 100 s TW/100 s Hz 
CPA laser systems.

Numerical modeling of scaling larger peak power amplifier modules with double channel 
cooling and double crystals (three cooling channels) design were also conducted in Ref. [43].

Double channel cooled disks with diameters ranging from 6 to 20 cm and corresponding 
thicknesses of 0.6 to 2 cm, were investigated (Figure 19a). The inlet flow velocity was 4 m/s 
in all cases to ensure high levels of heat extraction from the disk gain modules. Every gain 
module would remain under 45°C up to 40 Hz of operation relative to the coolant tem-
perature. When the repetition rate is growing up further, one can see significant rise in the 
temperature increase (TI), nevertheless, the temperature profile would remain smooth and 
flat in the region of the laser amplification. Peak power could reach 8.5 PW and an average 
power 17 kW with compressor efficiency of 60% and pulse duration of 20 fs [Figure 19a 
(inset)]. The maximal repetition rate when amplifiers could operate safely and without seri-
ous beam degradation can be estimated based on the obtained TIs. Extremely efficient heat 
extraction can be obtained by increasing the diameter, while maintaining the aspect ratio 
of the gain disks with two coolant channels and thus flat temperature profiles with high 
repetition rate operation.

Further increase of the average power could be achieved by splitting the gain disk to mul-
tiple plates with reduced thickness and increasing the number of coolant channels. Four gain 
modules with double disk sizes ranging from 6 to 20 cm was investigated, with three cool-
ant channel arrangement (Figure 19b). These simulations demonstrate 2 kW output average 
power with a TI in the disks of 21.5°C, and 28 kW average power at TI of 36°C using multiple 
disks and cooling surfaces with proper coolant flow conditions.

Figure 19. (a) Temperature dependence on repetition rates for various single disk sizes. Pump energy 40, 57, 77, 101, 127, 
308, 567 J, for the diameters starting from 6 cm respectively. Peak power of compressed pulses listed in inset (compressor 
efficiency-60%, repetition rate-100 Hz and pulse duration-20 fs); (b) temperature in the single and double disk modules 
(Ti:Sa crystals of 6, 10, 15 and 20 cm diameters, 100 Hz for all cases) cooled by three channels using 4 m/s flow velocity 
at the inlet boundary of the channels.
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Summarizing this investigation, we can conclude that the replacement of regular thickness 
Ti:Sa crystals in the booster/final amplifiers of ultra-high pack power laser systems on EDP-TD 
Ti:Sa amplifiers allows significantly to increase the repetition rates at an average power. These 
systems could reach such new frontier parameters as 100 s TW/100 s Hz and up to 1 kW out-
put average power, using room temperature cooling systems and existing now pump lasers, 
which are able to deliver few Joules in green with the same repetition rate. At the same time, 
there are no limitations for further growing these parameters up to few PW peak power and 
100 Hz repetition rate after developing the pump lasers required for that.

5. Conclusion

In this chapter, several ideas for innovation of the ultra-high peak power CPA laser systems 
were presented. Exploiting these ideas, one is able to significantly increase the output energy 
(up to KJ-level), reduce pulse duration (down to few fs) and so increase output peak power up 
to 100 s of PW. At the same time, the possibilities of average power growing of these systems 
up to 10 s kW was also demonstrated.

EDP-method for Ti:Sa final amplifiers was revealed as easiest way to reach a very high output 
energy [25, 27, 28]. EDP amplifier, when operated under the optimal conditions, is capable 
of significantly increasing the extracted energy and reducing the losses connected with TASE 
and TPG. With the existing large aperture of Ti:Sa crystals and index-matched liquid absorb-
ers, it is possible to approach the sub-kJ level of extracting energy. With 70% compressor 
transmission efficiency and 15 fs pulse duration, about 30 PW power level could be reached. 
The powerfulness of EDPCPA technology was proved by spreading the method in the many 
world class laboratories and reaching recently the output energy about 200 J and world record 
peak power of 5 PW. Next steps of the output energy ~ 500–800 J could be done with the exist-
ing now Ti:Sa crystals of 20–30 cm diameter.

Two recently developed method of pulse shortening have been discussed in the subtitle 3. The 
ability to obtain a greatly broadened spectral bandwidth in Ti:Sa laser amplifiers was shown 
using both π- and σ-axis and shaping the spectral gain via engineering the spectral polariza-
tion of amplified pulses [34]. Amplification bandwidth exceeding 85 nm at a gain of 200 was 
demonstrated in a proof-of-principle experiment. These experiments have shown also that 
active pre-shaping of the pulse spectrum with PE amplification preceding saturated ampli-
fication in conventional CPA amplifiers can be successfully used to compensate the spectral 
red-shifting and gain narrowing that accompany amplification in Ti:Sa CPA systems. The 
computer modeling revealed that a polarization-encoded chirped pulse amplification scheme 
can be scaled to higher energies and produce multi-Joule pulses with bandwidth close to 
200 nm, making few-cycle petawatt Ti:Sa systems feasible.

The multiple stage compression method based on spectral broadening using SPM in the bulk 
of material with the further recompression of the chirped pulse is able to deliver even shorter 
pulse duration below 10 fs without energy sacrificing [37]. Further development of this idea, 
with SPM in thin film below 1 mm and much higher intensity (up to tens of TW/cm2) was 
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suggested [38]. Numerical simulations of two stage thin film compressor were done with 
the thicknesses of thin film elements 0.5 mm and 0.1 mm. The fundamental peak intensity 
after the first and second stages with temporal recompression procedure 16.6 and 43 TW/cm2 
at pulse durations 6.4 and 2.1 fs correspondingly are expected. This shortening of the pulse 
duration without energy losses allows to increase the output peak power to an additional 
order and achieve few hundred PW from the single channel of CPA laser systems.

The combination of EDP technique with TD Ti:Sa crystals for power amplifiers [39, 41, 43] also 
lets the ultra-high peak power amplifiers increase as well as the average power. In a proof-
of-principle experiment, high-energy broadband amplification in a room temperature water-
cooled EDP-TD head was demonstrated at a 10 Hz repetition rate instead of performing a 
traditional cryogenically cooled multipass scheme. Therefore, the limits associated with ther-
mal effects and transverse amplified spontaneous emission can be overcome by the EDP-TD 
combination, enabling Ti:Sa laser systems to have a petawatt peak power and hundreds Hz 
repetition rates or kWs of average power.
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Abstract

Femtosecond Kerr-lens mode-locked thin-disk oscillators constitute a peak- and average
power scalable oscillator concept. Over last several years, they were developed directly to
provide unprecedentedly high average and peak power levels of more than 200 W and
more than 50 MW, respectively—the parameter range of more complex amplification
systems. These developments were accompanied by many challenges, including the initi-
ation of mode-locking, thermal lensing and the oscillator stability. These challenges were
successfully overcome, resulting in a better understanding of power scaling of this tech-
nology. We offer an overview over these diverse aspects and show that this technology has
a very bright future not only for further power scaling but also in terms of applications. In
particular, this type of oscillator can enable a novel class of compact, table-top powerful
extreme-ultraviolet and infrared radiation sources paving the way towards new spectro-
scopic applications.

Keywords: solid state lasers, femtosecond, thin disk, power scaling, diode pumped

1. Introduction

Femtosecond lasers can be classified in terms of output parameters such as pulse duration,
repetition rate, average power, peak power, carrier envelope phase stability (CEP), intensity
noise and long-term stability. Depending on the application, only a few parameters out of that
list can be interesting. The choice of a certain laser or oscillator technology is usually driven by
applications and, ultimately, the users and the market will define which technology is beneficial
for which application. However, before a certain technology is commercially pursued, researches
invest many efforts in demonstrating its potential for diverse applications. This is currently
happening to the thin-disk (TD) oscillators. Meanwhile, technologies like femtosecond slab

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78620

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[29] Joyce D et al. Ti:sapphire laser crystals reach 200 mm diameter. Laser Focus World. 
2010;46(3):37

[30] Chu Y et al. High-energy large-aperture Ti:sapphire amplifier for 5 PW laser pulses. 
Optics Letters. 2015;40(21):5011

[31] Yanovsky V et al. Ultra-high intensity-300-TW laser at 0.1 Hz repetition rate. Optics 
Express. 2008;16:2109

[32] Sung JH, Lee SK, Lee HW, Yoo JY, Nam CH. Development of 0.1 Hz 4.0 PW laser at 
CoReLS. In: Conference on Lasers and Electro-Optics, OSA Technical Digest (2016) 
(Optical Society of America, 2016), paper SM1M.3

[33] Chvykov V et al. Final EDP Ti:Sapphire amplifiers for ELI project. Proceedings of SPIE. 
2015;9515 OJ. DOI: 10.1117/12.2182319

[34] Kalashnikov M et al. Polarization-encoded chirped pulse amplification in Ti:sapphire: A 
way toward few-cycle petawatt lasers. Optics Letters. 2016;41(1):25

[35] Claude Rolland, Corkum PB. Compression of high-power optical pulses. Journal of the 
Optical Society of America B. 1988;5:641

[36] Mevel E et al. Multielectron ionization processes in ultrastrong laser fields. Journal of the 
Optical Society of America B. 2003;20:105

[37] Chvykov V et al. Compression of ultra-high power laser pulses. CLEO-Proceeding. 2010: 
JThG4

[38] Mourou G et al. Single cycle thin film compressor opening the door to zeptosecond-
exawatt physics. The European Physical Journal Special Topics. 2014;223(6):1181

[39] Chvykov V et al. Design of a thin disk amplifier with extraction during pumping for 
high peak and average power Ti:Sa systems (EDP-TD). Optics Express. 2016;24(4):3721

[40] Negel J, et al. 1.1 kW average output power from a thin-disk multipass amplifier for 
ultrashort laser pulses. Optics Letters. 2013;38:5442

[41] Chvykov V et al. High peak and average power Ti:sapphire thin disk amplifier with 
extraction during pumping. Optics Letters. 2016;41(13):3017

[42] Bahk S et al. Generation and characterization of the highest laser intensities 1022 W/cm2. 
Optics Letters. 2004;29:2837

[43] Nadymihaly R et al. Liquid-cooled Ti:Sapphire thin disk amplifiers for high average 
power 100-TW systems. Optics Express. 2017;25(6):6664

High Power Laser Systems90

Chapter 5

Kerr-Lens Mode-Locked High-Power Thin-Disk
Oscillators

Oleg Pronin and Jonathan Brons

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78620

Provisional chapter

Kerr-Lens Mode-Locked High-Power Thin-Disk
Oscillators

Oleg Pronin and Jonathan Brons

Additional information is available at the end of the chapter

Abstract

Femtosecond Kerr-lens mode-locked thin-disk oscillators constitute a peak- and average
power scalable oscillator concept. Over last several years, they were developed directly to
provide unprecedentedly high average and peak power levels of more than 200 W and
more than 50 MW, respectively—the parameter range of more complex amplification
systems. These developments were accompanied by many challenges, including the initi-
ation of mode-locking, thermal lensing and the oscillator stability. These challenges were
successfully overcome, resulting in a better understanding of power scaling of this tech-
nology. We offer an overview over these diverse aspects and show that this technology has
a very bright future not only for further power scaling but also in terms of applications. In
particular, this type of oscillator can enable a novel class of compact, table-top powerful
extreme-ultraviolet and infrared radiation sources paving the way towards new spectro-
scopic applications.

Keywords: solid state lasers, femtosecond, thin disk, power scaling, diode pumped

1. Introduction

Femtosecond lasers can be classified in terms of output parameters such as pulse duration,
repetition rate, average power, peak power, carrier envelope phase stability (CEP), intensity
noise and long-term stability. Depending on the application, only a few parameters out of that
list can be interesting. The choice of a certain laser or oscillator technology is usually driven by
applications and, ultimately, the users and the market will define which technology is beneficial
for which application. However, before a certain technology is commercially pursued, researches
invest many efforts in demonstrating its potential for diverse applications. This is currently
happening to the thin-disk (TD) oscillators. Meanwhile, technologies like femtosecond slab

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78620

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



amplifiers [1] and fiber amplifiers [2] operating in the MHz repetition rate range have become
commercially available and are already on the way to facilitating real applications. Compared to
amplifiers, thin-disk oscillators are more compact and simple alternatives with some characteris-
tics, which can be superior to amplifiers.

Originally, the authors’ motivation was to pursue research applications in two far separated
spectral ranges: extreme ultraviolet (XUV) and middle infrared radiation (MIR). Ideally, the
laser sources described here would provide access to both broadband radiation in the XUV, the
deep UV range 13–200 nm and broadband radiation in the infrared range 3–30 μm. Due to the
intrinsic simplicity and compactness of thin-disk oscillators, these sources would serve as
table-top alternatives to synchrotron beamlines [11, 12]. Moreover, this broadband radiation
can be turned into frequency combs [13, 14] with some additional stabilization efforts [5] or
even into a table-top attosecond pulse source [15, 16]. Consequently, direct frequency comb or
dual frequency comb spectroscopy in the XUV and MIR regions would be advanced signifi-
cantly with respect to the current state of the art. In addition, these sources can be transport-
able and would thus benefit more experiments and collaborations in the research community.

Rapid progress in the development of Yb-doped lasers was mainly supported by the availabil-
ity of inexpensive pump sources, namely InGaAs diodes [17]. The price of these pump diodes
has kept on decreasing over the last years due to increasing demand in industrial applications.
Considering the current price of pump laser diodes, even moderate optical to optical efficien-
cies of femtosecond oscillators are not of a serious concern, especially for applications in
research. The invention of Kerr-lens mode-locking [18] in combination with Ti:Sapphire (Ti:
SA) [19] as gain-material had profound impact on applications both within and outside of
research. When taking a closer look into the progress made in Ti:Sa and Yb:YAG, thin-disk
oscillators one can conclude that the Yb-based TD oscillators resemble the technological evo-
lution of the Ti:Sa oscillators. The main advantage of Yb-based TD technology is its peak and
average power scalability with the access to relatively cheap pump diode sources. However,
the Ti:Sa gain medium is uniquely broadband and delivers light in the visible range being
hardly accessible to Yb-based gain media. Thus, Yb-based TD technology cannot completely
substitute the Ti:Sa technology, especially in applications where no high average powers are
required. Moreover, as soon as direct diode pumping of Ti:Sa oscillators will settle as the
routine pumping scheme, a next competition round is to be expected between Yb-based and
solid-state Ti:Sa oscillators, especially in the low average power regime. For those applications
requiring XUV and MIR radiation, the intrinsic scalability of the thin-disk concept is of crucial
importance. For instance, conversion efficiencies from a 1 μm driving source into the XUV
hardly exceed 10�5 [20] and 10�3 into the MIR, when simple intra-pulse difference frequency
generation is considered [21]. Thus, reasonable average powers in the mW-W range which are
necessary for spectroscopy applications can be obtained by using very high average powers of
the driving laser, on the order of 100–1000 W. It should be mentioned that femtosecond
enhancement cavities [22–24] represent another type of technology well suitable for XUV
generation experiments. So far, only by means of this relatively complex technology, direct
XUV frequency comb spectroscopy was demonstrated [25] and highest average powers were
achieved.

High Power Laser Systems92

We consider femtosecond oscillators delivering average powers >100W, pulse durations on the
order of 200 fs and repetition rates of a few tens of MHz (see summary Table 1 on various
oscillators). These parameters are obtained directly from oscillators without the involvement of
any type of external amplification. From this perspective, thin-disk oscillators represent a
separate class of lasers uniquely combining high peak and high average powers. Their main
features are the amplification free nature, low noise and relative compactness. Further-on in
the text, we focus only on this type of technology and omit any type of amplifiers or enhance-
ment cavities.

The first mode-locked Yb:YAG thin-disk oscillator was demonstrated in the group of Prof.
Keller [27] in 2000. That paper essentially merged two available technologies: the thin-disk and
Semiconductor Saturable Absorber Mirrors (SESAM). The same group advanced this technol-
ogy during the next decade and established many records in terms of peak power, pulse
energy [28] and average power [29] directly obtained from femtosecond oscillators. Also other
groups pushed these limits [30, 31] and investigated different gain materials and dispersion
regimes [32]. However, the obvious merge of the Kerr-lens mode-locking (KLM) technique
with the TD technology was not demonstrated till 2012 [33]. Although the basic idea of
merging these two technologies was patented in 1999 [34], the experimental attempts to realize
it were unsuccessful according to [35]. In 2012, the merging of KLM and TD technology was
successfully demonstrated in our group [33]. This first encouraging experiment motivated us
to proceed further in this direction. Over the last 5 years, numerous TD KLM oscillators were
developed with other groups also joining this activity [36–38]. The oscillators developed in our
group are summarized in Table 1 and are also shown as red dots in Figure 1. Additionally, the
rapid evolution of TD KLM oscillators is shown in Figure 2b.

Pavg, W Ep, μJ frep, MHz τp, fs P, MW Pavg, W
(compressed)

τp, fs
(compressed)

Application Status

40 3 13 300 9 Seed oscillator In use [3]

90 0.9 100 250 3.5 >50 20 MIR generation In use [4]

42 1.1 38 250 4.2 6 (10) 7.7 (10) MIR generation In use [5, 6]

270 14 19 330 37.8 Development itself Not in use [7]

155 10 15.5 140 63 130 30 XUV generation,
Raman spectroscopy

In use [8]

10 (3.5) 0.7 (0.4) 100–200 70 (47) 0.6 Development itself In use [9]

100 4.1 24 190 19.3 65 30 Commercial system In use [10]

All oscillators use Yb:YAG as a gain medium. Most of the oscillators are successfully operating in the laboratories with the
parameter sets originally published.

Table 1. Summary table of the KLM thin-disk oscillators developed at MPQ, LMU and UFI GmbH from 2012 till 2017.
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Figure 1. Summary of diverse femtosecond thin-disk oscillators adopted from [26]. More details including the references
can be found in [26].

Figure 2. (a) Four key elements: thin-disk technology, dispersive mirrors, Kerr-lens mode-locking and geometrical energy
scaling concept form femtosecond thin-disk oscillator technology described and (b) graphical representation of the rapid
thin-disk KLM oscillator development in our group.
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2. Kerr-lens mode-locking principle

The refractive index n of a material depends on the incident electric field intensity. A Gauss-
ian intensity distribution causes an increase of the refractive index in the central part of the
beam relative to its outer regions therefore forming a nonlinear lens. The higher the light
intensity, the stronger the action of such a lens. The lens becomes stronger for smaller beam
radii ω and media with higher nonlinear refractive index n2. Self-focusing occurs for a high-
intensity, pulsed laser-beam (red, Figure 3) and reduces losses due to the hard aperture
blocking the continuous wave (CW) beam of lower intensity. In a resonator-cavity, this
mechanism initiates mode-locking and acts as an artificial saturable absorber. Catastrophic
run away damage can happen when a critical power is reached and the length of the
medium exceeds the self-focusing length. The first oscillator working on the KLM principle
was discovered by Spence et al. [18] and referred to as self-mode-locking or magic mode-
locking. Piche [39] explained the mode-locking mechanism on the basis of self-focusing and
only a few authors recognized the potential of the self-focusing effect for mode-locking before
the invention of KLM [40, 41]. Since that time, KLM established itself as the method of choice
for ultrashort-pulse generation and numerous studies were done on resonator design, theo-
retical numerical and analytical description of KLM and experiments on ultrashort pulse
generation. Mostly, experiments were performed with the Ti:Sa gain medium, which has
several outstanding features: an extremely broad gain bandwidth, short upper-state lifetime
as well as high thermal conductivity [19]. Understanding that shortest possible pulses can
only be obtained when nonlinearities and dispersion are balanced to form so-called soliton
pulses [42, 43] preceded the invention of KLM. However, this technique constituted the
decisive building-block to enable robust, usable solid-state femtosecond oscillators. With
Kerr-lens mode-locked solitonic Ti:Sa oscillators up to several 100 mW average power and
up to MW-level peak-power were realized with pulse durations approaching few optical
cycles, all in a compact, reliable setup that was superior to the old dye-based technology.
This ensured its worldwide adoption in many optical laboratories and nearly immediate
commercialization.

Figure 3. Basic principle of KLM. Self-focusing occurs for a high-intensity beam (red) and reduces the losses due to a hard
aperture (two black knifes) blocking the low-intensity (CW) beam. This mechanism initiates mode-locking and acts as an
artificial saturable absorber.
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3. Power scaling in KLM oscillators

For power scaling of soliton mode-locked oscillators both the nonlinear and the thermal
instabilities need to be considered. A thin-disk gain medium is in both cases an ideal solution.
The predominantly one-dimensional heat flow within the thin gain medium minimizes ther-
mal lensing and the low peak intensities in the large but thin disk minimize the nonlinear phase
shift. Unlike the usual bulk KLM oscillators [44], high power thin-disk KLM oscillators require
that the role of the gain and Kerr-medium are separated to distinct intra-cavity elements. This
way it is possible to keep the mode size on the thin-disk large and to tune the nonlinear phase
shift nearly independently by means of an additional Kerr-medium (see Figure 4a).

3.1. Average power scaling

One of the crucial advantages of KLM compared to semiconductor saturable absorbers is
nearly negligible linear and nonlinear absorption inside of a dielectric Kerr-medium. SESAMs
normally exhibit non-saturable losses and multiphoton absorption [45]. Such low absorption

Figure 4. (a) Oscillator sketch. TD: thin-disk; OC: output-coupler; HD: highly dispersive mirrors; F1,2: focusing mirrors;
KM: Kerr-medium; HA: hard aperture and (b) a photo of a 100 W-level thin-disk oscillator in a compact monolithic
aluminum housing. Photo credit: Kilian Fritsch.
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losses are essential for average power and peak power scaling. Thus, in 2014, quickly after the
first demonstration of thin-disk KLM [33] up to 270 W average power from a KLM thin-disk
laser were demonstrated [7] (also see Figure 2b). The utilized thin-disk technology remains the
key component for high average power operation for both Kerr-lens and SESAM mode-
locking techniques. While the first demonstrator of a KLM thin-disk oscillator [33] relied on a
copper mounted thin-disk the record performances approaching 300 W output were achieved
with a thin-disk contacted to a diamond heat sink [7]. The superior heat-conductivity of
diamond in combination with a suitable contacting technique [46] allow both larger pump
intensities as well as thinner disks to be used which helps to reduce thermal lensing and
aspherical aberrations [47].

Another important aspect is thermal lenses in the oscillator elements. KLM oscillators require
an increased sensitivity to the Kerr-lens to initiate mode-locking and retain a strong self-
amplitude modulation (SAM) effect. This higher sensitivity is achieved by adjusting the reso-
nator close to the edge of stability [48, 49] where, however, not only the sensitivity to the Kerr-
lens but also to any thermal lens inside the resonator is increased. In particular, the Kerr-
medium material has a very pronounced influence on the oscillator behavior. For intra-cavity
average power levels larger than 500 W, the use of fused silica plates is difficult at best,
exhibiting strong thermal lensing. This is observable, e.g., by shifting the Kerr-medium under
CW irradiation along the beam-axis and monitoring the mode-size change. Suitable alterna-
tives are found in sapphire (46 Wm�1 K�1 [50]), crystalline quartz (10 Wm�1 K�1 [50]) or YAG
(13 W m�1 K�1 [50]) materials, all having a significantly higher thermal conductivity than
fused silica (1.4 W m�1 K�1). With a sapphire Kerr-plate more than 1.2 kW, stable average
power could be demonstrated inside the KLM oscillator.

Furthermore, highly dispersive mirrors were found to exhibit additional thermal lensing and
to prevent average power scaling [47, 51, 52]. However, after a few attempts in manufacturing
of those mirrors, it was possible to identify a multilayer design showing no thermal effects and
still providing significant dispersion levels around �3000 fs2 within 10 nm spectral bandwidth
[53]. Another thermal lens suppression method implies the use of substrates with higher
thermal conductivity and (or) lower thermal expansion coefficients [54, 55].

3.2. Peak power scaling: general aspects

The pulses traveling inside the KLM oscillator cannot take on arbitrary pulse energy E and
width T but have to obey the well known soliton propagation law. It is assumed that soliton
mode-locking is stable at a certain peak power level P0 [56] then

T ¼
ffiffiffiffiffiffiffiffi
∣β2∣
γP0

s
(1)

with the group delay dispersion (GDD) β2 and the nonlinear self-phase modulation (SPM)
coefficient γ. The pulse can retain its shape when the frequency chirp due to SPM is canceled
by (anomalous) dispersion of opposite sign. Pulses with a peak-power smaller or larger than
P0 do not meet this condition. If the peak-power is too small, the pulses are dispersed and if it
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losses are essential for average power and peak power scaling. Thus, in 2014, quickly after the
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locking techniques. While the first demonstrator of a KLM thin-disk oscillator [33] relied on a
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with a thin-disk contacted to a diamond heat sink [7]. The superior heat-conductivity of
diamond in combination with a suitable contacting technique [46] allow both larger pump
intensities as well as thinner disks to be used which helps to reduce thermal lensing and
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amplitude modulation (SAM) effect. This higher sensitivity is achieved by adjusting the reso-
nator close to the edge of stability [48, 49] where, however, not only the sensitivity to the Kerr-
lens but also to any thermal lens inside the resonator is increased. In particular, the Kerr-
medium material has a very pronounced influence on the oscillator behavior. For intra-cavity
average power levels larger than 500 W, the use of fused silica plates is difficult at best,
exhibiting strong thermal lensing. This is observable, e.g., by shifting the Kerr-medium under
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(13 W m�1 K�1 [50]) materials, all having a significantly higher thermal conductivity than
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power could be demonstrated inside the KLM oscillator.

Furthermore, highly dispersive mirrors were found to exhibit additional thermal lensing and
to prevent average power scaling [47, 51, 52]. However, after a few attempts in manufacturing
of those mirrors, it was possible to identify a multilayer design showing no thermal effects and
still providing significant dispersion levels around �3000 fs2 within 10 nm spectral bandwidth
[53]. Another thermal lens suppression method implies the use of substrates with higher
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The pulses traveling inside the KLM oscillator cannot take on arbitrary pulse energy E and
width T but have to obey the well known soliton propagation law. It is assumed that soliton
mode-locking is stable at a certain peak power level P0 [56] then
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is too high, several instabilities can occur. Commonly observed instabilities are the splitting
into two or more pulses per roundtrip period or the appearance of additional CW-background
radiation. This equation describes well the case not only when pulses travel in lossless media
such as fibers or a passive resonator but also catches the dilemma of power-scaling in mode-
locked oscillators.

The pulse energy of a soliton can be increased, e.g., by introducing larger values of the GDD.
New coating methods allow introducing GDD on the order of 100,000 fs2 with highly disper-
sive mirrors [7, 30, 57]. However, the larger chirp from the strong dispersion is automatically
compensated by a pulse-duration growth that leaves the peak power constant. This way
highest pulse energies were generated and extracted from SESAM mode-locked oscillators at
the expense of longer pulses [28, 30].

The second important variable in Eq. (1) is the reduction of the SPM parameter which depends
on the effective mode-area Aeff inside the oscillator elements of thickness d and nonlinear
refractive index n2. Interestingly, a contribution of air to the SPM parameter cannot be
neglected anymore at a certain intra-cavity peak power and cavity length.

γ∝
d n2
Aeff

(2)

A decrease of γ is therefore directly coupled to the resonator geometry, regardless of whether
SESAM or a Kerr-lens is used for mode-locking. The thin-disk gain medium favors large beam
areas and short crystal lengths for average power scaling which implies also the minimization
of the SPM-coefficient γ. Most state of the art, mode-locked thin-disk lasers are operated in a
vacuum or reduced pressure environment to further decrease γ [8, 28, 36]. SESAM mode-
locked oscillators are especially sensitive to SPM since their modulation-depth and -speed is
intrinsically limited for high-power operation. Current limitations to power scaling in such
oscillators are assumed to originate partly from the residual nonlinearity in the mirror coatings
[45]. KLM oscillators on the other hand appear to have a much higher tolerance to nonlinear
phase shifts being attributed to the achievable large modulation depth as well as the near
instantaneous response time of the Kerr-nonlinearity. Thus, fairly large peak-powers can be
generated even under normal atmosphere [7].

3.3. Geometrical approach to peak power scaling

Increasing the peak-power in KLM oscillators appears straightforward using a geometrical
approach. A fair assumption is that the main contribution to the pulse nonlinear phase shift
originates from the interaction in the Kerr-medium. Therefore, in an oscillator where all
parameters such as dispersion, self-amplitude modulation, losses, pulse duration, etc. are fixed
and only the mode area in the Kerr-medium is increased, the peak power should increase
linearly with Aeff . This is not in contradiction with the soliton condition as stated in Eq. (1). The
Kerr-medium is located in the beam waist of a focusing arrangement as seen in Figure 4. The
mode radius wkerr in the Kerr-medium is linearly dependent on the curvature radius R1,2 of the
focusing arrangement mirrors F1 and F2. Therefore, varying R1,2 by a factor N, one would
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expect to increase the peak power favorably by the factor N2. A necessary condition for this is
that SAM also stays constant. This condition, however, is not necessarily fulfilled. Unfortu-
nately, the decisive SAM parameters of a certain KLM resonator such as modulation-depth or
saturation-power are not easily measurable and even simulations appear challenging due to
the coupling between temporal and spatial extent of the pulses. The dependence of SAM on
the resonator geometry therefore gives an experimentally observed deviation from the initially
expected, quadratic scaling of the peak power.

The geometrical power scaling concept was applied experimentally as published in earlier
work of the authors [7, 8]. The KLM oscillators were operated in air both under normal and
reduced pressure environments. For the scaling experiments in work [7], all parameters except
the pump power were kept constant. Four passes of the laser mode through the Yb:YAG thin-
disk (TRUMPF Laser GmbH) per roundtrip allowed to couple out large fractions of the intra-
cavity power (21% transmission of the output coupler). The mode size inside the 1 mm thick
sapphire Kerr-plate was varied by successively exchanging the mirrors F1,2 to have R1,2 rang-
ing from 300 to 900 mm. The resulting peak power increased proportionally to R1,2. These
results are summarized in Figure 5.

As described previously, the soliton peak-power is fairly invariant under a change of the intra-
cavity GDD. However, the changes in pulse energy and duration can be substantial and give
flexibility in the design parameters. This is demonstrated in Figure 5b, where the GDD in the
thin-disk KLM oscillator was varied from �18,000 to �48,000 fs2 by exchanging dispersive

Figure 5. (a) Summary of the data from the geometrical KLM power-scaling approach. The waist radius in the Kerr-
medium, growing with R1,2, is approximated from ABCD-matrix calculations and (b) experimental example of intra
cavity peak power and pulse duration when the total oscillator second order anomalous dispersion (GDD) is increased.
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mirrors. In particular example, the intra-cavity pulse energy increased from 32 to 57 μJ while
the pulse duration also increased from 210 to 330 fs showing little effect on the peak power.

Soliton mode locking with strong self-phase modulation allows the direct generation of pulses
approaching the spectral gain bandwidth of the laser-medium. SPM plays a key role in
replenishing those spectral components of the pulse which do not see sufficient net amplifica-
tion from the gain emission spectrum. A reasonably small value of the intra-cavity dispersion
as well as a strong self-amplitude modulation is necessary to reach this regime. In a KLM
oscillator combining a fairly low roundtrip GDD of �12,000 fs2 as well as a sapphire plate of
5 mm thickness, 140 fs pulses could be generated with a high optical-to-optical efficiency of
29%. The oscillator operated with a focusing section incorporating mirrors R1,2 with 2 m
curvature. This allowed an intra-cavity peak-power level of more than 400 MW with more
than 60 MWoutput peak power. These results are in a good agreement with the linear power-
scaling curve in Figure 5a.

The SAM is quite sensitive to the position of the Kerr-medium within the focus of F1,2.
Simulations show that mostly the saturation power is affected which intuitively follows from
the change of intensity in the medium. Data taken for a Kerr-medium being translated through
the focus are displayed in Figure 6. It is evident that both the spectral bandwidth and the peak-
power increase while the Kerr-medium position is shifted out of the focus. A factor of nearly 2
could thus be gained in intra-cavity peak-power, from near 200 MW to more than 400 MW.
Beyond this point mode-locking could not be observed.

3.4. Influence of atmosphere

The relatively short (� 5 m) KLM oscillators with R1,2 up to 1 m are fairly insensitive to
pressure changes of the encompassing air and most of the nonlinear phase-shift is acquired in
the Kerr-medium. The increase of Rayleigh distance for weaker focusing (longer R1,2) leads to

Figure 6. (a) Spectral broadening and spectral shift for different Kerr-medium positions with respect to the focus and (b)
intra-cavity peak power for different Kerr-medium positions. The saturation-power of the SAM is also estimated from
ABCD-calculations and plotted.

High Power Laser Systems100

the increase of nonlinear phase acquired in gas. Thus, the contribution of air relative to that
from the bulk Kerr-medium becomes significant. This is potentially harmful as (i) the pulse-
stability becomes more dependent on air-fluctuations due to the coupling to SAM and SPM (ii)
the oscillator SAM cannot be optimized independently anymore by positioning of the Kerr-
medium as the atmosphere begins contributing to the mode-shaping.

This effect can only be counteracted by evacuating or decreasing the pressure of the atmo-
sphere in the oscillator. A rough estimation of the fractional contribution of the bulk Kerr-
medium to total nonlinear phase-shift, depending on waist-size of the cavity-mode and differ-
ent pressure levels is depicted in Figure 7.

For these reasons, it was necessary to reduce the atmospheric pressure in the oscillator from [8]
to about 150 mbar for stable operation whereas the effect of evacuation proved negligible in
the short-R1,2 oscillators [7]. The total nonlinear phase-shift acquired in the reduced-pressure
oscillator with R1,2 being 2 m was approximately 0.6 rad. In that case, the contribution of air to
the total nonlinear phase-shift can be estimated to stay favorably below 10%.

Although the geometrical peak power scaling concept described here exhibits a seemingly
linear dependence of the intra-cavity peak-power on the mode size in the Kerr-medium, it is
very interesting to further verify this dependence for even larger mode sizes and higher intra-
cavity peak powers.

Figure 7. Estimated contribution of the Kerr-plate to the total nonlinearity γ, originating from both the solid Kerr-plate
and the air inside the oscillator. It is plotted for different air-pressures.
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the increase of nonlinear phase acquired in gas. Thus, the contribution of air relative to that
from the bulk Kerr-medium becomes significant. This is potentially harmful as (i) the pulse-
stability becomes more dependent on air-fluctuations due to the coupling to SAM and SPM (ii)
the oscillator SAM cannot be optimized independently anymore by positioning of the Kerr-
medium as the atmosphere begins contributing to the mode-shaping.
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3.5. Intensity noise and CEP stabilization

Since power-fluctuations can be enhanced in nonlinear processes like SPM, high-harmonic
generation, difference frequency generation or optical parametric amplification it is necessary
that the pulses generated from the oscillator are as noiseless as possible. It is not obvious that
high-power oscillators, especially those with long cavities, can be as silent as usual low power
bulk KLM oscillators. Concerns were also raised by some that high-power KLM oscillators
would also suffer from instabilities since the initiation of mode-locking requires a setup close
to the cavity stability limit. State of the art KLM thin-disk oscillators deliver more than 100 W
average power and, thus, are by two orders of magnitude more powerful than usual KLM bulk
oscillators. For instance, the oscillator described in the previous section [8] delivers 150 W
average and 60 MW peak power.

The intensity noise of this oscillator was characterized (see Figure 8). Measurement of the laser
output with an RF-signal analyzer reveals that nearly all of the noise is generated in the low-
frequency band below 10 kHz. This can be attributed to both technical noise such as water-
cooling, pump-source or air-turbulences as well as gain-relaxation dynamics. The latter lies in the
lower kHz range due to the approximately 1 ms upper state lifetime of Yb:YAG. An intensity
noise of 0.3% rms deviation in the 1 Hz–1 MHz window is typical for KLM thin-disk oscillators.
At slightly reduced power levels even better values can be measured on a daily basis. These
intensity-noise values are comparable to commercial Ti:Sapphire oscillators and promise good
results for CEP stabilization of high peak and average power thin-disk oscillators.

Many advanced scientific applications such as high precision spectroscopy in the XUV-VUV
range or attosecond pulse generation require the lasers to be CEP stabilized. Obviously, the
demonstration of CEP stabilization of femtosecond thin-disk oscillators is an important step
towards enabling these applications with a compact, transportable thin-disk oscillator source.
Moreover, a low intensity noise is a critically important prerequisite for the CEP stabilization
demonstration. The first carrier envelope offset frequency stabilization of a femtosecond thin-
disk oscillator was demonstrated with a KLM thin-disk oscillator providing a remarkably high
average power of 45 W and a peak power over 4 MW [58]. A similar demonstration followed
with a SESAM mode-locked thin-disk oscillator, providing a moderate output power of only

Figure 8. (a) RF signal around the repetition rate of the oscillator with 60 MW output peak power. Small sidebands are
visible more than 75 dB below the signal and (b) low-frequency noise performance.
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2.1 W [59]. So far, CEP stabilization of high average and peak power oscillators was demon-
strated only for KLM thin-disk oscillators resulting in sub-300 mrad out-of-loop noise and
output average powers in the 40–50 W range. This was achieved by implementing two CEP
control methods, namely intra-cavity loss control by means of an acousto-optic modulator
(AOM) [5] and pump-diode control by means of dual-wavelength pumping [60]. Very recently,
a new intra-cavity loss modulation approach comprised of an AOM simultaneously acting as a
Kerr-medium was implemented [61]. This resulted in the highest average power CEP stabi-
lized laser delivering over 100 W output power and over 30 MW peak power. This approach
seems to be scalable by at least an order of magnitude in terms of peak power making it a
method of choice for the next-generation CEP-stabilized KLM thin-disk oscillators.

4. Discussion

4.1. Further power scaling opportunities

Even though the geometrical scaling-procedure enables near 100 MW pulses directly from
KLM oscillators, it relies on a substantial intra-cavity peak- and average power increase. This
raises the demands on the coating damage thresholds during stressful events such as the
transition to mode locking. The elevated intra-cavity average powers of more than 1 kW also
require careful selection of the utilized materials to prevent thermal lensing instabilities.
Complementary to the intra-cavity power-scaling, it is possible to boost the oscillator output
by enlarging the output-coupling ratio. This concept has been realized with a mode-locked
thin-disk oscillator in [62] for the first time using an imaging multi-pass configuration. Up to
72% of the circulating power were extracted from the SESAM mode-locked oscillator in [30]
resulting in 145 W average power output while the intra-cavity value was only 200 W. The
short interaction length in the thin disk cannot replenish such high power-loss during a single
roundtrip which needs to be overcome by an increased number of beam-passes through the
disk, e.g., with an imaging multi-pass cell (20 passes realized in [30]).

The number of disk passes cannot be made arbitrarily high, however, since any thermal lens in
the disk is accumulated, giving rise to a narrowing of the cavity-stability zones with respect to
the pump power. While this effect has obviously not hindered comprehensive implementation
in an oscillator-cavity working at the center of the stability-zone [30], it is not as obvious that
the same can be done for KLM-cavities that are more sensitive to the presence of thermal
lenses. However, recently a first demonstration of this multi-pass concept in a thin-disk KLM
oscillator was realized with six double passes through the thin disk per round-trip resulting in
130 W average and 20 MW peak output power [63]. With respect to a reference oscillator, the
peak power did not drop when increasing the output-coupling ratio to 30%, rendering it an
encouraging result towards scaling the output coupling ratio to 50%.

4.2. Positive dispersion regime

All oscillators presented (see Table 1) were mode locked in the anomalous dispersion regime
providing bandwidth limited, unchirped pulses with a well behaved temporal phase.
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3.5. Intensity noise and CEP stabilization

Since power-fluctuations can be enhanced in nonlinear processes like SPM, high-harmonic
generation, difference frequency generation or optical parametric amplification it is necessary
that the pulses generated from the oscillator are as noiseless as possible. It is not obvious that
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bulk KLM oscillators. Concerns were also raised by some that high-power KLM oscillators
would also suffer from instabilities since the initiation of mode-locking requires a setup close
to the cavity stability limit. State of the art KLM thin-disk oscillators deliver more than 100 W
average power and, thus, are by two orders of magnitude more powerful than usual KLM bulk
oscillators. For instance, the oscillator described in the previous section [8] delivers 150 W
average and 60 MW peak power.

The intensity noise of this oscillator was characterized (see Figure 8). Measurement of the laser
output with an RF-signal analyzer reveals that nearly all of the noise is generated in the low-
frequency band below 10 kHz. This can be attributed to both technical noise such as water-
cooling, pump-source or air-turbulences as well as gain-relaxation dynamics. The latter lies in the
lower kHz range due to the approximately 1 ms upper state lifetime of Yb:YAG. An intensity
noise of 0.3% rms deviation in the 1 Hz–1 MHz window is typical for KLM thin-disk oscillators.
At slightly reduced power levels even better values can be measured on a daily basis. These
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towards enabling these applications with a compact, transportable thin-disk oscillator source.
Moreover, a low intensity noise is a critically important prerequisite for the CEP stabilization
demonstration. The first carrier envelope offset frequency stabilization of a femtosecond thin-
disk oscillator was demonstrated with a KLM thin-disk oscillator providing a remarkably high
average power of 45 W and a peak power over 4 MW [58]. A similar demonstration followed
with a SESAM mode-locked thin-disk oscillator, providing a moderate output power of only

Figure 8. (a) RF signal around the repetition rate of the oscillator with 60 MW output peak power. Small sidebands are
visible more than 75 dB below the signal and (b) low-frequency noise performance.
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2.1 W [59]. So far, CEP stabilization of high average and peak power oscillators was demon-
strated only for KLM thin-disk oscillators resulting in sub-300 mrad out-of-loop noise and
output average powers in the 40–50 W range. This was achieved by implementing two CEP
control methods, namely intra-cavity loss control by means of an acousto-optic modulator
(AOM) [5] and pump-diode control by means of dual-wavelength pumping [60]. Very recently,
a new intra-cavity loss modulation approach comprised of an AOM simultaneously acting as a
Kerr-medium was implemented [61]. This resulted in the highest average power CEP stabi-
lized laser delivering over 100 W output power and over 30 MW peak power. This approach
seems to be scalable by at least an order of magnitude in terms of peak power making it a
method of choice for the next-generation CEP-stabilized KLM thin-disk oscillators.

4. Discussion
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Even though the geometrical scaling-procedure enables near 100 MW pulses directly from
KLM oscillators, it relies on a substantial intra-cavity peak- and average power increase. This
raises the demands on the coating damage thresholds during stressful events such as the
transition to mode locking. The elevated intra-cavity average powers of more than 1 kW also
require careful selection of the utilized materials to prevent thermal lensing instabilities.
Complementary to the intra-cavity power-scaling, it is possible to boost the oscillator output
by enlarging the output-coupling ratio. This concept has been realized with a mode-locked
thin-disk oscillator in [62] for the first time using an imaging multi-pass configuration. Up to
72% of the circulating power were extracted from the SESAM mode-locked oscillator in [30]
resulting in 145 W average power output while the intra-cavity value was only 200 W. The
short interaction length in the thin disk cannot replenish such high power-loss during a single
roundtrip which needs to be overcome by an increased number of beam-passes through the
disk, e.g., with an imaging multi-pass cell (20 passes realized in [30]).

The number of disk passes cannot be made arbitrarily high, however, since any thermal lens in
the disk is accumulated, giving rise to a narrowing of the cavity-stability zones with respect to
the pump power. While this effect has obviously not hindered comprehensive implementation
in an oscillator-cavity working at the center of the stability-zone [30], it is not as obvious that
the same can be done for KLM-cavities that are more sensitive to the presence of thermal
lenses. However, recently a first demonstration of this multi-pass concept in a thin-disk KLM
oscillator was realized with six double passes through the thin disk per round-trip resulting in
130 W average and 20 MW peak output power [63]. With respect to a reference oscillator, the
peak power did not drop when increasing the output-coupling ratio to 30%, rendering it an
encouraging result towards scaling the output coupling ratio to 50%.

4.2. Positive dispersion regime

All oscillators presented (see Table 1) were mode locked in the anomalous dispersion regime
providing bandwidth limited, unchirped pulses with a well behaved temporal phase.
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However, this implies high peak-intensities inside the oscillator cavity and therefore strong
nonlinear effects even in air. Other limitations might arise due to damage thresholds of the
intra-cavity optics because of the intra-cavity peak intensities approaching several 100
GW=cm2 and peak fluences up to several 10 mJ=cm2 or even higher during the pulse build-
up phase. Up to now, these high intensities have not posed the major limitation to thin-disk
KLM oscillators; however, this situation might change in the future when even higher peak
and average powers will be targeted, especially in combination with a compact resonator
design. Favorably low intensities can be provided by the pulse formation in the normal
dispersion regime (chirped-pulse regime) which was first investigated in Ti:Sa oscillators [64]
and is nowadays commonly employed to increase the pulse energies obtainable from fiber
oscillators [65]. The pulses that form inside such an oscillator are strongly chirped, resulting in
lower peak-powers at the same pulse-energy as compared to the solitons under anomalous
dispersion. In contrast to Eq. (1), these pulses theoretically scale better in pulse energy with

respect to the dispersion-compensation such that E∝ β
�� ��2 [66]. While in Ti:Sa oscillators, this

method of mode-locking allowed a major improvement in pulse energy [44, 67], the output
from Yb-based mode-locked thin-disk oscillators did not improve over the anomalous disper-
sion regime [32, 68]. One of the reasons is the relatively narrow emission bandwidth of Yb:
YAG and the necessity to introduce an additional spectral filter into the oscillator cavity. This
spectral filtering was not performed in the work [68] due to additional complexity, losses and
the high intra-cavity average power usually associated with thin-disk lasers. Moreover, no
practical demand for the realization of a stable chirped-pulse regime has arisen till today since
the limits of the anomalous dispersion regime in mode-locked thin-disk oscillators are not yet
explored. However, this situation was different for the Ti:Sa bulk oscillators. Although this
chirped-pulse regime appears attractive for power scaling and energy scaling [69], the down-
side seems an increased demand on the self-amplitude modulation to keep these pulses stable
and provide reliable pulse-build-up. Due to the difficulties associated with this reliable pulse-
build-up, the positive dispersion regime was not further investigated in thin-disk oscillators.
To date the highest peak-powers are obtained from solitonic oscillators working in the anom-
alous dispersion regime and this situation is unlikely to change until some technical limitations
associated with high intra-cavity average power and extremely low repetition rate (very long
resonator length) will approached.

5. Conclusion

In conclusion, further average power scaling of Kerr-lens mode-locked thin-disk oscillators
will have mainly technical limitations related to the thermal lensing in the dispersive mirrors.
This can be circumvented by implementing large beam sizes on the already available disper-
sive optics and substrates with high thermal conductivity. In principle, the TEM00 CW perfor-
mance of thin-disk lasers can serve as an upper limit for the average power scaling which
currently lies well above 1 kW [70].
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Peak power scaling of this technology is already facing the complications that are related to a
reduced air pressure environment, however, these can be to a large extend circumvented by the
implementation of the active multi-pass scheme and increased output coupling ratios. However,
this limitation is rather technical and does not set a fundamental limit towards output peak
powers in the GWrange. The geometrical energy scaling concept described in combination with
the intrinsic advantages of the KLM technique provides this peak power scalability nonetheless,
at the expense of reduced ambient pressure. A limitation that is more fundamental will be due to
the difficulties to initiate mode-locking. In other words, one single mode-locking element has to
support starting from nearly zero peak power inside of the oscillator while also needing to
provide stable mode-locked operation at intra-cavity peak powers exceeding �10 GW, thus,
covering a huge peak power range. These demands on starting and running stably are rather
contradictive, rendering this limitation intrinsic to all types of mode-locked oscillators.
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and average powers will be targeted, especially in combination with a compact resonator
design. Favorably low intensities can be provided by the pulse formation in the normal
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and is nowadays commonly employed to increase the pulse energies obtainable from fiber
oscillators [65]. The pulses that form inside such an oscillator are strongly chirped, resulting in
lower peak-powers at the same pulse-energy as compared to the solitons under anomalous
dispersion. In contrast to Eq. (1), these pulses theoretically scale better in pulse energy with
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method of mode-locking allowed a major improvement in pulse energy [44, 67], the output
from Yb-based mode-locked thin-disk oscillators did not improve over the anomalous disper-
sion regime [32, 68]. One of the reasons is the relatively narrow emission bandwidth of Yb:
YAG and the necessity to introduce an additional spectral filter into the oscillator cavity. This
spectral filtering was not performed in the work [68] due to additional complexity, losses and
the high intra-cavity average power usually associated with thin-disk lasers. Moreover, no
practical demand for the realization of a stable chirped-pulse regime has arisen till today since
the limits of the anomalous dispersion regime in mode-locked thin-disk oscillators are not yet
explored. However, this situation was different for the Ti:Sa bulk oscillators. Although this
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side seems an increased demand on the self-amplitude modulation to keep these pulses stable
and provide reliable pulse-build-up. Due to the difficulties associated with this reliable pulse-
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To date the highest peak-powers are obtained from solitonic oscillators working in the anom-
alous dispersion regime and this situation is unlikely to change until some technical limitations
associated with high intra-cavity average power and extremely low repetition rate (very long
resonator length) will approached.
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In conclusion, further average power scaling of Kerr-lens mode-locked thin-disk oscillators
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This can be circumvented by implementing large beam sizes on the already available disper-
sive optics and substrates with high thermal conductivity. In principle, the TEM00 CW perfor-
mance of thin-disk lasers can serve as an upper limit for the average power scaling which
currently lies well above 1 kW [70].
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the intrinsic advantages of the KLM technique provides this peak power scalability nonetheless,
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provide stable mode-locked operation at intra-cavity peak powers exceeding �10 GW, thus,
covering a huge peak power range. These demands on starting and running stably are rather
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Abstract

In recent years, mid-infrared (mid-IR) lasers have attracted a great interest over the 
world. During the development of mid-IR laser sources, the 2 μm Tm3+-doped fiber laser 
(TDFL) has played an important role for its specific emission wavelength between near-
IR and mid-IR. Its great potential applications include sensing, medical surgery, ranging, 
telecommunications, and pump sources for developing 3–5 μm laser systems. Though 
the continuous-wave (CW) output power of 2 μm TDFLs has been scaled to over 1000 W, 
high-pulse-energy ultrafast 2 μm TDFLs are still limited by nonlinear optical effects. In 
traditional soliton mode-locking, the pulse energy has an upper limit defined by the soli-
ton area theorem (or energy quantization principle). For improving the pulse energy of 
2 μm fiber lasers, dissipative soliton (DS) mode-locking may be one of the efficient solu-
tions. In this chapter, the current state of the art in high-energy ultrafast DS 2 μm TDFLs 
developed in our laboratory is reviewed, and the potential and prospect of this theme are 
analyzed. By introducing a new model, condensed-gain fiber mode-locking, we show 
that the soliton pulse energy of 2 μm TDFLs can be steadily scaled to over 10 nJ and vari-
ous soliton dynamics (harmonic mode-locking, soliton molecules, etc.) can be observed. 
Furthermore, DS mode-locking of TDFLs with one of the two-dimension-like materials 
(MoS2) is investigated.

Keywords: dissipative soliton, high pulse energy, Tm3+-doped fiber laser, mode-locking, 
ultrafast fiber laser

1. Introduction

In recent years, ultrafast 2 μm fiber lasers have attracted considerable attention around the 
world and have found extensive application in areas like LIDAR, surgical operation, molecule 
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spectroscopy, optical sensing, medical treatment, material processing, and nonlinear micros-
copy [1–8]. In application, ultrashort pulses are usually required to have high pulse energy, 
which is very important for both scientific and industrial aims. In addition, achieving high 
energy short pulses at various wavelengths is the persistent pursuit of laser scientists.

Compared to traditional solid-state lasers (SSLs), fiber lasers (FLs) are better candidates for 
generation of ultrashort laser pulses due to their advantages of compactness, robustness, and 
good laser beam quality. Conventionally, generation of short pulses from fiber systems is 
achieved by the soliton mode-locking mechanism. Various passive mode-locking techniques 
can be employed, including the nonlinear polarization rotation (NPR) [9, 10], the nonlinear 
loop mirror [11, 12], and the saturable absorber method [13, 14]. However, pulse energy of 
traditional solitons (with anomalous net cavity dispersion), which is based on the balance of 
dispersion and nonlinearity, is usually limited by the soliton area theorem [15, 16] or the pulse 
peak power clamping effect [17, 18] to less than 1 nJ. Therefore, fiber lasers still produce much 
lower pulse energy than their solid-state counterparts [19].

To improve the pulse energy of fiber lasers, many techniques have been proposed and explored 
[20–36], among which four kinds of mechanisms have played important roles: dispersion-
managed soliton [20–22, 37, 38], all normal dispersion mode-locking [39], self-similar soliton 
[27–30], and dissipative soliton (DS) [31–36]. By taking advantage of the balance between not 
only nonlinearity and dispersion but also gain and loss, DS mode-locked fiber lasers have 
realized pulse energy 1–2 orders of magnitude larger than those from conventional soliton 
mode-locking [31, 32]. However, although the DS pulse energy from 1 to 1.5 μm fiber lasers 
has exceeded 10 nJ [40–42] and even over 20 nJ [33–35], pulse energy of 2 μm DS fiber lasers 
still remains at a low level. This is because the currently available gain fibers (GFs) in the 2 μm 
region show relatively large anomalous dispersion, resulting in conventional soliton mode-
locking operation of 2 μm fiber lasers [43–48]. Therefore, the pulse energy is still governed by 
the soliton area theorem and clamped by peak power [15, 17].

DS mode-locking has been widely adopted as an efficient method to improve the pulse energy 
of 2 μm fiber lasers. To implement DS mode-locking, the whole cavity’s dispersion has to be 
pushed into the normal dispersion region. To that end, various methods have been proposed, 
e.g., inserting a chirped fiber Bragg grating into the cavity to provide normal dispersion [49] 
or incorporating specially designed dispersion-compensating fibers (DCFs) into the cavity 
[50–52]. However, these methods only improve pulse energy to around 1 nJ, and the great 
potential of DS mode-locking mechanism has not been fully explored.

Here, we will first present a new model to investigate the intracavity pulsing dynamics of a 
2 μm DS mode-locked fiber laser and show that (different from the 1 to 1.5 μm counterparts) 
the pulse energy of 2 μm DS fiber lasers is mainly limited by the nonlinear phase shift caused 
by the gain fiber, and thereafter we propose that the anomalous dispersive GF should be con-
densed as short as possible to efficiently decouple gain from dispersion and nonlinearity. We 
name it the condensed-gain fiber mode-locking (CGFML). By avoiding too much phase accu-
mulation, numerical simulations show that over 10 nJ DSs at 2 μm are readily feasible. After 
that, we carry out experimental operation of such CGFML of a 2 μm fiber laser, and a 4.9 nJ DS 
with 579 fs dechirped pulse duration is achieved. By further optimizing the cavity, the pulse 
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energy of such mode-locked fiber laser can be improved to over 12 nJ, which is comparable 
to that of conventional solid-state mode-locked lasers. Under high pumping levels, pulsing 
dynamics of the CGFML fiber laser are studied, and high-energy harmonic mode-locking is 
realized. Finally, we present high-energy mode-locking of 2 μm fiber laser with new devel-
oped 2D materials (MoS2) and also achieve over 15 nJ pulse energy. These research results 
indicate that the CGFML is a new route to develop high-energy fiber lasers with short pulse 
duration in the 2 μm wavelength region.

2. Condensed-gain dissipative soliton model and simulation for 
2 μm fiber lasers

Based on detailed simulation of the dynamics of short pulse propagating in various fiber 
circumstances, we found that the main factor that limited the pulse energy in 2 μm DS fiber 
lasers was related with nonlinear phase shift, which was primarily accumulated in the gain 
fiber. If we can efficiently control the nonlinear phase shift generated in the gain fiber, then 
the pulse energy of 2 μm DS fiber lasers probably can be significantly scaled. Therefore, we 
propose a condensed-gain fiber model where the gain fiber should be shortened as much as 
possible, and in the following, we give a detailed description about the model and carry out 
simulation about the pulse dynamics happened in a 2 μm DS fiber laser.

A simple schematic diagram for the CGFML model is shown in Figure 1(a) [53]. The fiber 
laser cavity mainly includes five elements: output coupler (OC), single-mode fiber (SMF), 
gain fiber (GF), dispersion-compensating fiber (DCF), and saturable absorber (SA). Here, we 
use a single-mode highly doped 2 μm thulium fiber as the GF. Light evolution (pulse shape, 
pulse intensity, and spectrum) in the laser cavity is traced through solving the well-known 
nonlinear Schrodinger equation (NLSE) [27], which needs the original equation:

Figure 1. (a) Schematic diagram of the condensed-gain fiber laser model shows the light flow in the cavity. (b) Experimental 
setup of the SESAM mode-locked fiber laser system with a linear cavity. OC, output coupler; SMF, single-mode fiber; GF, 
gain fiber; DCF, dispersion-compensating fiber; SA, saturable absorber [53].
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spectroscopy, optical sensing, medical treatment, material processing, and nonlinear micros-
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pushed into the normal dispersion region. To that end, various methods have been proposed, 
e.g., inserting a chirped fiber Bragg grating into the cavity to provide normal dispersion [49] 
or incorporating specially designed dispersion-compensating fibers (DCFs) into the cavity 
[50–52]. However, these methods only improve pulse energy to around 1 nJ, and the great 
potential of DS mode-locking mechanism has not been fully explored.

Here, we will first present a new model to investigate the intracavity pulsing dynamics of a 
2 μm DS mode-locked fiber laser and show that (different from the 1 to 1.5 μm counterparts) 
the pulse energy of 2 μm DS fiber lasers is mainly limited by the nonlinear phase shift caused 
by the gain fiber, and thereafter we propose that the anomalous dispersive GF should be con-
densed as short as possible to efficiently decouple gain from dispersion and nonlinearity. We 
name it the condensed-gain fiber mode-locking (CGFML). By avoiding too much phase accu-
mulation, numerical simulations show that over 10 nJ DSs at 2 μm are readily feasible. After 
that, we carry out experimental operation of such CGFML of a 2 μm fiber laser, and a 4.9 nJ DS 
with 579 fs dechirped pulse duration is achieved. By further optimizing the cavity, the pulse 
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energy of such mode-locked fiber laser can be improved to over 12 nJ, which is comparable 
to that of conventional solid-state mode-locked lasers. Under high pumping levels, pulsing 
dynamics of the CGFML fiber laser are studied, and high-energy harmonic mode-locking is 
realized. Finally, we present high-energy mode-locking of 2 μm fiber laser with new devel-
oped 2D materials (MoS2) and also achieve over 15 nJ pulse energy. These research results 
indicate that the CGFML is a new route to develop high-energy fiber lasers with short pulse 
duration in the 2 μm wavelength region.

2. Condensed-gain dissipative soliton model and simulation for 
2 μm fiber lasers

Based on detailed simulation of the dynamics of short pulse propagating in various fiber 
circumstances, we found that the main factor that limited the pulse energy in 2 μm DS fiber 
lasers was related with nonlinear phase shift, which was primarily accumulated in the gain 
fiber. If we can efficiently control the nonlinear phase shift generated in the gain fiber, then 
the pulse energy of 2 μm DS fiber lasers probably can be significantly scaled. Therefore, we 
propose a condensed-gain fiber model where the gain fiber should be shortened as much as 
possible, and in the following, we give a detailed description about the model and carry out 
simulation about the pulse dynamics happened in a 2 μm DS fiber laser.

A simple schematic diagram for the CGFML model is shown in Figure 1(a) [53]. The fiber 
laser cavity mainly includes five elements: output coupler (OC), single-mode fiber (SMF), 
gain fiber (GF), dispersion-compensating fiber (DCF), and saturable absorber (SA). Here, we 
use a single-mode highly doped 2 μm thulium fiber as the GF. Light evolution (pulse shape, 
pulse intensity, and spectrum) in the laser cavity is traced through solving the well-known 
nonlinear Schrodinger equation (NLSE) [27], which needs the original equation:

Figure 1. (a) Schematic diagram of the condensed-gain fiber laser model shows the light flow in the cavity. (b) Experimental 
setup of the SESAM mode-locked fiber laser system with a linear cavity. OC, output coupler; SMF, single-mode fiber; GF, 
gain fiber; DCF, dispersion-compensating fiber; SA, saturable absorber [53].
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where U(z, τ) is the envelope of the light field, z is the propagation coordinate, and τ is the 
time-delay parameter. The SMF (8.2/125 μm, 0.14 NA) has a length of 1.4 m, with β2 = −67 ps2/
km and γ = 0.001 (Wm)−1, while the DCF (2.2/125 μm, 0.35 NA) is 1.5 m long with β2 = 93 ps2/km  
and γ = 0.007 (Wm)−1, respectively. The 0.2 m GF (5/125 μm, 0.24 NA), with β2 = − 12 ps2/km and  
γ = 0.003 (Wm)−1, has the gain (including saturation) as.

  g =  g  0   /  [1 +  E  pulse   /  E  sat   +   (ω −  ω  0  )    2  /  Δω   2 ]   (2)

where g0 is the small-signal gain (here it is taken to be 30 dB), Epulse is the pulse energy, Esat is 
the gain saturation energy, ω0 is the gain-center angular frequency, and Δω is the gain band-
width (assume 90 nm).

The saturable absorption effect of SA is included by using the transfer function:

  T = 1 −  l  0   /  [1 + P (τ)  /  P  sat  ]   (3)

where l0 is the unsaturated loss (take 0.7), P(τ) is the instantaneous power, and Psat is the satu-
ration power. A critical factor for achieving DS is that spectral filtering is required to balance 
gain and loss. To that end, a 150-nm-bandwidth spectral filter (SF) is exerted on the SA.

Here, the split-step Fourier method is used to solve the NLSE. Simulation is started as the 
following procedure. With an initial white noise, the light is calculated in both temporal and 
spatial regions until a steady state is reached. The pump level and saturable effect are con-
trolled through changing the values of Esat and Psat. When we take Psat = 3.5 kW and Esat = 3.4 
nJ, the pulse’s temporal and spectral evolution characteristics are shown in Figure 2 [53]. In 
this case, the stable solution of pulse energy is 5 nJ. Detailed variations of pulse shape/width 
and spectral shape are clearly shown. In the DCF, owing to the combined effects of normal 
group velocity dispersion (GVD) and nonlinearity (NL), the pulse propagates with its dura-
tion increasing monotonically. The broadened pulse is then compressed by the SMF and GF 
with anomalous GVD. The pulse’s spectrum has steep edges, and the bandwidth negligibly 
changes during the pulse circulating inside the cavity. However, the spectrum shape shows 
characteristic changes during the pulse evolution. The GF tends to amplify the spectrum’s 
center more, and thus, the spectrum top becomes more arched. At the same time, the ampli-
fied pulse gives rise to increased self-phase modulation, thus leading to sharp edge peaks of 
the spectrum. Then, after being successively shaped by SA, DCF, GF, and SMF, the spectrum 
recovers its nearly flat-top shape. We can also see the advantages of the condensed-gain fiber 
model from the phase shift during the pulse evolution. As shown in Figure 2(b) [53], after 
passing through the three different kinds of fibers (DCF, GF, and SMF), very little phase shift 
is accumulated by the GF, which is finally compensated by both the DCF and the SMF.

To gain deeper insight into the intracavity pulsing dynamics, a qualitative illustration for 2 μm 
DSs is summarized in Figure 3 [53], along with their 1 and 1.5 μm counterparts (insets) [54].  
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Figure 2. Evolution dynamics of pulse duration (black triangles) and spectral bandwidth (red circles) through different 
elements inside the laser cavity (a) and temporal phase of the pulse after DCF (black solid), GF (red dashed), and SMF 
(blue dotted) (b) and temporal (c) and spectral profiles (d) of the pulse after successive elements [53].

Figure 3. Schematic diagram for the amplitude and phase balances in a 2 μm fiber laser (insets show the counterparts of 
1 μm and 1.5 μm systems) [53].

Developing High-Energy Dissipative Soliton 2 μm Tm3+-Doped Fiber Lasers
http://dx.doi.org/10.5772/intechopen.75037

115



    ∂ U (z, τ)  ______ ∂ z   + i   
 β  2   __ 2      ∂   2  U (z, τ)  _______ ∂  τ   2    = i𝛾𝛾    | U (z, τ)  |     

2
  U (z, τ)  + gU (z, τ)   (1)

where U(z, τ) is the envelope of the light field, z is the propagation coordinate, and τ is the 
time-delay parameter. The SMF (8.2/125 μm, 0.14 NA) has a length of 1.4 m, with β2 = −67 ps2/
km and γ = 0.001 (Wm)−1, while the DCF (2.2/125 μm, 0.35 NA) is 1.5 m long with β2 = 93 ps2/km  
and γ = 0.007 (Wm)−1, respectively. The 0.2 m GF (5/125 μm, 0.24 NA), with β2 = − 12 ps2/km and  
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where g0 is the small-signal gain (here it is taken to be 30 dB), Epulse is the pulse energy, Esat is 
the gain saturation energy, ω0 is the gain-center angular frequency, and Δω is the gain band-
width (assume 90 nm).

The saturable absorption effect of SA is included by using the transfer function:
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where l0 is the unsaturated loss (take 0.7), P(τ) is the instantaneous power, and Psat is the satu-
ration power. A critical factor for achieving DS is that spectral filtering is required to balance 
gain and loss. To that end, a 150-nm-bandwidth spectral filter (SF) is exerted on the SA.

Here, the split-step Fourier method is used to solve the NLSE. Simulation is started as the 
following procedure. With an initial white noise, the light is calculated in both temporal and 
spatial regions until a steady state is reached. The pump level and saturable effect are con-
trolled through changing the values of Esat and Psat. When we take Psat = 3.5 kW and Esat = 3.4 
nJ, the pulse’s temporal and spectral evolution characteristics are shown in Figure 2 [53]. In 
this case, the stable solution of pulse energy is 5 nJ. Detailed variations of pulse shape/width 
and spectral shape are clearly shown. In the DCF, owing to the combined effects of normal 
group velocity dispersion (GVD) and nonlinearity (NL), the pulse propagates with its dura-
tion increasing monotonically. The broadened pulse is then compressed by the SMF and GF 
with anomalous GVD. The pulse’s spectrum has steep edges, and the bandwidth negligibly 
changes during the pulse circulating inside the cavity. However, the spectrum shape shows 
characteristic changes during the pulse evolution. The GF tends to amplify the spectrum’s 
center more, and thus, the spectrum top becomes more arched. At the same time, the ampli-
fied pulse gives rise to increased self-phase modulation, thus leading to sharp edge peaks of 
the spectrum. Then, after being successively shaped by SA, DCF, GF, and SMF, the spectrum 
recovers its nearly flat-top shape. We can also see the advantages of the condensed-gain fiber 
model from the phase shift during the pulse evolution. As shown in Figure 2(b) [53], after 
passing through the three different kinds of fibers (DCF, GF, and SMF), very little phase shift 
is accumulated by the GF, which is finally compensated by both the DCF and the SMF.

To gain deeper insight into the intracavity pulsing dynamics, a qualitative illustration for 2 μm 
DSs is summarized in Figure 3 [53], along with their 1 and 1.5 μm counterparts (insets) [54].  
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Figure 2. Evolution dynamics of pulse duration (black triangles) and spectral bandwidth (red circles) through different 
elements inside the laser cavity (a) and temporal phase of the pulse after DCF (black solid), GF (red dashed), and SMF 
(blue dotted) (b) and temporal (c) and spectral profiles (d) of the pulse after successive elements [53].

Figure 3. Schematic diagram for the amplitude and phase balances in a 2 μm fiber laser (insets show the counterparts of 
1 μm and 1.5 μm systems) [53].
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As shown in the insets, in the case of 1 and 1.5 μm, the GFs (Yb-doped or Er-doped) have 
normal dispersion and introduce positive phase shift, which can be compensated (even if 
the shift is large) by the negative phase shift provided by the SMF. However, it is quite dif-
ferent in the 2 μm wavelength regime, where the GF (Tm-doped) has anomalous dispersion 
and, thus, negative phase shift. To achieve soliton mode-locking, normally dispersive fibers 
(DCF and SMF) are thus required to be integrated into the cavity. However, too large normal 
dispersion value (long fibers) will induce large phase shift and consequently pulse splitting. 
Therefore, small net normal dispersion (caused both by DCF and SMF) places a tolerant phase 
shift region for the GF (purple area). A longer GF will induce much more significant phase 
shift (red-dashed arrow) than that incurred by the DCF or SMF (yellow- or green-dashed 
arrow). In the phase limitation range, shorter GF (red arrow) has a larger slope and hence can 
achieve higher pulse energy. On the contrary, longer GF (orange arrow), due to its smaller 
slope, has to sacrifice a large part of amplitude to reduce its phase shift under the tolerable 
level. Therefore, short GF should be adopted to achieve high energy pulses from a cavity in 
the 2 μm spectral region.

Based on the above analysis, we propose the condensed GF (shortened to a small length while 
providing adequate gain at the same time) to scale the pulse energy of DSs in the 2 μm and 
mid-infrared spectral regions. Within the phase limitation range, a condensed GF has a large 
slope (Figure 3 [53]) and thereby can provide high pulse energy.

To verify the advantages of CGFML in the 2 μm regime, we carry out simulations in a 
semiconductor saturable absorber mirror (SESAM) mode-locked fiber laser (Figure 1 [53]). 
The simulated maximum output pulse energies with various GF lengths are indicated in  
Figure 4(a) [53]. It is clear that decreasing the GF length will dramatically increase the pulse 
energy. Shortening the GF to 0.2 m, as high as 11 nJ pulses, is achieved, which is much higher 
than the pulse energy of tradition solitons (usually less than 1 nJ). This thus confirms that 
CGFML is an effective route for generating high-energy soliton pulses in laser systems with 
anomalous dispersion GFs (shortening the anomalous dispersion GF as much as possible).

3. High-energy dissipative soliton 2 μm fiber lasers

To verify the simulation results, we carried out a corresponding experimental observation of 
2 μm DS mode-locking with short GFs. These GFs are highly thulium doped, and the net cav-
ity dispersion is kept normal through adjusting the length of the DCF and SMF. Experimental 
setup is schematically shown in Figure 1(b) [53]. The pump source is a 1550-nm-CW Er/
Yb-codoped fiber laser with maximum output of 1 W. The pump light is delivered into the 
gain fiber (with absorption of ~1.2 dB/cm at 1550 nm) by wavelength-division-multiplexing 
(WDM) couplers with a coupling efficiency of 95%. The parameters of these three kinds of 
fibers are the same as used in the simulation. Total cavity dispersion is kept at a net normal 
value of ~0.04 ps2. On the output end, the perpendicularly cleaved fiber facet is employed for 
both laser feedback (~4% Fresnel reflection) and the output coupler (~96% output coupling 
ratio). The right side fiber end is directly butt coupled to the SESAM with a reflectance of 
~85% at 1900 nm, a modulation depth of ~25%, and a saturation fluence of ~35 mJ/cm2.
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Short lengths of single-cladding Tm-doped fiber (tens of centimeters) are chosen as the 
GF. Under stable mode-locking operation, maximum pulse energies with different GF lengths 
are shown in Figure 4(b) [53]. The experimental results clearly follow the trend of the simula-
tion prediction; that is, the pulse energy increases quickly as the length of GF decreases. When 
the GF length is shortened to ~15 cm, pulse energy of ~5 nJ is achieved, and detailed laser 
characteristics are shown in the following.

With the 15 cm GF, stable CW mode-locking is self-started when pump power is increased 
to ~650 mW. Owing to the large output coupling ratio suppressing the intermediate transi-
tions between the CW laser operation and the CW mode-locking regime [55], no Q-switching 
or Q-switched mode-locking is observed. The stable CW mode-locked operation maintains 
when pump power is increased up to the maximum 1 W available pump power. The maxi-
mum average output power of this 2 μm DS fiber laser is 158 mW. Figure 5(a) [53] shows the 
2 μm DS pulse train at the maximum output. The repetition rate is ~32 MHz, giving a pulse 
energy of ~4.9 nJ.

The laser spectrum, detected with a spectrometer (0.1 nm resolution), is shown in Figure 5(b). 
The center wavelength is 1918 nm and the 3 dB bandwidth is 15 nm. Steep spectral edges indi-
cate the typical characteristics of DSs [31, 32]. The radio-frequency (RF) spectrum (Figure 5(c))  
has a signal-to-noise ratio of ~52 dB, showing that the mode-locking state is very stable. We 
also use an autocorrelator to measure the pulse characteristics at the maximum output, and 
the pulse shape (autocorrelation (AC) trace) directly outputted from the laser cavity is indi-
cated in Figure 5(d). The autocorrelation trace is fitted well by a Gaussian curve, giving a 
pulse duration of 16 ps. Therefore, the time-bandwidth product of the 2 μm DS pulse is cal-
culated to be 18, which is highly chirped. For compressing this chirped pulse, we couple the 
output pulse directly into a ~25 m length of SMF-28 fiber. After dispersion compensation, the 
pulse is compressed to 579 fs (Figure 5(e)), and the time-bandwidth product reduces to 0.7.

This CGFML model can be readily extended to beyond 2 μm, e.g., mid-infrared fiber lasers to 
scale DS energy. According to this model, to achieve high-energy DSs, the GF length should 

Figure 4. Simulated (circle dots) (a) and measured (asterisk dots) (b) maximum pulse energy under different lengths of 
GF under the pump power of 1 W. The curves are exponential fittings [53].
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As shown in the insets, in the case of 1 and 1.5 μm, the GFs (Yb-doped or Er-doped) have 
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the shift is large) by the negative phase shift provided by the SMF. However, it is quite dif-
ferent in the 2 μm wavelength regime, where the GF (Tm-doped) has anomalous dispersion 
and, thus, negative phase shift. To achieve soliton mode-locking, normally dispersive fibers 
(DCF and SMF) are thus required to be integrated into the cavity. However, too large normal 
dispersion value (long fibers) will induce large phase shift and consequently pulse splitting. 
Therefore, small net normal dispersion (caused both by DCF and SMF) places a tolerant phase 
shift region for the GF (purple area). A longer GF will induce much more significant phase 
shift (red-dashed arrow) than that incurred by the DCF or SMF (yellow- or green-dashed 
arrow). In the phase limitation range, shorter GF (red arrow) has a larger slope and hence can 
achieve higher pulse energy. On the contrary, longer GF (orange arrow), due to its smaller 
slope, has to sacrifice a large part of amplitude to reduce its phase shift under the tolerable 
level. Therefore, short GF should be adopted to achieve high energy pulses from a cavity in 
the 2 μm spectral region.

Based on the above analysis, we propose the condensed GF (shortened to a small length while 
providing adequate gain at the same time) to scale the pulse energy of DSs in the 2 μm and 
mid-infrared spectral regions. Within the phase limitation range, a condensed GF has a large 
slope (Figure 3 [53]) and thereby can provide high pulse energy.

To verify the advantages of CGFML in the 2 μm regime, we carry out simulations in a 
semiconductor saturable absorber mirror (SESAM) mode-locked fiber laser (Figure 1 [53]). 
The simulated maximum output pulse energies with various GF lengths are indicated in  
Figure 4(a) [53]. It is clear that decreasing the GF length will dramatically increase the pulse 
energy. Shortening the GF to 0.2 m, as high as 11 nJ pulses, is achieved, which is much higher 
than the pulse energy of tradition solitons (usually less than 1 nJ). This thus confirms that 
CGFML is an effective route for generating high-energy soliton pulses in laser systems with 
anomalous dispersion GFs (shortening the anomalous dispersion GF as much as possible).

3. High-energy dissipative soliton 2 μm fiber lasers

To verify the simulation results, we carried out a corresponding experimental observation of 
2 μm DS mode-locking with short GFs. These GFs are highly thulium doped, and the net cav-
ity dispersion is kept normal through adjusting the length of the DCF and SMF. Experimental 
setup is schematically shown in Figure 1(b) [53]. The pump source is a 1550-nm-CW Er/
Yb-codoped fiber laser with maximum output of 1 W. The pump light is delivered into the 
gain fiber (with absorption of ~1.2 dB/cm at 1550 nm) by wavelength-division-multiplexing 
(WDM) couplers with a coupling efficiency of 95%. The parameters of these three kinds of 
fibers are the same as used in the simulation. Total cavity dispersion is kept at a net normal 
value of ~0.04 ps2. On the output end, the perpendicularly cleaved fiber facet is employed for 
both laser feedback (~4% Fresnel reflection) and the output coupler (~96% output coupling 
ratio). The right side fiber end is directly butt coupled to the SESAM with a reflectance of 
~85% at 1900 nm, a modulation depth of ~25%, and a saturation fluence of ~35 mJ/cm2.
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Short lengths of single-cladding Tm-doped fiber (tens of centimeters) are chosen as the 
GF. Under stable mode-locking operation, maximum pulse energies with different GF lengths 
are shown in Figure 4(b) [53]. The experimental results clearly follow the trend of the simula-
tion prediction; that is, the pulse energy increases quickly as the length of GF decreases. When 
the GF length is shortened to ~15 cm, pulse energy of ~5 nJ is achieved, and detailed laser 
characteristics are shown in the following.

With the 15 cm GF, stable CW mode-locking is self-started when pump power is increased 
to ~650 mW. Owing to the large output coupling ratio suppressing the intermediate transi-
tions between the CW laser operation and the CW mode-locking regime [55], no Q-switching 
or Q-switched mode-locking is observed. The stable CW mode-locked operation maintains 
when pump power is increased up to the maximum 1 W available pump power. The maxi-
mum average output power of this 2 μm DS fiber laser is 158 mW. Figure 5(a) [53] shows the 
2 μm DS pulse train at the maximum output. The repetition rate is ~32 MHz, giving a pulse 
energy of ~4.9 nJ.

The laser spectrum, detected with a spectrometer (0.1 nm resolution), is shown in Figure 5(b). 
The center wavelength is 1918 nm and the 3 dB bandwidth is 15 nm. Steep spectral edges indi-
cate the typical characteristics of DSs [31, 32]. The radio-frequency (RF) spectrum (Figure 5(c))  
has a signal-to-noise ratio of ~52 dB, showing that the mode-locking state is very stable. We 
also use an autocorrelator to measure the pulse characteristics at the maximum output, and 
the pulse shape (autocorrelation (AC) trace) directly outputted from the laser cavity is indi-
cated in Figure 5(d). The autocorrelation trace is fitted well by a Gaussian curve, giving a 
pulse duration of 16 ps. Therefore, the time-bandwidth product of the 2 μm DS pulse is cal-
culated to be 18, which is highly chirped. For compressing this chirped pulse, we couple the 
output pulse directly into a ~25 m length of SMF-28 fiber. After dispersion compensation, the 
pulse is compressed to 579 fs (Figure 5(e)), and the time-bandwidth product reduces to 0.7.

This CGFML model can be readily extended to beyond 2 μm, e.g., mid-infrared fiber lasers to 
scale DS energy. According to this model, to achieve high-energy DSs, the GF length should 
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GF under the pump power of 1 W. The curves are exponential fittings [53].
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be as short as possible to keep phase shift within the phase limitation range while providing 
enough gain at the same time. To this end, the GF should be highly doped (short length with 
enough gain), so that gain can decouple from dispersion and suppress phase shift. This can 
efficiently avoid the pulses’ evolution to conventional solitons during amplification in the 
GF. This CGFML model can also be applied for ring laser cavities. In a ring cavity, the pulse 
passes every element only once during one cycle, leading to less phase shift accumulation. 
Therefore, a ring cavity has the potential to accommodate a larger phase limitation range and 
thus has a higher pulse energy generating possibility.

Scaling pulse energy. Based on the above condensed-gain model [53], we went to probe 
the upper limit of the pulse energy of 2 μm DS fiber lasers. In order to increase the pulse 
energy, we slightly increased the cavity fiber length, and therefore the pulse repetition rate 
will decrease and the pulse energy will be enhanced. In addition, we optimize the cavity 
parameters and manage the intracavity dispersion to scale the pulse energy of DS fiber laser 
in the 2 μm region. Here, we shorten the gain fiber to an optimal length and at the same time 
use a short piece of optimized single-mode fiber to compensate the dispersion.

Figure 5. The laser pulse train (a), laser spectrum (b), and RF spectrum (c) of the mode-locked Tm-doped fiber laser and 
the autocorrelation traces of the pulse before (d) and after (e) dispersion compensation [53].
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The experimental system is illustrated in Figure 6 [56]. Pump light from a continuous-wave 
(CW) Er/Yb-codoped fiber laser with maximum output of ~1 W centered at 1550 nm was 
coupled into the fiber through a 1550/1900 nm WDM. The laser cavity includes two pieces of 
SMF-28 fibers, 12 cm length of single-mode Tm-doped silica fiber (5 μm core and 0.24 NA) 
and 1.5 m DCF. The DCF was butt coupled to the SESAM, whose reflection combined with 
the ~4% Fresnel reflection of the perpendicularly cleaved output fiber end completed the laser 
cavity. The dispersions of the thulium fiber, the SMF-28 fiber, and the DCF at 1920 nm were—
12, −67, and 93 ps2/km, respectively [52], giving a total net cavity dispersion of ~0.004 ps2. The 
SESAM had a relaxation time of 10 ps and a modulation depth of 25%.

When we increased the pump power to 456 mW and at the same time carefully adjusted the 
SESAM, stable mode-locking was observed and could maintain up to the maximum pump 
power (1.09 W). Under different pump levels, the average output power was measured, and 
the pulse energy could be estimated based on the pulsing repetition rate. As shown in Figure 7,  

Figure 6. Schematic of the thulium-doped fiber laser passively mode-locked by a semiconductor saturable absorber 
mirror (SESAM). EYFL, erbium/ytterbium-codoped fiber laser; WDM, wavelength division multiplexer; SMF, single-
mode fiber; TDF, thulium-doped fiber; DCF, dispersion-compensating fiber [56].

Figure 7. Average output power and pulse energy of the mode-locked fiber laser versus launched pump power [56].
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Figure 7. Average output power and pulse energy of the mode-locked fiber laser versus launched pump power [56].
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Figure 9. Laser spectrum of the mode-locked pulse [56].

both average power and pulse energy increase near linearly with pump power, and the maxi-
mum output power and pulse energy are 263 mW and 12.07 nJ, respectively. Figure 8 shows 
the pulse duration versus pump power measured with an autocorrelator. The pulse duration 
displays a linear increase with pump power, indicating that the pulse was highly chirped. 
Large chirp is a typical characteristic of DSs for supporting high pulse energy. The laser spec-
trum, as shown in Figure 9 [56], locates at 1928.2 nm and has FWHM (full width at half maxi-
mum) bandwidth of 2.65 nm. The comparatively narrow spectrum width can be attributed to 
the high chirp-induced decrease of the pulse peak power. The spectrum shape is very similar 
to that of another recent report about DS fiber laser at the 1 μm regime [57].

Figure 10(a) shows the pulse train of the mode-locked fiber laser measured at the maximum 
output level. The pulse train has repetition rate of ~21.8 MHz, consistent with the total 

Figure 8. Pulse duration (autocorrelated trace) of the mode-locked fiber laser versus launched pump power [56].
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cavity length of 4.7 m. Figure 10(b) displays the autocorrelation trace of the pulse, giving 
a FWHM width of 43.5 ps if sech2 pulse shape is assumed. Based on the spectral width of 
2.65 nm, the pulse has a time-bandwidth product (TBWP) of ~9.3, indicating the presence 
of large chirp.

4. Dissipative soliton dynamics of 2 μm fiber lasers

The repetition rate of a passively mode-locked fiber laser is usually limited by the total cav-
ity fiber length, and the pulsing repetition rate is generally of several MHz to tens of MHz. 
However, high-repetition-rate laser pulses are required in some application areas, including 
biological imaging [58], optical communication [59], and so on. If the high-repetition-rate 
laser pulses also have high pulse energy, then they are more preferred [60]. There are many 
ways to generate high-repetition-rate laser pulses from fiber lasers, but the most efficient 
one may be passive harmonic mode-locking. With harmonic mode-locking, the pulsing 
frequency will be highly multiplied just through increasing the intracavity light intensity 
to get higher-order harmonics. However, the single pulse energy usually decreases with 
increasing harmonic order. The pulse energy of harmonically mode-locked fiber lasers is 
limited by either pulsing instability or energy storage capability of fibers [61, 62]. In the 
2 μm region, passively harmonic mode-locked fiber lasers, especially high-pulse-energy 
ones, are seldom reported.

Here, based on the CGFML and through appropriate designing the cavity dispersion map 
and adjusting the cavity gain, we experimentally realize multiple orders of harmonic mode-
locking of 2 μm Tm-doped fiber laser (TDFLs) with a SESAM. To achieve high pulse energy, 
we design this laser to operate in the DS state and adopt a linear laser cavity. We observe sta-
ble harmonic mode-locking up to the fourth order, and the pulse energy of all these harmonic 
pulses is larger than 3 nJ, with the highest one being 12.37 nJ of the fundamental frequency 
pulsing. Besides harmonic mode-locking, we also observe soliton molecule mode-locking 
state of this 2 μm DS mode-locked fiber laser.

Figure 10. Dissipative soliton: (a) pulse train on oscilloscope and (b) autocorrelation trace of the single pulse at the 
maximum output level [56].
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The laser system we adopted for the passively harmonic mode-locked 2 μm DS fiber laser has 
a simple configuration, as shown in Figure 11. It is mainly consisted of 1.1 m length of stan-
dard SMF (β2 = −67 ps2/km), 0.11 m length of thulium-doped fiber (β2 = −12 ps2/km), and 3.5 m 
length of DCF (β2 = 93 ps2/km). The total cavity net dispersion is estimated to be ~ 0.25 ps2. A 
commercial 2 μm SESAM was adopted as the modulator, which has a modulation depth of 
25% and relaxation time of 10 ps. A 1.1 W 1550 nm CW Er/Yb-codoped fiber laser was used 
as the pump source, and a WDM was adopted to launch the pump light into the cavity. The 
DCF was directly butt coupled to the SESAM. A 0.3-m-long SMF with one end perpendicu-
larly cleaved was employed as the output coupler, and the ~4% fiber facet Fresnel reflection 
finishes the laser cavity together with the SESAM.

First, we stimulated the laser to operate in the fundamental frequency mode-locking state. 
This was achieved through increasing the pump power to over a threshold value (here is 
456 mW) and at the same time carefully adjusting the position of the SESAM. Once attained, 
the fundamental frequency mode-locking state could be sustained up to the maximum avail-
able pump power (1.1 W). This mode-locking state has a pulse frequency of 21.7 MHz, rightly 
consistent with the total cavity length of 4.71 m. At the maximum pump level, the average 
output power was 268 mW, giving a single pulse energy of 12.37 nJ for the fundamental fre-
quency mode-locking.

After accomplishing the fundamental frequency mode-locking, we carefully tuned both the 
pump power and the SESAM position to achieve higher-order harmonic mode-locking. Here, 
harmonic mode-locking transition was obtained through changing the intracavity gain, and 
different light intensity leaded to different pulse dynamics [64]. Harmonic mode-locking 
from the first to the fourth order was consecutively observed, as presented in Figure 12 [63]. 
Compared to the fundamental mode-locking, the pump power had to be increased to over 
708 mW to achieve the higher-order harmonic mode-locking. This clearly indicates that more 
gain is required for sustaining high-order harmonic mode-locking than the fundamental fre-
quency mode-locking. RF spectrum of different harmonic orders at their maximum output 
powers is shown in Figure 13. No clear supermode noise was observed for the fundamental 

Figure 11. Schematic of the passively mode-locked thulium-doped fiber laser. WDM, wavelength division multiplexer; 
SMF, single-mode fiber; TDF, thulium-doped fiber; DCF, dispersion-compensating fiber; SESAM, semiconductor 
saturable absorber mirror [63].
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and the fourth harmonics, but certain supermode noises were present for the second and the 
third harmonics. The SNR for the fourth harmonic mode-locking state is ~38 dB.

Here, the harmonic transfer was achieved through changing the light intensity, which is dif-
ferent from those based on polarization variation [61, 62]. By tuning the SESAM, we change 
the light spot size incident on the SESAM and therefore change the light intensity and thus 
nonlinear phase shift. In addition, the cavity loss is also altered through tuning the SESAM. At 
the appropriate pump level, careful balancing nonlinearity and dispersion, and gain and loss, 
finally leads to different harmonic mode-locking states.

Figure 12. DS pulse trains for (a) fundamental HML at 21.7 MHz, (b) second-order HML at 43.4 MHz, (c) third-order 
HML at 65.1 MHz, and (d) fourth-order HML at 86.8 MHz [63].
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In each harmonic mode-locking state, we increased the pump power to the maximum avail-
able level, measured the maximum output power, and calculated the corresponding maxi-
mum pulse energy, and the results are shown in Figure 14. The highest single pulse energy is 
12.37 nJ, achieved with the first-order harmonics. With increasing harmonic order, the pulse 
energy decreases significantly due to that more pulses (every round trip) need to share the 
laser power. For the fourth-order harmonics, the maximum single pulse energy is 3.29 nJ. We 
have also observed the sixth- and eighth-order harmonics mode-locking, but they were not 
stable. This is probably because that the available pump power (thus gain) is not high enough 
to balance the loss. Therefore, if higher pump power is provided, higher-order 2 μm HML 
DSs are expected.

Figure 15(a) shows the laser spectrum of the fundamental pulsing and the successive three 
high-order harmonics measured at their maximum output levels. All these spectra are similar 
and have a near-triangle shape and center wavelength of 1929 nm. With increasing harmonic 
order, spectral width tends to narrow a little bit, which is consistent with the theoretical pre-
dictions [65] and experimental results [62, 66]. For the first harmonics, the FWHM width is 
3.26 nm, while for the fourth harmonics, the FWHM width is decreased to ~2.5 nm. To get more 
insight of the pulsing characteristics, we measured autocorrelation (AC) traces of both the fun-
damental mode-locked DSs and high-order harmonics with an autocorrelator. We found that 

Figure 13. RF spectrum of the fiber laser for the (a) first-, (b) second-, (c) third-, and (d) fourth-order harmonics [63].
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the AC traces of all these harmonics have similar shape and width and the AC of the fundamen-
tal mode-locking pulse is present in Figure 15(b). As shown, the AC trace has a FWHM width 
of 46.37 ps, corresponding to pulse width of ~30 ps when a sech2 pulse shape is assumed. For 
the first-order harmonics (fundamental mode-locking), the time-bandwidth product (TBP) of 
the pulse is calculated to be close to 8, indicating that the pulse was moderately chirped.

Under every stable mode-locking state, carefully tuning the SESAM can lead to another novel 
multi-soliton state, the soliton molecule mode-locking. Figure 16 shows two typical kinds 
of soliton molecules, doublet and the triplet soliton molecules. Soliton molecule is formed 
through soliton splitting and strong interaction between separated solitons. The total energy 
of a soliton molecule entity is proportional to the number of single-soliton constituents [67], 
but the single-soliton’s energy is actually decreased. Under, respectively, maximum pump 
powers (624 and 660 mW), the output powers of the doublet and the triplet soliton molecules 

Figure 14. Maximum single pulse energy and average output power of the 2 μm harmonic mode-locked fiber laser at 
several harmonic orders [63].

Figure 15. (a) Spectra of the first- to fourth-order harmonic mode-locking solitons and (b) autocorrelation trace of the 
first-order harmonics [63].
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are 72 and 95 mW, respectively, corresponding to soliton molecule energies of 3.32 and 4.38 
nJ. While their single-soliton energies are 1.66 and 1.46 nJ, respectively.

5. Dissipative soliton 2 μm fiber lasers mode-locked with 2D 
materials

Although 2 μm Tm3+−doped fiber lasers (TDFLs) have valuable applications in sensing, medi-
cal surgery, industrial machining, and scientific experiments [68, 69], applications require 
high-peak-power and/or high-energy laser pulses, which are generally produced by using 
Q-switching [45, 70] or mode-locking [43, 44] methods. Compared with Q-switching, mode-
locking can provide much narrower pulse duration and higher peak power.

Passive mode-locking is usually the preferred choice to get short pulses from 2 μm TDFLs, 
especially with the maturely developed semiconductor SAs as modulators [47]. However, 
semiconductor SA has some drawbacks such as complex design and growth procedure [71] 
and narrow working wavelength range. Recently, graphene (a monolayer of two-dimensional 
(2D) carbon atoms in a honeycomb structure) has attracted great attention for mode-locking 
of 2 μm TDFLs [72, 73] due to its advantages of large absorption [74], wide operation spectral 
range [75], and ultrafast recovery time [76]. Another kind of 2D material MoS2 has also been 
extensively explored to mode-lock fiber lasers [57, 77–80]. Although monolayer MoS2 is a 
direct band semiconductor (the bandgap determines the energy of photons to be absorbed), 
studies have proven that layered MoS2, through introducing stoichiometric defects (non-ideal 
atomic ratio), also possesses wideband absorption and saturable absorption features [81]. 
Thereafter, extensive researches have been dedicated to exploring of mode-locking operation 
and related characteristics of fiber lasers in the 1 μm [57, 77] and 1.5 μm [78–80] wavelength 
regions. Owing to large anomalous dispersion of the gain fiber and lower absorption of lay-
ered MoS2 at 2 μm, mode-locking operation with this kind of 2D material and corresponding 
behavior in the 2 μm region still need further verification.

Figure 16. Experimentally measured doublet (a) and triplet (b) soliton molecule pulse trains [63].
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Here, through combining the CGFML and multilayer MoS2, we show that mode-locking capa-
bility of layered MoS2 sheets can be definitely extended to the 2 μm wavelength region. With 
a linear cavity incorporated with the multilayer MoS2 modulator, fundamental mode-locking 
in the DS regime for 2 μm Tm3+ fiber lasers is achieved. At the same time, through elongating 
the total fiber length, thus decreasing the mode-locking repetition rate, the pulse energy can 
be scaled to over 15 nJ.

The multilayer MoS2 was synthesized with the liquid-phase exfoliation method (LPE) [6], 
and the MoS2 nanosheet was transferred onto a gold mirror acting as SA. Raman spectrum 
of the MoS2 on the mirror was detected with a spectrometer, and the results are shown 
in Figure 17(a). The spectral position of the E2g

1 and A1g modes (~383 cm−1 for E2g
1 and 

~408 cm − 1 for A1g) shows that the MoS2 sample has a thickness of approximately four 
layers [82]. With a self-constructed 1940 nm ~800 ps fiber laser as the probe source, the  
reflection method was used to measure the saturable absorption of the sample, and  
the transmittance of the multilayer MoS2 on the gold mirror is shown in Figure 17(b) [6]. 
The nonlinear optical parameters were obtained by using a simple saturable absorption 
model of [57]

  T (I)  = 1 −  α  0   × exp  (− I /  I  sat  )  −  α  ns    (4)

here, T(I) is the transmission, α0 is the modulation depth, I is the input intensity, Isat is the satura-
tion intensity, and αns is the non-saturable absorbance. The measured modulation depth α0, non-
saturable loss αns, and saturation intensity Isat were 13.6%, 16.7%, and 23.1 MW cm−2, respectively. 
The modulation depth is comparable to that measured in the 1 μm region [57, 77] but larger 
than that in the 1.5 μm region [79, 80]. This large modulation depth of the MoS2 SA at the 2 μm 
wavelength region is efficient for suppressing wave breaking in mode-locking operation [83].

Figure 17. (a) Raman spectrum of the adopted multilayer MoS2 sheets and (b) nonlinear absorption of the multilayer 
MoS2 sheets coated on a gold mirror [6].
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are 72 and 95 mW, respectively, corresponding to soliton molecule energies of 3.32 and 4.38 
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Figure 16. Experimentally measured doublet (a) and triplet (b) soliton molecule pulse trains [63].
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Here, through combining the CGFML and multilayer MoS2, we show that mode-locking capa-
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The schematic diagram of the experimental setup for the MoS2 mode-locked TDFL is shown 
in Figure 18. A 1550-nm-CW Er/Yb-codoped fiber laser with maximum output of ~1 W was 
used as the pump source, and a WDM coupler was used to launch the pump light (with an 
efficiency of ~95%). The Tm3+-doped silica gain fiber (5/125 μm, 0.24 NA) has core absorption 
of ~350 dBm−1 at ~1550 nm, and 12 cm length of gain fiber was adopted. The dispersion of the 
gain fiber at 1.9 μm is −12 ps 2 km−1. A 4 m length of SMF-28 fiber was spliced at the output 
end. To provide normal dispersion, 4.6 m dispersion-compensating fiber (DCF) (2.2 μm, 0.35 
NA core) was spliced to the gain fiber. The dispersions of the DCF fiber and the SMF-28 
fiber at 1.9 μm are 93 and − 67 ps 2 km−1, respectively [52]. The total net cavity dispersion is 
~0.05 ps2. The DCF fiber was butt coupled to the MoS2 sheet, which was transferred onto a 
high-reflection gold mirror. High reflection of the gold mirror and the ~3.5% Fresnel reflection 
of the perpendicularly cleaved output fiber facet completed the laser cavity.

Under pumping, the 2 μm laser first went to CW operation when pump power was over 
430 mW. When the pump power was increased to over 630 mW, the laser came to the sta-
ble Q-switching regime. Then, further raising the pump power to over 700 mW and care-
ful adjusting the MoS2 position, stable mode-locking operation of the TDFL occurred, which 
could be sustained up to the available maximum pump power. The output power is linearly 
dependent on the pump power, and the maximum output power is 150 mW, as shown in 
Figure 19 [6]. The slope efficiency is 43.6% with respect to pump power. The laser spectrum 
of the mode-locked TDFL is centered at ~1905 nm with a FWHM bandwidth of 17.3 nm. This 
spectral width is much larger than that of the 1 and 1.5 μm counterparts [57, 77–79], showing 
potential much narrower transform-limited pulse duration of this mode-locked TDFL.

The laser pulse trains obtained at the maximum output level are shown in Figure 20(a) 
[6]. The 103.4 ns period time corresponds well to the cavity round trip time (the total fiber 
length is ~10 m), showing that the mode-locking operates at the fundamental frequency of 
9.67 MHz. The intensity stability between different pulses is >95%. Considering the 150 mW 
output power, single pulse energy reaches 15.5 nJ. This is the highest pulse energy ever 
achieved in mode-locked 2 μm fiber lasers with MoS2 modulators, and this also demon-
strates that 2D material MoS2 has a great potential in high-power photoelectronics and 
integrated photonics.

Figure 20(b) displays the single pulse at the maximum power level, which has a Gaussian 
shape and a FWHM width of 716 ps. This 2 μm DS pulse width is comparable to the 1 μm coun-
terparts [57, 77]. Combined with its spectral width, the 2 μm DS pulse has a time-bandwidth  

Figure 18. Experimental setup of the mode-locked Tm3+ fiber laser. EYFL, erbium/ytterbium-codoped fiber laser; SMF, 
single-mode fiber; DCF, dispersion-compensating fiber [6].
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product of ~1200, indicating that the mode-locked laser pulse is highly chirped. Chirping 
pulse also somehow contributes to high pulse energy. In fact, 2D MoS2 (monolayer or few-
layer) has ultrafast recovery times of tens of femtoseconds [84] and ~100 ps [85, 86], corre-
sponding, respectively, to the intraband transition and interband transition of excited free 
carriers. Recently, mode-locking with similar multilayer MoS2 SAs has achieved femtosecond 
time-scale pulse durations [79, 80, 87]. Based on the pulse spectral width (17.3 nm) in our 
experiment, a Fourier transform-limited pulse width of ~247 fs is expected provided that the 
entire pulse chirp can be compensated.

We also measured the RF spectrum of this MoS2 mode-locked fiber laser, and the RF spectrum 
(with resolution of 0.1 MHz) is shown in Figure 21 (left panel). The fundamental pulsing 
frequency is 9.67 MHz, which is correspondent to the total cavity length. Over the 100 MHz 
range, no other supermode oscillations are present. The right panel of the figure shows the 
ninth-order harmonics in a smaller frequency window (20 MHz), and the signal-to-noise ratio 
is also >40 dB, showing that the MoS2 mode-locked fiber laser is comparatively stable.

Figure 19. Output (left) and spectrum (right) of the mode-locked Tm3+ fiber laser. Square dots are measured data and 
the solid line is linear fitting [6].

Figure 20. Laser pulse train (a) and single pulse (b) of the MoS2 mode-locked Tm3+ fiber laser measured at the maximum 
output level. Insets show the oscilloscope traces [6].
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product of ~1200, indicating that the mode-locked laser pulse is highly chirped. Chirping 
pulse also somehow contributes to high pulse energy. In fact, 2D MoS2 (monolayer or few-
layer) has ultrafast recovery times of tens of femtoseconds [84] and ~100 ps [85, 86], corre-
sponding, respectively, to the intraband transition and interband transition of excited free 
carriers. Recently, mode-locking with similar multilayer MoS2 SAs has achieved femtosecond 
time-scale pulse durations [79, 80, 87]. Based on the pulse spectral width (17.3 nm) in our 
experiment, a Fourier transform-limited pulse width of ~247 fs is expected provided that the 
entire pulse chirp can be compensated.

We also measured the RF spectrum of this MoS2 mode-locked fiber laser, and the RF spectrum 
(with resolution of 0.1 MHz) is shown in Figure 21 (left panel). The fundamental pulsing 
frequency is 9.67 MHz, which is correspondent to the total cavity length. Over the 100 MHz 
range, no other supermode oscillations are present. The right panel of the figure shows the 
ninth-order harmonics in a smaller frequency window (20 MHz), and the signal-to-noise ratio 
is also >40 dB, showing that the MoS2 mode-locked fiber laser is comparatively stable.

Figure 19. Output (left) and spectrum (right) of the mode-locked Tm3+ fiber laser. Square dots are measured data and 
the solid line is linear fitting [6].

Figure 20. Laser pulse train (a) and single pulse (b) of the MoS2 mode-locked Tm3+ fiber laser measured at the maximum 
output level. Insets show the oscilloscope traces [6].
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6. Conclusions and prospects

In recent years, 2 μm fiber lasers with short pulse duration have received great research 
interests due to great application potentials of 2 μm light sources in areas such as LIDAR, 
surgical operation, molecule spectroscopy, remote sensing, etc. However, applications usu-
ally require high pulse energy, which is hard to achieve with traditional soliton mode-locked 
fiber lasers. Although various mode-locking mechanisms have been proposed to improve the 
pulse energy of ultrafast fiber lasers, e.g., dispersion-managed soliton, all normal dispersion 
mode-locking, self-similar soliton, and dissipative soliton (DS), the pulse energy achieved 
with 2 μm mode-locked fiber lasers is still much lower than their 1 and 1.5 μm counterparts. 
This is because that currently available gain fibers and passive fibers are generally anomalous 
dispersive at 2 μm, which makes mode-locking lie in the traditional soliton regime, and the 
pulse energy is thus limited by the soliton area theorem clamped by peak power.

DS, based on the balance of both dispersion and nonlinearity and gain and loss, provides a 
new route to improve the pulse energy of ultrafast fiber lasers. Up to now, pulse energy in 1 
and 1.5 μm regions based on DS mode-locking mechanism has been over 20 nJ, giving pulse 
energies 1~2 orders of magnitude larger than that from conventional soliton mode-locking. 
However, it is still difficult to generate comparable high energy pulses in 2 μm DS fiber lasers, 
because of large anomalous dispersion occurred in 2 μm gain fibers.

In order to make advantage of DS mode-locking and improve the pulse energy of 2 μm mode-
locked fiber laser, we propose a condensed-gain fiber mode-locking (CGFML), in which the 
gain fiber should be as short as possible to minimize the nonlinear phase shift caused by the 
gain fiber. Based on this model, we give detailed exploration of the pulsing dynamics and 
pulse energy scaling potential of 2 μm thulium-doped mode-locked fiber lasers in several 
regimes and confirm that this kind of DS mode-locked fiber laser can generate pulse energy 
over 10 nJ, improving the pulse energy by 1 to 2 orders of magnitude.

Figure 21. Radiofrequency spectral profile of the mode-locked Tm3+ fiber laser [6].
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In the primary experimental operation based on this model, the 2 μm DS mode-locked 
Tm-doped fiber laser with a linear cavity delivers 4.9 nJ DSs with pulse duration of 579 fs 
after being dechirped. Then, through increasing pump power or managing the cavity disper-
sion map, the pulse energy of this DS fiber is improved to ~12 nJ. We also observe that high-
pulse-energy harmonic mode-locked DSs from 2 μm Tm-doped fiber lasers, with single pulse 
energy of 6.27, 4.32, and 3.29 nJ for the second- to the fourth-order harmonics. Thereafter, DS 
mode-locking of 2 μm TDFL with 2D material (multilayer MoS2) is investigated, and through 
decreasing the pulsing frequency, the pulse energy is scaled to 15.5 nJ. This improves the 
pulse energy of 2 μm mode-locked single-mode fiber lasers to approaching the 1 and 1.5 μm 
counterparts. All these results show that CGFML DS can be an efficient way to produce high-
energy ultrafast pulses from 2 μm TDFLs.

To further scale the pulse energy of the CGFML DS in 2 μm TDFLs, more condensed GFs 
(which has been available currently) should be adopted, and the total cavity dispersion map 
should be optimized. Therefore, with higher pump power, more condensed GFs, and further 
optimized parameters, ultrafast 2 μm pulses with even higher energy are readily feasible.

This CGFML model can be readily extended to beyond 2 μm, e.g., mid-infrared fiber lasers 
(usually with anomalously dispersive gain media) to scale DS energy and thus is an efficient 
pulse energy scaling route for anomalous dispersive fiber lasers.
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Abstract

We present a new scheme of generating high-power attosecond pulses and arbitrary
waveform synthesis by multicolor synthesis. The full bandwidth of the multicolor laser
system extends more than two-octaves and reaches 37,600 cm�1 which can be used to
generate sub-single-cycle (�0.37 cycle) sub-femtosecond (360 attosecond) pulses with
carrier-envelope phase (CEP) control. The results show a promising approach for genera-
tion of relatively high-power attosecond pulses in the optical region. In this chapter, the
design and diagnostics of the laser system are described. In part 2 of this work (the
following chapter), we demonstrate selected applications of this novel source, such as
coherently controlled harmonic generation as well as phase-sensitive 2-color ablation of
copper and stainless steel by this multi-color laser system.

Keywords: arbitrary waveform synthesis, harmonic generation, cascaded harmonics,
laser ablation, laser sources, pulse generation, multicolored

1. Introduction

Human history has taught us that the invention of novel light sources and related technologies
would lead to breakthroughs in science and impact the society and civilization tremendously.
X-rays and lasers are good examples of such technologies. High-power laser systems are a
class of coherent light sources that play a major role in the advancement of science and
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technology, ranging from inertial nuclear fusion, laboratory astrophysics to laser weapons and
3D printing. Such lasers emit continuous wave (CW), nanosecond (ns), picosecond (ps) and
femtosecond (fs) pulsed output. Single or near-single cycle electromagnetic radiation can now
be generated by laser-based techniques from the terahertz (1 THz = 1012 Hz) to the soft x-ray
regions of the spectrum. The spectra of the latter yield attosecond (1 as = 10–18 s) pulses. Such
novel sources are expected to have a wide range of potential applications. Attosecond sources [1,
2] are perhaps among the most exciting new laser sources currently under development. In the
near future, controlled light wave can steer electrons inside and around atoms. This emerging
technology has been dubbed as “lightwave electronics” [3]. Nonetheless, study of condensed
matter with attosecond time-resolution remains a challenge [4]. While the potential of microfab-
rication and nanostructuring of materials by ultrafast lasers were recognized and demonstrated
more than a decade ago [5], there have not been reports of real-world applications of attosecond
pulses to date. Primarily, this is limited by the lack of powerful attosecond sources.

Among the approaches that allow generation of attosecond pulses, the high-order harmonic
generation (HHG) [6] seems to be the most promising one. HHG can serve as a source of
intense attosecond pulses that extending from the Vacuum Ultraviolet (VUV) or extreme
ultraviolet (EUV) to the soft X-ray region [7]. Alternatively, Chen et al. [8] and Hsieh et al. [9]
showed that carrier-envelope-phase (CEP) controlled sub-cycle pulse train can be generated by
high-order stimulated Raman scattering (HSRS) process. Recently, we demonstrated the gen-
eration of attosecond pulses through pulse synthesis of harmonics of the same laser up to the
fifth order. These harmonics were generated through second-order nonlinear optical processes,
that is, second harmonic generation (SHG) or sum frequency generation (SFG). This novel
source is able to generate sub-single-cycle (�0.37 cycle) pulses with peak intensity of a single
pulse as high as 1014W/cm2, pulse width as short as 400 attosecond with carrier-envelope-
phase (CEP) control [10]. Waveform (purple trace) and intensity (red traces) of such ultrashort
pulses are shown in Figure 1.

Figure 1. Waveform (blue trace) and intensity (red traces) of sub-femtosecond pulses synthesized by cascaded harmonics
of an injection-seed high-power Q-switched laser.
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We further show that the relative phase among the optical fields of the harmonics can be
maintained a constant at least for thousands of nanosecond pulses. The worst-case relative
phase fluctuation is 0.04 π rad. It is shown that sub-femtosecond (360 attosecond) pulses with
carrier-envelope phase (CEP) control can be generated in this manner. Synthesis of arbitrary
waveforms, for example, square and sawtooth waveforms are possible [11].

Compared to the mainstreammethod of generating attosecond pulses by higher-harmonic gener-
ation (HHG) of few-cycle femtosecond pulses, this novel light source has advantages of compact-
ness and simplicity. Further, arbitrary optical waveform can be synthesized while the attosecond
pulse generated in thisway is sub-single-cycle with full CEP control. In Section 2 of the chapter, we
describe the basicprinciple for generation of attosecondpulses by synthesis of cascadedharmonics.
The prototype system is described. The diagnostics of such broadband sources is nontrivial.
Experimental methods for relative phase control among the harmonics are presented in Section 3.
This is followed by a review of the synthesis of arbitrary waveforms and their diagnostics by the
linear cross-correlation method. Finally, we summarize in Section 5 of the chapter. Applications of
this novel high-power laser system can be found in part 2 of this work (the following chapter), in
whichwe discuss coherently controlled harmonic generation [12] aswell as phase-sensitive 2-color
ablation of copper and stainless steel by this multi-colour laser system.

2. Generation of attosecond pulses by synthesis of cascaded harmonics

Fundamentally, an optical pulse train with a repetition rate of ωm can be viewed as the sum of
a set of frequency components that form an arithmetic series [13]. The electric field of each
component can be written in the following form:

Eq tð Þ ¼ Aqe
iϕq eiωqt, (1)

where ωq = ω0 + qωm, for q = 0, 1, 2, … To shape the pulse envelope, the phase term ϕq and
amplitude term Aq of each component are controlled. One can set the phase term ϕq and
rewrite it as ϕq = ϕ0 + qϕm. The synthesized pulse could then be expressed as:

E tð Þ ¼
X
q

Eq tð Þ ¼ ei ω0tþϕ0ð ÞX
q

Aqeiqωm tþϕm
ωm

� �
¼ ei ω0tþϕ0ð ÞEc tþ ϕm=ωm

�
Þ, (2)

where Ec tð Þ �Pq Aqeiqωmt is a typical cosine pulse train and ω0tþ ϕ0 is the time-varying CEP

with frequency of ω0. In the commensurate case, the CEP is equal to ϕ0 for all ultrashort pulses
belonging to the same attosecond pulse train or within the ns pulse envelope in the HSRS
approach since ω0 equals to zero. As a result, CEP will be randomly changing if ϕ0 is random
from 1 ns pulse to another. For instance, a 802 nm and a 602 nm laser with pulsewidth around
ns and repetition rate of 30 Hz (corresponding to q = 3 and 4 of the Raman resonance of
molecular hydrogen) were employed to stimulate the Raman sidebands in early work by one
of the co-authors [14, 15]. Because the phases of the two driving lasers, denoted as ϕ3 and ϕ4,
are random and independent of each other in individual ns pulses, both ϕm = ϕ4 � ϕ3 and
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describe the basicprinciple for generation of attosecondpulses by synthesis of cascadedharmonics.
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ϕ0 = ϕ3 � 3ϕm = 4ϕ3 � 3ϕ4 are random in time as well. Although CEP of generated pulse trains
with 1 ns pulse every 33 ms is fixed. The CEP of attosecond pulses in different ns pulse
envelopes varies randomly as well. This severely limits the application of this type of
attosecond light source. Cross-correlation by four-wave-mixing interaction among attosecond
pulses within the same ns pulse, which are commensurate. Therefore, correlation behavior
could still be observed.

Alternatively, CEP will be fixed if all phase-controlled frequency components of the pulse train
are optical harmonics from the same laser, rather than through Raman sideband generation. It
is clear that the relative phase among generated higher-order harmonics and the lower ones
are fixed. For example, relative phase among ϕ5, ϕ2 and ϕ3 of the fifth, second and third
harmonic of the same laser will not be changing, if light of frequency ω5 is generated from
SFG of ω2 and ω3.

At this junction, it is instructive to note that Hansch proposed that sub-femtosecond pulse
could be synthesized by nonlinear phase locking of lasers nearly a decade ago [16]. Later, his
group further demonstrated the feasibility of this approach with three cw phase-locked semi-
conductor lasers [17]. This approach, however, was not pursued since primarily because of the
low power generated.

In the following, we summarize the potential advantages and unique features of attosecond
pulse generation through pulse synthesis of harmonics of the same laser in contrast to the
earlier Raman sideband approach:

2.1. Higher efficiency

This is expected since all the wavelength conversion processes for generation of the harmonics
up to the near UVare from second order nonlinearity, instead of third order nonlinearity in the
Raman sideband approach.

2.2. Simplicity and compactness

Only one pump laser is required in the present scheme (see Figure 2(b)) rather than two in the
Raman sideband approach.

2.3. Role of the fundamental frequency

In frequency-domain description of the pulse train, mode spacing or frequency difference of
adjacent modes dictates pulse spacing in time or pulse repetition rate in frequency [13].
Therefore, lower-frequency components of the pulse decide the main structure of the pulse
waveform while higher-frequency components provide the fine structure or details of the
pulse. To illustrate, Figure 3 shows a square wave synthesized by 10 modes with frequencies
from the fundamental to 10th harmonic of the pump laser. Severe distortion is observed if the
amplitude of the fundamental is attenuated merely by 10% (see Figure 3(b)). This reveals the
significance of the component at the fundamental frequency. Significantly, high-quality square
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Figure 2. (a) Schematic of the Raman sideband generation approach (b): Schematic of the cascaded harmonics approach
A Q-switched Nd:YAG laser and its harmonics up to the fifth order is used as the laser source.

Figure 3. (a) Synthesis of a square wave with modes at frequency from the fundamental to the 10th harmonic of the laser
output. (b) Same as (a) except that the amplitude of the mode at the fundamental frequency is attenuated by 10%.
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waveform can already be synthesized with five frequency components from the fundamental
frequency to fifth harmonic frequency.

2.4. Bandwidth

Compared to the Raman sideband approach, shortest pulse duration generated by the present
cascaded harmonics synthesis method is inevitably limited since fewer numbers of channels
are available in practice. However, this does not severely limit the application of the latter in
generating attosecond pulses. A pulse 0.6 fs in duration could be obtained by synthesis of the
fundamental wavelength of 1064 nm and its second, third, fourth and fifth harmonics. This can
be understood by realizing that bandwidth is independent of the number of channels physi-
cally. These five components already span sufficient bandwidths.

2.5. Pulse quality

Arbitrary waveform synthesis is of importance for attosecond science. As an example, we
show the synthesis of a Gaussian pulse with various numbers of frequency components or
channels. The image-quality-index, which is widely used in image pattern recognition, is used
to gauge the quality of the shaped pulse [18]. The quality increases step-wise only when
number of channels is equal to 2n (n is an integer), that is, 2, 4, 8, 16…). This implies that we
do not have to put too much effort into generating the sixth and seventh harmonic unless the
8th harmonic (133 nm) can be generated efficiently as well (Figure 4).

As a further example, we show the synthesis of a sawtooth waveform with various numbers of
channels (see Figure 5(a)). Figure 5(a) also indicates that a quality factor of 92% could be
achieved already with 4 channels. The perfect sawtooth wave, those synthesized with 4
channels (from the fundamental to the fourth harmonics) and 32 channels (from the funda-
mental to the 32nd harmonics) are illustrated in Figure 5(b). The sawtooth waveform synthe-
sized with 4 channels is already recognizable, while that generated with 32 channels is
indistinguishable from the mathematical function.

Figure 4. Image quality index of a Gaussian pulse generated with different number of channels.
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In our lab, we have constructed a system for the demonstration of attosecond pulse generation
by synthesis of cascaded harmonics. This is shown in Figure 6. The fundamental frequency
component at ω1 is from a custom-made injection-seeded Quanta Ray PRO- 290 Q-switched
Nd:YAG laser (λ = 1064 nm) operating at 10 Hz. The pulse duration is about 10 ns. The laser
frequency bandwidth is narrower than 0.003 cm�1. The nonlinear optical crystals for generating
2nd through the 5th harmonics of the laser fundamental beam are arranged in a cascaded layout.
The crystals are KD*P type II for the second harmonic ω2, KD*P type I for the third harmonic ω3,
BaB2O4 (BBO) type I for the fourth harmonic ω4, and BBO type I for the fifth harmonic ω5. Thus
the five-color output of the laser system covers optical spectra from the near infrared (NIR) or
1064 nm to the ultraviolet (UV), that is, 213 nm. The cascade setup was adopted to ensure that
the second-order nonlinear optical process all occurred collinearly. As a result, the fundamental
and harmonics overlapped spatially. The pulse energy of each harmonic was 380, 178, 70, 41, and
22 mJ, respectively. The polarizations of the five colors were elliptic, horizontal, vertical, vertical,
and horizontal for the fundamental through the fifth harmonic in that order. Eventually, all five
colors will be converted into horizontally polarized light (see below).

Precision control of the amplitude and the phase of each frequency components are essential.
To this end, we first spatially dispersed the five colors by a fused silica prism. The dispersed
beams were then recollimated but spatially separated by using another, larger fused silica
prism. In the parallel co-propagating region of the five colors, we inserted an amplitude
modulator and a phase modulator each. Therefore, it is possible to adjust the amplitude and
relative phase of these harmonics separately. Each amplitude modulator was the assembly of a
half waveplate and a polarizer. The polarization directions of the harmonic frequencies were
all horizontal after passing through the polarizers. We can adjust the pulse energy of each
harmonic by rotating the orientation of the half waveplate. To deal with the elliptical polariza-
tion of the fundamental frequency of the laser, we used a quarter waveplate to rotate the
elliptical polarization back to the linear polarization.

Figure 5. (a) Synthesis of a sawtooth waveform with various numbers of channels (b) the perfect sawtooth wave, those
synthesized with 4 channels (from the fundamental to the fourth harmonics) and 32 channels (from the fundamental to
the 32th harmonics).
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Each phase modulator consisted of a pair of right-angle triangle prisms. Adjusting the relative
positions of each prism in the pair independently along the direction of their hypotenuse will
change the effective path length traveled by each harmonic. The phase of each harmonic wave
will be altered by Δϕi = 2π (nprism � nair)l/λi, where l is the relative displacement of the two
prisms nprism, and nair are refractive indices of the prism and air, respectively. This scheme
allows variation of the phase Δϕi of the ith harmonic, i = 1–5, but will not affect the beam
alignment. Finally, these five beams of fundamental output and cascaded harmonics of the Nd:
YAG laser were recombined and collimated by another prism set at a symmetry position to the
first prism set. The whole setup is similar to a 4-f imaging system.

3. Relative phase measurement

For waveform control and pulse synthesis, we need to determine the relative phase among the
harmonics. This was accomplished as follows: First, the fifth harmonic was used as the refer-
ence. We then proceed to adjust the relative phase of all other four harmonic frequencies to the
reference. Four type I BBO crystals were employed. These were cut at (a) θ = 22.9� and ϕ = 0�

for 1064 nm + 1064 nm ! 532 nm, (b) θ = 31.3� and ϕ = 0� for 1064 nm + 532 nm ! 355 nm, (c)
θ = 47.7� and ϕ = 0� for 532 nm + 532 nm ! 266 nm, and (d) θ = 51.2� and ϕ = 0� for
1064 nm + 266 nm ! 213 nm, respectively. The Nd:YAG laser harmonic frequencies and
summed frequencies generated from the BBO crystal were then dispersed and detected by a

Figure 6. First-generation NTHU Attosecond source based on frequency synthesis of cascaded in-line harmonics of a
single-frequency Q-switched Nd:YAG laser. Amplitude and phase modulation of each of the harmonics are provided.
Insets (a) and (b) show predicted and experimentally generated square waveforms.
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set of photodiodes. Every harmonic was heterodyned with a signal at the same frequency
derived by optically summing two lower harmonics in a particular BBO crystal. Then the
resulting interference signal can be used to calibrate the phase modulator and to align the
phases of the harmonic frequencies. Since the polarization of the summed output is orthogonal
to that of the harmonics, a polarizer is used to project the polarization of the two states onto a
common axis in order to maximize the heterodyning signal. With five frequency components,
four measurements are needed for determining of their relative phases. The setup of the
relative phase between each harmonic is shown as Figure 7.

The flow chart of determining the relative phase of the second harmonic (532 nm) with respect
to the fundamental by measuring the interference signal is shown in Figure 8. First, light from
the laser system at ω1 and ω2 generates the signal at ω3

0 through the sum-frequency generation
(SFG) in a BBO crystal. By tuning the phase modulator inserted in the beam path of the light at
ω3 from the laser signal, we can introduce a phase difference Δϕ3 between the harmonic from
the laser system and light of the same frequency from the sum-frequency generation process.
For the case of 355 nm light (see Figure 9),

Δϕ355 ¼ ϕ0
355 � ϕ355 ¼ ϕ1064 þ ϕ532 þ

π
2
� ϕ355

Or

ϕ355 ¼ 3ϕ1064 þ π� Δϕ532 � Δϕ355 (3)

As the phase modulator is tuned, the interference signal shows the expected sinusoidal behav-
ior (see Figure 9). After the relative phase changes over a few cycles, the scan is stopped
(middle of Figure 9). This part of the interference record reflects the phase stability of the
system, as the phase and power of the harmonics do vary in practice.

The phase stability of the third-harmonic beam at 355 nm is 0.0407 π, while that of the second
harmonic is 0.1103 π. It is possible to control the phase modulator such that the interference

Figure 7. The experimental setup for relative phase measurement. Four BBO crystals were used. Second, third, fourth and
fifth indicate the nonlinear crystals in the cascaded generation process.
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Figure 6. First-generation NTHU Attosecond source based on frequency synthesis of cascaded in-line harmonics of a
single-frequency Q-switched Nd:YAG laser. Amplitude and phase modulation of each of the harmonics are provided.
Insets (a) and (b) show predicted and experimentally generated square waveforms.
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set of photodiodes. Every harmonic was heterodyned with a signal at the same frequency
derived by optically summing two lower harmonics in a particular BBO crystal. Then the
resulting interference signal can be used to calibrate the phase modulator and to align the
phases of the harmonic frequencies. Since the polarization of the summed output is orthogonal
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common axis in order to maximize the heterodyning signal. With five frequency components,
four measurements are needed for determining of their relative phases. The setup of the
relative phase between each harmonic is shown as Figure 7.
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π
2
� ϕ355
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As the phase modulator is tuned, the interference signal shows the expected sinusoidal behav-
ior (see Figure 9). After the relative phase changes over a few cycles, the scan is stopped
(middle of Figure 9). This part of the interference record reflects the phase stability of the
system, as the phase and power of the harmonics do vary in practice.

The phase stability of the third-harmonic beam at 355 nm is 0.0407 π, while that of the second
harmonic is 0.1103 π. It is possible to control the phase modulator such that the interference

Figure 7. The experimental setup for relative phase measurement. Four BBO crystals were used. Second, third, fourth and
fifth indicate the nonlinear crystals in the cascaded generation process.
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signal is maintained at certain level, for example, the half, the maximum, and the minimum of
the magnitude of the interference signal. For example, we fixed Δϕ532 = π∕2. When the
interference signal at 355 nm is at half of the maximum intensity, the phase difference Δϕ355 is
0.5π. According to Eq. (3), the relative phase relationship is ϕ355 ¼ 3ϕ1064 which is the phase-
matching condition. The carrier envelope phase of the synthesized wave or CEP is zero.
Similarly, if we set the phase difference Δϕ355 to be 0. ϕ355 ¼ 3ϕ1064 þ π∕2. Therefore, the CEP
of the synthesized waveform is π/2.

Figure 8. The flow chart for measuring the relative phase through the interference signal.

Figure 9. The relative phase between fundamental and the third harmonic is determined as shown on the right of the
figure. Left of the signal shows the experimentally measured interference signal. CEP: carrier envelope phase.
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4. Waveform synthesis and its measurement

As the spectral bandwidth of this coherent laser source exceeds two octaves or 32,200 cm�1,
conventional methods for ultrafast waveform synthesis is not adequate. We used the shaper-
assisted linear correlation method [19] for such a task. This method is particularly suited for
diagnostics of multiwave synthesized waveforms.

The basic concept is the use of an effective delta function waveform to retrieve the waveform.
To begin with, the output electric field of a coherent multiwave synthesized optical waveform,
for example, a mode-locked laser can be expressed as:

Ea tð Þ ¼
XN
n¼1

ancos nωtþ ϕanω þ ϕaCEP

� �
(4)

where an and ϕanω are the amplitude and phase of each component at the frequency nω, n is a
positive integer. ϕaCEP is the carrier envelope phase. Considering two such waveforms, one is
the reference with field Ea tð Þ above and the target waveform with field Eb tð Þ, given by

Eb tð Þ ¼
XN
n¼1

bn cos nωtþ ϕbnω þ ϕbCEP

� �
: (5)

The interference of the two with a relative temporal delay τcan be described as follows:

ET t; τð Þ ¼ 1
2

X
Anei nωtþϕnωð Þ þ c:c: (6)

whereð Þ An ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2nþb

2
n þ 2anbncos nωτþ ϕbnω � ϕanω

� �þ ϕbCEP � ϕaCEP

� �q

ϕn ¼ cos �1 ancos ϕanω þ ϕaCEP

� �þ bncos nωτþ ϕbnω þ ϕbCEP

� �� �
=An

� ��

An and ϕnω are the amplitude and phase of the nth Fourier component of the interference
signal. The linear cross-correlation function of the reference and target signals with a relative
time delay of τ. The time-averaged intensity of ET is then given by

I τð Þ ¼ 1
T

ð
ET t; τð ÞE∗

T t; τð Þdt ¼ 1
4

X
n

A2
n

¼P a2nþb
2
n þ 2anbncos nωτþ n ϕbnω � ϕanω

� �þ ϕbCEP � ϕaCEP

� �� � (7)

If the reference waveform is a transform-limited cosine pulse function of finite duration or a
delta function of unity amplitude, that is, an ¼ a0,phase ϕanω ¼ 0,ϕaCEP ¼ 0

I τð Þ ¼
X

a20þb
2
n

� �þ 2a0bncos nωτþ ϕbnω þ ϕbCEP

� �
(8)

That is, the time-varying part of I(τ) is directly proportional to the target field, Eb(t) (see Eq. (6)).
If the reference pulse and target one are delta and square pulse, Eq. (5) can be written as
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E t; τð Þ ¼ Eδ tð Þ þ Esquare t; τð Þ

¼ Aδ

X
n

ei ωnt�kndð Þ þ Bsqu

X
n¼1, 3, 5, ::

2
nπ

ei ωn t�τð Þ�knd�π
2ð Þ

¼
X
n

eiωntA
0
n τð Þeiφ0

n τð Þ

(9)

where

An
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aδ

2 þ Bsqu

n

� �2
þ 2Aδ

Bsqu

n
cos ωnτ� π

2

� �r
,

φn
0 ¼ tan�1

�Aδsin kndð Þ þ Bsqu

n
sin ωnτ� π

2
� knd

� �

Aδcos kndð Þ þ Bsqu

n
cos ωnτ� π

2
� knd

� �

2
64

3
75 for n ¼ 1, 3, 5::

(10)

An
0 ¼ Aδ, φn

0 ¼ �knd for n ¼ 2, 4, 6:… (11)

The linear cross-correlation measurement can be performed using any interferometric
arrangement, for example, a Michelson interferometer. Equivalently, it can be conducted
by adjusting the amplitudes and phases of the frequency components of the waveform.
The experimental setup is shown in Figure 10. A thermal pile power meter, which can
detect light from the fundamental (λ = 1064 nm) to the fifth harmonic (λ = 213 nm) of the
laser system.

We have shown previously that it is possible to synthesize attosecond pulse train and arbitrary
waveforms using this approach [11]. For example, Figure 11(a) shows the synthesized square
waveform by the fundamental, second and third harmonics of the Nd:YAG laser. The normal-
ized amplitudes of the harmonics are respectively, 1, 0 and 1/3. Figure 11(b) shows the
synthesized sawtooth waveform by the fundamental through the fourth harmonics of the Nd:
YAG laser. The normalized amplitudes of the fundamental and harmonics are respectively, 1,
1/2, 1/3 and 1/4. The measured waveforms are in good agreement with the theoretical esti-
mates (solid curves in Figure 11). Although we just used three of four waves in this experi-
ment, the synthesized waveforms already reproduce these familiar mathematical functions.

Figure 10. The experimental arrangement for linear cross-correlation measurement of the synthesized waveform. Second,
third, fourth and fifth indicate the nonlinear crystals that generated the cascaded harmonics.
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Our laser system can generate fundamental through the fifth harmonics with pulse energies of
380, 178, 70, 41, and 22 mJ. If these can be fully utilized, the synthesized transform-limited
pulse will exhibit a temporal FWHM of 480 attoseconds. The intensity envelope will be just 700
attoseconds. The intensity of each attosecond pulse will exceed 1014 W/cm2 when it is focused
to a spot size of 20 μm. Such high-power pulses would induce interesting nonlinear effect in
materials. Opportunities in novel laser processing should arise. These will be discussed in the
part II of this work.

5. Summary

We proposed and demonstrated a new high-power attosecond light source by frequency
synthesis. The laser system consists of a narrow-band transform-limited high-power Q-
switched Nd:YAG laser and its second (λ = 532 nm) through fifth harmonics, (λ = 213 nm).
The laser system was designed such that the cascaded harmonics spatially overlap and co-
propagate to the far fields. The spectral bandwidth of this coherent laser source thus exceeds
two octaves or 32,200 cm�1.The amplitude and phase of the comb consisting of the five
frequency components can be independently controlled. Sub-single-cycle (� 0.37 cycle) sub-
femtosecond (360 attosecond) pulses with carrier-envelope phase (CEP) control can be gener-
ated in this manner. The peak intensity of each pulse exceeds 1014 W/cm2 with a focused spot
size of 20 μm. It is also possible to synthesize arbitrary optical waveforms, for example, a
square wave. The synthesized waveform is stable at least for thousands of nanosecond.
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Figure 11. (a) Synthesis of a square waveform with the fundamental, second and third harmonics of the Nd:YAG laser.
(b) Synthesis of a sawtooth waveform with the fundamental, second, third and fourth harmonics of the Nd:YAG laser.
The solid squares are experimental data. The blue curves are theoretical curves. (reproduced with permission from [11]).
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Abstract

In part I of this work, we present the design, construction and diagnostics of a new scheme
of generating high-power attosecond pulses and arbitrary waveforms by multicolor syn-
thesis. In this chapter, we demonstrate selected applications of this novel source, such as
coherently controlled harmonic generation as well as phase-sensitive two-color ablation of
copper and stainless steel by this multicolor laser system.
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1. Introduction

In part I of this work [1], we reported a new high-power laser system for generating attosecond
light pulses and arbitrary waveforms by frequency synthesis. The laser system can generate up
to five amplitude and phase-controlled collinear beams with wavelengths from the fundamen-
tal output of the Nd:YAG laser (λ = 1064 nm) and its second (λ = 532 nm) through the fifth
harmonic (λ = 213 nm). Sub-single-cycle (�0.37 cycle) sub-femtosecond (360 attosecond) pulses
with carrier-envelope phase (CEP) control can be generated in this manner. The peak intensity
of each pulse exceeds 1014 W/cm2 with a focused spot size of 20 μm. Stable square and saw-
tooth waveforms were also demonstrated [2].
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The coherent control of nonlinear optical processes such as harmonic generation by waveform-
controlled laser field is important for both fundamental science and technological applications.
Previously, we have studied the influence of relative phases and intensities of the two-color
pump (1064 and 532 nm) electric fields on the third-order nonlinear frequency conversion
process in argon [2]. It was shown that the third-harmonic (TH) signal oscillates periodically
with the relative phases of the two-color driving laser fields. The data are in good agreement
with a perturbative nonlinear optical analysis of the TH signal, which consists of contribution
of the direct third-harmonic-generation (THG), four-wave mixing (FWM) and the interference
of the above two processes.

As an extension of this work, we have studied generation of harmonics by three-color synthe-
sized waveform in inert gas systems. We will illustrate the physics involved by examining the
case for fourth-harmonic generation (FHG) in Section 2.

Anomalous enhancement of the THz signal in the presence of the 532 nm beam was observed,
however. In this work, we show that plasma generated through the ionization process during
laser-matter interaction plays a significant role in the enhancement of the TH signal. We also
demonstrated phase-sensitive two-color ablation of copper and stainless steel. Our results
show that hole drilling is more efficient for optimized waveforms.

2. Nonlinear frequency conversion by coherently controlled three-color
excitation of inert gases

In this section, we investigate the use of three-color laser fields as a source to generate har-
monic signals in an isotropic media, for example, inert gases. With three-color pump and
consider only the lowest order nonlinear processes in isotropic systems, that is, third-order
nonlinear process, one can expect to generate 4th to 9th harmonics of the laser fundamental
output. A richness of nonlinear effects and complicated quantum interference phenomena is
predicted. This summarized in Table 1.

Using perturbative nonlinear formulism, we first derived the general formula of the harmonic
electric field as well as the corresponding intensity. The coherent effect manifests itself through
the interference of two frequency conversion pathways. In the following, we will use the case
of FHG to illustrate the physical phenomena expected.

With three-color field (the fundamental ω1, second harmonic ω2 = 2ω1 and third harmonic
ω3 = 3ω1) excitation, the fourth-harmonic signal can be generated by three nonlinear optical
processes (ω1 + ω1 + ω2 = ω4, �ω1 + ω2 + ω3 = ω4, and �ω2 + ω3 + ω3 = ω4). The conversion
efficiency for the fourth-harmonic signal can be modulated by the interference between each
two of three FWM processes. As the relative phase between ω1, ω2 and ω3 vary, combinations
of three sinusoidal modulation due to interference in the output intensity of the fourth har-
monic at frequency ω4 is predicted. We will also show that the relative amplitude of the
fundamental, second-harmonic and third-harmonic driving laser field influences the fourth-
harmonic signal.
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We assume plane-waves propagating in the +z direction. The three-color field can be repre-
sented as:

~E z; tð Þ ¼ 1
2

E1ei k1z�ω1tþφ1ð Þ þ E2ei k2z�ω2tþφ2ð Þ þ E1ei k3z�ω3tþφ1ð Þ þ c:c:
h i

(1)

where φ1, φ2 and φ3 are the modulated phases of the three colors, respectively. As a source, the
nonlinear polarization term in the medium induced by the three-color fields will generate
several new frequency components. If we only consider third-order nonlinear optical processes
only, assuming no pump depletion, the electric field of the fourth harmonic can then be
rewritten as

E4 zð Þ ¼ E4I zð Þ þ E4II zð Þ þ E4III zð Þ, (2)

where

E4I zð Þ ¼ i
12π2

n4λ1
Nχ 3ð Þ

4I E
2
1E2L sin c

Δk4IL
2

� �
eiΔk4ILei 2φ1þφ2ð Þ: (3)

E4II zð Þ ¼ i
24π2

n4λ1
Nχ 3ð Þ

4II E
∗
1E2E3L sin c

Δk4IIL
2

� �
eiΔk4IILei �φ1þφ2þφ3ð Þ, (4)

E4III zð Þ ¼ i
12π2

n4λ1
Nχ 3ð Þ

4IIIE
∗
2E

2
3L sin c

Δk4IIIL
2

� �
eiΔk4IIILei �φ2þ2φ3ð Þ, (5)

Harmonic generation Processes

Fourth ω1+ω1+ω2!ω4

-ω1+ω2+ω3!ω4

-ω2+ω3+ω3!ω4

Fifth ω1+ω2+ω2!ω5

ω1+ω1+ω3!ω5

-ω1+ω3+ω3!ω5

Sixth ω2+ω2+ω2!ω6

ω1+ω2+ω3!ω6

Seventh ω2+ω2+ω3!ω7

ω1+ω3+ω3!ω7

Eighth ω2+ω3+ω3!ω8

Ninth ω3+ω3+ω3!ω9

Table 1. Third-order nonlinear process (ωn = ωi + ωj + ωk, ωn = ωi + ωj � ωk, n = 4–9, i, j, k = 1–3) that can contribute to the
generation of 4th to 9th harmonics of the laser fundamental output of a three-color field (the fundamental ω1, second
harmonic ω2 = 2ω1 and third harmonic ω3 = 3ω1).

Frequency-Synthesized Approach to High-Power Attosecond Pulse Generation and Applications: Applications
http://dx.doi.org/10.5772/intechopen.78270

155



The coherent control of nonlinear optical processes such as harmonic generation by waveform-
controlled laser field is important for both fundamental science and technological applications.
Previously, we have studied the influence of relative phases and intensities of the two-color
pump (1064 and 532 nm) electric fields on the third-order nonlinear frequency conversion
process in argon [2]. It was shown that the third-harmonic (TH) signal oscillates periodically
with the relative phases of the two-color driving laser fields. The data are in good agreement
with a perturbative nonlinear optical analysis of the TH signal, which consists of contribution
of the direct third-harmonic-generation (THG), four-wave mixing (FWM) and the interference
of the above two processes.

As an extension of this work, we have studied generation of harmonics by three-color synthe-
sized waveform in inert gas systems. We will illustrate the physics involved by examining the
case for fourth-harmonic generation (FHG) in Section 2.

Anomalous enhancement of the THz signal in the presence of the 532 nm beam was observed,
however. In this work, we show that plasma generated through the ionization process during
laser-matter interaction plays a significant role in the enhancement of the TH signal. We also
demonstrated phase-sensitive two-color ablation of copper and stainless steel. Our results
show that hole drilling is more efficient for optimized waveforms.

2. Nonlinear frequency conversion by coherently controlled three-color
excitation of inert gases

In this section, we investigate the use of three-color laser fields as a source to generate har-
monic signals in an isotropic media, for example, inert gases. With three-color pump and
consider only the lowest order nonlinear processes in isotropic systems, that is, third-order
nonlinear process, one can expect to generate 4th to 9th harmonics of the laser fundamental
output. A richness of nonlinear effects and complicated quantum interference phenomena is
predicted. This summarized in Table 1.

Using perturbative nonlinear formulism, we first derived the general formula of the harmonic
electric field as well as the corresponding intensity. The coherent effect manifests itself through
the interference of two frequency conversion pathways. In the following, we will use the case
of FHG to illustrate the physical phenomena expected.

With three-color field (the fundamental ω1, second harmonic ω2 = 2ω1 and third harmonic
ω3 = 3ω1) excitation, the fourth-harmonic signal can be generated by three nonlinear optical
processes (ω1 + ω1 + ω2 = ω4, �ω1 + ω2 + ω3 = ω4, and �ω2 + ω3 + ω3 = ω4). The conversion
efficiency for the fourth-harmonic signal can be modulated by the interference between each
two of three FWM processes. As the relative phase between ω1, ω2 and ω3 vary, combinations
of three sinusoidal modulation due to interference in the output intensity of the fourth har-
monic at frequency ω4 is predicted. We will also show that the relative amplitude of the
fundamental, second-harmonic and third-harmonic driving laser field influences the fourth-
harmonic signal.

High Power Laser Systems154

We assume plane-waves propagating in the +z direction. The three-color field can be repre-
sented as:

~E z; tð Þ ¼ 1
2

E1ei k1z�ω1tþφ1ð Þ þ E2ei k2z�ω2tþφ2ð Þ þ E1ei k3z�ω3tþφ1ð Þ þ c:c:
h i

(1)

where φ1, φ2 and φ3 are the modulated phases of the three colors, respectively. As a source, the
nonlinear polarization term in the medium induced by the three-color fields will generate
several new frequency components. If we only consider third-order nonlinear optical processes
only, assuming no pump depletion, the electric field of the fourth harmonic can then be
rewritten as

E4 zð Þ ¼ E4I zð Þ þ E4II zð Þ þ E4III zð Þ, (2)

where

E4I zð Þ ¼ i
12π2

n4λ1
Nχ 3ð Þ

4I E
2
1E2L sin c

Δk4IL
2

� �
eiΔk4ILei 2φ1þφ2ð Þ: (3)

E4II zð Þ ¼ i
24π2

n4λ1
Nχ 3ð Þ

4II E
∗
1E2E3L sin c

Δk4IIL
2

� �
eiΔk4IILei �φ1þφ2þφ3ð Þ, (4)

E4III zð Þ ¼ i
12π2

n4λ1
Nχ 3ð Þ

4IIIE
∗
2E

2
3L sin c

Δk4IIIL
2

� �
eiΔk4IIILei �φ2þ2φ3ð Þ, (5)

Harmonic generation Processes

Fourth ω1+ω1+ω2!ω4

-ω1+ω2+ω3!ω4

-ω2+ω3+ω3!ω4

Fifth ω1+ω2+ω2!ω5

ω1+ω1+ω3!ω5

-ω1+ω3+ω3!ω5

Sixth ω2+ω2+ω2!ω6

ω1+ω2+ω3!ω6

Seventh ω2+ω2+ω3!ω7

ω1+ω3+ω3!ω7

Eighth ω2+ω3+ω3!ω8

Ninth ω3+ω3+ω3!ω9

Table 1. Third-order nonlinear process (ωn = ωi + ωj + ωk, ωn = ωi + ωj � ωk, n = 4–9, i, j, k = 1–3) that can contribute to the
generation of 4th to 9th harmonics of the laser fundamental output of a three-color field (the fundamental ω1, second
harmonic ω2 = 2ω1 and third harmonic ω3 = 3ω1).

Frequency-Synthesized Approach to High-Power Attosecond Pulse Generation and Applications: Applications
http://dx.doi.org/10.5772/intechopen.78270

155



With the phase or wave-vector mismatch given by Δk4I ¼ k4 � 2k1 � k2, Δk4II ¼ k4þ
k1 � k2 � k3 and Δk4III ¼ k4 þ k2 � 2k3. In this section, the symbol “I”,“II”, “III” represent the
three possible four-wave mixing (FWM) processes with corresponding nonlinear suscepti-
bilities: χ(3)

4I = χ(3)
(ω4; ω1, ω1, ω2), χ

(3)
4II = χ(3)

(ω4; �ω1, ω2, ω3), χ
(3)

4III = χ(3)
(ω4; �ω2, ω3, ω3),

respectively. L stands for the nonlinear medium length. The intensity of the fourth-harmonic
signal can then be written as

I4 zð Þ ¼ cn4
8π
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���
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9>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

(7)

In Eq. (7), the first, second and third terms are the three FWM processes, I, II and III, respec-
tively. The last three terms are cross-terms due the interference of the optical fields generated
by FWM processes I and II, II and III and III and I, in that order.

In the simulation, we used three-color laser fields (the fundamental, second harmonic, and third
harmonic of the Nd:YAG laser) to generate fourth-harmonic signal in gaseous argon. For simplic-
ity, we further assumed that the phase mismatch for all of FWM processes is equal and negligible.
Further, the fundamental and second-harmonic power is the same and their sum is normalized.

In Figure 1we show the fourth-harmonic signal as function of the power ratio of the fundamen-
tal beam and that of the fundamental and second harmonic combined. The third-harmonic beam
is held constant. Examining Figure 1, one can see clearly that much higher conversion efficiency
of the fourth-harmonic signal would be generated if the normalized power ratio is around 0.8.

High Power Laser Systems156

The dependence of the fourth-harmonic signal on the phase of the fundamental beam is shown
in Figure 2. Clearly, the modulation is more complex than the two-color case.

Figure 1. The fourth-harmonic signal versus the power ratio P1/P1 + P2. Contributions by the three FWM processes and
the cross-terms are shown as different colors.

Figure 2. The dependence of the fourth-harmonic signal on the phase of the fundamental beam.
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Figure 1. The fourth-harmonic signal versus the power ratio P1/P1 + P2. Contributions by the three FWM processes and
the cross-terms are shown as different colors.

Figure 2. The dependence of the fourth-harmonic signal on the phase of the fundamental beam.
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3. Third-harmonic generation by coherently controlled two-color excitation
of inert gases: plasma effect

With two-color excitation, the third-harmonic signal is contributed by the direct THG
(ω3 = ω1 + ω1 + ω1) and four-wave mixing (FWM, ω3 = ω2 + ω2 – ω1) processes and a cross term
of the two. As the relative phase between ω1 and ω2 varies, a sinusoidal modulation in output
intensity at frequency ω3 is expected and was demonstrated in our previous work [2]. In
intense laser field, plasma can be generated through the ionization of gases. Optical harmonic
generation in plasmas has been studied for a long time. Recently, significant enhancement of
the third-harmonic emission in plasma has been reported by Suntsov et al. [3]. More than two-
order-of-magnitude increase of the efficiency of third-harmonic generation occurs due to the
plasma-enhanced third-order susceptibility [5]. More specifically, the presence of charged
species (free electrons and ions) can effectively increase the third-order nonlinear optical
susceptibility [4, 5]. This indicates that the susceptibility can be expressed as a function of the
plasma density Ne induced by laser field. Additionally, the refractive index of the target, for
example, gases or solids, is also changed in the presence of the plasma. The wave-vector
mismatch Δk, in plasma, between the fundamental and the third-harmonic signal can be
derived by using the Drude model. Enhanced third-harmonic signal that eventually saturates
at higher plasma density was predicted [6, 7]. In this chapter, we observed more than ten
orders of magnitude enhancement of third-harmonic generation in argon plasma by
employing the fundamental (1064 nm) and second-harmonic (532 nm) fields of an injection-
seeded Q-switched Nd:YAG laser. Under the assumption that susceptibility and wave-vector
mismatch depend on the plasma density, we show that plasma plays a significant role in the
third-harmonic signal by an analysis based on the formulism of perturbative nonlinear optics.
Significant enhancement of the TH signal is caused by the plasma-enhanced susceptibility of
the dominant four-wave mixing process. When the plasma density is high enough, the TH
signal becomes saturated and drops primarily due to the detrimental effect of the wave-vector
mismatch.

The experimental setup for studying the effect of plasma formation on generation of third-
harmonic signal by phase-controlled two-color excitation is shown in Figure 3. It is a simpli-
fied version of the multicolor laser system described in part I of this work and our previous
papers [2, 3]. To reiterate, we employed a Q-switched Nd:YAG laser system (Spectra Physics
GCR Pro-290) that generates intense 1064 nm pulses with a pulse duration of 10 ns (FWHM)
and a line width of <0.003 cm�1. The laser pulse repetition rate is 10 Hz, and the maximum
pulse energy is 1.9 J/pulse. The second-harmonic (532 nm) beam was generated by using the
nonlinear optical crystal KD*P (type I phase matching). The maximum pulse energy of the
second-harmonic signal is around 1 J/pulse. The fundamental and second-harmonic pulses
propagate collinearly with a fixed relative phase. This two-color laser beams are separated by a
prism pair into two arms. A power tunable two-color system can be generated with two
amplitude modulators for each arm. The relative phase and amplitudes of these two-color
laser fields can be timed independently by amplitude and phase modulators. The fundamental
and second-harmonic beams are first angularly separated and then made parallel by a pair of
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prisms. With the desired amplitude ratio and relative phase, the two-color laser fields are
recombined with an identical pair of prisms and then focused into a vacuum chamber filled
with argon (10 Torr) by a 10-cm-focal lens to generate the third-harmonic (355 nm) signal. To
overlap two foci of the fundamental and second-harmonic beam, the dispersion of the lens is
compensated by a telescope in the fundamental arm. The third-harmonic generation is filtered
by a monochromator (VM-502, Acton Research) and detected by a photomultiplier tubes
(R11568, Hamamatsu).

With excitation by the two-color field (the fundamental ω1 and second harmonic ω2) of the Nd:
YAG laser, the third-harmonic signal can be generated by two optical processes, i.e., ω1 + ω1 +
ω1 = ω3 and �ω1 + ω2 + ω2 = ω3. We assume plane-waves propagating in the +z direction. The
theoretical formulism is similar to the three-color case in Section 1. In the slow-varying enve-
lope approximation and assume no pump depletion, the TH field can be written as
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where the subscripts “I” and “II” denote the two nonlinear processes, namely the direct THG
and FWM; χ(3) is the third-order nonlinear susceptibility, L is the length of the nonlinear
material; φ1 and φ2 are the phases of the fundamental and second-harmonic beams, respec-
tively. Δk13 = 3k1 � k3 and Δk213 = 2 k2 � k1 � k3 are wave-vector mismatch due to dispersion in
the gaseous media. The refractive index of the gas can be calculated by using Sellmeier
equation,

Figure 3. The experimental setup for studying the effect of plasma formation on generation of third-harmonic signal by
phase-controlled two-color excitation.
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pulse energy is 1.9 J/pulse. The second-harmonic (532 nm) beam was generated by using the
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laser fields can be timed independently by amplitude and phase modulators. The fundamental
and second-harmonic beams are first angularly separated and then made parallel by a pair of

High Power Laser Systems158
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(R11568, Hamamatsu).
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In Eq. (9), Ng = P/kBT is the gas density related to the pressure of the gas by ideal gas law Ng in
which kB is Planck constant; re is classical electron radius. The first term or (n � 1)lines refers to
the contribution by discrete energy levels of the atom while the second term or (n � 1)cont is
that by the continuum states. For the oscillator strengths f of argon, we used those listed in Ref.
[8]. In addition, we take the photoionization cross-section from Ref. [9]. The intensity of TH
signal, therefore, can be written as
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In Eq. (10), the first, second and third term corresponds to THG. FWM and a cross-term due to
the interference of the former two processes. For the sake of simplicity, we can set ϕ1 = 0.
Therefore, Δϕ = ϕ2 � 2ϕ1 = ϕ2 is the relative phase between ω1 and ω2. In media with normal
dispersion, for example, the non-resonant excitation of room-temperature argon gas, the rela-
tive magnitude of the wave vectors is k1 < k2 < k3. Accordingly, the phase mismatch,
Δk13j j > Δk123j j ≈ 0, is negligible. A sinusoidal dependence of the TH signal on the relative
phase is thus expected. An example is shown in Figure 4. The pulse energy of the 1064 nm
and 532 nm beams were 70 and 1 mJ, respectively. The pressure of the argon gas was 100 Torr.
As the beams are slightly elliptical, we measured the TH signal in two transverse directions.
The percentile errors in the X- and Y-directions are shown. Note that the TH signal is very
weak if only the fundamental beam is used for excitation.

It was found that the TH signal can be enhanced by more than one order of magnitude with
two-color excitation. In Table 2, we summarize the phase modulation and enhancement of the
TH signal with two-color excitation for several ratios of fundamental and second-harmonic
pulse energies. The fluctuations of the TH signal when the relative phase of the fundamental
and second-harmonic beams is a constant is also shown.

We observed the enhancement of the TH signal is substantial for two-color excitation. Plasma
emission was found to be visible to the naked eye in such cases. It is reasonable to assume that
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laser-induced ionization in the inert gases, for example, argon. With our experimental condi-
tions, the ionization process is in the multiphoton ionization regime, which occurs when an
atoms simultaneously absorbing several photons. The multiphoton ionization rate w(ω,F) can

Figure 4. Typical trace of the TH signal plotted as a function of the relative phase between the fundamental and second-
harmonic beams. The system noise level corresponding to situation in which the slit of the monochrometer was closed is
also shown.

Excitation
Source

The modulation of phase or
contrast (Normalized)

The fluctuation in TH power without
phase delay (normalized)

Enhancement ratio (two-
colour/one color)

(1)
1064 (70mJ/
pulse)
+532 (1mJ/
pulse)

0.45 0.065 9.02~16.38

(2)
1064
(110mJ/
pulse)
+532 (1mJ/
pulse)

0.6258 0.166 2.28~5.52

(3)
1064 (70mJ/
pulse)
+532 (20mJ/
pulse)

0.3446 0.1457 13.41~20.58

Table 2. The phase modulation and enhancement of the TH signal with two-color excitation for several ratios of
fundamental and second-harmonic pulse energies.
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phase is thus expected. An example is shown in Figure 4. The pulse energy of the 1064 nm
and 532 nm beams were 70 and 1 mJ, respectively. The pressure of the argon gas was 100 Torr.
As the beams are slightly elliptical, we measured the TH signal in two transverse directions.
The percentile errors in the X- and Y-directions are shown. Note that the TH signal is very
weak if only the fundamental beam is used for excitation.

It was found that the TH signal can be enhanced by more than one order of magnitude with
two-color excitation. In Table 2, we summarize the phase modulation and enhancement of the
TH signal with two-color excitation for several ratios of fundamental and second-harmonic
pulse energies. The fluctuations of the TH signal when the relative phase of the fundamental
and second-harmonic beams is a constant is also shown.

We observed the enhancement of the TH signal is substantial for two-color excitation. Plasma
emission was found to be visible to the naked eye in such cases. It is reasonable to assume that
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laser-induced ionization in the inert gases, for example, argon. With our experimental condi-
tions, the ionization process is in the multiphoton ionization regime, which occurs when an
atoms simultaneously absorbing several photons. The multiphoton ionization rate w(ω,F) can
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be calculated by the Perelomov-Popov-Terent’ev (PPT) model, where F is the laser fluence. The
rate is a function of the laser oscillation frequency and laser field strength. For the two-color
case, we assume an effective frequency which is calculated from the power distribution of laser
frequency to describe the influence of the two-color electric field on the ionization rate.

ωeff ¼
Ð∞
0 ω E ωð Þj j2dωÐ∞
0 E ωð Þj j2dω (11)

Besides, for our nanosecond pulse, there are several million cycles inside the pulse envelope for
fundamental beam in the near infrared. The cycle-averaged ionization rate is thus used in this
work [10]. That is,

wPPT Fað Þ ¼ 1
T0

ðT0

0
wPPT tð Þdt (12)

or

wPPT Fað Þ ¼
ffiffiffiffi
2
π

r ffiffiffiffiffiffiffi
3Fa
2F0

s
wPPT Fað Þ (13)

The ionization probability of the atoms by the laser pulse can be calculated by solving the rate
equation

p ¼ 1� e�
Ð ∞
�∞

wPPT tð Þdt
: (14)

This allows us to calculate the plasma density in terms of the density of the neutral gas.

Ne ¼ p�Ng (15)

The step-like behavior for the ionization probability as shown in Figure 5 is caused by the
increase of the effective frequency when the number of the second-harmonic photons
increases. That is, there are new absorption processes occurring when the effective photon
energy of the pulse reaches the threshold of the ionization process.

Now, we consider influence of the plasma on the third-harmonic signal. We assume that the
third-order optical susceptibility is a sum of the susceptibilities for the neutral and ionized gas
atoms.

χ 3ð Þ
I, p ¼ χ 3ð Þ

I,g þ γI, pNe (16)

χ 3ð Þ
II, p ¼ χ 3ð Þ

II,g þ γII, pNe (17)

In the above two equations, the ratios γI,p and γII,p are values determined by the experiment.
Here, we assume γI,p = γII,p = 4�10�49 and χ(3)

I,g = χ(3)
II,g = χ(3)

II,Ar = 3.8 �10�26 m2/V2 [11].
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Additionally, we note that the refractive index of the media would also be changed when the
plasma is generated. This can be calculated, in the first approximation, by using the Drude
model.

nω, p ¼ nω,g � Ne

2Nc
(18)

where Nc = ε0meω
2/e2 is the critical plasma density when the laser and plasma frequencies are

equal. The subscripts p and g represent plasma and neutral gas, respectively. For argon, nω,
g = nω,Ar. The wave-vector mismatch becomes Δk13, p = 3k1, p – k3,p and Δk213,p = 2k2, p – k1,p – k3,p.
The intensity of third-harmonic signal can then be calculated using Eq. (10). This is plotted as a
function of the energy of the second-harmonic pulse for two values of the pulse energies for the
fundamental beam in Figure 6. The experimental data are in good agreements with the
simulated values using the above theoretical formulism.

The four-wave mixing process is dominant in the third-harmonic signal. For our experimen-
tal conditions, the THG component is approximately 10�4 that of the FWM process. In the
low plasma density limit, the FWM term can be written as I3II ∝ (χ(3)

II,p)
2 ∝ Ne

2. This indicates
that the enhancement of the third-harmonic signal is due to the plasma-enhanced suscepti-
bility for the FWM process. On the other hand, when the plasma density is high enough, the
wave-vector mismatch Δk becomes significant due to the plasma-induced refractive index
change, which is linearly proportional to the plasma density.

Thus, in the high plasma density limit, the four-wave mixing term becomes I3II ∝ sinc2

(Δk213,pL/2). This is one of the reasons why the third-harmonic signal saturates at high
plasma density. As a result, the TH signal is higher when the pulse energy of the

Figure 5. Ionization probability calculated by PPT model for argon at 100 Torr, excited by two-color field with funda-
mental pulse energies at 150 mJ and 200 mJ.
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The intensity of third-harmonic signal can then be calculated using Eq. (10). This is plotted as a
function of the energy of the second-harmonic pulse for two values of the pulse energies for the
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simulated values using the above theoretical formulism.
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that the enhancement of the third-harmonic signal is due to the plasma-enhanced suscepti-
bility for the FWM process. On the other hand, when the plasma density is high enough, the
wave-vector mismatch Δk becomes significant due to the plasma-induced refractive index
change, which is linearly proportional to the plasma density.
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fundamental output was lower. This is in good agreement with the experimental results for
fundamental pulse energies of 150 and 200 mJ. However, the theoretically predicted thresh-
old for plasma enhancement does not match that of the experimental data. The may be
explained by the dependence of the threshold on the step-like enhanced ionization proba-
bility. The step-like behavior caused by new absorption processes becomes dominant when
the effective photon energy (effective frequency) reaches the threshold of this process.
However, in reality, there actually exist many quantum processes involving the absorption
of several photons at frequencies of ω and 2ω. The different quantum processes have
different ionization rate. When the power ratio of the two-color field is changed, the
ionization probability of the different quantum process is also changed. It could be argued
that the variation of ionization rate with the second-harmonic pulse energy is continuous
rather than step-like when the plasma density increases. This in turn should shift the
threshold pulse energy.

4. Laser-material processing with multi-color synthesized light field

Lately, high-energy laser beams have been increasingly been used for processing and fabrica-
tion of material and devices. These include the fabrication of micro electro mechanical systems,
optoelectronic components, biomedical micro fluid chips and silicon chip processing, elec-
tronic packages and drilling of circuit boards, to name just a few.

There are two kinds of mechanisms occurring during laser processing of materials: a photo-
thermal one and a photo-chemical one. In the photo-thermal mechanism, laser beams with

Figure 6. The comparison of the experimental and simulation results for two-color excited third-harmonic signal in argon
as a function of the second-harmonic pulse energy.
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high-power density are used as a thermal source which is focused on an object for a period of
time. The energy absorbed on the surface of the object is transferred into the bulk of the object
via thermal conduction. Thereafter, a part of the object is melted or vaporized by the deposited
thermal energy. The laser spot is moved to another part of the work piece ready for further
processing. In the photo-chemical mechanism, the bonding of molecules in the material to be
processed is broken after absorption of one or more photons, which make electrons hop
between energy levels and molecular bonds in the material can be broken as a result [12, 13].

In laser processing, the laser is chosen according to characteristics such as energy absorption,
thermal diffusion and melting point of the material. For example, ablation is performed on
various materials using lasers with appropriate wavelength. It is interesting, therefore, to
investigate whether synthesized waveforms proposed and demonstrated in our work could
be advantageous for laser processing.

Ablation of materials with multiple lasers, for example, lasers with dual colors were reported
recently [14–18]. Incoherent or coherent summation of multi-color beams can be implemented.
With incoherent summation of two femtosecond and nanosecond class pulsed lasers, an
enhancement of volume of the vaporized material was observed by Théberge and Chin [14].
In this work, the free electrons and defect states induced by intense fs pulses were exploited by
the ns pulses. In another work, Okoshi and Inoue [15] demonstrated that superimposed fs
pulses at the fundamental (ω) and small fraction of the second-harmonics (2ω) output of the Ti:
sapphire laser with the relative fluence ratio 1/39 was able to etch polyethylene (PE) much
deeper and faster. They attributed the observe phenomena by the higher photon energy of 2ω
pulses which can cut the chemical bonds of PE to form a modified layer of PE on the ablated
surface. However, this article did not discuss about the temporal dynamics of the laser ablation
process. On the other hand, the enhancement of absorption/reflection was observed in fused
silica with coherent summation of dual-color pulses at zero delay [16]. This is because of defect
states formation or free electron plasma generated in the material this way. For silicon, the
ablation process was reported in the case of nanosecond and picosecond laser pulses where a
small portion of the (2ω) beam can excite electrons into the conduction band [17]. For femto-
second pulses, this effect became insignificant because a sufficient population in the conduc-
tion band is created by multiphoton absorption in silicon. However, on the scale of carrier
lifetime, all of the above-mentioned works consider relatively long time delays between the
beams of two colors (�picoseconds).

We note that tunable relative-phase control between the two dual-color exciting laser was
applied in order to study the physical mechanism of intense-field photoionization in the gas
phase [19–21]. Schumacher and Bucksbaum [19] reported that number of photoelectrons
created in a regime that both multiphoton and tunneling ionization mechanisms are present
is indeed dependent on the relative phase of the dual-colors. Later, Gao et al. [20] showed that
the observed phase-dependence represents a quantum interference (QI) between the different
channels corresponding to different number of photons involved. Recently, in comparison
with monochromatic excitation, the threshold of plasma creation in the material to be ablated
has been identified to be significantly reduced with the use of a ns infrared laser pulses and its
second-harmonic one [21]. The observed phenomenon was attributed to the field-dependence
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of the ionization cross section. In this work, we focus on the ablation study of metals under
phase-controlled dual color ns pulses with the relative delay between the two color being less
than one oscillation period.

Results of preliminary experiments on drilling of copper and stainless steel with the multi-color
laser system used in this work (see Figure 7). The nonlinear optical crystals for harmonic genera-
tion are arranged in a cascaded layout. The crystals are KD*P type II for the second harmonic, ω2,
KD*P type I for the third harmonic,ω3, BBO type I for the fourth harmonic, ω4, and BBO type I for
the fifth harmonic, ω5, respectively. Therefore, the spectra of the five-color frequency components
spans from near infrared (1064 nm) to the ultraviolet (213 nm). The cascaded harmonic generation
setup was adopted to ensure that the second-order nonlinear optical process all occurred
collinearly so that fundamental and harmonics overlapped spatially with each other. The ampli-
tude and relative phase of each harmonics can be adjusted independently.

We studied two-color laser ablation of cooper and steel to demonstrate the feasibility of the
approach. In the plane-wave approximation, the synthesized dual-color laser field can be written as,

ETotal tð Þ ¼ Eω tð Þ � cos ωt½ � þ E2ω tð Þ � cos 2ωtþ θ½ �, (19)

where Eω(t) = E0,ω exp[(�2ln2)t2/τω
2] and E2ω(t) = E0,2ω exp[(�2ln2)t2/τ2ω

2] are the amplitudes of
fundamental and second-harmonic optical fields with pulse durations, τω, and τ2ω, both
assumed to be around 15 ns; where ω, and θ are the angular frequency and relative phase
between two fields, respectively. Because the ns pulse duration we can neglect a group velocity
mismatch when dual wavelength waveform propagates through a media. Therefore, the first
and second-harmonic pulses are fully overlapped and the joint pulse has the same pulse
duration around 15 ns. Figure 8(a) and (b) illustrate the simulated synthesized electric-filed
waveforms and the instantaneous intensities using Eq. (19) for the relative phases of θ = 0, π/2,
π, and 3π/2, respectively, and E2ω/Eω ≈ 0.68 (they are selected to match one of the experimental
parameters corresponded to the intensity ratio P2ω/Pω ≈ 0.47). It is clear that the waveform of
combined ω and 2ω fields are very sensitive to the relative phase between the two. As shown
in Figure 8(a), the synthesized waveform ETotal has a symmetric shape for θ = 0 and θ = π. It
exhibits, however, an asymmetric profile with enhanced electric filed during one-half cycle of
its oscillation for θ equal to π/2 and 3π/2. In comparison Figure 8(b), the instantaneous
intensity of the two-color field for θ = 0 and π are quite similar to the cases where θ = π/2 and
3π/2 except for a shift in the time domain, like for. In other words, the period of the change of
instantaneous intensity can be considered to be π.

Figure 7. A schematic view showing a multi-color harmonic synthesized laser system for laser processing.
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During the experiment, we applied the dual color ns pulses with the same total energy
(�100 mJ) to 150 μm thick copper and stainless steel foil. We adjusted the phase modulators
only, so, varied the relative phase between the harmonics. Then wemeasured the time required
to make a pass through hole in a foil and estimated the ablation rate. In Figure 9(a), we have
plotted diameters of holes drilled in copper sheetsas a function of relative phases between the
fundamental (ω1) and second (ω2) harmonics of the synthesizing laser. Pictures of the drilled
holes are also presented. Similar results for stainless steel are shown in Figure 9(b). Clearly,
there is an optimal phase relationship between the two colors where higher instantaneous
intensity causes higher ablation rate.

Figure 10(a)–(d) shows simulated results the peak strengths of the synthesized laser field with
various relative phases (Δφ = 0, 0.5π, π, and 1.5π) As can be seen in Figure 10(b) and (d), the
synthesized laser field is expected to exhibit the higher peak strength at relative phases of
Δφ = 0.5π, and 1.5π. Therefore, ablation is expected to be more efficient for these waveforms.

Figure 8. (a) Comparison of synthesized laser fields, and (b) instantaneous intensity of the fundamental wave (ω) and its
second-harmonic (2ω) field with that of a ratio, E2ω/ Eω ≈ 0.68; shown are the cases of different relative phases θ = 0, π/2,
π, and 3π/2, respectively.

Figure 9. The diameters holes drilled in (a) copper, and (b) stainless steel by synthesized laser fields with different relative
phases between the fundamental (ω1) and second (ω2) harmonics of the Q-switched laser. Pictures of drilled holes are also
shown.
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During the experiment, we applied the dual color ns pulses with the same total energy
(�100 mJ) to 150 μm thick copper and stainless steel foil. We adjusted the phase modulators
only, so, varied the relative phase between the harmonics. Then wemeasured the time required
to make a pass through hole in a foil and estimated the ablation rate. In Figure 9(a), we have
plotted diameters of holes drilled in copper sheetsas a function of relative phases between the
fundamental (ω1) and second (ω2) harmonics of the synthesizing laser. Pictures of the drilled
holes are also presented. Similar results for stainless steel are shown in Figure 9(b). Clearly,
there is an optimal phase relationship between the two colors where higher instantaneous
intensity causes higher ablation rate.

Figure 10(a)–(d) shows simulated results the peak strengths of the synthesized laser field with
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In another experiment, we fixed the exposure time at 10 s, varied the relative phase of the two-
color beams and examined the ablated holes afterwards. In Figure 11(a), we have plotted
diameters of holes drilled in copper sheets as a function of relative phases between the funda-
mental (ω1) and second harmonics (ω2) of the synthesizing laser. Pictures of the drilled holes
are also presented. Similar results for stainless steel are shown in Figure 11(b). These data
clearly show the dependence of ablation rate on the synthesized waveform, that is, relative
phase of the fundamental (ω1) and second harmonic (ω2) of the single-frequency Nd:YAG laser.

5. Summary

As an application of the high-power laser system based on synthesized waveforms, we studied
harmonic generation by three-color waveform synthesis in inert gas systems. In third-order
nonlinear optics, the interaction between three-color beam and inert gases can be used to
generate fourth to ninth harmonics of the laser fundamental output. For fourth-harmonic
generation, there are three kinds of four-wave mixing processes: ω4 = ωi + ωj + ωk, ω4 = ωi + ωj

� ωk, where i, j, k = 1, 2, 3. For fifth-harmonic generation, there are three possible processes:

Figure 10. Numerical simulation of the peak strength of the laser waveform synthesized by two-color laser fields with
various relative phases between the fundamental and the second harmonic (a) Δφ = 0, (b) Δφ = π/2, (c) Δφ = π, and (d) Δφ
= 3π/2, respectively.
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ω5 = ω1 + ω2 + ω2, ω5 = ω1 + ω1 + ω3, ω5 = ω3 + ω3 � ω1. For the sixth and seventh harmonic,
there are two kinds of four-wave mixing processes, and so on. To illustrate, we present in detail
the simulation results for fourth-harmonic generation using three-order nonlinear processes. It
is shown that the fourth-harmonic signal varies with the phase of the fundamental beam.

Previously, we studied the influence of relative phases and intensities of the two-color pump
on the third-order nonlinear frequency conversion process. It is shown that the third-harmonic
(TH) signal oscillates periodically with the relative phases of the two-color driving laser fields
due to the interference of TH signals from a direct third-harmonic-generation (THG) channel
and a four-wave mixing (FWM) channel. In intense laser field, however, plasma can be gener-
ated through the ionization process. In the multiphoton ionization region, the plasma density
was estimated by the Perelomov, Popov, and Terent’ev (PPT) model where the instantaneous
laser field and frequency of laser are taken into account. Under the assumption that suscepti-
bility and wave-vector mismatch depend on the plasma density, we show that plasma plays a
significant role in the generated third-harmonic signal. The simulation results are in good
agreement with the experiments.

Finally, we showed preliminary data indicating that the synthesized two-color laser fields are
powerful in enhancing the conversion efficiency of HHG and VUV spectra. We also demon-
strated phase-sensitive two-color ablation of copper and stainless steel. Our results show that
hole drilling is more efficient with the use of optimized waveforms.
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Abstract

Energy scaling of femtosecond laser pulses has a lot of applications in nanoscale
micromachining, precision time-resolution spectroscopy, high-harmonic generation,
surgery, etc. Besides applied sciences and technology, there are fundamental applica-
tions of energy harvesting at femtosecond scale. In particular, it is possible to study
and control intra-atom and molecular dynamics at attosecond level as well as to map
the quantum processes directly with unprecedented spatial and temporal resolution.
This “mesoscopic” union of classical and quantum phenomena provides with new
insights into fundamental issues of quantum mechanics of open systems including
possible application in the field of quantum computing. In this work, we consider a
theory of femtosecond pulse energy harvesting using the dissipative soliton generation
in both solid-state and fiber mode-locked lasers and the femtosecond pulse enhance-
ment in an external resonator. The femtosecond pulse energy, width, and spectrum
scaling laws are presented in the explicit and physically meaningful form.

Keywords: mode-locked laser, dissipative soliton, external enhancement resonator,
femtosecond pulse energy scaling, spectral extra-broadening

1. Introduction

In the last decades, the breakthrough in the energy scalability of femtosecond laser pulses has
been achieved that bring high-energy physics on tabletops of a mid-level university lab [1, 2].
As a result, the intensities of � 1015 W/cm2 become available directly from a mode-locked
thin-disk laser oscillator operating at an over-MHz repetition rate [3–8]. Such systems are
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considerably more simple, functional and economical than classical chirped-pulse amplifiers
(of course, at the ~GW-pulse power level) [9, 10]. Moreover, a high repetition rate provides the
signal/noise ratio improvement of 103 � 104 in comparison with an ordinary kHz chirped
pulse amplifier. In practice, such oscillators are of interest for direct gas ionization and high-
harmonic generation [11, 12], pump-probe diffraction experiments with electrons [13] and
fabrication of fine structures in transparent and semi-transparent materials [14], characteriza-
tion and control of the electronic dynamics, metrology and ultra-sensitive spectroscopy,
biophotonics and biomedicine, etc. [2, 15, 16].

The phenomenon of ultrashort pulse energy harvesting exceeds the limits of immediate laser-
based applications and is involved in a much broader context of formation and control of
macroscopic coherent structures [17]. The high-energy ultrafast lasers become an excellent tool
for testing the fundamental problems of self-organization and nonlinear dynamics far from
thermodynamic equilibrium which cover the area ranging from hydrodynamics to condensed
matter physics and even biology and sociology [18–20]. Such an approach based on the
transfer of issue of complicate dynamics to another simpler material context can be named
“metaphoric” or “analog” modeling [21, 22] and successes due to high controllability, relative
simplicity, and unique potential of statistic gathering inherent in lasers systems [1].

The idea of energy E harvesting is based on an elementar relation: E ¼ PavTres, where Pav is an
average power in a resonator with an effective period Tres. Scaling of Pav and/or Tres would
provide the scaling of ultrashort pulse energy on condition that a stable ultrashort pulse emerges
spontaneously (so-called, mode-locking self-start condition) in a laser system. As will be shown,
these conditions are highly non-trivial for energy-scalable lasers and can limit substantially the
pulse energy and its width. Two main approaches to the energy harvesting at femtosecond
scale will be considered in this work.

The first one is based on the unique capacity of laser dissipative solitons (DS) [17, 23] to
accumulate an energy without loss of stability [24, 25]. Some basic approaches to study of the
energy-scaling laws for such systems will be presented, and the limits of energy and pulse
width scalability will be outlined.

The second approach is based on the energy storing in an external high-Q resonator (so-called
enhancement resonator, ER) coupled synchronously with a femtosecond pulse oscillator [26–28].
This simple idea faces difficulties when it is realized on a femtosecond scale because nonlinear
effects and group-delay dispersion (GDD) tend to destroy a synchronization between a laser
and ER. These issues will be outlined, and some modifications of ER technique will be pro-
posed.

2. DS energy scaling

The DS energy and width scaling are connected closely with a duality between amplification of
the maximum number of laser modes and simultaneous spectral condensation, i.e., the concentration
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of energy within the strongly confined spectral region. It is important that all excited and
amplified modes must be phase-synchronized, i.e., coherent.

In a trivial model of laser, there exists a set of N�longitudinal resonator modes which are
separated by the frequency interval of δω ¼ 2π=Tres and excited by a gain medium with the
gain-bandwidth Ω: N � Ω=δω [29]. These modes are mutually phase-independent and inco-

herent, and a result of their interference A ¼PN=2
n¼�N=2 ai cos ω0 þ nδωð Þtþ nδϕ

� �
is the irregu-

lar field beatings with the width of separated spikes � 1=Nδω ¼ 1=Ω (Figure 1(a); the inter-
mode phase difference δϕ is random). However, a fixed inter-mode phase difference results in
regular spikes of the � 1=Ω width with the peak power � N2 and the repetition-period ¼ Tres

(Figure 1(b)) [30]. The last phenomenon is called mode-locking (ML) and underlies a coherent
energy condensation within short-time intervals. Respectively, the spectral width of each spike
tends to ΔΩ.

However, this simple scheme faces many complications. Well, to be precise, a gain-band is not
uniform (bell-shape like) and a mode, which is closest to a frequency ω0 at gain maximum, has
maximum amplification. Since laser gain is energy-saturable, this mode concentrates all energy
and suppresses the competitive modes. This is a mode selection process. Therefore, a multimode
generation leading to ultrashort pulse formation is not a genuine but emergent phenomenon
which requires a multimode instability.

There are several possible mechanisms for such instability [31] which are closely connected
with the issue of the ML self-start. Existing theories of the ML self-start predict a lot of effects
involved in a laser pulse formation including mode-beatings [32, 33] and hole burning,
induced refractive grating in an active medium [34], dynamic gain saturation [33, 35],
parasitic reflections and absorption in a resonator [36], continuous-wave instability [37, 38]
and Risken-Nummedal-Graham-Haken effect [39]. The thermodynamic theory of ML self-start
has been developed, and it has been shown that the pulse appearance is a first-order phase
transition, which is affected strongly by the laser noises distributed over a whole resonator
period [40–42]. In any case, a stable ML requires whether a nonlinear resonant excitation by

Figure 1. Interference of phase uncoupled (a) and locked (b) modes (N ¼ 20) [30].
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external periodic “force” (active mode-locking)1 or a mutual mode coupling through an optical
nonlinearity (passive mode-locking). The excitation of harmonics at �nδω couples and syn-
chronizes the adjacent modes and provides their phase-locking.

The mechanisms of ML are beyond the scopes of this work, and we will focus on the principles
of the sustained ML energy-scalable regimes at femtosecond scale. The basic principle under
consideration is to exploit DS [23] which is extremely stable in nonequilibrium dissipative
environment [24, 25]. Since DS behaves like a soliton of integrable systems [17, 44], its dynam-
ics can be described by some distributed nonlinear model. The most famous and studied one is
based on the complex nonlinear Ginzburg-Landau equation which can be treated as a dissipa-
tive extension of the nonlinear Schrödinger equation [45].2

A very productive approach to the study of this class of equations is based on the so-called
variational approximation (VA) [49–51]. The non-dissipative effects can be described by the
Lagrangian density:

L ¼ i
2

a∗ z; tð Þ∂za z; tð Þ � a z; tð Þ∂za∗ z; tð Þð Þ � 1
2
γ a z; tð Þj j4 þ β2

2
∂ta z; tð Þ∂ta∗ z; tð Þ, (1)

where a z; tð Þ is a complex slowly varying field amplitude, t and z are local time and propaga-
tion distance, respectively, γ is a self-phase modulation (SPM) coefficient and β2 is a group-
delay dispersion (GDD) coefficient. The Euler-Lagrange equation corresponding to Eq. (1) is
the nonlinear Schrödinger equation:

i∂za z; tð Þ ¼ β2
2
∂t, ta z; tð Þ þ γ a z; tð Þj j2a z; tð Þ: (2)

Further, two different types of DS will be considered: (i) chirped-free

a z; tð Þ ¼ α zð Þsech t=T zð Þð Þexp iϕ zð Þ� �
, (3)

and (ii) chirped pulses

a z; tð Þ ¼ α zð Þsech t=T zð Þð Þ1þiψ zð Þexp iϕ zð Þ� �
, (4)

where α, Τ, ψ and ϕ are DS amplitude, width, chirp, and phase-delay, respectively.

2.1. Chirped-free DS

VA in action looks like following. Substitution of the trial solution (3) into (1) with the subse-
quent integration over t results in the reduced Euler-Lagrange equations [52]:

1
This phenomenon is closely related to the concept of stochastic resonance which describes processes of resonant coherence
enhancement in a noisy periodically driven system [43].
2
Different versions of this equation describe an extremely broad area of phenomena ranging from laser dynamics [17, 46, 47],
oscillatory chemical reactions [22] to Bose-Einstein condensations and biological systems [48].
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4γα2 þ 6∂zϕ ¼ β2=T
2, (5)

β2=T
2 þ 2 γα2 þ 3∂zϕ

� � ¼ 0, (6)

2α2∂zT þ 4Tα∂zα ¼ 0: (7)

Eq. (7) is the energy conservation law, and Eqs. (5) and (6) give the parameters of Schrödinger
soliton if ∂zT ¼ 0, ∂zα ¼ 0:

αT ¼
ffiffiffiffiffiffiffiffiffiffi
β2=γ

q
, q � �∂zϕ ¼ β2

2T2 , (8)

where the first expression is the soliton area theorem, and the last one defines the soliton wave-
number q.

2.1.1. Perfectly saturable absorber

The effect of dissipative factors can be taken into account using the Ritz-Kantorovich method
[51–54] when the reduced Euler-Lagrange equations are driven by a dissipative “source” [52]:

d
dz

∂
Ð
Ldt

∂ bið Þz
� ∂

Ð
Ldt

∂bi
¼ 2Re

ð
Q
∂a∗

∂bi
dt,

Q ¼ �iΓaþ ir aþ τ∂t, tað Þ
1þ σ

Ð
aj j2dt þ

iμζ aj j2a
1þ ζ aj j2 :

(9)

Here the reduced Lagrangian
Ð
Ldt is calculated using a trial function (i.e., Eq. (3)) with the

parameters bi ¼ α;T;ϕ
� �

. The dissipative factors are defined by a net-loss with the coefficient
Γ, a small-signal gain r with the inverse saturation energy σ and a squared inverse gain
bandwidth τ. The self-amplitude modulation (SAM) providing ML is described by an effective
“perfectly saturable absorber” [24] with the modulation depth μ, and the inverse saturation
power ζ.

A solution obtained from Eqs. (3) and (9) gives the expressions for area theorem and phase
delay corresponding to the Schrödinger soliton. But the DS amplitude is defined by dissipative
factors [52]:

μ log 1þα2�α
ffiffiffiffiffiffiffiffi
1þα2

p
1þα2þα

ffiffiffiffiffiffiffiffi
1þα2

p
� �

α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2

p þ 2 Σþ μ
� �� 2

3
Cα2 ¼ 0, (10)

where Σ ¼ r
1þ2α2Tσ � Γ, C ¼ rτγ

β2ζ
1þ 2α2Tσ
� ��1

: The peak power α2 in Eq. (10) is normalized to ζ.

It is convenient to assume that a laser operates in the vicinity of a threshold in steady-state

regime: r
1þ2α2Tσ ≈Γ and Σ ≈ 0, C ≈ Γτγ

β2 ζ
.
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Q ¼ �iΓaþ ir aþ τ∂t, tað Þ
1þ σ

Ð
aj j2dt þ

iμζ aj j2a
1þ ζ aj j2 :

(9)

Here the reduced Lagrangian
Ð
Ldt is calculated using a trial function (i.e., Eq. (3)) with the

parameters bi ¼ α;T;ϕ
� �

. The dissipative factors are defined by a net-loss with the coefficient
Γ, a small-signal gain r with the inverse saturation energy σ and a squared inverse gain
bandwidth τ. The self-amplitude modulation (SAM) providing ML is described by an effective
“perfectly saturable absorber” [24] with the modulation depth μ, and the inverse saturation
power ζ.

A solution obtained from Eqs. (3) and (9) gives the expressions for area theorem and phase
delay corresponding to the Schrödinger soliton. But the DS amplitude is defined by dissipative
factors [52]:

μ log 1þα2�α
ffiffiffiffiffiffiffiffi
1þα2

p
1þα2þα

ffiffiffiffiffiffiffiffi
1þα2

p
� �

α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ α2

p þ 2 Σþ μ
� �� 2

3
Cα2 ¼ 0, (10)

where Σ ¼ r
1þ2α2Tσ � Γ, C ¼ rτγ

β2ζ
1þ 2α2Tσ
� ��1

: The peak power α2 in Eq. (10) is normalized to ζ.

It is convenient to assume that a laser operates in the vicinity of a threshold in steady-state

regime: r
1þ2α2Tσ ≈Γ and Σ ≈ 0, C ≈ Γτγ

β2 ζ
.

Theory of Laser Energy Harvesting at Femtosecond Scale
http://dx.doi.org/10.5772/intechopen.75039

177



The marginal stability condition Σ ¼ 0 defines a stability of DS against continuous-wave or
multiple pulse generation [30, 55], and the DS approaching this stability threshold has a

minimum width and a best asymptotical energy scalability (E ¼ 2α2Tζ=
ffiffiffiffiffiffi
τΓ

p
≫ 1) [52]:

C ! const� ffiffiffiffiffiffiffiffiffi
μτΓ

p
=Eζ, E ! const� β2

γ

ffiffiffiffiffiffi
μ
τΓ

r
,

α2 ! const
2

� �2 μβ2
τΓγ

, T ! 2
const

ffiffiffiffiffiffi
τΓ
μ

s
, const ≈ 3:535:

(11)

These scaling laws demonstrate main principles of chirped-free pulse energy harvesting. Of
course, these dependencies can be considered as only qualitative ones. Nevertheless, they
demonstrate that the asymptotic DS energy scales ∝ β2, and the minimum pulse width is
defined by not only the medium gain bandwidth ∝ 1=

ffiffiffi
τ

p
but the net-loss Γ and the modula-

tion depth μ, as well (Figure 2).

Thus, the pulse can be squeezed by scaling of modulation depth with a parallel decrease of the
stabilizing dispersion. Additional pulse shortening can be provided by net-loss lowering (see
Figure 2). These tendencies are quite reasonable because the selective spectral properties of an
active medium are defined by not the gain for a small signal but by the saturated gain ≈Γ near
the pulse stability threshold (i.e., since no gain, no gain induced spectral selection). Simulta-
neously, the modulation depth defines an inter-mode coupling strength that favors ML and,
thereby, pulse spectrum broadening with μ-growth.

Eqs. (8) and (10) demonstrate that an approach to the threshold C (Σ ! 0) as well as a higher
E∝ ζ=

ffiffiffi
τ

p
minimize the pulse width T (Figure 3).

Figure 2. Dependence of the asymptotic full width at half maximum (FWHM) TFWHM on the modulation depth μ for
different net-loss coefficients Γ. The gain bandwidth of 5.3 THz corresponds to a Yb: YAG thin-disk active medium.
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Properties of DS are described by the so-called master diagram [24] which represents the DS
parametric space and is shown in Figure 4(a). There are two DS-solutions of Eqs. (1), (3), (9)
and (10): (i) upper branch (i.e., the branch with the larger C for fixed E and Σ, see Figure 4(a))
corresponds to the above considered energy-scalable DS. The energy scalability for this type of
soliton is accompanied by minimization of its width (Figures 3 and 4(b); i.e., lim

E!∞,Σ!0
T ¼

2
const

ffiffiffiffiffi
τ Γ
μ

q
, see Eq. (11)) and, respectively, by the growth of peak power. Namely, this branch

has a threshold of marginal stability Σ = 0 (Figure 4(a); curve 1). (ii) lower branch (Figure 4
(a)) corresponds to a DS energy scalability provided by its width growth (Figure 4(b);
lim

E!∞,Σ<0
T ¼ ∞). Thus, this DS branch is unpractical for energy scaling because the broad

chirp-free pulse would require an additional nonlinear mechanism for external compression.
One can name this branch as energy-unscalable.

A fundamental property of the DS solutions presented is their stability. The Vakhitov-
Kolokolov stability criterion dE=dq > 0 [56, 57] demonstrates the stability of both branches of
DS (see Eq. (8)):

Figure 3. Dependence of the normalized TFWHM on Σ (a) for μ = 0.05 (1), 0.1 (2), 0.15 (3), C ¼ 0:01; and on the normalized
energy E (b) for μ = 0.05, Σ = 0.

Figure 4. Master diagram (a) and the corresponding DS widths (b). Σ = 0 (1), �0.01 (2), and �0.02 (3), μ = 0.05.
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thereby, pulse spectrum broadening with μ-growth.

Eqs. (8) and (10) demonstrate that an approach to the threshold C (Σ ! 0) as well as a higher
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and (10): (i) upper branch (i.e., the branch with the larger C for fixed E and Σ, see Figure 4(a))
corresponds to the above considered energy-scalable DS. The energy scalability for this type of
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, see Eq. (11)) and, respectively, by the growth of peak power. Namely, this branch

has a threshold of marginal stability Σ = 0 (Figure 4(a); curve 1). (ii) lower branch (Figure 4
(a)) corresponds to a DS energy scalability provided by its width growth (Figure 4(b);
lim

E!∞,Σ<0
T ¼ ∞). Thus, this DS branch is unpractical for energy scaling because the broad

chirp-free pulse would require an additional nonlinear mechanism for external compression.
One can name this branch as energy-unscalable.

A fundamental property of the DS solutions presented is their stability. The Vakhitov-
Kolokolov stability criterion dE=dq > 0 [56, 57] demonstrates the stability of both branches of
DS (see Eq. (8)):
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Figure 4. Master diagram (a) and the corresponding DS widths (b). Σ = 0 (1), �0.01 (2), and �0.02 (3), μ = 0.05.
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dE
dq

¼ d
dq

2α2T
� � ¼ d

dq
2
ffiffiffiffiffiffiffiffiffi
2β2q

p
=γ

� � ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2β2=q

p
γ

> 0: (12)

It means physically that an energy scalability of DS does not suffer from soliton collapse and
both DS branches are feasible.

As was mentioned above, the net-gain Σ is energy-dependent, and such a dependence has to
be taken into account. In the neighborhood of the laser threshold where Σ Eð Þ ≈ 0, one may
expand the net-gain coefficient near a threshold energy Ξ ¼ σ�1 r=Γ� 1ð Þ:

Σ ¼ d
dE

r

1þ σE
� Γ

� �����
E¼Ξ

þO
d2

dE2

� �
≈ δ

E
Ξ
� 1

� �
, (13)

where δ ¼ �Γ2Ξσ=r

Figure 5(a) shows the DS dependence on the threshold energy for a fixed control parameter C
in the presence of gain saturation. DS squeezes with energy, and such a squeezing is confined
by the stability criterion Σ < 0. Simultaneously, Σ decreases from 0 with energy (Figure 5(b)),
that corresponds to the “energy unscalable” DS, with the subsequent growth up to 0, that
corresponds to the “energy scalable” DS. Thus, there is not a “switch” between two different
types of DS in a real-world laser system which behaves quite smoothly with energy.

2.1.2. Cubic-quintic SAM

Physically, this type of SAM describes approximately an action of nonlinear polarization
rotation, which is a typical ML mechanism for fiber lasers, or a so-called “soft aperture” Kerr-
lens ML typical for solid-state lasers [24, 25]. In this case, loss saturation switches to the loss
growth at α2 ¼ 1=2ζ and

Q ¼ �iΓaþ ir aþ τ∂t, tað Þ
1þ σ

Ð
aj j2dt þ iκ 1� ζ aj j2

� �
aj j2a: (14)

The κ-parameter plays a role of the inverse loss saturation power, and the modulation depth is
μ ¼ κ=4ζ.

Figure 5. The dimensionless DS widths (a) and the corresponding net-gain (b) in dependence on the threshold energy Ξ
for δ = �0.05, C = 10�3 (1); δ = �0.5, C = 10�3 (2); and δ = �0.05, C = 10�2 (3). μ = 0.07.
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The solutions for T and q correspond to Eq. (8), but the two-branch solution for DS peak power
can be expressed in an explicit form:

α2 ¼ 5
16

2� C∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� Cð Þ2 þ 96ζΣ=5κ

q� �
(15)

(power, time and energy are normalized to ζ,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ=ζτΓ

p
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κζ=τΓ

p
, respectively, and

C ¼ τΓγ=β2κ). These branches are separated by the energy curve E ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5 2� Cð Þ=Cp

=2 (curve 1
in Figure 6), and are shown in Figure 6.

The asymptotic scaling laws for this type of SAM are:

C ! 5τΓ
4μζ2E2 , E !

ffiffiffiffiffiffiffiffiffiffiffiffiffi
20μβ2
κγ

s
¼

ffiffiffiffiffiffiffi
5β2
ζγ

s
,

α2 ! 5μ
κ
, T !

ffiffiffiffiffiffiffiffiffi
κβ2
5γμ

s
:

(16)

One can see that the energy scaling is provided by the DS width (not power) scaling that is a
natural consequence of the peak power confinement α2 ¼ 1=2ζ imposed by a SAM saturation3.
Both branches behave quite congruently in this case (Figure 6).

2.1.3. Energy harvesting of the chirp-free DS at femtosecond scale

Most promising devices realizing the femtosecond-pulse energy scalability are thin-disk solid-
state lasers [5, 6, 24, 58] which provide an excellent average power scaling and controllable
nonlinear effects limiting the energy scalability in fiber oscillators [25]. Nevertheless, there are
some main obstacles for further energy harvesting at femtosecond scale for such a type of

Figure 6. Master diagram for the chirp-free DS and the cubic-quintic SAM. Curve 1 divides two different branches of DS.
The upper line E ¼ ffiffiffiffiffiffiffiffiffi

5=C
p

corresponds to asymptotical energy scaling law.

3
In the case of perfectly saturable SAM, the confinement is imposed by spectral dissipation (i.e., the DS width but not
power is confined; see Eq. (11)).
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that corresponds to the “energy unscalable” DS, with the subsequent growth up to 0, that
corresponds to the “energy scalable” DS. Thus, there is not a “switch” between two different
types of DS in a real-world laser system which behaves quite smoothly with energy.
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Physically, this type of SAM describes approximately an action of nonlinear polarization
rotation, which is a typical ML mechanism for fiber lasers, or a so-called “soft aperture” Kerr-
lens ML typical for solid-state lasers [24, 25]. In this case, loss saturation switches to the loss
growth at α2 ¼ 1=2ζ and
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The solutions for T and q correspond to Eq. (8), but the two-branch solution for DS peak power
can be expressed in an explicit form:

α2 ¼ 5
16

2� C∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� Cð Þ2 þ 96ζΣ=5κ

q� �
(15)

(power, time and energy are normalized to ζ,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ=ζτΓ

p
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κζ=τΓ

p
, respectively, and

C ¼ τΓγ=β2κ). These branches are separated by the energy curve E ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5 2� Cð Þ=Cp

=2 (curve 1
in Figure 6), and are shown in Figure 6.

The asymptotic scaling laws for this type of SAM are:

C ! 5τΓ
4μζ2E2 , E !

ffiffiffiffiffiffiffiffiffiffiffiffiffi
20μβ2
κγ

s
¼

ffiffiffiffiffiffiffi
5β2
ζγ

s
,

α2 ! 5μ
κ
, T !

ffiffiffiffiffiffiffiffiffi
κβ2
5γμ

s
:

(16)

One can see that the energy scaling is provided by the DS width (not power) scaling that is a
natural consequence of the peak power confinement α2 ¼ 1=2ζ imposed by a SAM saturation3.
Both branches behave quite congruently in this case (Figure 6).

2.1.3. Energy harvesting of the chirp-free DS at femtosecond scale

Most promising devices realizing the femtosecond-pulse energy scalability are thin-disk solid-
state lasers [5, 6, 24, 58] which provide an excellent average power scaling and controllable
nonlinear effects limiting the energy scalability in fiber oscillators [25]. Nevertheless, there are
some main obstacles for further energy harvesting at femtosecond scale for such a type of

Figure 6. Master diagram for the chirp-free DS and the cubic-quintic SAM. Curve 1 divides two different branches of DS.
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In the case of perfectly saturable SAM, the confinement is imposed by spectral dissipation (i.e., the DS width but not
power is confined; see Eq. (11)).

Theory of Laser Energy Harvesting at Femtosecond Scale
http://dx.doi.org/10.5772/intechopen.75039

181



devices. (i) a traditional ML mechanism uses the structured semiconductor devices (so-called
semiconductor saturable absorber mirrors, SESAM) which (α) have a slow (~100 fs) response time;
(β) a complicated and hardly-controllable kinematics including higher-order nonlinear effects,
non-saturable losses, temperature and radiational damage, etc.; (γ) SAM and SPM effects are
decoupled for this type of ML that requires growth of GDD for DS stabilization in accordance
with the area theorem (Eq. (8)). (ii) As was shown (Eq. (11)), the minimum pulse width is
∝

ffiffiffiffiffiffiffiffiffiffiffiffi
τΓ=μ

p
so that using the media with the broader gain band would provide a pulse shorten-

ing down to sub-100 fs [59]. However, such media with good optical quality are not widely
available and technologically advanced.

Nevertheless, an alternative approach to energy scalability of femtosecond pulses has been
demonstrated in [7]. (i) ML mechanism can be provided by an instantaneous self-focusing
(Kerr-lensing) induced by a set of nonlinear crystals inside a laser resonator. (ii) Such a
mechanism combines both SAM and SPM that enhances the SAM parameters (μ and ζ) in
parallel with the SPM one (γ, see Eq. (11)). As a result, the GDD value can be reduced in
parallel with the DS shortening in agreement with the area theorem. (iii) A real-world gain
band profile is Lorentzian, not Gaussian as in Eqs. (9) and (14).

The Lorentzian gain profile can be taken into account by using the numerical simulations of
the generalized complex nonlinear Ginzburg-Landau equation [60, 61]:

∂za ¼ �Γaþ μζ aj j2
1þ ζ aj j2 a� i

β2
2
∂t, taþ γ aj j2a

� �
þ rΩ

2 1þ σ
Ð
aj j2dt

� �
ðt

�∞

a z; t
0

� �
exp �Ω t� t

0
� �h i

dt
0
, (17)

where a characteristic gain bandwidth is Ω∝ 1=
ffiffiffi
τ

p
.

As was shown in [60], the Lorentzian gain profile gives more efficient amplification and
broader spectrum than the Gaussian one. Additionally, an inherent gain dispersion shifts the
DS spectrum and affects its shape [62]. The numerically obtained pulse spectra for different
modulation depths are shown in Figure 7. One can see a pronounced spectrum broadening
and, correspondingly, pulse shortening with the modulation depth growth.

The dependences of minimum DS width and corresponding stabilizing GDD on the modu-
lation depth for different values of the SAM saturation power ζ are shown in Figure 8. One
can see that the DS shortens with μ in qualitative agreement with the analytical results
presented above. Simultaneously, the DS spectrum is noticeably broader than the gain band
that provides a generation of sub-50 fs pulses at the MW peak power level directly from an
oscillator. Since a pulse is chirp-free, the threshold stabilizing anomalous GDD decreases, as
well, in agreement with the soliton area theorem. Simultaneously, there is the nonmonotonic
dependence of DS width on the SAM parameter ζ so that T decreases initially and then
increases with the ζ-decrease, i.e., with the saturation power growth. The growth of satura-
tion power (ζ-decrease) causes a threshold-like increase of pulse width and stabilizing GDD
for small modulation depths μ.
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Figure 9 illustrates the energy-dependence of the DS width and the stabilizing GDD for a low
net-loss. The short pulses are possible in this case, as well, but a small modulation depth does
not allow a substantial DS shortening.

2.2. Chirped DS

Chirped DS demonstrates a high potential for energy harvesting in both solid-state and fiber
lasers [24, 25] due to enhanced stability provided by well-structured energy redistribution
inside a pulse. An energy scalability results from the DS stretching that limits its peak power

Figure 7. Numerical spectral profiles for different modulation depths μ (inset shows the dependence of T FWHM). GDD
corresponds to the stability threshold, ζ ¼ γ= 1.35 MW�1, δ = �0.05. The Lorentzian gain band of 5.3 THz (dashed line)
corresponds to a Yb: YAG, the output energy Eout is of ≈ 0:011 μJ for 3% output coupler.

Figure 8. Pulse width TFWHM vs. modulation depth (a) along the boundary GDD (b) in dependence on the saturation
parameter ζ. Eout ≈ 0:011–0:014 μJ and other parameters correspond to Figure 7.

Theory of Laser Energy Harvesting at Femtosecond Scale
http://dx.doi.org/10.5772/intechopen.75039

183



devices. (i) a traditional ML mechanism uses the structured semiconductor devices (so-called
semiconductor saturable absorber mirrors, SESAM) which (α) have a slow (~100 fs) response time;
(β) a complicated and hardly-controllable kinematics including higher-order nonlinear effects,
non-saturable losses, temperature and radiational damage, etc.; (γ) SAM and SPM effects are
decoupled for this type of ML that requires growth of GDD for DS stabilization in accordance
with the area theorem (Eq. (8)). (ii) As was shown (Eq. (11)), the minimum pulse width is
∝

ffiffiffiffiffiffiffiffiffiffiffiffi
τΓ=μ

p
so that using the media with the broader gain band would provide a pulse shorten-

ing down to sub-100 fs [59]. However, such media with good optical quality are not widely
available and technologically advanced.

Nevertheless, an alternative approach to energy scalability of femtosecond pulses has been
demonstrated in [7]. (i) ML mechanism can be provided by an instantaneous self-focusing
(Kerr-lensing) induced by a set of nonlinear crystals inside a laser resonator. (ii) Such a
mechanism combines both SAM and SPM that enhances the SAM parameters (μ and ζ) in
parallel with the SPM one (γ, see Eq. (11)). As a result, the GDD value can be reduced in
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broader spectrum than the Gaussian one. Additionally, an inherent gain dispersion shifts the
DS spectrum and affects its shape [62]. The numerically obtained pulse spectra for different
modulation depths are shown in Figure 7. One can see a pronounced spectrum broadening
and, correspondingly, pulse shortening with the modulation depth growth.

The dependences of minimum DS width and corresponding stabilizing GDD on the modu-
lation depth for different values of the SAM saturation power ζ are shown in Figure 8. One
can see that the DS shortens with μ in qualitative agreement with the analytical results
presented above. Simultaneously, the DS spectrum is noticeably broader than the gain band
that provides a generation of sub-50 fs pulses at the MW peak power level directly from an
oscillator. Since a pulse is chirp-free, the threshold stabilizing anomalous GDD decreases, as
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increases with the ζ-decrease, i.e., with the saturation power growth. The growth of satura-
tion power (ζ-decrease) causes a threshold-like increase of pulse width and stabilizing GDD
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Figure 9 illustrates the energy-dependence of the DS width and the stabilizing GDD for a low
net-loss. The short pulses are possible in this case, as well, but a small modulation depth does
not allow a substantial DS shortening.

2.2. Chirped DS

Chirped DS demonstrates a high potential for energy harvesting in both solid-state and fiber
lasers [24, 25] due to enhanced stability provided by well-structured energy redistribution
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and, thereby, suppresses an instability caused by nonlinearity. This factor is especially impor-
tant for all-fiber lasers, where the strong contribution of nonlinear effects is inevitable with
Tres-growth. VA predicts the following energy-scaling laws4:

E∝ β2
�� ��=C ffiffiffiffiffiffi

τΓ
p

, E∝ β2
�� ��= ffiffiffiffiffiffi

τΓ
p

(18)

for the SAM described by Eqs. (9) and (14), respectively [24, 25].

The chirped DS accumulates energy ∝ψ that allows using a so-called adiabatic theory for ψ≫ 1
[24, 63, 64] which predicts a perfect energy scalability or a DS resonance [65] for the cubic-
quintic SAM (Eq. (14)). That means that energy can be scaled infinitely for C ¼ 1=3 due to pulse
stretching and simultaneous spectral condensation:

lim
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where the DS spectral profile is described by a truncated Lorentzian function:

p ωð Þ ¼ 6πγ
κζ

H Δ2 � ω2
� �

ω2 þΘ2 (20)

(here H is the Heaviside’s function).

Figure 9. A low-loss regime with δ ¼ �0:05=3, ζ ¼ 100γ, 1% output coupler, μ = 2%.

4
The negative sign of β2 corresponds to a normal GDD in these notations.
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For the SAM presented by Eq. (9), the adiabatic theory predicts the energy-scaling law in the
form of [66]5:

E∝
β2
�� ��
ζ
ffiffiffi
τ

p 3
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ffiffiffiffiffiffiffiffiffiffiffiffi
1� C

p
þ arctanh
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1� C

p� �� �
(21)

that gives the first expression in Eq. (18) in the C ! 0 (i.e., E ! ∞) limit.

Since the chirped DS energy scaling is provided by its stretching ∝ψ, this process is reversible
so that an output DS can be compressed by a factor ≈ 1=ψ. Nevertheless, some energy loss
occurs with such compression due to nonuniformity of DS chirp [68]6 that requires optimizing
the DS and pulse compressor parameters.

2.3. Main obstacles to the DS energy harvesting

The DS energy harvesting in both chirped and chirp-free regimes has a common problem ofML
self-starting. The DS stability is a necessary but not sufficient condition of its existence because it
must develop from some stochastic process in a laser (eventually, from a quantum noise).
Existing theories of the ML self-start [32–42] predict that a lot of effects are involved in a pulse
formation. However, a spontaneous formation of the DS from noise (the DS self-start) as a
general problem has not been studied in depth. In optics, this is often considered as a technical
issue, because here one can use one of the provenML techniques to guarantee self-starting. After
the initial kick, however, the DS evolves by itself, and recent experiments have shown contro-
versial results: in high-power solid-state lasers, the strong oscillations (Q-switching) during the
DS buildup dynamics hinders the DS self-start [69], while in a fiber laser, such oscillations can
accelerate the self-start [70]. That is obviously connected to co-existence of nonlinearities with
different time scales: instantaneous non-dissipative SPM, and non-instantaneous dissipative
nonlinearities like stimulated Raman scattering (SRS), saturable absorber losses, and gain satu-
ration. This issue is especially intriguing, as the dynamic gain saturation can provide a supple-
mentary mechanism of DS formation [71].

The growing nonlinearity results in quite nontrivial modification of dynamics [25] and causes
whether DS stabilization or its chaotization [72–74]. For example, the practically relevant
Yb-based thin-disk lasers possess reduced instantaneous nonlinearity and longer gain relaxation
times as compared to a bulk Ti: sapphire laser. In the latter case, the enhanced dynamic gain
saturation can destabilize a much-desired high-energy DS [75–77]. As another example, the
experiments demonstrated, that DS energy scaling in all-fiber fiber lasers is limited by energy
loss due to SRS [78]. Nevertheless, SRS could play a positive role providing the generation of
dissipative Raman soliton and suppressing the optical turbulence [79–81]. The connection of this
phenomenon to the general issues of the turbulence theory waits for its exploration [82].

5
The adiabatic theory does not predict a spectral condensation near the carrier frequency ω ≈ 0 for this SAM law, but such a
concentration is possible at spectrum edges. This phenomenon is clearly visible in the numerous experiments and can be
explained by the DS perturbation theory [67].
6
That is a measure of the DS fidelity.
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3. Femtosecond pulse enhancement in an external resonator

Using a high-finesse ER coupled with a mode-locked femtosecond laser is the method of
energy storing allowing broadband absorption spectroscopy [83], high-harmonic generation
and frequency comb generation up to the extreme ultraviolet frequency [84, 85].

Equations describing a coupling with ER are [86, 87]:

br ¼ rbin þ θain, ar ¼ θbin � rain, (22)

where br and bin are the reflected and incident fields on the coupler from a side of femtosecond

oscillator; ar and ain are the corresponding fields from a side of ER; and θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

p
, r are the

transmittance and reflection coefficients of a coupler, respectively. The field inside ER evolves as:

ain tð Þ ¼ exp �Γþ iϕ� β1
∂
∂t

þ i
XN
m¼2

imβm
∂m

∂tm
þ iγ ar tð Þj j2

" #
ar tð Þ, (23)

where Γ is a net-loss coefficient; ϕ, β1 are the phase and group-velocity delays, respectively; βm
are the mth-order GDD coefficients, and γ is the SPM coefficient.

In the absence of group-delay, GDD and SPM in ER, the energy, and power enhancement
factors (Qe and Qp, respectively) are [87]:

Qe ¼ Qp ¼
θ

1� rexp �Γ½ �
� �2

: (24)

Under the condition of weak changes of the field during single cavity round-trip, Eqs. (22) and
(23) can be rewritten in the form of the generalized driven nonlinear Schrödinger equation for
the intracavity field a(t) [88]:

∂a z; tð Þ
∂z

¼ �Πþ iΔϕ� β1
∂
∂t

þ i
X
m¼2

imβm
∂m

∂tm
þ iγ aj j2

" #
aþ θΦ tð Þ, (25)

where z is a cavity round-trip number,Π ¼ 1� rþ rΓ,Φ(t) is an incident field amplitude andΔϕ
is a phase offset from the resonance ϕ = π. In the absence of SPM (vacuum ER) but with GDD
induced by resonator mirrors, the solutions for the energy and power enhancement factors are7:

Qe ¼
1

2π
Ð∞
�∞ Φ tð Þj j2dt

ð∞

�∞

Ð∞
�∞ Φ tð Þeiωt

Πþ i β1ω� β2ω
2 þ β3ω

3 � β4ω
4

� �
�����

�����
2

dω,

Qp ¼ max 1
2π
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�∞
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�∞ Φ tð Þeiωtdt

Πþ i β1ω� β2ω
2 þ β3ω

3 � β4ω
4

� �
" #

e�iωtdω

������

������

28<
:

9=
;:

(26)

7
Γ≪ 1 andm ≤ 4 are assumed. The field amplitude and the pulse width are normalized to those of incident.
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Eq. (26) demonstrates reducing the enhancement factors due to GDD [87]. Indeed, βm 6¼ 0

reduces the spectral power at the spectrum edges ∝ 1= 1þ ω2mβ2m
� �

that worsens the spectral
overlap between the pulses from a laser and ER. In combination with a chirp appearance and a
pulse broadening in ER, these factors drop both Qe and Qp (Figure 10).

It is clear that destructive action of higher-order GDD (m > 2 in Eq. (25)) on enhancement factor
of ER grows with the pulse shortening so that a thorough dispersion-engineering of ER mirrors
within a sufficiently broad spectral range is required [28, 87, 88].

Additionally, the enhancement factor control can be provided by realizing a soliton-like regime
in the nonlinear ER with γ 6¼ 0 (Figure 11) [87, 88]. In the absence of higher-order dispersions

(i.e., m = 2), Eq. (25) has an exact soliton-like solution a tð Þ ¼ ffiffiffiffiffiffiffiffiffi
P tð Þp

exp iqzð Þ :

P tð Þ ¼ θ
Π

� �2

sech
t
T

� �2

, β2 ¼ � θT
Π

� �2 γP 0ð Þ
2

,Δϕ ¼ � θ
Π

� �2 γP 0ð Þ
2

, q ¼ 0: (27)

8This soliton-like pulse can be perturbed by higher-order dispersions (m > 2) induced by the
broad-band ER mirrors so that optimization of ER parameters is required in this case, as well
(Figure 11).

A promising possibility of theQp-increase results from a loss compensation by a gain inside ER. In this
case, Eq. (25) has to be supplemented by the term rrτ∂t, tawith the modifiedΠ ¼ 1� rþ r Γ� rð Þ9
(see Eqs. (9) and (25)). One has to note, that ER remains below lasing threshold and a resonator
mode in an active crystal (Ti: sapphire in our case) has to be sufficiently broad to suppress gain

Figure 10. (a) Maximum Qp inside ER in the dependence of the third-order dispersion (TOD, m = 3) and the fourth-order
dispersion (FOD, m = 4) for γ = 0, Δϕ = 0, β1 ~ �0.5 fs, Γ = 0.5% and 25 fs sech-shaped incident pulse at 790 nm central
wavelength. (b) The corresponding optimal second-order dispersion (GDD, m = 2) [88].

8
Here β2 < 0 corresponds to an anomalous dispersion.

9
r < Γ is the stability condition.
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Figure 11. Dependence of the maximum Qp on TOD and FOD (a) optimized by control of β1 (c), β2 (b), and the
dimensionless SPM coefficient γPmax (d). Incident pulse TFWHM is 25 fs, Γ = 0.25%.

Figure 12. Qe (a) and the pulse width (b) in the presence of gain, SPM, and GDD in ER. Γ = 0.04, the width of the incident
100 nJ pulse is of 30 fs, the laser beam size in the 2 mm Ti: sapphire active crystal is 1.1 mm.
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saturation and SPM. The soliton-like regime increases the enhancement factor and reduces the
sensitivity to higher-order dispersions in this case, as well (Figure 12).

4. Conclusions

In this work, the approaches to an energy harvesting at femtosecond scale are reviewed and
elaborated theoretically with a close connection with both solid-state and fiber ML oscillators
including, in particular, a nonlinear ER. The basic concept here is a dissipative soliton allowing
an extra-energy and spectral width scaling under fine control of the laser parameters. This
concept is a very productive for different applications and brings a high-energy physics in
“physics laboratory” where extremal parameters result from not an onslaught but rather
“subtle tuning.” This tuning requires multi-disciplinary approaches providing the multi-scale
power and energy harvesting, which application areas range from fundamental quantum
mechanics to neuroscience and sociology, and include, in particular, a “quantum engineering”
of Bose-Einstein and quasi-particle condensates. A further outlook concerns a study of
nonlinear dynamics of complicated nonlinear systems far from thermodynamic equilibrium,
which is based on their “metaphoric”modeling in more simple and controllable laser systems.
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Abstract

One of the most significant factors in understanding the behaviour of laser beams during
the propagation process through plasma is how the spot size of the beam changes with
both laser and plasma parameters. Self-focusing and defocusing of the laser beam, there-
fore, play an important role in this study. This chapter is aimed at presenting a brief
investigation into these common phenomena in laser-plasma interaction. In addition to a
short overview on the types of self-focusing of laser beams through plasma, a detailed
study on the relativistic self-focusing of high-intense laser beam in quantum plasma as a
particular nonlinear medium is performed. In this case, the essential equations to model
this phenomenon are derived; furthermore, a range of values of laser-plasma parameters
which would satisfy these equations is considered.
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1. Introduction

A self-focusing phenomenon is considered as one of the major self-action effects in laser-
plasma interaction [1, 2]. During this process, the laser beams are able to modify their front
medium by means of a nonlinear response of plasma so as to make it more suitable for
propagation. In this situation, the refractive index of plasma could be expressed as
n ¼ n0 þ n2I rð Þ in which n0 presents a linear term, n2 is considered as an optical constant
characterizing the strength of optical nonlinearity, and I rð Þ determines the beam intensity
distribution along the radial coordinate r. In other words, when an intense laser beam with an
intensity gradient along its cross-section propagates through plasma, the self-focusing and the
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self-defocusing of laser beam occur frequently. In this stage, if the electric field is strong
enough, the laser beam will create a dielectric waveguide in the path ahead. This typical
waveguide results in reducing or entirely eliminating the divergence of the beam. From an
optical perspective, the refractive index of the medium in such situations acts as a convex lens;
consequently, the central part of the laser beam would move slower than the edge parts.
Therefore, while the beam is propagated through the nonlinear medium, its wave front
becomes increasingly distorted, as depicted in Figure 1.

Overall, the generation of self-focusing phenomenon could be connected with various physical
causes. The basic physical mechanism which is responsible for self-focusing of laser beam is
the nonlinearity of the medium which originates in its interaction with the laser field. There-
fore, the self-focusing of laser beam through plasma is categorized into three options according
to nonlinear mechanisms that they are listed here:

1. Thermal self-focusing (TS)

This effect is due to collisional heating of plasma exposed to electromagnetic radiation. In
fact, the rise in temperature induces the hydrodynamic expansion, which leads to an
increase in refractive index and further heating [3].

2. Ponderomotive self-focusing (PS)

A nonlinear radial ponderomotive force of the focused laser beam pushes electrons out of
the propagation axis. It expels the plasma from the beam centre, high-intensity region, and
increases the plasma dielectric function, leading to self-focusing of the laser in plasmas.

3. Relativistic self-focusing (RS)

The increase of electrons’ mass traveling by velocity approaching the speed of light mod-
ifies the plasma refractive index. This phenomenon has been observed in several experi-
ments and has been proved to be an efficient way to guide a laser pulse over distances
much longer than the Rayleigh length.

R.W. Boyd et al. [4] reviewed the self-focusing methods, which are recommended by the authors
for more details on the topic.

Figure 1. A schematic showing distortion of the wave-front and self-focusing of a laser beam in plasma.
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According to the self-focusing of laser beam through plasma, the irradiance of a focused
pulse laser with a range of 1015 � 1016W=cm2, for instance, can reach approximately
1018W=cm2. Under this high intensity, the relativistic motion of the electrons may be
expected. This mechanism is of great importance because it is able to produce ultra-high
laser irradiances (1019 � 1020W=cm2) over distances much greater than the Rayleigh length
[5]. Sun et al. [6], Barnes et al. [7], Kurki-Suonio et al. [8], and Borisov et al. [9] investigated
both relativistic mass variation and charge displacement due to the ponderomotive force by
solving the propagation within the envelope approximation and fluid equations. With
advancement in laser technology using the chirped-pulse amplification technique [10, 11],
the propagation of laser beam in inhomogeneous plasmas has been also studied [12, 13].
Furthermore, guiding nonlinear relativistic laser pulses in preformed plasma with density
transition has recently become a subject of great interests [14–17].

The simplest wave equation describing self-focusing is a prototype of an important class of
nonlinear partial differential equations in physics, such as the Landau Ginsberg equation for
the macroscopic wave function of type II superconductors or the Schrodinger’s equation for a
particle with self-interactions [18]. In this situation, there are several approximate analytical
approaches to analyse the effect of self-focusing, namely paraxial ray approximation, moment
theory approach, variation approach, and source-dependent expansion method. However,
each of these theories has limitations in describing completely the experimental and computer
simulation results.

Our discussion begins with a review of the equations which are normally utilized to describe
self-focusing in Wentzel-Kramers-Brillouin (WKB) and paraxial ray approximation (Section 2),
followed by an outline of the ramp-density profile and its impact on self-focusing of high-
intense laser beams. The next sections deal with consideration of relativistic self-focusing in
classical and quantum plasma for Gaussian and Cosh-Gaussian laser beams.

2. Self-focusing equation for high-intense laser-plasma interaction

2.1. High-order paraxial theory

It is reasonable to assume that the paraxial wave equation presents an accurate description for
laser beams propagating near the axis throughout the propagation. Akhmanove et al. [19]
illustrated that in a limit when the eikonal term is expanded only up to the second power in r,
the shape of the radial intensity profile remains unchanged. However, in the experimental
situation with high-intense laser beams, one needs to go beyond the paraxial approximation
for which the predictions of such an approximation are often not sufficiently accurate [20].
Thus, it would be interesting, on high-intense laser-plasma interaction, to investigate propaga-
tion of laser beams using the extended paraxial approximation. In this case, Liu [21] and
Tripathi [22] reported a useful theoretical framework that accounts for the combined several
effects of interaction of an intense short pulse laser with plasma, the laser frequency blue shift,
self-defocusing, ring formation and self-phase modulation. The expansion of the eikonal term
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to the fourth power in r makes significant difference in studying laser beam propagating
through plasma and even other nonlinear materials.

For more details, the interaction of an intense laser beam with particular plasma is considered.
From Maxwell’s equations, it is noted that the propagation of such a beam can be investigated
by solving the scalar wave equation in the cylindrical coordinate system and along the axis z:

∂2

∂z2
E r; z; tð Þ þ ∇2

⊥E r; z; tð Þ � ε
c2

∂2

∂t2
E r; z; tð Þ ¼ 0 (1)

where E shows amplitude of the electric field, c is the speed of light in vacuum and ε is the
dielectric constant of plasma. In this stage, we consider the solution of the Eq. (1):
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E r; z; tð Þ can be substituted with Eq. (2) in Eq. (1). This substitution leads to neglecting ∂2A=∂z2

and ∂2A=∂t2 on the assumption thatA is a slowly varying function of z and t is compared withω:
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The complex amplitude of the electric vector A r; z; tð Þ is expressed as,

A r; z; tð Þ ¼ A0 r; z; tð Þexp �ik zð ÞS r; zð Þ½ � (4)

From Eq. (4), it is noticed that the envelope A r; z; tð Þ has been separated into real amplitude
and complex phase terms in which the eikonal function S r; zð Þ is.

S r; zð Þ ¼ S0 zð Þ þ r2=r20
� �

S2 zð Þ þ r4=r40
� �

S4 zð Þ (5)

where S0 zð Þ is the axial phase shift, S2 zð Þ ¼ df zð Þ=dzð Þ=2f zð Þ is indicative of the spherical
curvature of the wave front, and S4 zð Þ corresponds to its departure from the spherical nature.
Moreover, the beam irradiance A ∘ r; z; tð Þ of Cosh-Gaussian (ChG) laser beam can be written as:
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In the near-axis approximation (i.e. a2, a4 ! 0), Eq. (6) converts to a general solution of ChG
laser beam. In Eq. (6), the initial laser intensity at the central position r ¼ z ¼ 0 is presented by
E0, and the beam-width parameter characterized by f zð Þ depends on z. Temporal shape of the
pulse can be considered as a step function, g tð Þ ¼ 1 at ti0 and g tð Þ ¼ 0 otherwise. In addition,
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b is called the decentred parameter as well as r0 introduced the initial spot size of the laser
beam. Two functions a2 zð Þ and a4 zð Þ, the coefficients of r2 and r4, respectively, are considered as
an indicative of the departure of the beam from the Gaussian nature.

Furthermore, in the higher-order paraxial theory, the dielectric constant is expanded to the next
higher power in r2 to obtain ε r; zð Þ ¼ ε0 zð Þ � r2=r20

� �
ε2 zð Þ � r4=r40

� �
ε4 zð Þ. The parameters ε0 zð Þ,

ε2 zð Þ, and ε4 zð Þ corresponding to the nonlinearity play an important role in investigating the self-
focusing of laser beam through a nonlinear medium. By substituting both Eqs. (5) and (6) into
Eq. (3) and equating the coefficients of r0, r2, and r4 on both sides of the resulting equation, the
differential equations governing the parameters a2, a4, f zð Þ, and S4 zð Þ can be given by:
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where S40 ¼ S4ω=c. Additionally, ξ ¼ c=ωr20
� �

z and r ¼ r0ω=c are considered as a dimensionless
propagation distance and an original beam-width parameter, respectively. The first term on the
right-hand side of Eq. (8) represents the diffraction effect, while the second term plays a vital role
in self-focusing of laser beam. Both of them are nonlinear and responsible for the defocusing and
focusing of the ChG laser beam through plasma. The behaviour of laser beam propagating
through plasma can be investigated by solving these equations, Eqs. (7)–(9), with the initial
conditions f ¼ 1, df=dξ ¼ 0, S4 0 ¼ 0 and a2 ¼ 0 at ξ ¼ 0. In non-stationary situations, the time
derivative is removed from the wave equation using the independent variable transformation
(Z ¼ z, T ¼ t� z=vg) where vg is group velocity. We have presented non-stationary self-focusing
of high-intense Gaussian laser beams for different portions of a pulse in classical and quantum
plasmas in the weakly relativistic as well as ponderomotive regimes [23, 24]. We have recorded a
very significant focusing near the peak of the pulse and the rear portion of the pulse.

2.2. Importance of nonlinearity in self-focusing equation

As mentioned in the previous section, the refractive index of plasma, the second term in the
right-hand side of the self-focusing equation, Eq.(8), depends on nonlinearity mechanisms.
Therefore, this term plays an important role in investigation propagation laser beam through a
nonlinear medium with a wide variety of nonlinearities. For example, in collisional nonlinearity
condition:

ε r; zð Þ ¼ 1� ω2
p

ω2 þ
ω2
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1þ αEE∗=2Te
, (10)

where α ¼ e2=3δmω2kB
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to the fourth power in r makes significant difference in studying laser beam propagating
through plasma and even other nonlinear materials.
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E0, and the beam-width parameter characterized by f zð Þ depends on z. Temporal shape of the
pulse can be considered as a step function, g tð Þ ¼ 1 at ti0 and g tð Þ ¼ 0 otherwise. In addition,
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b is called the decentred parameter as well as r0 introduced the initial spot size of the laser
beam. Two functions a2 zð Þ and a4 zð Þ, the coefficients of r2 and r4, respectively, are considered as
an indicative of the departure of the beam from the Gaussian nature.
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z and r ¼ r0ω=c are considered as a dimensionless
propagation distance and an original beam-width parameter, respectively. The first term on the
right-hand side of Eq. (8) represents the diffraction effect, while the second term plays a vital role
in self-focusing of laser beam. Both of them are nonlinear and responsible for the defocusing and
focusing of the ChG laser beam through plasma. The behaviour of laser beam propagating
through plasma can be investigated by solving these equations, Eqs. (7)–(9), with the initial
conditions f ¼ 1, df=dξ ¼ 0, S4 0 ¼ 0 and a2 ¼ 0 at ξ ¼ 0. In non-stationary situations, the time
derivative is removed from the wave equation using the independent variable transformation
(Z ¼ z, T ¼ t� z=vg) where vg is group velocity. We have presented non-stationary self-focusing
of high-intense Gaussian laser beams for different portions of a pulse in classical and quantum
plasmas in the weakly relativistic as well as ponderomotive regimes [23, 24]. We have recorded a
very significant focusing near the peak of the pulse and the rear portion of the pulse.

2.2. Importance of nonlinearity in self-focusing equation

As mentioned in the previous section, the refractive index of plasma, the second term in the
right-hand side of the self-focusing equation, Eq.(8), depends on nonlinearity mechanisms.
Therefore, this term plays an important role in investigation propagation laser beam through a
nonlinear medium with a wide variety of nonlinearities. For example, in collisional nonlinearity
condition:
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or in the ponderomotive regime and in low-intensity laser, it should be expressed like,

ε r; zð Þ ¼ 1� ω2
p

ω2 þ
ω2

p

ω2 1� exp � βEE∗

Te

� �� �
, (11)

where β ¼ e2
8mω2kB

In addition, in the relativistic regime and high-intense laser-plasma interaction:

ε r; zð Þ ¼ 1� 1
γ

ω2
p

ω2 ,γ≃ 1þ a2∘ =2
� �1=2

Circular Polarization, a ∘ ¼ eE ∘

ωmc
(12)

where γ is the Lorentz factor which arises from the quiver motion of the electron in the laser
field. The expressions earlier are just three forms of nonlinearities in plasma. In this case, we
have investigated relativistic self-focusing of high-intense laser beam in cold and warm quan-
tum plasma [25–28]. From a quantum-mechanical viewpoint, the de Broglie wavelength of the
charge particle is comparable to the inter-particle distance. In this situation, the dielectric
constant in relativistic cold quantum plasma (CQP) is expressed by:

ε r; zð Þ ¼ 1� 1
γ

ω2
p

ω2 1� ℏ2k4=4γm0
2ω2� ��1

(13)

and in the relativistic warm quantum plasma:
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2ω2 � ℏ2k4=4γm0
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2.3. Ramp density profile

Another important parameter in solving the self-focusing equation is plasma density profile.
From mathematical and practical perspectives, it can be considered as a uniform or non-
uniform function of propagation distance. In inhomogeneous plasmas [12], the propagation
of a Gaussian high-intense laser beam in under-dense plasma with an upward increasing
density ramp has been investigated. In this chapter, the effect of electron density profile on
spot size oscillations of laser beam has been also shown. It leads to further fluctuations in the
figure for the spot size of laser beam compared. Therefore, it was confirmed that an improved
electron density gradient profile is an important factor in having a good stationary and non-
stationary self-focusing in laser-plasma interaction. A mathematical function of non-uniform
charge density profile for modelling inhomogeneous plasma can be considered as:

ne ξð Þ ¼ n0F ξ=dð Þ (15)

where ξ ¼ z=Rd is a dimensionless propagation distance, Rd ¼ ωr20=c is the Rayleigh length, r0
is the focused laser beam radius, n0 is the density of the plasma at ξ ¼ 0, and F ξð Þ ¼ 1þ
n1=n0ð Þ tan ξ=dð Þ is the linear density profile function. The slope of ramp density profile can
be determined by changing d and n1 parameters. This model of density is just one kind of
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plasma density transitions (the so-called ramp density profile), which is usable to investigate
several laser-plasma mechanisms such as self-focusing of laser beam, electron acceleration and
high harmonic generation. This mathematical model of density transition has been also
supported by a wide range of numerical and experimental work [29–35]. For example,
Chunyang et al. [36] observed the high harmonics in the reflection spectra from short-intense
laser-pulse interaction with over-dense plasmas the particle-in-cell (PIC) simulations.

3. Relativistic self-focusing of ChG laser beam in quantum plasma

Theoretical investigations of quantum effects on propagation of Gaussian laser beams are carried
out within the framework of quantum approach in dense plasmas [37–40]. Habibi et al. have also
shown the effective role of Fermi temperature in improving relativistic self-focusing of short
wavelength laser beam (X-ray) through warm quantum plasmas [26]. From a theoretical view-
point, the relativistic effect would be effective as a result of increasing fermions’ number density in
dense degenerate plasmas. However, several recent technologies havemade it possible to produce
plasmas with densities close to solid state. Furthermore, considerable interest has recently been
raised in production and propagation of a decentred Gaussian beam on account of their higher
efficient power with a flat-top beam shape compared with that of a Gaussian laser beam and their
attractive applications in complex optical systems. Generally, focusing of the ChG beam can be
analysed like Gaussian beam in plasmas without considering quantum effects. In particular, the
present section is devoted to study nonlinear propagation of a ChG laser beam in quantum
plasma, including higher-order paraxial theory.

The figure for a ChG laser beam makes a substantial contribution with an even stronger self-
focusing effect compared with that of a Gaussian laser beam in cold quantum plasma (CQP).
In this chapter, the plasma dielectric function, Eq. (13), which is in the relativistic regime, is
considered for unmagnetized and collision-less CQP. Then, it is expanded to the next higher
power in r4 to obtain ε r; zð Þ ¼ ε0 zð Þ � r2=r20

� �
ε2 zð Þ � r4=r40

� �
ε4 zð Þ. The parameters ε0 zð Þ, ε2 zð Þ,

and ε4 zð Þ corresponding to the relativistic nonlinearity are:
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2.3. Ramp density profile

Another important parameter in solving the self-focusing equation is plasma density profile.
From mathematical and practical perspectives, it can be considered as a uniform or non-
uniform function of propagation distance. In inhomogeneous plasmas [12], the propagation
of a Gaussian high-intense laser beam in under-dense plasma with an upward increasing
density ramp has been investigated. In this chapter, the effect of electron density profile on
spot size oscillations of laser beam has been also shown. It leads to further fluctuations in the
figure for the spot size of laser beam compared. Therefore, it was confirmed that an improved
electron density gradient profile is an important factor in having a good stationary and non-
stationary self-focusing in laser-plasma interaction. A mathematical function of non-uniform
charge density profile for modelling inhomogeneous plasma can be considered as:
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where ξ ¼ z=Rd is a dimensionless propagation distance, Rd ¼ ωr20=c is the Rayleigh length, r0
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n1=n0ð Þ tan ξ=dð Þ is the linear density profile function. The slope of ramp density profile can
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plasma density transitions (the so-called ramp density profile), which is usable to investigate
several laser-plasma mechanisms such as self-focusing of laser beam, electron acceleration and
high harmonic generation. This mathematical model of density transition has been also
supported by a wide range of numerical and experimental work [29–35]. For example,
Chunyang et al. [36] observed the high harmonics in the reflection spectra from short-intense
laser-pulse interaction with over-dense plasmas the particle-in-cell (PIC) simulations.

3. Relativistic self-focusing of ChG laser beam in quantum plasma

Theoretical investigations of quantum effects on propagation of Gaussian laser beams are carried
out within the framework of quantum approach in dense plasmas [37–40]. Habibi et al. have also
shown the effective role of Fermi temperature in improving relativistic self-focusing of short
wavelength laser beam (X-ray) through warm quantum plasmas [26]. From a theoretical view-
point, the relativistic effect would be effective as a result of increasing fermions’ number density in
dense degenerate plasmas. However, several recent technologies havemade it possible to produce
plasmas with densities close to solid state. Furthermore, considerable interest has recently been
raised in production and propagation of a decentred Gaussian beam on account of their higher
efficient power with a flat-top beam shape compared with that of a Gaussian laser beam and their
attractive applications in complex optical systems. Generally, focusing of the ChG beam can be
analysed like Gaussian beam in plasmas without considering quantum effects. In particular, the
present section is devoted to study nonlinear propagation of a ChG laser beam in quantum
plasma, including higher-order paraxial theory.

The figure for a ChG laser beam makes a substantial contribution with an even stronger self-
focusing effect compared with that of a Gaussian laser beam in cold quantum plasma (CQP).
In this chapter, the plasma dielectric function, Eq. (13), which is in the relativistic regime, is
considered for unmagnetized and collision-less CQP. Then, it is expanded to the next higher
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where Γ ¼ αE0
2, β1 ¼ 6� 6b2 þ b4 þ 3a4 � 6a2 þ 3a2b2, and β2 ¼ �3a22 þ 6b2 � 12

� �
a2 � 12b2

þb4 þ 12a4 þ 12. By substituting these expressions in Eq. (8), the relativistic self-focusing of
ChG laser beam through cold quantum plasma could be investigated. Eqs. (7)–(9) are numer-
ically solved simultaneously using the fourth-order Runge-Kutta method with the initial
conditions f 0ð Þ ¼ 1, f 0 0ð Þ ¼ 0, S40 ¼ 0, a2 ¼ 0 at ξ ¼ 0 as well as following the set of parameters:
Γ ¼ 0:08, 0:12, 0:14, r ∘ ¼ 20μm, and ωp ¼ 0:59ω, ω ¼ 1:77� 1016s�1 which correspond to the
gold metallic plasma at room temperature. It is noted that the case of a Gaussian beam b ¼ 0:0
is similar to a dark ring, maximum irradiance on the axis. Therefore, no parts of the beam
penetrate beyond the determined depth of penetration. While in the case of a ChG beam,
where b 6¼ 0:0 like a bright ring, the irradiance is maximum on a ring and hence the portion of
the beam around the bright ring is able to penetrate farther than that of on the axis. As a result,
the decentred parameter plays an effective role in improving relativistic self-focusing of high-
power Cosh-Gaussian laser beams in quantum plasma.

Therefore, a comparative analysis can be done among various decentred parameters so as to
determine its role in relativistic self-focusing of laser beam. At the first step, the variation of f
on ξ in both Gaussian and Cosh-Gaussian of intensity distribution through the Q-plasma for
three decentred parameters is shown in Figure 2. As seen from this figure, the focusing term
becomes dominant with an increasing value of the decentred parameter b. The self-focusing
effect is stronger for a higher decentred parameter at b ¼ 0:8 than Gaussian laser beam b ¼ 0.
Consequently, increase of decentred parameters in the ChG laser beams will result in better
reduction in the focusing length and more enhancements in localization of non-Gaussian laser

Figure 2. Variation of beam-width parameter f with the normalized propagation distance ξð Þ for different values of
decentred parameters b ¼ 0:0, 0:4, 0:8 and Γ ¼ 0:12, r0 ¼ 20μm, ωp ¼ 0:59ω.
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beam as it is moving through plasma. For more investigation and better comparison, the
variation of beam-width parameter with propagation distance for various powers of pump
laser beam with b ¼ 0:8 and through plasma density ωp ¼ 0:75ω is shown in Figure 3. It is
obvious that the laser beam focused substantially when the initial power of the laser beam
grew from 0:08 to 0:14. As a result, the intensity of laser also plays an important role in
enhancing the focusing of ChG laser beam through the cold dense plasmas along with the
decentred parameter.

Therefore, if laser intensity increases, a beam with more relativistic electrons will travel with
the laser beam and generate a higher current and consequently a very high quasi-stationery
magnetic field. Consequently, while the pinching effect of the magnetic field is becoming
stronger, focusing effect will become much more important. Figure 4 illustrates the effects of
changing plasma density on the relativistic self-focusing process for a given initial intensity of
the laser beam. As seen from the results in the Figure 4, the focusing of laser beam increases
while respective focusing length decreases with increasing the slope of ramp density profile.

It is clear that the inclusion of the quadratic r4 term in the eikonal function modifies the radial
profile. According to equation of RSF in CQP and using cost-effective decentred parameters,
decreasing beam-width parameter is observed so that it could produce ultra-high laser irradi-
ance over distances much greater than the Rayleigh length.

On the other hand, we know that an upward ramp density profile as transition density gives
rise more reduction in amplitude of the laser spot size close to the propagation axis [12, 25].
Therefore, we show an analysis of joint relativistic and quantum effects on ChG laser beams in
one-species axial inhomogeneous cold quantum plasma (ICQP), using the high-order paraxial

Figure 3. Variation of beam-width parameter f with propagation distance ξð Þ for different powers of pump laser beam
Γ ¼ 0:08, 0:12, 0:14 at plasma density ωp ¼ 0:75ω, b ¼ 0:8, and r0 ¼ 20μm.
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þb4 þ 12a4 þ 12. By substituting these expressions in Eq. (8), the relativistic self-focusing of
ChG laser beam through cold quantum plasma could be investigated. Eqs. (7)–(9) are numer-
ically solved simultaneously using the fourth-order Runge-Kutta method with the initial
conditions f 0ð Þ ¼ 1, f 0 0ð Þ ¼ 0, S40 ¼ 0, a2 ¼ 0 at ξ ¼ 0 as well as following the set of parameters:
Γ ¼ 0:08, 0:12, 0:14, r ∘ ¼ 20μm, and ωp ¼ 0:59ω, ω ¼ 1:77� 1016s�1 which correspond to the
gold metallic plasma at room temperature. It is noted that the case of a Gaussian beam b ¼ 0:0
is similar to a dark ring, maximum irradiance on the axis. Therefore, no parts of the beam
penetrate beyond the determined depth of penetration. While in the case of a ChG beam,
where b 6¼ 0:0 like a bright ring, the irradiance is maximum on a ring and hence the portion of
the beam around the bright ring is able to penetrate farther than that of on the axis. As a result,
the decentred parameter plays an effective role in improving relativistic self-focusing of high-
power Cosh-Gaussian laser beams in quantum plasma.

Therefore, a comparative analysis can be done among various decentred parameters so as to
determine its role in relativistic self-focusing of laser beam. At the first step, the variation of f
on ξ in both Gaussian and Cosh-Gaussian of intensity distribution through the Q-plasma for
three decentred parameters is shown in Figure 2. As seen from this figure, the focusing term
becomes dominant with an increasing value of the decentred parameter b. The self-focusing
effect is stronger for a higher decentred parameter at b ¼ 0:8 than Gaussian laser beam b ¼ 0.
Consequently, increase of decentred parameters in the ChG laser beams will result in better
reduction in the focusing length and more enhancements in localization of non-Gaussian laser

Figure 2. Variation of beam-width parameter f with the normalized propagation distance ξð Þ for different values of
decentred parameters b ¼ 0:0, 0:4, 0:8 and Γ ¼ 0:12, r0 ¼ 20μm, ωp ¼ 0:59ω.
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beam as it is moving through plasma. For more investigation and better comparison, the
variation of beam-width parameter with propagation distance for various powers of pump
laser beam with b ¼ 0:8 and through plasma density ωp ¼ 0:75ω is shown in Figure 3. It is
obvious that the laser beam focused substantially when the initial power of the laser beam
grew from 0:08 to 0:14. As a result, the intensity of laser also plays an important role in
enhancing the focusing of ChG laser beam through the cold dense plasmas along with the
decentred parameter.

Therefore, if laser intensity increases, a beam with more relativistic electrons will travel with
the laser beam and generate a higher current and consequently a very high quasi-stationery
magnetic field. Consequently, while the pinching effect of the magnetic field is becoming
stronger, focusing effect will become much more important. Figure 4 illustrates the effects of
changing plasma density on the relativistic self-focusing process for a given initial intensity of
the laser beam. As seen from the results in the Figure 4, the focusing of laser beam increases
while respective focusing length decreases with increasing the slope of ramp density profile.

It is clear that the inclusion of the quadratic r4 term in the eikonal function modifies the radial
profile. According to equation of RSF in CQP and using cost-effective decentred parameters,
decreasing beam-width parameter is observed so that it could produce ultra-high laser irradi-
ance over distances much greater than the Rayleigh length.

On the other hand, we know that an upward ramp density profile as transition density gives
rise more reduction in amplitude of the laser spot size close to the propagation axis [12, 25].
Therefore, we show an analysis of joint relativistic and quantum effects on ChG laser beams in
one-species axial inhomogeneous cold quantum plasma (ICQP), using the high-order paraxial

Figure 3. Variation of beam-width parameter f with propagation distance ξð Þ for different powers of pump laser beam
Γ ¼ 0:08, 0:12, 0:14 at plasma density ωp ¼ 0:75ω, b ¼ 0:8, and r0 ¼ 20μm.

Self-Focusing of High-Power Laser Beam through Plasma
http://dx.doi.org/10.5772/intechopen.75036

205



approach. For this purpose, Eqs. (7)–(9) should be solved simultaneously again with consider-
ing ramp density profile ωp ξð Þ ¼ 0:5F ξð Þω and Γ ¼ 0:10, 0:12, 0:14. Figure 5 provides informa-
tion about four normalized upward density profiles with various slopes.

Figure 4. The effect of the change of plasma density on the relativistic self-focusing process for different densities
ωp ¼ 0:25ω, 0:50ω, 0:75ω, Γ ¼ 0:14, b ¼ 0:8, and r0 ¼ 20μm.

Figure 5. The normalized linear density profiles with different slopes: n1=n0 ≈ 1þ 6:746� 102 tan ξ=3ð Þ (profile#1),
n1=n0 ≈ 1þ 33:531� 102 tan ξ=5ð Þ (profile#2), n1=n0 ≈ 1þ 40:178� 102 tan ξ=3ð Þ (profile#3), n1=n0 ≈ 1þ 20:079� 102 tan ξð Þ
(profile #4).
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The linear density profile function F ξð Þ ¼ 1þ n1=n0ð Þ tan ξ=dð Þ for axial inhomogeneity has
been chosen. Based on this mathematical function, the slope of ramp density profile is adjust-
able using appropriate d and n1 so that the range of plasma density has been adjusted from
nc=4 to nc=3, nc=2, 3nc=4, and nc. The profile number of each ramp density function has been

Figure 6. Variation of beam-width parameter through ICQP in the presence of ramp and uniform density profiles for
b ¼ 0:2.

Figure 7. Variation of beam-width parameter through ICQP in the presence of ramp and uniform density profiles for
b ¼ 0:4.
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located in the top left-hand corner as a legend in Figure 5. Figures 6–9 illustrate the results of a
numerical solution carried out on the self-focusing equation to assess what behaves like a high-
intense ChG laser beam through inhomogeneous cold quantum plasma (ICQP).

Figure 8. Variation of beam-width parameter through ICQP in the presence of ramp and uniform density profiles for
b ¼ 0:6.

Figure 9. Variation of beam-width parameter through ICQP in the presence of ramp and uniform density profiles for
b ¼ 0:8.
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In all figures, it is clear that the self-focusing becomes stronger when the slope of ramp density
profile increases. Furthermore, it is noticeable that from these figures, for ξ ¼ 1:5� 10�3, the
beam-width parameter decreased significantly when the higher-slope ramp density profile was
used. Generally, a comparison among Figures 6–9 reveals that there was a substantial change
from homogeneous to inhomogeneous quantum plasma by using various decentred parameters.

Figure 10. Variation of beam-width parameter through ICQP in the presence of ramp density profile #4 and different
decentred parameters: b ¼ 0:0 for Gaussian beam and b ¼ 0:2, 0:4, 0:6, 0:8 for ChG beam.

Figure 11. Variation of beam-width parameter through ICQP in the presence of ramp density profile #4, b ¼ 0:8, and
different intensities: Γ ¼ 0:10, 0:12, 0:14.
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In addition, the influence of decentred parameter on the propagation of ChG laser beam in
Figure 10 is illustrated for the improved density profile (profile #4). Clearly, the final values of
spot size for such a laser with b from zero (Gaussian profile) to 0:8 in the ξ ¼ 1:5� 10�3 dropped
significantly.

For more details and better comparison among trends at b ¼ 0:8, Figure 11 shows different
intensities. It is obvious that the laser beam becomes self-focused when the initial power of the
laser beam increases from 0:10 to 0:14. A significant enhancement in laser self-focusing in under-
dense plasmawith a localized plasma density ramp is observed. It is clear from this figure and the
earlier ones that in addition to the type of density profile and decentred parameter, the intensity of
laser also plays an effective role in enhancing the focusing of ChG laser beam through the
inhomogeneous cold dense plasmas.

4. Conclusion

Generally, we aimed to review our results about self-focusing of high-intense laser beams
through various plasmas such as cold and warm quantum plasmas. We, in addition, have
introduced a ramp density profile for plasma as an effective factor in improving self-focusing
and even ion acceleration. The propagation of cosh-Gaussian intensity profile for high-power
and short-wavelength laser was also investigated by means of higher-order paraxial approxi-
mation. From these investigations, the effects of ramp density profile and off-axial contribution
on enhancing the further focusing of laser beam can be drawn. The results show that inclusion
of the quadratic r4 term in the eikonal function modifies radial profile of the pulse. It can have a
direct impact on producing ultra-high laser irradiance over distances much greater than the
Rayleigh length which can be used for various laser-plasma applications.
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