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Introduction

Femtosecond wavelength-tunable laser systems are essential for ultrafast science
applications such as time-resolved pump-probe experiments (transient
absorption,  fluorescence  up-conversion, time-resolved photoelectron
spectroscopy, time-resolved mass spectrometry), femtosecond digital
holography, CARS (Coherent Anti-Stokes Raman Spectroscopy) and
others [1-7]. Titanium-doped sapphire is the only practical laser crystal which
allows significant wavelength tuning due to the ultra-broad amplification
bandwidth [8-10]. However, high energy Ti:sapphire lasers are usually
optimized for a constant wavelength operation in femtosecond regime [11].
Optical parametric amplification (OPA) phenomenon [12] enabled the extension
of accessible spectral regions from UV to MIR. Incorporation of optical
parametric chirped pulse amplification (OPCPA) technique [13,14] leads to the
extremely high peak intensity of light which is required by modern laser-matter
interaction applications, e.g. HHG (High-Order Harmonic Generation) and
attosecond science [15,16]. A common seed source for a high peak power
table-top Vis-NIR OPCPA system is a Ti:sapphire femtosecond
oscillator [13,17,18]. Alternatively, white-light supercontinuum (WLC)
generated by the femtosecond pulses from the regenerative amplifier
(Ti:sapphire, Yb:KGW) can be used as a seed [19,20]. In both cases seed pulses
have energy in nJ range and need to be preamplified in femtosecond OPA stage
before the amplification in OPCPA stage, where pulses are stretched,
parametrically amplified using long picosecond pulses as a pump and finally
compressed to femtosecond duration. Picosecond Nd** doped solid-state lasers
are usually used as a pump [21-23].

Conventional approach requires using a complex femtosecond CPA laser
system and optical or electronic synchronisation of the femtosecond and
picosecond laser systems, which typically operate at different
wavelengths [24,25]. Furthermore, in many strong field applications, it is

important to have very high temporal contrast in picosecond to nanosecond time



scales of the generated femtosecond pulses [14,26]. If pulses from regenerative
amplifiers are used in all parametric amplification stages, achievable pulse
contrast is limited or requires sophisticated techniques for contrast
improvement [26].

Already mature and yet rapidly emerging ultrafast fiber laser technologies
can definitely be a field to investigate for development of the ultrafast
wavelength-tunable systems. Fiber-based laser sources offer many practical
advantages compared with solid-state systems, including high average power
output, nearly diffraction-limited beam quality, compact and robust design and
maintenance-free operation. A broad emission spectrum of Yb®* doped fused
silica fibers allows for amplification of ultrashort pulses. Furthermore, methods
to tune the wavelength intrinsically in fiber have been demonstrated already a
decade ago not only for telecommunication wavelengths [27-29] but also at
1 um [30-32]. However, these approaches are confined to a relatively narrow
tuning range and are often hard to implement.

Fiber laser technology can be also employed in OPCPA systems. Er®* and
Yb3* doped fiber lasers were used as seed sources [33-35]. Yb-based fiber
amplifiers providing high average power sub-ps duration pump pulses were
implemented in a few-cycle OPCPA schemes [36-38]. Moreover, fiber OPCPA
systems based on a four-wave mixing process were constructed and
experimentally realised [39-41]. Although, the output pulse durations from such
systems were relatively long, in a sub-ps range, theoretical investigations
showed prospects to operate in a few-cycle regime [42].

An important drawback in fiber-based technology is limitations in achieving
high pulse energies and high peak powers. Fiber geometry, which offers good
thermo-optical properties for high average power operation, is not conducive to
achieve high energy ultrashort pulses. In the case of the ultrashort pulse
amplification, high peak irradiances in the small diameter fiber core and long
interaction length cause a significant impact of nonlinear effects, which limit
achievable pulse peak power at the output of the system. Usually, nonlinear

effects in fiber are reduced by implementing two main strategies. The first one
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Is based on the modification of the active fiber itself to increase the mode field
diameter (MFD) and to reduce peak irradiance. Conventional large-mode-area
(LMA) fibers with numerical apertures reduced to the technologically practical
limit of ~0.06 and with core diameter up to ~30 um are currently commercially
available. However, larger core diameters suitable for strictly fundamental mode
operation are only possible by using advanced microstructured fiber designs,
such as different types of photonic crystal fibers [43-45] or chirally-coupled-
core fibers [46]. The second strategy, used to avoid nonlinear effects during
amplification in a fiber, is chirped pulse amplification (FCPA), when pulses are
stretched in time before amplification, amplified, and then recompressed [47].
However, to achieve high-quality transform-limited (TL) pulses at the output,
the system design has to be optimised to account for material dispersion and
non-uniform spectral gain, which is not a simple task for fiber systems with long
fiber lengths and multiple amplification stages [48]. Moreover, when pulses are
stretched, even up to the largest practical duration of ~1 ns, the achievable peak
power is still limited by the most dominant nonlinear effect — self-phase
modulation (SPM). The SPM-induced nonlinear phase shift of more than 1 rad
already affects pulse compression and results in a noticeable temporal
broadening and a reduction of the peak power of the recompressed pulses [49].
Considering the advantages and the drawbacks of fiber and solid-state laser
technologies, a hybrid approach seems to be optimal and can lead to the
construction of a compact, stable and cost-effective high energy femtosecond
wavelength-tunable laser. This task was the main goal of my doctoral work.
First of all, numerical modelling software was developed and used to
investigate the effects on ultrashort pulses in fiber lasers. The modelling analysis
helped to gain knowledge how to conveniently control and modify the ultrashort
pulse parameters applying it for practical application. Furthermore, numerical
calculations were used to improve a FCPA system. Finally, the whole gathered
experience was realised in developing and experimentally implementing a novel

hybrid femtosecond high energy wavelength-tunable Vis-NIR OPCPA system.
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Scientific novelty

Scientific novelty of this work lies on the incorporation of already proven fiber
and solid-state technologies:

1. A novel optically synchronised dual-wavelength all-in-fiber laser source
for seeding both femtosecond Yb and picosecond Nd-based solid-state
lasers was proposed and experimentally demonstrated.

2. A new method for generation of femtosecond light pulses based on fiber
laser technology was investigated and realised experimentally.

3. Method to improve the output pulse contrast in Yb-based FCPA system
by applying the temperature gradient on a chirped fiber Bragg grating
(CFBG) stretcher and thus controlling the dispersion parameters was
investigated numerically and experimentally. This was the first
demonstration of such approach at 1 um wavelength range.

4. A compact femtosecond wavelength-tunable OPCPA system with a novel
front-end, which uses a spectrally broadened picosecond fiber oscillator
for seeding picosecond diode-pumped solid-state (DPSS) regenerative
amplifier and WLC generator was developed and demonstrated
experimentally for the first time. This approach eliminates the need of the
seed and pump pulse synchronisation therefore greatly simplifying the
system and uses all-parametric femtosecond pulse amplification stages

potentially increasing the temporal contrast of final pulses.
Practical value

Development of OPCPA systems is a rapidly emerging field in ultrafast laser
technology. The use of compact, robust and maintenance-free fiber lasers
together with well-established solid-state technologies in an OPCPA system has
a high practical potential as it leads to the realisation of a turn-key light source
for ultrafast spectroscopy as well as strong field experiments.

This doctoral work has a practical significance in several aspects:
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1. A novel patented fiber-based optically synchronised dual-wavelength
source was experimentally demonstrated and successfully incorporated in
a high energy OPCPA system in collaboration with TU Wien group.

2. Evident output pulse contrast improvement achieved in the experiments
with temperature controlled CFBG led to the implementation of this
approach in commercial laser systems which are at the final stage of
development at company EKSPLA.

3. A novel method to generate femtosecond light pulses was experimentally
confirmed and realised in a compact hybrid femtosecond high energy
wavelength-tunable OPCPA system which is already commercially
available. The product will be the basis for a family of advanced

femtosecond laser systems for science and technology.

Statements to defend

S1

S2.

S3.

. Controlling the influence of dispersion and nonlinearity on ultrashort pulse
properties in ultrafast fiber laser enables the realisation of an optically
synchronised dual-wavelength source to seed both femtosecond Yb and
picosecond Nd-based solid-state lasers with sufficient energy for high
contrast operation.

Incorporation of pulse temporal and spectral stretching techniques in a
picosecond all-in-fiber laser together with the methods of narrowband Nd
ions based solid-state and broadband optical parametric amplification
enables the realisation of a compact all-optically synchronised
fiber/solid-state femtosecond OPCPA system front-end which can be used
for high contrast few-cycle pulse amplification.

Implementation of temperature-controlled dispersion CFBG pulse stretcher
with 4 independent TEC elements in a Yb-based femtosecond FCPA system
contributes to a significant improvement of the compressed pulse contrast
and paves the way for even more precise dispersion control by increasing the

number of independent TEC units.
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S4. Compact femtosecond wavelength-tunable Vis-NIR OPCPA system,

featuring more than 20 GW pulse peak power in 680-960 nm wavelength

range from a single OPCPA amplification stage, can be realised using

all-optically synchronised picosecond fiber laser seed and picosecond DPSS

laser pump.
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The structure of the thesis

The material of the thesis is divided into 4 main parts. First, methods and
technologies relevant to this work are presented in Literature review. The
following chapters cover the research part of the thesis. Chapter 2 is dedicated
to outline two novel fiber-based methods for OPCPA systems and their
experimental realisation. An approach of compressed pulse contrast

improvement in Yb-based FCPA system is presented in Chapter 3. Finally, in
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Chapter 4 implementation of the developed methods into a femtosecond high
energy wavelength-tunable Vis-NIR OPCPA system is presented. The

methodology of numerical modelling is described in Appendix A.
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1 Literature review

Ultrafast optical parametric amplification
The dawn of femtosecond technology was more than four decades ago, when

passively mode-locked dye lasers capable of generating less than 1 ps pulses
were produced [50]. Although, OPA phenomenon was discovered and
experimentally realised even earlier [51,52], only the manufacturing of
nonlinear crystals with high second-order susceptibility [53] and the invention
of broadband solid-state lasers, in particular, Ti:sapphire based systems with
implemented Kerr-lens mode-locking technique [8,54,55], led to the efficient
amplification and significant progress. These developments opened prospects
for new fields of research in physics, chemistry, biology and exploration of new
regimes of light-matter interaction [56].

The principle of OPA is straightforward. A high frequency and intensity
beam (pump) amplifies a lower frequency and intensity beam (signal) in a
suitable nonlinear crystal. In addition to this, a third beam (idler) is generated.
The energy and momentum conservation laws must be satisfied [12]:

hw, = hws + hw;, (1.2)
hk, = hk, + hk, (12)
where w,,, w,, w; are frequencies of the pump, signal and idler respectively and

Ep, ES, Ei are the wave vectors of the pump, signal and idler respectively.

The interaction of the three waves is governed by coupled amplitude
equations. Assuming OPA with ultrashort pulses in a collinear geometry,
amplitudes of the signal, pump and idler change according to the equations [12]:

04, 1 04, _iwsdeff

S = A'A —iAkz), .
0z vy Ot nc p exp(—idkz) (1.3)
aAL' 1 aAl wideff
i s AZA exp(—idk .
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where d.s; is the effective nonlinear optical coefficient, which depends on
propagation direction and polarization of the beams, Ak = k,, — ks — k; is the
wave vector mismatch, c is the speed of light, ng, n;, n, are the refractive indexes
at signal, idler and pump frequencies respectively and v, vy, v, are the group
velocities of these three waves.

Amplification characteristics of OPA can be easily presented by solving the
coupled amplitude equations for monochromatic beams. In this case, time
derivatives of the amplitudes are neglected. Then, the energy flow of signal, idler

and pump waves is described by Manley-Rowe relations [12]:

1dl;, 1di; 1 dI,
—— T — — T ———’ (1.6)
w;dz wgdz w, dz

where I denotes intensities of the three waves. In the case of OPA, a weak signal
beam at frequency w, interacts with much stronger pump beam at frequency w,,
which loses its power to the signal and the newly generated idler beam at
frequency w;. During the interaction, the signal beam is significantly amplified
as well as the idler.

Under the conditions of no pump depletion, assuming that the initial signal
intensity is I, and no idler beam is present, equations (1.3)-(1.5) can be solved
to describe the change of signal and idler intensities after propagation length L

along nonlinear crystal [12]:

FZ
I.(L) = <1 + ?sinh2 (gL)), 1.7
Il(L) = IsO w—S? sinh (gL), (18)
Ak\*
9= "-(3) 9

2 2
2 20wgdesfl, _ 87T2deff1p (1.10)

3 - )
NN, EC nngn,Aidg€nC

21



where ¢, is the vacuum permittivity and T' is the nonlinear coefficient.
Considering the case of perfect phase matching (Ak = 0) and the large-gain

approximation (I'L > 1) lead to the simplification of the above equations [12]:

1
IS(L) = ZISO eXp(ZFL), (111)
1) = 2L (2TL)

(L) = 770~ Lso exp : (1.12)

The ratio of signal and idler intensities corresponds to the equal number of

generated signal and idler photons. The parametric gain equals to:

G = L) = %exp(ZFL). (1.13)

ISO
Under the presence of strong pump field, seed photons at w, frequency provokes

the generation of additional signal photon and also a photon at idler frequency
w;. In addition to this, the amplification of idler causes the generation of signal
photon. This positive feedback determines the exponential growth of both signal
and idler waves.

The maximum parametric gain will be achieved in a perfect phase matching

conditions (Ak = 0), which can be expressed in a form:

w: +
n, = mo s (1.14)
w
p

This condition cannot be satisfied in bulk isotropic materials at the normal
dispersion frequency range where n; < n, < n,. The situation is different in
anisotropic birefringent crystals, where two equal frequency but perpendicular
polarization waves can propagate in the same direction with different phase
velocities. One wave, which refractive index is independent of propagation
direction is called an ordinary (“o”) wave, the other is called an extraordinary
(“e”) wave. Refractive index depends on the propagation direction for “e” wave.
Negative uniaxial crystals (n, < ny) are commonly used in ultrafast OPA
schemes, where the pump wave is polarized in the extraordinary direction [12].
Type | phase matching is defined when both signal and idler waves are ordinary
and perpendicular to the pump (o5 + o; — e,). If either signal or idler wave has

a parallel to the pump polarization, type Il phase matching takes place.

22



Generally, the phase matching condition can be achieved by changing the
angle 6 between the optical axis of the crystal and the wave vector of propagating
beams or adjusting the crystal temperature. For type | configuration in a negative
uniaxial crystal phase matching angle is obtained according to the relations [12]:

Nep (O W, = Ny + Ny, (1.15)
1 Nep ngp - ngp (9)

Nep (9) ngp - ngp ,

6 = sin” (1.16)

in which n,, and n,, are the principal extraordinary and ordinary refractive

indexes of the pump (at 8 = 90° plane).

Temporal dependence must be taken into account for femtosecond OPA. In
that case, the effects of group velocity mismatch (GVM) between the interacting
pulses are analysed by including the first derivatives of the amplitude with
respect to time in (1.3)-(1.5) equations. GVM between the pump and signal or
idler pulses limits the interaction length in which the parametric amplification

occurs. This effect can be described by defining the pulse splitting length:

T . .
b = Gra,,r T (1.17)
GVM,; = ! !
Py v

Furthermore, GVM between signal and idler limits the phase matching
bandwidth. Considering the perfect phase matching at the central signal
frequency, Ak is approximated to the first order and, within the large-gain

approximation, phase matching bandwidth at FWHM is calculated as:

2vin2 I 1
Av= 202D , (1.18)
T |L]GVM,]

It is seen from the above equation, that large GVM can significantly decrease

Av, which becomes important for broadband femtosecond pulse OPA.
Approaching the phase matching condition at degeneracy (w, — w;), wave

vector mismatch Ak must be expanded to the second order, leading to:
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For type Il interaction the bandwidth Av is smaller than for type | but almost
constant at the crystal tuning range, while for type | interaction the bandwidth
increases approaching degeneracy [12]. Due to such characteristic features,
type | phase matching is usually used to produce shortest pulses and type Il
phase matching is chosen to obtain a broad tuning range [57]. Moreover,
broadband type | OPA will exhibit spectral modulations near degeneracy due to
the interference between signal and idler waves having parallel polarizations.

During the last decade of the 20" century, typical femtosecond OPA systems
operating at Vis-NIR wavelength was pumped by the second harmonic of
Ti:sapphire laser using white-light supercontinuum [57,58] or parametric
superfluorescence generation [59-61] as a seed. Incorporating dispersion
compensation technique, which usually was a prism pair compressor, less than
30 fs transform-limited (TL) pulses could be achieved [62].

The main limitation to produce shorter pulses was a narrow phase matching
bandwidth, which could be broadened by shortening the nonlinear crystal.
However, such method is highly inefficient. The breakthrough was achieved
when  noncollinear  optical parametric  amplifiers (NOPA)  were
developed [63,64]. In NOPA scheme, signal and pump waves propagate through
a nonlinear crystal forming an angle «. Idler is generated at angle Q with respect

to the signal. The schematic of such configuration is pictured in Fig. 1.1(a).

(b) (c)
Fig. 1.1 (a) Principal scheme of NOPA geometry; (b) signal and idler pulse propagation in
collinear (b) and noncollinear (c) schemes.
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A broadband phase matching can be realised for such angle Q between signal
and idler that signal group velocity is equal to the projection of idler group
velocity (Fig. 1.1(c)). Due to the different signal and idler group velocities, in a
collinear case, these waves get separated during the propagation in the nonlinear
crystal. However, in a noncollinear geometry signal and idler waves remain
overlapped, not taking into account the separation due to walk-off. In practice,
it is useful to calculate the so-called “magic angle” a between signal and pump

waves for the broadband phase matching, which is given by [12]:

1-vi /v,
n2A% (1.20)

212
n;As

1

o = sin~
2vgengd;

vgini/ls

+

An example of type | BBO NOPA pumped at 532 nm (second harmonic of
Nd:YAG laser) is taken. The phase matching angle 8 as a function of wavelength
Is pictured in Fig. 1.2. At the “magic angle” a = 2.43° and the phase matching
angle 8 = 24° between the pump wave and the optical axis, an ultra-broad
amplification bandwidth is achieved, approximately spanning from 700 nm to
1000 nm.
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Fig. 1.2 Phase matching curves at different a angles between the signal and pump waves for
type | BBO NOPA pumped at 532 nm wavelength modelled using free SNLO software [65].
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Assuming the case of a broadband signal and monochromatic pump, an optimal
NOPA parametric bandwidth is expressed by [66]:

o - 22 |1
S Jme L

At first, noncollinear geometry was realised experimentally in broadband

- (1.21)

OPOs generating sub-20 fs pulses [67] and later implemented in WLC seeded
OPAs [63]. A long lasting record of the shortest pulse was achieved from
Vis-NIR NOPA by Andrius Baltuska et al. in 2002 [68]. They demonstrated 4 fs
duration pulses from two-stage NOPA incorporating the programmable
dispersion control.

Available high energy femtosecond pump sources, which typically produced
sub-mJ level, ~100 fs duration pulses at kHz repetition rates, determined a pJ
level output from ultrafast parametric amplification systems [58,63]. Such
output energy was sufficient for time-resolved spectroscopic applications. A
new era had begun, when advantages of chirped pulse amplification (CPA)
technique in solid-state lasers [11,69] were combined with the benefits of
broadband femtosecond OPA in the optical parametric chirped pulse
amplification (OPCPA) scheme [70,71]. Common issues of high energy CPA
systems, such as amplification bandwidth reduction due to gain narrowing,
amplified spontaneous emission (ASE), accumulated phase distortions due to
dispersion and nonlinearity, preventing to achieve high contrast, high peak
power pulses were resolved by the OPCPA technique. In this approach, high
energy, up to nanosecond duration pump pulses are coupled with chirped
broadband seed in a nonlinear crystal. Since a parametric crystal is not capable
of storing the inversion, the bandwidth-efficient amplification is achieved only
when the ratio between the pre-stretched seed and pump pulse durations are
correctly chosen [72]. Proper recompression techniques allow achieving
extremely high peak powers at the table-top system output [14]. Noncollinear
parametric amplification bandwidth in OPCPA system is significantly broader

comparing to the conventional femtosecond laser amplifier. This provides an
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opportunity to maintain few-cycle pulses. Large damage threshold of nonlinear
crystals allows tight pump focusing and thus short amplification lengths, which
minimises phase distortions, in order to achieve high temporal and spatial profile
pulses. Excellent contrast pulses are obtained due to the absence of ASE.
Furthermore, no pump absorption in the nonlinear crystal eliminates the thermal
loading caused aberration issues.

Highest peak power achieved to date in a table-top design OPCPA system is
16 TW (130 mJ, 7.9 fs, 805 nm, 1 kHz) [22,73]. The shortest pulse duration
obtained - 5.5 fs, considering a TW-level peak power [74]. The largest average
power was produced by J. Rothhardt et al. [38] (22 W at 1 MHz repetition rate).
In this system a hybrid approach was exploited, employing femtosecond
Ti:sapphire laser as a seed source and a Yb-based FCPA system as a pump. Peak
powers approaching PW scale (10%) but at longer pulse duration from OPCPA
systems were demonstrated and presented in [75,76]. Furthermore, various
concepts based on OPCPA are proposed and realised for existing large scale
laser facilities to leap over 1 PW peak power [77-79]. Such systems employ
ultra-high intensity infrared radiation for high-harmonic generation, which
allows reaching soft X-ray wavelengths and attosecond (10) pulse
durations [15] applied in attosecond spectroscopy and imaging. Even higher
intensities can be used for laser-plasma interaction induced electron
acceleration, which is a prospect to change the large free-electron laser facilities
with table-top systems [80,81]. In recent years, a huge interest has been paid to
develop high peak power and high average power OPCPA systems, where
sub-ps pump sources generally based on Yb% doped active medium and
thin-disk geometry are implemented [73,82]. The system of this kind operating
at repetition rates from 100 to 500 kHz and delivering more than 3 uJ, two-cycle
(5.7 fs) pulses was presented by M. Schultze et al. [83].

Increasing the central wavelength of high peak power few-cycle OPCPA
systems is anticipated by the attosecond science community as it leads to the
highest achievable HHG photon energy [16]. Advances in development of pump

sources based on a variety of active media as well as novel broadband seed

27



formation techniques enabled to realize chirped pulse OPAs using different
highly nonlinear crystals and shift the operating wavelength from NIR to MIR
spectral regions. Broadband amplification at 1.5 um was demonstrated using a
femtosecond Er3* fiber laser seed and picosecond solid-state Nd:YLF laser pump
in a KTA-based chirped pulse OPA [33]. A different approach for seed
formation was chosen by G. Andriukaitis et al. [84]. In their system, a WLC
seeded KTP OPA driven by femtosecond Yh:CaF, amplifier produced signal
pulses at 1.46 pm. Moreover, due to the implementation of a collinear OPCPA
scheme this system provided utilizable high peak power few-cycle idler pulses
at 3.9 um. O. Chalus et al. [85] incorporated a difference frequency generation
between the two outputs of a broadband Er3* fiber laser to provide seed pulses
at 3.3 um which were later amplified in a two-stage OPCPA based on PPLN
crystals pumped by sub-10 ps pulses from Nd:YVOs laser. Recently, D. Sanchez
et al. presented the longest wavelength to date OPCPA system which produced
sub-millijoule level 7 um pulses [86]. A high energy Ho:YLF chirped pulse
amplifier operating at 2 um wavelength was developed [87] and used to pump a
highly efficient OPA based on ZGP crystal.

Seed and pump synchronisation
In order to achieve stable amplification, OPCPA system requires

implementation of a method to synchronise the high energy pump pulses with
pre-stretched weak seed pulses. Not only the amplified pulse energy but also
pulse spectrum can fluctuate when a change in pump-seed arrival time to the
nonlinear crystal occurs [13]. Relative timing must be stabilised with sub-ps
accuracy for 10-100 ps duration pulses [13,77].

One way to synchronise the seed and pump source lasers is active electronic
stabilisation. This approach uses complicated high-frequency electronic
feedback loops to phase-lock the repetition rates of two mode-locked oscillators.
The relative timing can be adjusted electronically by controlling the phase
between repetition rate signals [13]. The active stabilisation method was

incorporated in Vis-NIR OPCPA systems, where Ti:sapphire oscillator
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produced broadband seed pulses, which were later parametrically amplified
using the second harmonic of high energy picosecond Nd:YAG lasers [17,88].
Furthermore, actively synchronised OPCPA systems at 1.5 um wavelength were
realised [89,90]. In these systems, Er3* doped fiber laser was used as a seed and
picosecond Nd-doped solid-state laser as a pump. Sub-ps timing jitter can be
typically achieved using commercially available locking electronics [89].

A passive approach is based on the generation of both seed and pump pulses
from a single source. Ti:sapphire oscillator is capable of producing spectrum
broad enough to seed a Nd-based pump source such as a picosecond Nd:YLF
laser working at 1053 nm wavelength [23]. Incorporation of photonic crystal
fiber pumped by Ti:sapphire laser can be used to produce optical solitons at
1064 nm via Raman effect caused soliton self-frequency shift [91]. However,
such nonlinear frequency conversion process is sensitive to the input energy and
may prevent from the stable long-term operation. Moreover, an important
drawback of the described passive method is a very low, pJ-level seed energy
causing a significant amount of ASE to be generated in the regenerative
amplifier which results in a limited contrast of amplified pulses. An
improvement of the contrast can be realised by constructing an additional
preamplifier [92]. Even more sophisticated alternative method of passive
synchronisation was demonstrated by several groups[93,94]. Here the
synchronisation of two mode-locked lasers was achieved by injecting one laser
pulse into another laser cavity. Due to cross-phase modulation effect between
the two co-propagating pulses of different wavelengths, the spectral shift is
induced. If the cavity exhibits total negative group velocity dispersion, the
change in round-trip group delay for the initial cavity pulse occurs, which leads
to the self-synchronisation [94]. This scheme was realised with Ti:sapphire seed
injected into a Yb-based fiber CPA pump system and proved to have a very low,
femtosecond jitter. However, to implement the method experimentally, rather
strict conditions regarding the pump power and laser repetition rate must be
fulfilled.
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Further technological challenges emerge when the OPCPA system is pumped
by ultrashort picosecond and sub-picosecond pulses. For such system, an
additional timing jitter occurs due to the air turbulences, temperature drifts and
mechanical vibrations of optical components [24]. Implementing an active
stabilisation technique require a closed loop scheme with a delay element, for
example, a piezo stage, which allows adjusting the optical path between seed
and pump pulses. The time delay is generally measured using a nonlinear
process, because a direct measurement with conventional photodiodes is
impossible in femtosecond time scale. Various detection and delay control
techniques allowing to achieve a timing jitter of few femtoseconds are presented
In [24,25,35]. A passive synchronisation method demonstrated by R. Riedel et
al. [35] is the closest approach to the one described in this thesis. A single
femtosecond fiber oscillator was used to generate pulses for the Yb-based pump
amplifier. A small fraction of the pump pulses generated white-light
supercontinuum seed, which was later amplified by the remaining part of the
pump. The optical path length of seed and pump pulses was reduced to less than

4 meters. The measured timing jitter of 7 fs originated due to the WLG process.

Dispersion control
An accurate phase compensation for parametrically amplified broadband pulses

was a challenge since the early development of NOPA schemes. While a
conventional prism pair compressor was generally used to compensate the
residual material dispersion in the collinear OPAs [57], few-cycle NOPAs and
later OPCPA systems required techniques which allow managing dispersion up
to the 4" or even the 5™ order [12,13].

A single-stage NOPA scheme, where the light path through the material was
minimised, and a pair of low dispersion glass (fused silica, BK7) prisms were
used for compression, allowed to obtain 10-15fs duration pulses in
visible [64,95] and slightly less than 10 fs in Vis-NIR wavelength ranges [96].
Implementation of thin prism sequence compressor reduced the amount of

accumulated TOD, which helped to achieve sub-8 fs pulses at the system
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output [97]. Opportunities for a more precise high-order dispersion control were
given with the proposed prism-grating and prism-chirped mirror compressor
combinations [98,99]. These combinations incorporated with adaptive
compression techniques and programmable dispersion control led to the shortest
output pulse durations from a NOPA system [68,100]. However, the throughput
of such compressors was low and the dispersion control range was limited to the
exact arrangement of optical components.

Since the invention of CPA [69], a variety of stretcher-compressor schemes
were proposed. In the first demonstration of CPA, 1.4 km length optical fiber
was used as a stretcher and a pair of diffraction gratings in a double-pass
configuration as a compressor. This technique is still applicable in FCPA
systems, in order to achieve sub-ps duration compressed pulses [101].
Compression to shorter pulses was limited due to the effects of uncompensated
TOD, as both fiber stretcher and grating compressor accumulate TOD of the
same sign. In order to compensate higher-order dispersion, self-compensating
stretcher-compressor schemes were developed, which were mainly based on the
invention of positive GVD exhibiting grating arrangement by
0. E. Martinez [102,103]. The usage of the lens system in the Martinez-type
scheme made this stretcher-compressor design unsuitable for shorter than 100 fs
pulses, due to spatial aberrations and lens material dispersion. Therefore, all-
reflective optics designs were proposed [104], from which the most promising
was the aberration-free stretcher scheme based on the Offner telescope
design [105,106] described in detail in Chapter A.4. This implementation
allowed the pulse stretching up to 1 ns and compression down to sub-30 fs using
a conventional grating compressor [107] in a TW-class peak power Ti:sapphire
CPA systems [108-110]. With the help of adaptive optics such as spatial light
modulators and deformable mirrors [111] even less than 10 fs duration pulses
were achieved [112]. Although these schemes are low-loss when efficient high
line density diffraction gratings are used, high stretching ratios of ultra-
broadband pulses require large spherical optics with accurate and perfect quality
surfaces [113].
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In contrast to the CPA systems, OPCPA has an advantage due to the small
interaction length, leading to the less challenging task of matching the dispersion
of stretcher and compressor. Self-compensating stretcher-compressor methods
usually incorporating Offner-type pulse expander were also proposed and used
in the OPCPA systems [78,89,114], as well as in the work of this thesis [96].
However, few-cycle pulse compression is still a challenging task, which requires
implementation of adaptive techniques — spectral phase shapers. Computer
controllable liquid crystal spatial light modulators used together with a pulse
phase reconstructing devices were implemented in the OPCPA system to
produce TW-level few-cycle pulses in Vis-NIR wavelength range [18,115]. The
other widely applied alternative is acousto-optic programmable dispersion
filtering (AOPDF) [116]. It was already used more than a decade ago to provide
multi-millijoule few-cycle pulses in Vis-NIR range [17] and around 2 pm
wavelength [117]. AOPDF devices are very lossy, exhibiting ~10% or less
diffraction efficiency [20,117]. Thus, the OPCPA scheme requires an additional
amplification stage because of a low-energy seed after the pulse stretcher to
maintain a sufficient pulse contrast. Furthermore, the compensation range of
these phase shapers is generally limited.

Despite the grating based pulse stretching-compression techniques, lately, a
down-chirping stretcher and up-chirping bulk material glass compressor scheme
was chosen in a few-cycle OPCPA systems [17,20]. The advantage of this
approach is that the compressor becomes highly transmissive. In order to achieve
more adjustable dispersion control, the combination of AOPDF with a grism
(prism-grating) pair stretcher [118,119] can be used in such scheme [20].

From the other point of view, as the pump pulse duration sets the
requirements for the seed temporal stretching ratio which is directly related to
the residual high-order dispersion accumulation, a reduced complexity stretcher-
compressor techniques could be realised for the ultrashort pump OPCPA
systems. High intensity Yb-based picosecond and sub-ps pump lasers have a
promising future in that respect [73,82,120,121].
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Supercontinuum generation. Few-cycle regime
Intense ultrashort pulse propagation through a transparent medium can result in

significant spatio-temporal changes due to the strongly nonlinear interaction.
One of the most applicable effects is an extreme broadening of the pulse
spectrum called supercontinuum generation (SCG). First discovered and
demonstrated in BK7 glass [122], the effect of SCG was observed in many
different media, such as liquids, gases and microstructured fibers [123,124].
Tens of femtoseconds duration pulses coupled into a photonic crystal fiber cause
an octave-spanning spectral broadening, which can be used to produce few-
cycle, sub-5 fs pulses [125]. However, it was shown that SCG by longer pulses
resulted in a highly distorted spectrum and fluctuating energy output [124].
Smooth and high spatio-temporal coherence supercontinuum is generated using
bulk materials [126-128]. Femtosecond NIR laser driven SCG sources based on
a bulk few millimeter thickness solid-state dielectric medium eventually became
popular in spectroscopy and ultrafast laser technology applications [128].

A variety of effects related with a process of femtosecond filamentation
provoke the SCG in bulk dielectric medium. The interplay between self-phase
modulation, self-focusing, four-wave mixing, multiphoton absorption and
plasma generation can cause an extreme spectral broadening to shorter (blue-
shift) and longer (red-shift) wavelengths of the exciting pulse [123,129]. This
process in normal dispersion regime was well described by A. L. Gaeta [130].
An intense ultrashort pulse is strongly reshaped due to space-time focusing and
self-steepening effects leading to optical shock formation and pulse splitting into
two. The resulting leading and trailing sub-pulses are responsible for spectral
red-shift and blue-shift respectively. The numerical inclusion of multi-photon
absorption and electron plasma generation showed a very important role of both
effects in the formation of the supercontinuum. In fact, these two effects can be
decisive for broadband SCG, which was experimentally demonstrated by
A. Brodeur et al. [131]. They had used different solid and liquid materials and

proved that self-focusing is a triggering effect of SCG as the significant spectral
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broadening was observed when the critical power of self-focusing was
exceeded [128]:

. 0.1515

T Ngn, '

(1.22)

where A, is the center wavelength, n, and n, are linear and nonlinear refractive
indexes respectively. Moreover, their investigation revealed that SCG process

depends on the material bandgap E ,,,,. It was shown that the blue-shift increases

gap:
with the increasing bandgap and is inversely proportional to the nonlinear
refractive index. These effects are related to the multi-photon excitation (MPE)
induced by the catastrophic collapse of the pulse. The generation of free-electron
plasma stops the self-focusing leading to a sudden negative change of the
refractive index and a phase jump. This results in a large blue-shift. It was
determined experimentally, that only above 3-photon MPE (E,,,/hw,) the
ultra-broadband SCG was generated. If the material bandgap does not satisfy
this condition, self-focusing is stopped by a free-electron defocusing at relatively
low intensities and not enough nonlinear phase is accumulated for SCG.
Furthermore, this leads to another conclusion, that SCG induced by longer
wavelength pulses causes a larger blue-shift, which was demonstrated by
M. Bradler et. al [128]. They used a YAG crystal and Ti:sapphire laser driven
NOPA to change the wavelength from 1100 to 1600 nm. A much broader spectra
than obtained with Ti:sapphire fundamental harmonic were achieved tuning the
pump pulses to the long wavelength side. Moreover, the blue-shift cut-off
wavelength remained almost the same at all tuning range. Ultrabroadband SCG
with multi-octave blue-shift was demonstrated by J. Darginavicius et. al [132]
using few-cycle pulses at 2 pum focused in wide-bandgap bulk solids in
anomalous dispersion regime. Supercontinuum spectra spanning from 450 nm
to more than 2500 nm were measured experimentally.

Properties of most popular solid-state dielectric media used for SCG are

presented in Table 1.1 according to [128].
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Sapphire  YAG CaFz YVOs

n, [10°26 cm?/W] ‘ 3.1 69 124 15
Bandgap [eV] ‘ 6.5 59 92 36
Blue-shift cut-off [nm] ‘ 440 470 280 550

Table 1.1 Relevant properties of popular SCG crystals. The blue-shift cut-off wavelength was
measured pumping 3 mm thick Sapphire and 4 mm thick YAG, CaF, and YVO, plates by
150 fs pulses from 1 kHz repetition rate Ti:sapphire system (775 nm center wavelength). All
values are taken from [128].

The largest blue-shift is observed in CaF., which makes this crystal suitable for
the applications, where UV region is required [133,134]. However, it has to be
rotated to avoid permanent damage even at low repetition rates. The most
common solid-state dielectric medium for SCG is sapphire crystal. It is
extensively used in supercontinuum seeded few-cycle OPA and OPCPA
systems [20,68,135] and spectroscopic applications [136]. A laser host material
YVO4 showed promising results [128], as it requires approximately one order of
magnitude lower pump energy for sufficient and stable SCG and can be
applicable in high repetition rate but low pulse energy lasers systems. YAG
crystal is known for large supercontinuum red-shift and higher spectral
brightness above 1100 nm wavelength in comparison to sapphire and CaFo..
Supercontinuum extent to IR region is not only required by spectroscopic
applications but is beneficial for efficient HHG [15]. For this purpose YAG-
based SCG was incorporated in a few-cycle MIR OPCPA system [84].
Possibilities to control the supercontinuum red-shift was studied theoretically
and experimentally by A. Dubietis group [129]. They observed the dependence
of a red-shift to the pump beam focus and demonstrated that in loose focusing
conditions enhanced spectral broadening to longer wavelengths is achieved.
While this is not the case for the maximum blue-shift, supercontinuum spectral
distribution to shorter wavelengths can be affected by the arrangement of the
optical components, particularly the distance from the SCG medium front
surface to the focus [137]. Therefore, correct experimental conditions must be

prepared for a proper SCG realisation.
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Development of high energy picosecond and sub-ps pump sources for
OPCPA systems inspired studies of SCG in bulk solid-state dielectric media
using longer pulses. In the femtosecond regime critical plasma density which
leads to a catastrophic damage to the material is not reached even for powers
several times above the threshold power of SCG [130]. In a longer, picosecond
to nanosecond pulse regime avalanche ionisation is a dominant effect, due to the
multiple free-electron absorption during the single pulse propagation. Therefore,
a critical plasma density can be achieved before the SCG. Recently, an extensive
study was carried out in order to demonstrate the dynamics of SCG process
driven by 1.3 ps, 1055 nm pulses [138]. It was shown that SCG mechanism is
significantly different compared to a femtosecond regime. A broadband
supercontinuum spanning from 480 to more than 2000 nm with a multi-pulse
spatio-temporal structure was formed at the output of YAG crystal, with two
distinct sub-pulses responsible for blue and red shifts. These results are useful
for designing ultrashort pump pulse OPCPA systems, without separate
broadband seed source by generating supercontinuum directly from the pump
laser [139].

Broadband seed formation schemes employing SCG in a few-cycle OPCPA
systems can be used to preserve the electric field phase underneath the envelope
of a few-cycle pulse. NIR OPCPA systems often provide less than 10 fs duration
pulses with only a few cycles of the carrier wave (2.66 fs corresponds to 1 optical
cycle at 800 nm). Therefore, the electric field can no longer be properly
described by its intensity envelope. Few-cycle pulse shape depends on the phase
between envelope and carrier wave, which is known as a carrier-envelope phase
(CEP). Shot-to-shot CEP preservation and control plays a crucial role in HHG,
determining the electric field strength for the attosecond XUV pulse generation.
It was demonstrated experimentally, that ©/10 level CEP drift has an immense
effect on the temporal shape and spectral characteristics of the XUV
pulses [140]. Conventional electronics does not provide the required precision
of hundreds of attoseconds in timing between the carrier wave and the pulse

envelope. Thus, the complex active stabilisation approaches were
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developed [141]. A passive CEP control method was proposed by A. Baltuska
etal. [142]. This group theoretically and experimentally proved that it is possible
to parametrically generate an idler wave which is independent to the phase offset
of the input waves. Knowing that supercontinuum radiation preserves the phase
of the driving pulses [128,141], white-light seeded OPA can be the source of
CEP-stable few-cycle pulses. In recent years, passive CEP stabilisation schemes
are already implemented in high energy NIR OPCPA systems [141,143,144].

Femtosecond fiber chirped pulse amplification
Fiber lasers have many advantages compared to solid-state systems in terms of

compactness, simplicity, long-term stability and thermo-optical properties.
Emerging practical applications of ultrafast laser systems require persistent
advancement of ultrashort pulse sources. Therefore, applied research field of
femtosecond fiber lasers is highly active. Although the history of practical
optical fiber implementation dates to the middle of the 20™" century and is related
to applications in medicine and optical communications, fiber lasers became
very attractive when high brightness laser diode pump sources and cladding
pumping technique were developed [145,146].

To this day, solid-state femtosecond seed sources such as Yb:KGW
oscillators are often preferred in high peak power fiber laser systems [146,147].
On the other hand, various schemes of ultrafast fiber oscillators were
demonstrated and successfully commercialised. Environmentally stable, all-in-
fiber laser can be realised by passive mode-locking based on a semiconductor
saturable absorber mirror (SESAM) [148]. With management of intracavity
dispersion, fiber lasers producing transform-limited pulses down to few hundred
femtoseconds duration were demonstrated [149,150]. However, SESAM mode-
locked oscillators require different absorber parameters for each laser design,
especially the different gain medium. Furthermore, long-term degradation issues
of the absorber can often be encountered [151]. Therefore, other mode-locking
techniques such as nonlinear polarisation evolution (NPE), nonlinear amplifying

mirror (NALM) were proposed and investigated [152,153]. These methods can
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be realised using all-normal dispersion components, providing strongly chirped
and relatively energetic pulses which are compressed externally [154]. The
shortest pulses to date from all-in-fiber oscillator at 1 um wavelength were
achieved by Z. Zhang etal. [155]. They incorporated anomalous dispersion
photonic crystal fiber in a ring cavity together with NPE technique and measured
42 fs pulses after dechirping.

Femtosecond pulse energy scaling in single-mode fiber amplification
systems become a challenging task because high-peak power pulses are confined
in a small fiber core, and nonlinear effects are triggered leading to the distortion
of the pulses. Designing the ultrashort pulse fiber laser system self-phase
modulation (SPM) and stimulated Raman scattering (SRS) effects must be
considered. SPM causes spectral modulations, so that pulse phase distortion
arises from the intensity dependent refractive index (Chapter A.1). Raman
spectral components will be generated when the peak power of the pulse reaches
the SRS threshold power [146,156]:
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Pth = (123)

" Inamankess
where A, ~ w(MFD)? /4 is effective fiber mode area expressed using mode
field diameter (MFD), graman is the Raman gain coefficientand L, is effective
interaction length, which is shorter compared to the fiber length due to the losses
in fiber. SRS originates from the light interaction with vibrations of glass
lattice [145]. Above SRS threshold, signal is absorbed and its spectrum is shifted
to form a Stokes wave. Powerful first Stokes wave can generate higher-order
waves in a cascaded SRS and thus the initial pulse spectrum is greatly distorted.
Generally, combination of two approaches can be used in order to maximize the
output peak power from fiber amplifier: temporal pulse stretching (CPA) and
expansion of the fiber core with a single mode preservation.

A common design strategy for high energy ultrafast fiber laser is based on
CPA. Sub-picosecond pulses, delivered by fiber or solid-state oscillator, are
stretched up to 1000 times due to the chromatic dispersion, amplified in an active

fiber and when recompressed. In this way, the peak power of the pulses is
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significantly reduced during the amplification in fiber, and nonlinear effects are
suppressed. To increase the pulse energy at fixed average power level, an optical
down-counter, such as an acousto-optic modulator, which reduces the initial
repetition rate of the oscillator (~50 MHz) to ~1 MHz or lower can be inserted
into the scheme. Conventional ultrafast fiber amplifiers with core diameters up
to approximately 10 um can deliver ~1 pJ pulse energies [145]. For a variety of
applications, for example, imaging of biological tissues, ophthalmology,
fluorescence microscopy, etc. such pulse energy is sufficient [145]. However,
for many other applications, such as pumping amplifiers, micromachining, the
higher ultrashort pulse energy is required. For example, it was demonstrated that
excellent hole quality and faster ablation speeds can be achieved with
femtosecond pulses, particularly in combination with pulse bursts [145,157].

Development of large-mode-area active fibers gradually led to millijoule
level energy pulses. An expansion of the fiber core diameter is effective and can
be practically realised up to ~100 um [145]. Fibers with such core diameters are
already multi-mode, but the fundamental mode propagation is maintained by
various methods of higher-order mode (HOM) suppression. The earliest
techniques were based on mode matching at the input of the fiber and HOM
filtering due to the fiber bending [158,159]. An insertion of additional cores
which guide HOM and prevent from propagation in the central core was
proposed by A. Galvanauskas group [160]. Due to its internal structure, the fiber
was named as chirally-coupled-core (CCC) fiber. A Yb-based FCPA system was
demonstrated using 33 pum core diameter CCC fiber. Over 100 uJ pulse energy
was achieved at 100 kHz repetition rate [101]. CCC fibers with up to 60 um core
diameters were later demonstrated [46]. Alternative techniques are based on
photonic crystal fiber design in which a core is surrounded by the pattern of air
holes. A holey fiber structure was used in leakage channel and large-pitch active
fibers to create a large loss for HOM and high throughput for the fundamental
mode [161,162].

In contrast to a conventional approach of scaling the fundamental mode area

and therefore increasing the output energy from FCPA systems, a different
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strategy based on signal propagation and amplification in HOM fibers was
proposed and developed [163]. Fundamental aspects and advantages of this
technology was well described by S. Ramachandran et al. [164]. Few years ago,
X. Peng et al. demonstrated an Er-based FCPA system in which HOM fiber with
6000 um? effective area was used [165]. Conversion from LPo1 mode of both
pump and signal to LPo 11 mode before the amplification and reconversion back
to the fundamental mode was performed by using long period fiber gratings.
Measured output energy of less than 500 fs duration pulses was 300 pJ at
1.55 um wavelength and the characterized spatial beam quality was nearly
diffraction limited.

Highest pulse peak powers to date were achieved in FCPA systems based on
spatio-temporally divided pulse amplification (DPA) and coherent beam
combining (CBC). An initial pulse can be divided and later combined using
polarisation beam splitters and actively controlled piezo temporal delay lines
with a feedback loop [166]. Moreover, a passive approach which incorporated
birefringent crystals with large polarisation mode delay and CBC using
backward propagation after a double-pass through Faraday rotator was
demonstrated [167]. One system comprised of 8 separate 64 um mode field
diameter large-pitch active fibers, pumped by 250 W diodes at 976 nm and
delivered 1 mJ, 260 fs pulses with 91% combining efficiency [147]. The average
power of the system was 1 kW. A 16-channel laser is being developed with
expected 2 kW average power and 10 mJ pulses. The second system used the
same spatial division scheme with an additional pulse temporal splitting into 4
replicas and achieved 12 mJ pulse energy with 700 W average power and 78%
combining efficiency at the output[168]. As a future prospect, CBC
architectures based on multi-core fiber amplifiers are extensively investigated
and developed [169,170].

A set of initial pulse parameters and amplification conditions leads to
different pulse propagation regimes which can also prevent or compensate the
SPM caused ultrashort pulse phase distortion. One of the proposed regimes is

the self-similar propagation of parabolic pulses in the presence of SPM leading
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to the linear chirp evolvement across the pulse [171,172]. The pulse shape is
preserved as the temporal duration increases along the fiber and the linear chirp
can be compressed by simple compressor setup. Self-similar propagation is
perturbed by the limited spectral amplification bandwidth and finite length of
the active fiber which results in low-intensity pulse wings formation and also
restricts the amount of tolerable SPM [47,146]. A few years ago, self-similar
pulse evolution inside a laser cavity was demonstrated. The gain-bandwidth
limitation to pulse duration was overcome and broad spectrum (~200 nm)
sub-30 fs dechirped pulses were obtained [173]. Another amplification regime
Is known as cubicon pulse formation [47]. Amplification at highly nonlinear
conditions can be tolerable for a strongly chirped self-similar like pulses which
inherit a cubic spectral and temporal shape in FCPA system. In this regime, SPM
can induce a negative sign TOD which leads to the flattening of the nonlinear
pulse phase during the compression and shorter output pulses [47,101].
However, the compressed pulse contrast is still limited by a large amount of
accumulated nonlinear phase.

Although pulse stretching and compression techniques in FCPA systems
evolved greatly since the first demonstration of CPA, some of the initial schemes
are still implemented. One of the simplest approaches — TOD mismatched fiber
stretcher and diffraction grating compressor. Exploiting a cubicon-like pulse
regime in a mismatched configuration, high quality 100 pJ, 270 fs pulses were
obtained by Zaouter et al. [174]. Self-compensating schemes similar to the ones
in OPCPA systems including high-efficiency diffraction gratings were also
applied in order to achieve high energy femtosecond pulses [175]. A variety of
all-in-fiber configurations were developed. Chirped fiber Bragg gratings
(CFBG) were used for stretching and compression [176]. In later years, photonic
band-gap fiber (PBGF) compressors showed excellent experimental results.
J. Limpert et al. demonstrated 100 fs pulses at 6 W average power with 73%
compression efficiency using air-guiding PBGF compressor [177]. Since
all-in-fiber schemes are limited to pJ-level pulse energies due to nonlinearities,

a large aperture alternative to chirped fiber Bragg grating is a chirped volume
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Bragg grating (CVBG). This technology is rapidly improving in recent years, in
the direction of expanding the available bandwidths and stretching ratios [178].
Moreover, issues regarding the CVBG induced group delay ripples are also
being solved.

Pulse shortening beyond the bandwidth limit of the laser medium can be
achieved by applying the methods of nonlinear compression. S. Hadrich et al.
used a combination of Kr-gas-filled hollow-core fiber to broaden the pulse
spectrum extremely and chirped mirrors to compress the pulses [179]. They
obtained 540 uJ, 26 fs pulses at 250 kHz repetition rate at the system output. The
efficiency of the nonlinear conversion stage was 49%. It was shown
experimentally that laser system with such parameters is suitable for a high-
harmonic generation [180]. However, for attosecond science, studying the
processes on the time scale of electronic motion requires isolated attosecond
pulses to be generated. Such requirement is only fulfilled by CEP-stable
few-cycle pulse lasers [145,181]. Recently, as an intermediate goal of the
currently constructed extreme light infrastructure attosecond light pulse source
(ELI-ALPS), J. Limpert group demonstrated 6.3 fs, 170 pJ pulses at 216 W
average power [182]. They used 660 W femtosecond FCPA system with
externally constructed two nonlinear compression stages based on
noble-gas-filled capillaries. This system delivers highest average power
few-cycle pulses to date and outperforms the highest average power OPCPA
system [38] by about an order of magnitude. The obtained results are a perfect
example that current FCPA technology is at the frontier of high peak and high
average power ultrafast laser systems. Together with emerging solid-state laser
and OPCPA technologies it determines the future of modern laser science and

drives to new discoveries.
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2 Femtosecond OPCPA front-end based on
picosecond fiber laser seed

This chapter is dedicated to discussing proposed and experimentally
demonstrated two patented solutions for the femtosecond OPCPA systems. In
the first section, experimental realisation of a novel all-in-fiber laser seed source
is presented. This device generated passively synchronised dual-wavelength
pulses for femtosecond seed and picosecond pump lasers for high energy
OPCPA system. On the basis of this work, a unique femtosecond OPCPA
front-end was designed and experimentally realised. This is discussed in the

second section.

2.1 Laser source for generation of optically
synchronised dual-wavelength ultrashort light
pulses

Material related to this chapter was published in A2 and described in patent P1
To realise all-optical synchronisation of femtosecond OPA and picosecond

OPCPA stages (Fig. 2.1.1) while providing enough seed for the generation of

high contrast pump pulses, a dual-output fiber front-end was designed.

Dual output Yb** fiber
oscillator/amplifier

1 kHz Nd:-YAG |
amplifier

1064 nm OPCPA
20 ps ‘
130 mJ

\ Yb:CaF; amplifier | Compressor
1030 nm |

200 fs

1md

v

OPA

Stretcher

Fig. 2.1.1 Layout of an OPCPA system relevant to the one published in [84]. Related to this
work dual-output fiber oscillator amplifier is highlighted while the 1 kHz Nd:YAG power
amplification system and the rest of the OPCPA system are shaded.
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The fiber laser design and pulse formation therein are based on effects of
dispersion and Kerr nonlinearity acting on the ultrashort pulse, which propagates
along the optical fiber. In order to prove and explain the concept, a simple
numerical modelling was performed. Effects of GVD, TOD and Kerr
nonlinearity were included using standard parameters for single-mode
polarisation maintaining (SM PM) fiber (Chapter A.1). The initial pulse
parameters were chosen according to the experimental conditions.

First, 3 ps duration Gaussian pulse centered at 1047 nm wavelength was
propagated through a 25 m length fiber. The pulse energy and fiber length were
chosen to maintain a sufficient spectral broadening due to SPM, generating
enough spectral components around 1030 nm and 1064 nm, which were the
central wavelengths of femtosecond OPA seed and picosecond OPCPA pump
lasers respectively. Pulse envelope and spectrum after propagation in the fiber
are pictured in Fig. 2.1.2. A close to flat-top pulse shape was formed due to the
interplay between GVD and nonlinearity effects [156]. The temporal phase
derivative showed a quasi-linear instantaneous frequency across the pulse (Fig.

2.1.2(a), green dashed curve).

After 25 m propagation |

1080 Filtered
1.0 fe 1.0
S 11070 b
= 08| =08 ( )
g 41060 g
— ol (A £ T o6
g 0.6 ( ) 11050 £ g 06
=<
S 04r o 04r
a 11040 a
0.2 ~ 11030 0.2
0‘0 L L L 1 1 L 1 L 1020 0‘0 L I L 1
25 20 15 10 -5 0 5 10 15 20 25 1020 1030 1040 1050 1060 1070 1080
t (ps) A (nm)

Fig. 2.1.2 Ultrashort pulse after propagation through 25 m of SM PM fiber: (a) pulse envelope
(black curve) and instantaneous frequency (green dashed curve) expressed in the units of
wavelength; (b) pulse spectrum (black curve) and filtered part at 1030 nm wavelength (red
curve).

Narrow spectrum pulses centered at 1064 nm wavelength can be easily
filtered from the broadened spectrum using a narrowband FBG. A broadband
Yb:CaF, amplifier requires seed, which spectrum corresponds to less than 300 fs

pulse duration. Moreover, seed pulses must have a linear chirp which could be
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compensated by the diffraction grating compressor. To find out if such pulses
can be produced by filtering a short wavelength side of the broadened spectrum,
8 nm width Gaussian filter function centered at 1030 nm was used in the
calculation. The filtered part exhibited linear chirp across the FWHM of the
intensity function (Fig. 2.1.3(a)). Then, compression with 1000 grooves/mm line
density diffraction gratings was simulated. The resulting pulse envelope is
shown in Fig. 2.1.3(b). Although the effect of residual TOD was visible, pulse
duration was close to the transform-limit and less than 300 fs.
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Fig. 2.1.3 Compression of the filtered pulse: (a) pulse envelope before compression (black
curve) and instantaneous frequency (green dashed curve), fitted using linear function at FWHM
of the intensity distribution (red curve); (b) compressed pulse envelope (red curve) compared
to the transform-limited pulse (black curve).

The described concept was realised experimentally. The front-end consisted
of a passively mode-locked fiber oscillator, a double stage fiber amplifier, and
spectral and temporal pulse formation chain (Fig. 2.1.4). SM PM fiber was used
in all parts of the system.

A chirped fiber Bragg grating (CFBG1) and a semiconductor saturable
absorber mirror (SESAM) were employed as end mirrors of the resonator of the
oscillator. CFBG1 with ~60% reflectivity at 1047 nm, 25 nm spectral bandwidth
and anomalous dispersion of 4.5 ps/nm was implemented for the dispersion
management of the resonator. A free-space long-pass filter (LPF) placed in the
collimated beam before the SESAM provided wavelength tuning of the
oscillator. The central wavelength of the oscillator was set to 1047 nm by

adjusting the angle of incidence on the LPF.
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Fig. 2.1.4 Principal scheme of the dual output fiber front-end. SESAM - semiconductor
saturable absorber mirror, L1,2 — spherical lenses, LPF — long-pass filter, BS1-3 — beam
splitters, CFBG1,2 — chirped fiber Bragg gratings, WDM1-4 - wavelength division
multiplexers, 1S1,2 — isolators, HPIS — high power isolator, FBG — fiber Bragg grating, PF1-3
— band-pass filters, BPF — free space band-pass filter, LD1-3 — laser diodes, PM FIBER —
polarization maintaining fiber, C - circulator.

The SESAM placed on a mirror mount for angular adjustment and a

output

translation stage for optimisation of position along the beam, enabled self-
starting passive mode-locking of the oscillator. Laser radiation was focused on
the SESAM by a 12 mm focal length lens to a spot of 7 um in diameter. The
oscillator was pumped through a wavelength division multiplexer (WDM) and
CFBGL1 by a 20% fraction (about 80 mW) of an output of a laser diode (LD1).
LD1 was protected from back returning pulsed radiation by a band-pass filter
(PF1). Oscillator at a repetition rate of 60.3 MHz generated 2.9 ps pulses, which
were close to transform limit. The pulse spectrum shown in Fig. 2.1.5 was typical
for a soliton mode-locked fiber laser (see Chapter A.2). A large number of
spectral sidebands were visible in logarithmic scale. The intensity of sidebands
was not suppressed by CFBGL1 filtering, as the reflection bandwidth of the

grating was much wider than the pulse spectrum.
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Fig. 2.1.5 Experimentally measured spectrum of the fiber oscillator. The measured
autocorrelation function is pictured in the inset.

Average output power after the CFBGL1, which served as an output coupler,
was in the order of 3.5 mW. 10% of the output power reflected by a beam splitter
BS1 (10/90) was used for synchronisation of the system to the clock of the
master oscillator.

Pulses from the oscillator were directed through the WDMs and isolators to
a two-stage amplifier. The first amplification stage was pumped by the
remaining 80% output (320 mW) of LD1, while the second amplification stage
was pumped by the high power (900 mW) single-mode laser diode LD2. After
two stages pulses were amplified to 7.2 nJ pulse energy which corresponded to
435 mW of average power. The spectrum of amplified pulses was broadened
due to SPM in an 11 m long passive fiber. Resulting spectrum spanning from
1025 nm to 1067 nm is presented in Fig. 2.1.6. It covered gain spectra of both
Yb3* and Nd** doped laser media. Duration of the spectrally broadened pulses

was measured to be around 15 ps.

47



1.0

! i M\ Il |

R UJ\V‘IU

!
v I Spectrum before filtering M\
—— Filtered output to Yb system \

Power (a. u.)

~—— Filtered output to Nd system

0.0
1020 1030 1040 1050 1060 1070
Wavelength (nm)

Fig. 2.1.6 Normalized spectra detected before and after filtering. Grey (filled area) — after
spectral broadening in 11 m of fiber (30% Output in Fig. 2.1.4); blue — output to 1030 nm after
filtering with bandpass filter; red — output of 1064 nm channel.

Spectrally broadened pulses were then divided by a 30/70 ratio beam splitter
(BS3) with 30% fraction being dumped and 70% fraction being passed to a
narrowband FBG2, which back-reflected 0.4 nm spectral bandwidth around the
central wavelength of 1064 nm for further amplification. The spectral fraction
centered around 1030 nm passed FBG for seeding femtosecond 1030 nm
amplifier. A free-space band-pass filter (BPF) was used to reject spectral
components, which would not be amplified in Yb** doped active medium.
Output power after the BPF was measured to be 27 mW which corresponded to
450 pJ pulse energy. Spectral bandwidth of about 10 nm, and pulse duration of
4 ps indicated that the 1030 nm pulses were chirped. 10 nm bandwidth achieved
through the SPM in fiber supported <300 fs pulse duration. In order to check the
compressibility, ultrashort pulses from this output were externally compressed
using a pair of 1000 grooves/mm line density diffraction gratings in a
double-pass configuration. The measured autocorrelation trace is pictured in Fig.

2.1.7. The corresponding pulse duration was 305 fs at FWHM when fitted with
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Gaussian function. The autocorrelation trace exhibited a large pedestal due to

the uncompensated TOD of both fiber and grating compressor.
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Fig. 2.1.7 Autocorrelation trace of the compressed pulses from the broadband 1030 nm output
of the dual-wavelength source. The retrieved compressed pulse duration was 305 fs at FWHM
when fitted with Gaussian function.

Narrowband pulses at 1064 nm were back reflected by FBG and coupled
through 30% branch of the beam splitter BS3 to WDM4. An average power
(~0.1 mW) and energy (~1.6 pJ) was too low for efficient seeding of a RA based
on Nd-doped laser crystal. In order to boost pulse energy an additional fiber
amplification stage, in which 1064 nm pulses were amplified by a factor of 100
to 150 pJ pulse energy, was installed. The resulting energy of 150 pJ was
sufficient for high contrast operation of the solid-state regenerative
amplifier [21]. The duration of the pulses was measured to be 8.5 ps with
~0.4 nm spectral bandwidth.

Chirped 1064 nm pulses were further stretched using CFBG2 with 0.3 nm
spectral bandwidth at FWHM and -2000 ps/nm dispersion parameter. The

duration of the resulting pulses was ~520 ps.

Conclusions
In this work, a novel optically synchronised dual-wavelength laser source was

constructed and experimentally realised. All-in-fiber design laser was used to
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seed both femtosecond Yb:CaF and picosecond Nd:Y AG amplifiers of the high
energy OPCPA system. Ultrashort pulses at 1030 nm wavelength with a spectral
bandwidth of 10 nm were produced from one output channel of the laser and
compressed externally to 305 fs, which was close to a transform-limited pulse
duration. Strongly chirped 520 ps duration pulses at 1064 nm wavelength were
formed at the second output of the laser. Both channels provided sufficient

amount of seed energy for the further amplification.
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2.2 Method for generation of femtosecond light
pulses based on fiber laser technology

Material related to this chapter was published in Al and described in patent P2

In this chapter, an experimental realisation of a novel method for generation of
femtosecond light pulses is presented. This method was implemented in an
OPCPA system front-end in which few-cycle pulses around 800 nm wavelength
were generated, amplified and compressed. Such scheme combines the patented
concept of an optically synchronised dual-wavelength laser source described in
the previous chapter with a new approach of high energy femtosecond pulse
formation performing parametrical amplification and compression of spectrally
broadened pulses from the fiber laser and white-light supercontinuum (WLC)
generation.

The experimental setup of a novel front-end for a femtosecond OPCPA
system is pictured in Fig. 2.2.1. Multiple channel picosecond all-in-fiber laser
was used to serve both as a seeder for Nd:YAG regenerative amplifier and an
optical parametric amplifier (ps OPA) which all-together were incorporated to
form femtosecond pulses suitable for a consecutive WLC generation and

parametric amplification.

Nd:YAG regenerative ~2 mJ@532 nm

amplifier: SHG

2.6 mJ, 30 ps, 50 Hz
2nd,

| ’ 7ps,
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laser SHG
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1 pd,
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¢
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Fig. 2.2.1 Principal experimental scheme of the OPCPA system front-end. Multiple channel
all-in-fiber picosecond laser was used to seed Nd:YAG pump laser and an optical parametric
amplifier (ps OPA) in order to form pulses for WLC generation. WLC pulses were amplified
in femtosecond noncollinear OPA (fs NOPA) and then compressed using a prism compressor.

The detailed scheme of the experimentally constructed fiber laser is presented
in Fig. 2.2.2. A passively mode-locked all-in-fiber oscillator generated 2 ps

pulses at 1064 nm central wavelength. The pulse duration was determined by
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CFBG with optimised dispersion. Stable single pulse mode-locking regime at
31.2 MHz repetition rate was achieved using a SESAM.

In order to check the pulse temporal and spectral characteristics at different
output ports of the oscillator, the numerical modelling was performed.
Modelling methodology and parameters for the calculation are fully presented
in Chapter A.2.

LD mm———== PF |= = Bs

31.2 MHz

I | Yb:“ I @

Fiber stretcher, 15 m

ps OPA seed:
44 mW, 7 ps, AA=14 nm,
31.2 MHz

=B

Fig. 2.2.2 The scheme of a picosecond all-in-fiber laser in detail. The abbreviations stand for:
LD — laser diode, PF — protection filter, BS — beam splitter, WDM — wavelength division
multiplexer, CFBG — chirped fiber Bragg grating, SESAM — semiconductor saturable absorber
mirror, IS — isolator, RA — regenerative amplifier. Numbers 1, 2, 3 indicate the oscillator output
ports described in the text.

Modelling of the mode-locked fiber oscillator
The main objective of the modelling was to calculate steady-state solutions of

the complex pulse envelope at two output ports of the oscillator. The first one
was formed inside the cavity using a beam splitter which was placed close to the
SESAM unit. A partially transmitting CFBG served as a second output port.
The experimentally measured reflection spectrum of CFBG used in this
scheme was provided by the commercial supplier (TeraXion). The dispersion
value of CFBG was only estimated and not measured, thus at first it was set to
the estimated value of 2 ps/nm and then recalculated according to the better
coincidence between measured and modelled output pulse spectrum of the
oscillator. Experimentally measured and calculated reflectivity of the grating is
compared in Fig. 2.2.3(a). CFBG had a 50% reflection coefficient at the design
wavelength of 1064.135 nm. Despite some minor irregularities in the measured

spectrum, numerical and experimental data were in good agreement. It is shown
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in the picture, that the correct dispersion value was slightly less than 2 ps/nm
and not perfectly constant at the FHWM of the grating bandwidth which was
2.89 nm. The dispersion value varied from 1.74 to 2.03 ps/nm in that range and
was equal to 1.87 ps/nm at the design wavelength Aj,. The grating exhibited zero
dispersion at A, in the calculated response to the transmitted pulse (Fig.
2.2.3(b)), but still the value slightly changed in the same manner as in reflection.
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Fig. 2.2.3 Numerically modelled CFBG: (a) calculated power reflectivity spectrum (red curve)
compared with experimental data (black dots), dashed green curve corresponds to the
calculated dispersion; (b) calculated power transmission spectrum (red curve) with the
corresponding dispersion curve (dashed green).

Calculated steady-state output pulses outcoupled through the beam splitter
were compared with experimental data (Fig. 2.2.4). Amplification parameters of
the numerical model were chosen in the way that the ratio between the main
spectral peak and the nearest side peak would be equal to the measured
experimentally. This spectrum was measured at 1.65 m\W average output power.
In order to emphasise the spectral structure of the output pulse, it is pictured in
a logarithmic scale (Fig. 2.2.4(b)). The pulse spectrum was 1 nm wide at FWHM
and had 8 detectable decreasing intensity sidebands. Four of them were clearly
visible in the experimental measurement. However, this measurement lacked a
sufficient dynamical range of the spectrum analyser to represent the spectral
structure fully. These sidebands appear from constructive mixing between
soliton pulse and dispersive radiation that is generated from a perturbated
soliton [183]. Such spectral sidebands are characteristic for the soliton mode-
locked fiber oscillators. The ratio between the main peak and the sideband

spectral intensity decreases when the operating regime approaches the double-
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pulse generation threshold. Furthermore, it is possible to determine the total
cavity dispersion according to the relative positions of the sidebands and the
main peak [184], which helps to calculate the exact value of CFBG dispersion

coefficient.
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Fig. 2.2.4 Pulse characteristics at the output of the beam splitter: (a) calculated ACF (red curve)
compared with the measured one (black dots). Inset: calculated pulse envelope (black curve)
compared with a Gaussian function (red curve); (b) experimentally measured pulse spectrum
(black curve) compared with the numerically calculated (blue curve) and a Gaussian function
(red curve), green dashed trace corresponds to the group delay of the pulse in spectral domain.

The pictured group delay trace (Fig. 2.2.4(b)) indicates that spectral
components of the main peak which also constitutes to the soliton pulse in the
time domain were in phase and there was no evidence of pulse chirp at this
output of the oscillator. The experimentally measured autocorrelation function
was in perfect agreement with calculated from the modelled pulse envelope (Fig.
2.2.4(2)). The ultrashort pulse duration corresponded to 1.96 ps. The pulse
envelope slightly differed from a Gaussian form due to the steeper edges.

Quite different results compared to the previous case were achieved
modelling and experimentally measuring the output from the CFBG (Fig. 2.2.5).
The measured average power through this output was 2.98 mW. The pulse
envelope had a non-Gaussian, asymmetrical form with a duration of 2.3 ps (Fig.
2.2.5(a)). Calculated pulse spectrum width was larger than at the beam splitter
output and corresponded to 1.25 nm (Fig. 2.2.5(b)). The group delay curve (Fig.
2.2.5(b), dashed green) indicated a quasi-linear upchirp which together with the
spectral broadening suggests the dominating effect of SPM.

Outcoupling through the beam splitter caused the pulse to experience an extra

bounce at the CFBG which added a chirp with an opposite sign (Fig. 2.2.3(a))
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and compensated the residual group delay originated from the pulse propagation
in fiber. In the other case, pulse transmitted through the grating experienced zero
dispersion (Fig. 2.2.3(b)), thus the group delay due to SPM and cavity dispersion
was left partly uncompensated. An additional spectral broadening was visible in
the experimental trace (Fig. 2.2.5(b)) which was caused by SPM when pulse
propagated in a single-mode fiber to the spectrum analyser.
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Fig. 2.2.5 Pulse characteristics at the output of CFBG: (a) calculated pulse envelope (black
curve); (b) experimentally measured pulse spectrum (black curve) compared with the
numerically calculated (blue curve) and Gaussian function (red curve), green dashed trace
corresponds to the group delay of the pulse in spectral domain.

To sum up the results of this numerical modelling, Gaussian-like, nearly
transform-limited pulses were produced from the fiber oscillator when
outcoupling radiation through the beam splitter which was placed near the
SESAM. Linearly chirped, asymmetrical form pulses were transmitted through

the CFBG. Both outputs were used in the experimental setup presented further.
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Experimental realisation
Experimentally constructed fiber oscillator had 3 output ports (Fig. 2.2.2). Port 1

was formed by using wavelength division multiplexer (WDM) to extract pulses
transmitted through CFBG and used for seeding the Nd:YAG regenerative
amplifier (RA). Although the output power from this port was 2.5 mW which
corresponded to ~80 pJ pulse energy, only small fraction of the pulse spectrum
coincided with Nd:YAG amplification bandwidth (Fig. 2.2.6).

Port 2 and Port 3 were formed using polarising beam splitter (BS) which was
fusion spliced inside the resonator. Port 2 was used to synchronise fiber laser
with the regenerative amplifier. This port was attached to a photodetector which
gave a feedback signal to the synchronisation electronics of the amplifier.

= RA seed spectrum
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Fig. 2.2.6 Spectrum of the seed pulse for regenerative Nd:YAG amplifier, coloured area
corresponds to measured RA output spectrum in QSW regime which shows the amplification
bandwidth.

Port 3 was used to form pulses suitable for WLC generation. First of all,
pulses were amplified in Yb3" doped fiber amplifier. After the amplification
pulse spectrum was stretched to ~14 nm by self-phase modulation in a single-
mode polarisation maintaining fiber (Fig. 2.2.7(a)). The output power after the
stretcher was 44 mW which corresponded to 1.4 nJ pulse energy. The pulse was

temporally broadened to ~7 ps due to the dispersion in fiber.
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Fig. 2.2.7 (a) Spectrum of the NOPA seed pulses; (b) Autocorrelation trace of the compressed
pulses which were used to generate WLC. The retrieved compressed pulse duration was 141 fs
at FWHM when fitted with Gaussian function.

Spectrally broadened pulses were coupled out of the fiber via free-space
collimator and amplified in an optical parametric amplifier (ps OPA in Fig.
2.2.1) to 100 pJ. Nd:YAG regenerative amplifier which was used as a pump
produced 30 ps, 2.6 mJ pulses at 1064 nm which were frequency doubled with
~T77% conversion efficiency using 9 mm length LBO crystal. The pump laser
repetition rate was 50 Hz. Type | phase-matched 6 mm length BBO crystal was
used in ps OPA and ~7-10* amplification factor with 5% pump energy
conversion was reached. This amplification stage was not optimised regarding
an efficient temporal overlap between the signal and the pump. The ratio of the
signal and the pump pulse duration was ~0.2 which indicated the prospect to
achieve higher amplification factor by increasing this ratio. The pulse-to-pulse
energy stability of the amplified signal was 0.25% measuring every pulse during
15 s period. This result indicated that the amplifier was close to the saturation
regime as the energy stability parameter of the amplified signal and the pump
pulses was nearly equal.

After ps OPA stage, pulses were compressed to ~140 fs duration (Fig.
2.2.7(b)) by diffraction grating compressor. 1000 grooves/mm transmission
diffraction gratings working at Littrow configuration were used. The contrast of
the compressed pulses was limited by the residual third order dispersion of the
grating compressor which is seen from the pedestal in the autocorrelation trace
(Fig. 2.2.7(b), black dotted curve).
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A small part of the amplified and compressed light (~0.7 uJ) was focused
into a 5 mm sapphire plate to generate WLC (Fig. 2.2.8, grey coloured curve).
Focusing conditions and pulse energy were chosen to produce smooth and stable
WLC.

= fs NOPA output
White light continuum
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Fig. 2.2.8 White-light continuum generated in 5 mm sapphire plate (grey coloured area) and
femtosecond NOPA output in a few-cycle regime (red curve). In order to remove 1064 nm
radiation longer wavelengths (>970nm) were filtered using a short-pass filter.

The remaining part of the light (~70 uJ) was frequency doubled ina 2.5 mm
thick BBO crystal with a ~32% frequency conversion efficiency and later used
as a pump for femtosecond NOPA to pre-amplify broadband (690-960 nm) WLC
(Fig. 2.2.8, red curve) to about 1.5 uJ pulse energy. Parametric amplification
was realised in a 2 mm thick BBO crystal (type I) at a phase matching angle
6 =~ 24° and a noncollinearity angle a = 2.4° in order to reach the broadest
amplification bandwidth. The pump beam spot size in the crystal was adjusted
to achieve the highest intensity avoiding significant parametric fluorescence
generation.

In order to achieve shortest possible pulse duration from the femtosecond
NOPA, we had to compensate the material dispersion of the system. Although
only reflective optics were used after the WLC generation, pulses experienced
temporal broadening passing through the sapphire plate and BBO crystal. We
used a fused silica prism compressor and a pair of N-BK7 glass wedges for the

fine tuning of the dispersion in the system. The chirpscan method [185] was used
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to characterise output pulses. Chirpscan diagrams and retrieved pulse envelope
(red curve) are shown in Fig. 2.2.9. Obtained pulse duration at FWHM was 8.5 fs

compared to 7.9 fs transform-limit corresponding to the measured spectrum (Fig.

2.2.9(d)).
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Fig. 2.2.9 The results of pulse characterization after a noncollinear parametric amplification of
a broadband supercontinuum seed and dispersion compensation with a prism compressor. The
measurement was realised using chirpscan method: (a) experimentally measured chirpscan
trace; (b) numerically retrieved chirpscan trace; (c) retrieved pulse envelope compared with a
transform-limited pulse; (d) measured and retrieved pulse spectra and retrieved spectral phase
(dashed green trace).

Conclusions
A novel front-end for femtosecond OPCPA was constructed and

experimentally realised using all-in-fiber picosecond laser which served both as
an optical seed source for Nd:YAG amplifier and as a driving source for WLC
generation. This approach has immensely simplified the synchronisation
between seed and pump lasers.

The experimentally measured pulse duration of the parametrically amplified
WLC was 8.5fs. This corresponded to 3 optical cycles and nearly
transform-limited pulse duration, which could be used for few-cycle OPCPA

reaching extremely high peak intensity fields with excellent pulse contrast.
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3 Optimisation of the FCPA scheme by
implementing the method of tunable higher-order
dispersion compensation

Material related to this chapter was published in A3

Theoretical calculations and experimental work presented in this chapter are a
slight departure from the topics of Chapters 2 and 4, because here the analysis
of the FCPA system is described. However, issues related with large temporal
stretching and recompression of ultrashort pulses can be similar for both
femtosecond FCPA and OPCPA systems. The main similarity is a necessity to
compensate the third and higher orders of dispersion which can cause pulse
broadening and distortion at the output of the system.

An elegant method to deal with the residual dispersion in FCPA scheme is
the employment of specially designed CFBG as a pulse stretcher. Commercially
available CFBG stretchers can be manufactured with controlled dispersion
parameters up to the fifth order. However, inability to adjust these values during
the experimental realisation of the system may result in a far from perfect pulse
compression. The main reasons for such limitation are estimating errors of the
exact system dispersion and the effect of fiber nonlinearity, causing phase
modification of the pulse. Furthermore, the ability to tune the dispersion
parameters enables to design and modify the experimental realisation of the
FCPA system more freely.

In this chapter, the way of achieving high contrast femtosecond pulses from
FCPA system through the application of pulse stretching allowing for the tuning
of dispersion parameters in CFBG was investigated. In the beginning,
picosecond pulses were generated in a passively mode-locked fiber oscillator,
then pre-stretched in a passive fiber, in which spectrum and duration of pulses
were broadened due to combined effects of SPM and dispersion. Then a CFBG
with temperature tuning capability was used as the main pulse stretcher. After
stretching, pulses were amplified in an LMA fiber amplifier and compressed

using a conventional grating compressor. By inducing nonlinear temperature
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distribution along the CFBG, its dispersion characteristics were modified
enabling to tune TOD or even higher-order dispersion parameters and to
minimise residual uncompensated spectral phase after pulse compression with
the grating compressor. This method was investigated numerically and verified
experimentally by using CFBG stretcher with 4 independently controlled
thermoelectric cooler (TEC) elements. Significant improvement in the pulse
compression by optimising the nonlinear temperature distribution along CFBG

stretcher was achieved.

Numerical analysis
Theoretical calculations were performed in order to simulate the effect of the

induced nonlinear temperature distribution along CFBG in the FCPA system and
to identify optimal conditions for possible experimental realisation. The
numerical model is depicted as a block diagram in Fig. 3.1. This model was
based on the experimental FCPA system. The methodology of numerical
calculation is described in Chapter A.

The seed source of the system was a passively mode-locked all-in-fiber
picosecond oscillator working at a 1064.63 nm center wavelength. Calculated
2 ps duration pulses from the fiber oscillator were preamplified up to 2 nJ pulse
energy. Then, pulses were stretched to more than one hundred of picoseconds
duration in 200 m long passive single-mode optical fiber (MFD — 6.3 um).
Pulses were stretched in time because of material dispersion and in frequency
domain due to SPM.

D =-41.435 ps/inm,

- 2
Preamplified pulses: S =-0.674 ps/inm’,

E,=2nJ corresponds Eo: Grating separation: 9.7 m
t,= 2 ps B> =249 ps®, B2 =-28.97 ps
"F.b Bs=-0.272 ps® Bs =0.316 ps®
iber :
oscillator _ P%izl:’e » CFBG ‘ﬁ_MA fibe: _ | Grating
and_ _ o stretcher o o kampliﬁer " | compressor
preamplifier L 4
Length: 200 m Length: 2 m
B2 = 0.0249 psm, y = 3.436x10™ 1/(W-m)
B3 = 4.64x10° ps®im, Amplification to E,= 33 pJ

y =0.0042 1/(W-m)
Fig. 3.1 Theoretical modelling scheme. Each block indicates pulse formation and amplification

stages with different dispersion and nonlinearity parameters. E, — pulse energy, t, — pulse
duration.
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At the next stage of calculations, CFBG parameters were applied. CFBG
reflection spectrum was provided by the manufacturer (Fig. 3.2). The group
delay curve (GD = D(A — 4y) +§(/1 — 20)?) is presented in Fig. 3.2 as grey
trace, which corresponds to the dispersion parameter and dispersion slope (at

nominal temperature of 77 ©C) equal to D=-41.435 ps/nm and

S =-0.674 ps/nm? respectively.
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Fig. 3.2 Reflection spectrum and calculated group delay curve of unperturbed CFBG (at a
nominal temperature of 77 °C), which is further used in the experimental setup.

Stretched pulses were propagated and amplified in LMA fiber amplifier
(MFD — 22 pm) up to 33 uJ by numerical integration of the nonlinear
Schrodinger equation with the wavelength-dependent gain. Finally, pulses were
compressed using dispersion parameters of the diffraction grating compressor
with 1600 grooves/mm line density gratings. The grating separation was tuned
according to the highest peak power of the compressed pulse. The temporal
profile of the optimally compressed pulse is shown in Fig. 3.3 (black trace). As
it can be seen from the picture, the temporal envelope of the pulse has significant
trailing edge oscillations. These distortions originate mainly from TOD
mismatch between the stretcher and the compressor. The pulse spectrum (Fig.
3.3 inset) reveals modulations in spectral domain caused by the nonlinear
amplification (calculated B-integral value — 1.36x rad) of non-Gaussian seed
pulses in an LMA fiber, which also affects temporal contrast of the compressed
pulse. These effects add to the residual nonlinear phase, which cannot be

compensated using a conventional grating compressor.
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Next, transform-limited (TL) pulses of the corresponding spectrum (Fig. 3.3
inset) were calculated. In order to calculate the temperature distribution along
CFBG, which is required to compensate phase distortions and achieve nearly TL
pulses at the system output, the reverse propagation modelling was
performed [186].
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Fig. 3.3 Compressed pulse envelope at the FCPA system output with and without nonlinear
temperature distribution applied along CFBG. Amplified pulse spectrum is pictured in the inset
of the graph.

After reverse propagation of TL pulses from the system output to the point
between CFBG and the LMA fiber amplifier, a group delay as a function of
wavelength GDoptimai(A) corresponding to the optimal pulse compression was
calculated. The group delay (GD) as a function of wavelength before CFBG
GDuefore(A) of pre-stretched pulse and of CFBG itself GDcrea(A) (Fig. 3.2 grey
trace) were also known. By taking the inverse of these functions, the required
wavelength shift for each group delay point was found and, accordingly, the

temperature distribution was calculated from the relation:

optimal—before (GD) - ﬂ-CFBG(GD)
kACFBG(GD)

This formula has been derived using the linear approximation of Bragg

T(GD) = A To. (3.1)

wavelength shift dependence on temperature [187]:
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The temperature-dependent refractive index change has a predominant
influence on Bragg wavelength shift, so thermal expansion influence was
neglected. k represents the thermo-optic coefficient (k = 7-10° °CY), which was
determined from measurements of the temperature-dependent center wavelength
shift of the narrowband FBG reflection spectra. T, is a nominal CFBG
temperature, which is 77 °C.

The calculated temperature distribution required to achieve the nearly TL
pulses at the system output is presented in Fig. 3.4. The modelling reveals that
temperature values are not highly elevated, span over the range of only 30 °C
and so could possibly be achieved under experimental conditions. Furthermore,
the numerical results indicate a significant improvement in temporal contrast of
the compressed pulse, compression of pulse duration by nearly 60 % and
increase of pulse peak power by factor of 4.8 at the FCPA system output (Fig.
3.3, grey trace). It should be noted that the envelope of the compressed pulse in
the case of optimal temperature distribution is almost identical to the TL pulse
envelope (peak power mismatch <0.5%). Because of this, the TL pulse envelope
Is not indicated separately in Fig. 3.3. To verify this spectral phase compensation
method, an experimental investigation was accomplished, which is presented in

the following section.
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Fig. 3.4 Calculated temperature distribution along CFBG, which is required to achieve TL
pulses at the FCPA system output. The bottom horizontal scale shows group delay values and
top horizontal scale shows calculated position along CFBG.
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Experiment
The schematic diagram of the experimental setup is depicted in Fig. 3.5. All

fibers used in this system were polarisation maintaining PANDA type.
Ultrashort pulses of 2 ps duration were generated in all-in-fiber passively mode-
locked oscillator operating at 1064.63 nm center wavelength. These pulses were
amplified in a Yb®* doped single-mode fiber preamplifier up to 2 nJ energy. Then
pulses were broadened in time and frequency domains because of the combined
effects of SPM and dispersion in a 200 m long passive fiber. After that, pulse
stretching in time domain was applied using custom designed CFBG with
temperature tuning capabilities (TeraXion Inc.). Parameters of CFBG (at
nominal temperature) used in the experiment were described in the previous
section (Fig. 3.2). Total dispersion parameters of the stretcher module (passive
fiber and CFBG) can be evaluated to be equal to: g, =29.91 ps?, B =-0.263 pss.

oscillator i l-" ; = (€ = ;
; : 200m % | |
| = PF |=——= LD | <|'CFBG.'TEC‘

E |Stretcher T.crae'l' controller
| Preamplifier 1 | dule ) 4

)

25/250DC-PM

N ‘ IS | {r
/ | Lens I -
L Power amplifier Residual pump ] | Output Compressor

Fig. 3.5 Schematic diagram of the experimental FCPA system with tunable CFBG stretcher.
The abbreviations stand for: LD — pump laser diode, PF — protection filter, F — ASE filter,
IS - optical isolator, WDM — wavelength division multiplexer, T-CFBG — CFBG module with
temperature tuning capabilities, AOM — acousto-optic modulator, 25/250DC-PM — Yb** doped
polarisation maintaining double-clad LMA fiber.

The temperature distribution along CFBG was controlled by 4 TEC,
separated by equal distances of 33 mm, which allowed GVD tuning by setting
constant temperature gradient along the whole CFBG or tuning of the higher-
order dispersion parameters by setting different temperature gradients at three
sections along CFBG. The temperature tuning range for each of TEC was 35-

120 °C. As there were only three sections for setting different temperature
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gradient (only 4 TEC elements), the higher-order dispersion parameter tuning
was limited. By using a larger number of TEC’s along CFBG and thus
controlling larger number of temperature gradients, it could be possible to tune
dispersion characteristics in CFBG stretcher with much higher precision. Such
CFBG devices with as many as 32 resistive heater elements [188] or 10 TEC
elements [189] have already been demonstrated for material dispersion
compensation purposes in telecommunication applications.

The measured pulse envelope in the time domain and pulse spectrum after
the stretcher module is depicted in Fig. 3.6. After the stretcher fiber, the pulse
spectrum was slightly broader than the CFBG reflection bandwidth, so spectrum

wings were truncated. The measured pulse duration was 761 ps (FWHM).
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Fig. 3.6 (a) Temporal envelope of the stretched pulses measured using 35 ps response
photodiode and 20 GHz oscilloscope. (b) The spectrum of the stretched pulses.

Stretched pulses were amplified in the second single-mode preamplifier, after
which the pulse repetition rate was reduced from 30 MHz down to 100 kHz
using acousto-optic modulator (AOM). Next, pulses were amplified in the third
preamplifier and, finally, in the power amplifier based on 25 um core diameter
LMA double-clad Yb?®* doped fiber. Pump radiation from laser diodes (976 nm)
and pulses to be amplified were launched into LMA fiber using fused-fiber pump
and signal combiner (ITF Labs). The entire system up to the power amplifier
output was essentially monolithic.

The pulses were compressed after amplification using the diffraction grating
compressor. In the compressor, high diffraction efficiency (>94%) transmission

gratings with 1600 grooves/mm line density were used (LightSmyth
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Technologies Inc.). The optimal pulse compression was achieved when the
distance between the diffraction gratings was ~0.7 m, which is in accordance
with numerical calculations. Compressor dispersion parameters calculated for

this grating separation are: 8, = -28.97 ps?; B, =0.316 pss. It can be seen that

there is some mismatch between the total stretcher’s (200 m fiber and CFBG)

TOD (B, =-0.263 ps®) and the compressor’s TOD. This mismatch arises because

CFBG was designed with dispersion parameters to be compensated by
compressor with grating separation of 0.6 m alone, and dispersion of 200 m
stretcher fiber was not included.

In order to characterise the pulse compression, autocorrelation functions of
pulses after the compressor were measured. First, the pulse compression when
CFBG temperature was constant or with a constant temperature gradient was
investigated. For every CFBG temperature setting the grating separation was
reoptimised for the best compression. Pulse compression was slightly better,
when constant temperature gradient, illustrated by black squares in Fig. 3.7, was
set compared to the case with constant temperature (temperature gradient was
zero). This indicates that a different GVD/TOD ratio was more favourable for
pulse compression. Next, TEC temperatures were optimised by manually tuning
each of them and monitoring in real-time pulse autocorrelation trace after the
compressor. First, the temperature values were changed in coarse steps in order
to find the interval of temperature values for which duration of autocorrelation
trace and pedestal is decreasing and peak power is increasing. Then more fine-
tuning was accomplished so as to select single temperature values corresponding
to autocorrelation trace with highest peak power. Because temperature tuning at
only 4 points was available, it was possible to set 3 different temperature
gradients and, accordingly, change dispersion parameters at 3 sections of CFBG.
The change in dispersion parameters versus wavelength actually represents the
higher-order dispersion. The best compression results were achieved when
temperature distribution along CFBG was set as shown by grey circles in Fig.
3.7.
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Fig. 3.7 lllustration of TEC-controlled temperature values along CFBG. Black squares —
constant temperature gradient set. Grey circles — temperature of each TEC manually optimised
for optimal compression. Inset — Evaluated GVD change versus wavelength for temperature
distributions shown in the main graph.

This temperature distribution showed the best compression results for the
experimental conditions. However, slight further optimisation could be possible
by implementing rigorous search algorithm which would check all possible
temperature combinations with a fine step. The experimentally achieved optimal
temperature distribution is similar qualitatively but differs quantitatively from
the temperature profile calculated from numerical modelling (Fig. 3.4). This
could be caused by limited experimental capabilities in temperature tuning. In
the experiment, the temperature tuning was available only at 4 points along
CFBG, and the temperature variation was mostly linear between them, so the
exact reconstruction of the optimal temperature profile predicted by numerical
calculations was not possible. Numerical modelling of temperature-controlled
point number influence on the CFBG and, accordingly, pulse peak power after
compression, revealed that peak power increases rapidly when increasing
temperature-controlled point number from 4 up to 10. At temperature-controlled
point number of 10, peak power ratio of the compressed pulse to TL pulse

already exceeds 80%. By further increasing temperature-controlled point
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number up to 20, peak power ratio increases to 98%. From this value, peak
power ratio improves very slowly with an increase in temperature-controlled
point number. These results were achieved assuming linear temperature
variation between temperature-controlled points and assuming system
parameters as described in the section of the numerical analysis.

In Fig. 3.8, autocorrelation functions are compared when the optimised
temperature distribution was set (shown in Fig. 3.7 as grey circles) with the case
when the temperature gradient was constant along CFBG (shown in Fig. 3.7 as
black squares). Despite limited tuning capabilities of the temperature
distribution, the pulse compression improvement is clearly noticeable when the
CFBG temperature distribution was optimised. For the output pulse energy of
up to 30 uJ (average power of 3 W), the autocorrelation trace corresponding to
the optimised (nonlinear) CFBG temperature distribution reveals a significantly
smaller pedestal compared to the case when the CFBG temperature distribution

was linear (constant temperature gradient).

Constant temperature gradient
Optimised temperature distribution
T T T T T T T

N

Intensity (a.u.)

Fig. 3.8 Autocorrelation functions of compressed pulses at different output pulse energies and
different CFBG temperature settings. Black trace — constant temperature gradient along CFBG
is set. Green trace — temperature of each TEC manually optimised for optimal compression.

In Fig. 3.9(a), the full width at half maximum (FWHM) durations of the

central peak of autocorrelation functions versus output pulse energy are
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presented. The data show that in the case of the optimised temperature
distribution along CFBG, the duration of the main peak of autocorrelation traces
1s from 33 % to 50 % (at pulse energy from 5 puJ to 30 puJ respectively) shorter
than in the case of the constant temperature gradient, but longer than the duration
of transform-limited pulses calculated from the experimental spectrum. With the
increase of the output pulse energy, the duration of the autocorrelation central
peak for the case of the constant temperature gradient increases, while for the

case of the optimised temperature distribution it stays nearly the same.
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Fig. 3.9 (a) Full width at half maximum durations of the central peak of autocorrelation
functions versus output pulse energy. (b) Spectra of amplified pulses at a different output pulse
energy.

The optimal temperature distribution (as shown in Fig. 3.7 by grey circles),
which has contributed to the better pulse compression, causes GVD parameter
of CFBG to increase more rapidly with wavelength (Fig. 3.7 inset) and this
effectively means the increase in the absolute value of TOD parameter. Since
TOD of the stretcher module (at constant temperature) was lower than TOD of
the compressor (comparing the absolute values), the increase in the temperature
distribution induced TOD can be indicated as the main reason for the pulse
compression improvement.

At pulse energies of more than 30 pJ, pulse deterioration after compression
was registered which could not be removed by further tuning of CFBG
temperature or grating compressor. The pulse contrast deterioration might have
been caused by pulse spectrum modulations which were present after power

amplifier and increased with output pulse energy (Fig. 3.9(b)). Spectral
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amplitude modulations of chirped pulses in the presence of SPM cause spectral
phase distortions, and this degrades the pulse contrast after compression [190].
It should be possible to reduce spectral modulations by carefully designing the
whole system — particularly using high quality fiber optics components with a

perfectly flat spectral response.

Conclusions
The femtosecond FCPA system with the temperature-tunable CFBG stretcher

was investigated. The numerical analysis has shown that significant pulse
compression improvement down to transform-limited duration is possible by
optimising temperature distribution along the CFBG stretcher. This concept was
tested experimentally by using the CFBG stretcher with 4 independent TEC
elements. Despite the limited 4-point temperature tuning, by optimising the
temperature distribution along CFBG, a significant pulse compression
improvement, manifested by the lower pedestal and up to 50 % shorter duration
of the autocorrelation function, compared to the case when temperature
distribution was constant or linear, was experimentally achieved. This indicates
the suitability of this method for FCPA systems for the higher-order dispersion
parameter tuning. By using CFBG with a significantly larger number of TEC
elements and careful management of temperature distribution nearly transform-
limited pulses should be achievable as predicted by the numerical calculations.
Concerning the results achieved with the FCPA system, similar pulse
stretching and compression scheme in the OPCPA front-end, which is presented

in the next chapter, was theoretically investigated and experimentally realised.
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4 Femtosecond wavelength-tunable OPCPA system
based on picosecond fiber laser seed and
picosecond DPSS laser pump

Material related to this chapter was published in Al

In this chapter, experimental realisation of a compact femtosecond wavelength-
tunable OPCPA system with a novel front-end described in Chapter 2 is
presented. This system used a spectrally broadened picosecond fiber oscillator
for seeding picosecond DPSS regenerative amplifier and WLC generator. All
the achievements in the development and optimisation of the OPCPA front-end
based on hybrid fiber and solid-state laser technologies described in the previous
chapters were implemented into this table-top OPCPA system.

The principle scheme of the femtosecond wavelength-tunable OPCPA
system is presented in Fig. 4.1. The experimental setup consisted of OPCPA
front-end based on white-light supercontinuum generation and parametric
amplification by femtosecond pulses and picosecond OPCPA amplifier.

Picosecond DPSS Nd:YVO4 laser was used as a pump source.

[ OPCPA front-end ] 0.85 mJ,

ion

DPSS Nd:YVO, A i
pump laser
(11.5 mJ, 100 ps, 1 kHz)
2.5mJ

A

8 uJ,
TL: <30-100 fs,
670-1000 nm

t,: 30-100 fs,
680-960 nm

Synchronizati

All-in-fiber
picosecond laser

_—— = = = ===

Fig. 4.1 Principal experimental scheme of the femtosecond wavelength-tunable OPCPA
system. Multiple channel all-in-fiber picosecond laser was used to seed DPSS pump laser and
an optical parametric amplifier (ps OPA) in order to form pulses for white-light
supercontinuum (WLC) generation. WLC pulses were preamplified in femtosecond
noncollinear OPA (fs NOPA) performing wavelength tuning, then stretched to picosecond
duration, amplified in one stage OPCPA amplifier and recompressed.

Multiple channel fiber laser
The seed source of the OPCPA front-end and the pump source was

picosecond monolithic fiber laser (Fig. 4.2), which consisted of three main parts:

the picosecond oscillator, the seed formation chain for the regenerative amplifier
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(RA) pump and the seed formation chain for the optical parametric amplifier
(ps OPA).

[Picosecond oscillator |

_ CFBG1 @ Pra=1 W
LD =( PF == BS = HH = BS J SESAM
LD

Prnax=500 mW Synchronization

/‘ 2 mW, 2 ps, 35 MHz '

CFBG2
stretcher

0.5 mW, 200 ps,
s nm | ==
ps OPA seed

350 mW, 125 ps,
AA=14 nm

Fig. 4.2 Principle scheme of picosecond all-in-fiber laser. Passively mode-locked fiber
oscillator generated 2 ps pulses which were divided into two branches. In one branch,
narrowband and chirped pulses were formed in order to seed the DPSS regenerative amplifier.
Another branch was used for broadband (~14 nm) pulses formation which were later amplified
parametrically, compressed to femtosecond duration and then used to generate WLC.

CFBG3

g

A passively mode-locked fiber oscillator generated 2 ps transform-limited
pulses at 1064.15 nm central wavelength. Pulse duration and the central
wavelength of the oscillator were determined by reflectivity spectral profile of
chirped fiber Bragg grating (CFBGL1). The stable single-pulse mode-locking
regime at 35 MHz repetition rate was achieved using semiconductor saturable
absorber mirror (SESAM) as the end mirror of the resonator.

A Yb?*" doped polarisation maintaining single-mode fiber was used as a gain
medium which was pumped with a 976 nm laser diode (LD) through the CFBGL1.
Fiber oscillator had 2 output ports realised by the 70/30 beam splitter (BS) which
was fusion spliced inside the resonator. Photodetector connected to one port of
the beam splitter was used to synchronise fiber laser with a regenerative
amplifier. Average output power from the fiber oscillator was 2 mW.

Ultrafast pulses from the oscillator were amplified in Yb3* doped fiber
amplifier to 25 mW and then divided into two branches by 50/50 splitter. In the
first branch, pulses were stretched to ~200 ps duration by a narrowband CFBG2
while back-reflected to 50/50 splitter to RA seed output port (Fig. 4.3(2)). A

resistive heater element was used to tune the central wavelength of CFBG2 in
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order to match the seed spectrum to the gain maximum of the RA (Fig. 4.3(a)).
Stretched pulses then were amplified in Nd:YV O34 regenerative amplifier and a
single-pass Nd:YVOs booster operated at 1 kHz repetition rate to 11.5 mJ
energy. The spectral bandwidth and the duration of the amplified chirped pulse
was approximately half that of the input pulse due to gain narrowing effect in
RA. The resulting duration of the amplified OPCPA pump pulses was 98 ps as

spectral narrowing of chirped pulses results in pulse shortening (Fig. 4.3(b)).
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Fig. 4.3 (a) Spectrum of the regenerative Nd:YVO,4 amplifier seed pulse: red line corresponds
to measured RA output spectrum; (b) autocorrelation trace of the regenerative amplifier output
pulses. The retrieved pulse duration was 98 ps at FWHM when fitted with Gaussian function.

The second branch of the fiber laser was used to form pulses suitable for
WLC generation. In the beginning, pulses were amplified to 2 nJ energy in Yb**
doped fiber amplifier (Fig. 4.2). After the amplification pulse spectrum due to
self-phase modulation (SPM) was broadened to ~14 nm in a single-mode

polarisation-maintaining fiber (Fig. 4.4(a)).
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Fig. 4.4 (a) Spectrum of the OPA seed pulses; (b) Autocorrelation trace of the compressed

pulses used to generate WLC. The retrieved compressed pulse duration was 325 fs at FWHM
when fitted with Gaussian function.
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This part of the fiber laser scheme together with ps OPA and grating
compressor (Fig. 4.1) was actually an OPCPA stage inside the front-end for the
main OPCPA. The scheme differed from the one described in Chapter 2.2. In
order to optimise the parametric amplification stage of the spectrally broadened
pulses from the fiber laser, pulse stretching in time domain was needed to be
implemented. The desired ratio of signal and pump pulse duration was set to
~1.25 aiming to achieve high amplification efficiency and to smooth the
oscillatory spectrum structure caused by SPM in fiber and improve compressed
pulse contrast.

Before the experimental realisation, theoretical modelling was performed
using numerical methods described in Chapter A. The model was simplified by
omitting the pulse formation in a passively mode-locked fiber oscillator. The
initial 2 ps duration transform-limited Gaussian pulses were amplified to 2.5 nJ
pulse energy. Pulse spectrum broadening was achieved by propagating ultrashort
pulses ina 15 mlong SM PM fiber. Temporal and spectral envelope of the pulses
after the propagation are shown in Fig. 4.5. A nearly flat-top 9 ps duration pulses
were formed due to the interplay between dispersion and nonlinearity [156].

Pulse spectrum was broadened to approximately 14.5 nm.
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Fig. 4.5 Ultrashort pulses after the propagation in 15 m long single-mode PM fiber: (a) pulse
temporal envelope; (b) pulse spectrum.

In order to stretch the pulses to 125 ps duration, sufficient amount of
dispersion was numerically estimated, which resulted in the dispersion
parameter to be equal to 8.3ps/nm at 1064 nm central wavelength,

corresponding to group velocity dispersion coefficient 8, = 5.0 ps>. Pulse
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compression was modelled using the dispersion parameters of 1600 grooves/mm
line density diffraction grating compressor working at Littrow angle (~58 deg).
The optimal distance between the two gratings was determined by the maximum
of the peak power of the pulse. Two cases of pulse compression were compared.
First, the compression without compensation of TOD, induced by diffraction
gratings, was modelled. Second, the residual TOD of the compressor was
calculated (g, = 0.054 ps®) and compensated at the stage of pulse stretching
using CFBG. In this case, the amount of TOD accumulated from the SM PM
fiber was neglected.

The results of pulse compression are pictured in Fig. 4.6. Modelling revealed
a significant improvement in compressed pulse contrast, 2.8 times lower pulse
duration and an increase of the pulse peak power by the factor of 6.3 when the
TOD compensation was incorporated in the scheme. The compressed pulse
duration was 78% of the transform-limited pulse duration calculated from the
pulse spectrum. This difference was caused by the uncompensated TOD of the

fiber stretcher and phase distortions due to the fiber nonlinearity.
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Fig. 4.6 Modelling results of the pulse compression including (red curves) and excluding (black
curves) the compensation of TOD induced by diffraction grating compressor. Pulse envelopes
are depicted in the main figure and corresponding autocorrelation traces in the inset.
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Numerical calculations revealed that the use of CFBG stretcher with an
optimised TOD coefficient is an efficient and sufficient solution to achieve
pulses with an excellent contrast and nearly transform-limited pulse duration.

Concerning the results of theoretical calculations, after the spectral
broadening pulses were stretched to 125 ps duration experimentally by a
broadband CFBG3 (Fig. 4.2). The CFBG3 was designed in such a way that the
second and the third-order dispersion of the CFBG3 was compensated by the
grating compressor. After CFBG3 stretcher pulses were amplified in another
fiber amplifier to 350 mW average power (10 nJ pulse energy) and directed to

picosecond OPA.

Picosecond OPA and WLC generation

Pulses from DPSS laser were frequency doubled with 74% conversion
efficiency (8.5 mJ@532 nm) in 6 mm length LBO crystal. Then the second
harmonic pulses were split into two parts — the first was used as an OPA pump.
7 mm type | BBO picosecond OPA crystal (phase matching angle 8 =~ 23°) was
pumped by 2.5 mJ at 532 nm wavelength and produced 190 pJ amplified signal
pulse energy. The parametric amplification factor was 1.9-10* with 7.6% pump
energy conversion to signal wave. The pulse-to-pulse energy stability of the
amplified signal measuring every pulse during 15 s period was ~0.6% rms which
was comparable to the pump pulse stability which demonstrates that the
parametric amplifier was working close to saturation regime. After picosecond
OPA stage, pulses were compressed down to 325 fs duration (Fig. 4.4(b)) in a
diffraction grating compressor. 1600 grooves/mm transmission diffraction
gratings working in Littrow configuration were used. The efficiency of the
compressor was 63%. The autocorrelation trace showed a good pulse contrast
due to the third-order dispersion compensation of the diffraction grating
compressor in the CFBG3 stretcher.

A small part (~1 pJ) of the parametrically amplified and compressed pulses
was focused on a 5 mm sapphire plate to generate WLC. The spectrum of WLC

was similar to the generated in Chapter 2.2, Fig. 2.2.8. Focusing conditions and
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pulse energy were chosen to produce smooth and stable WLC. The remaining
energy (115 plJ) was frequency doubled in a 2.5 mm thick BBO crystal with a
~57% efficiency (65 WJ@532 nm) and later used as a pump for femtosecond
noncollinear OPA (fs NOPA). Parametric amplification was realised ina 1.2 mm
thick BBO crystal (type 1) at a phase matching angle 6 = 24° and a
noncollinearity angle o =~ 2.4° in order to reach the broadest amplification
bandwidth [13,18]. The spot size of the pump beam in the crystal was adjusted
to achieve the highest intensity but avoiding significant generation of the

parametric fluorescence.
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Fig. 4.7 Femtosecond NOPA output in a wavelength-tunable regime. The tuning range of the
parametric amplifier output pulses was 670-1000 nm.

The aim of this experimental work was to realise a wavelength-tunable
OPCPA. In order to achieve this, WLC pulses were stretched to ~1.2 ps in
10 mm thickness SF10 glass block. Wavelength tuning was performed by
varying the delay between the pump and the chirped signal pulses in the
femtosecond NOPA stage. Close to 300 fs duration pump pulse was slicing
stretched WLC pulses during amplification in NOPA crystal and limiting their
bandwidth. Pre-chirped WLC was amplified up to 8 uJ energy and spectra of the
pulses corresponded to 30-35 fs transform-limited pulse durations (Fig. 4.7). The
tuning range of NOPA output pulses was 670-1000 nm and was limited by the
amplification bandwidth of BBO crystal at the phase matching conditions

described before.
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The OPCPA stage

For further amplification in the OPCPA stage, pulses were stretched to the
duration of 40 ps by diffraction grating stretcher in Treacy configuration [107].
We used 1500 grooves/mm line density diffraction gratings. The efficiency of
the stretcher was ~85%. Stretched pulse duration was chosen in order to optimise
efficiency and bandwidth of the amplifier [72]. BBO crystal (type I) with the
length of 7 mm was used for the OPCPA amplifier. Pulses were amplified up to
1 mJ energy by using 5 mJ 100 ps frequency doubled pump pulses from DPSS
laser. Amplified pulse-to-pulse energy stability was 0.5% rms measuring every
pulse during 15 s period. Offner-type compressor [106] with ~85% efficiency
was used to recompress pulses after the amplification. The compressor consisted
of one 1500 grooves/mm diffraction grating and two spherical concentric silver
coated mirrors. The first mirror was concave (ROC = 500 mm) and the second
was convex (ROC = -250 mm). When beam incidence angle to the diffraction
grating of Offner compressor is equal to the one of Treacy stretcher, this
stretcher-compressor tandem is self-compensating for all orders of
dispersion [106,191].

1.0 705 nm, TL=35 fs, t, =40 fs
=720 nm, TL=28 fs, t,=33 fs

(a) 1.0 (b) ——750 nm, TL=31fs, ,=36 fs
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0.8 =860 nm, TL=39 fs, t, =70 fs
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Fig. 4.8 (a) Pulse spectra at the OPCPA system output when performing wavelength tuning;
(b) experimentally measured autocorrelation traces of the compressed pulses at different central
wavelengths. The pulse duration was calculated at FWHM assuming Gaussian deconvolution
parameter (~1.41). The legend shows the measured pulse duration (tm) compared with
transform limit calculated from the pulse spectrum.

The output spectra from the OPCPA at different central wavelengths are
shown in Fig. 4.8(a). For each central wavelength, the distance between the
diffraction grating and the concave mirror in Offner-type compressor was

optimised to achieve the shortest pulse duration. The pulses were characterised
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using multiple-shot SHG FROG autocorrelator. The mechanical construction of
our experimental setup limited the pulse duration and contrast achieved
throughout the full range of wavelength tuning (Fig. 4.8(b)). There was no
possibility to properly align and equalise the critical geometric parameters of
pulse stretcher and compressor performing the wavelength tuning at the same
time. Such misalignment caused pulse phase distortions due to the third-order
residual dispersion which can be clearly seen from the autocorrelation trace at
860 nm (Fig. 4.8(b)) where the measured pulse duration was nearly twice longer
than the transform limit and had characteristic pedestal indicating
uncompensated third-order dispersion. The stretcher-compressor scheme will be
optimised in the near future and should lead to the compressed pulse duration of
less than 40 fs in the whole tuning range.

In this experiment the alignment of pulse stretcher and compressor was
optimised to achieve shortest pulse duration in the central wavelength range of
705-800 nm. The measured pulse durations in this range were less than 40 fs and
close to the transform limit calculated from the pulse spectra (28-35 fs). We
performed retrieval calculations of the pulse envelope using FROG

algorithm [192] for the measurement at 750 nm central wavelength (Fig. 4.9).
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Fig. 4.9 Envelope of the compressed pulse retrieved from SHG FROG measurement at
Ay =750 nm compared with transform-limited pulse calculated from the measured spectrum.
Inset - measured pulse spectrum compared with retrieved spectrum and retrieved spectral phase
(dashed green trace).
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The FROG retrieval error was 0.38% on a 256x256 grid. The pulse duration
calculated from the autocorrelation trace and FROG retrieval were identical and
equal to 36 fs. As it can be seen from Fig. 4.9, a small amount of residual phase
was still present after the optimisation of the compressor which resulted in an
asymmetrical tail at the trailing edge of the pulse.

In order to characterise the beam quality at the output of the system, we
measured the beam radius versus the distance from the beam waist. At low
amplified pulse energy (<0.3 mJ) the beam quality parameter M? was 1.21 (Fig.
4.10(a)). At the highest achievable pulse energy, the beam quality got worse
(M? = 1.52) (Fig. 4.10(b)) likely due to parametric back-conversion at the peak

of Gaussian beam in the BBO crystal.
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Fig. 4.10 40 beam radius at the system output versus distance from the waist location measured
(a) at low output pulse energy (<0.3 mJ) and (b) at the highest achievable pulse energy at the
system output (0.85 mJ); (c) beam profiles at the plane of OPCPA crystal at 0.3 mJ and 0.85 mJ
amplified pulse energies.

This effect was verified by measuring amplified signal beam profile at the
plane of BBO crystal perpendicular to propagation axis using 4-f imaging lens
system (Fig. 4.10(c)). At the maximum pump intensity, the peak of the beam
profile shifted from the beam center due to parametric back-conversion and

walk-off.

Conclusions
A compact femtosecond tunable OPCPA system with a picosecond monolithic

fiber seed laser and a picosecond DPSS pump laser was developed. Pulses from
the fiber laser were spectrally broadened in optical fiber, parametrically
amplified, compressed to femtosecond duration and then used to generate

white-light supercontinuum signal which was later preamplified in a
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femtosecond broadband noncollinear optical parametric amplifier. After
OPCPA amplifier and compressor high spatio-temporal quality pulses with
energy up to 0.85 mJ and pulse duration down to sub-40 fs (>20 GW peak
power) were obtained. Wavelength tunability in the spectral range of
680-930 nm was experimentally demonstrated.

This concept opens a path for the development of compact femtosecond high
energy tunable hybrid laser systems, incorporating advantages of fiber and solid-
state laser technologies, which may be adopted in a variety of ultrafast laser

applications.
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A Modelling methodology

Methods of modelling the ultrashort pulse propagation, formation and dynamics
in fiber lasers covered in all subsections of this chapter were programmed into a
user-friendly software package. This software was used to produce all the
calculations mentioned in Chapters 2-4. Furthermore, most of these programmed
models were implemented in the theoretical analysis of a high energy FCPA

system presented by J. Zeludeviéius et al. [101].

A.1Ultrashort pulse propagation in a single-mode
fiber

The ultrashort pulse propagation in fiber is described by the Nonlinear
Schrodinger Equation (NLSE) which is derived from Maxwell’s equations using
the slowly varying envelope approximation [156,193]. In this work, for pulse
propagation in the polarization-maintaining (PM) single-mode (SM) fiber the
most common form of NLSE was modelled:

0A iB,0°A PB,3°A g(w)—a
2~ 3 = A+ iy|Al%2A (A11)
0z 2 92 6 o0 g AT lAr4,

where A(z,t) is the slowly varying pulse envelope, B, is the group velocity

dispersion (GVD) parameter, j3, is the third-order dispersion (TOD) parameter,

a is the absorption coefficient, y is the nonlinearity parameter:

Ny wo

Y= ) A.l.2
CAeff ( )

where n, is the nonlinear refractive index, n, =~ 2.2:102° m?/W for typical silica
fibers [156], w, is the central angular frequency of operation, c is the speed of
light and A, is the effective fiber mode area. The optical frequency dependent
gain coefficient g(w) was used for the calculations of pulse propagation in
amplification stages. Generally, when the fiber amplifier was far from gain
saturation, g(w) was calculated according to the desired pulse energy at the
output of the active fiber taking into account the absorption and emission cross-
sections of Yb3*. This is detailed further in Chapter A.2. The full model of the
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fiber amplifier including the effects of gain saturation and excited state dynamics
is described in Chapter A.3. It was used for modelling of large-mode-area
(LMA) fiber amplifiers.

In the following subsections, the effects of different terms of NLSE to the
ultrashort pulse propagating along the fiber is presented and the methods of

numerical modelling are explained.

Chromatic dispersion
Electromagnetic field propagating through the dielectric interacts with the bound

electrons of the medium causing them to move in an oscillating motion which
depends on the optical frequency of the field. If the field consists of a set of
different frequencies, the medium response will be different for each of them.
This characteristic of the material is known as a chromatic dispersion which acts
through the frequency dependent refractive index n(w). Far from the resonance
frequencies at which medium absorbs the electromagnetic radiation, the

refractive index is approximated by the Sellmeier formula [156]:
5 Bw?
n?(w) =1+ Z ——, (A.1.3)

where w; is the resonance frequency, B; is the strength of the resonance. These
parameters can be obtained from experimental dispersion measurements by
fitting the curves to the equation (A.1.3). The Sellmeier equation for fused silica

consists of three-term sum with parameters given in Table A.1.1.

B4 B, B3 M Ay A3
0.6961663 | 0.4079426 | 0.8974794 | 0.0684043 um | 0.1162414 pm | 9.896161 um

Table A.1.1 Sellmeier coefficients for fused silica glass, 4; = 2mc/w;.

Fiber dispersion becomes very important when ultrashort pulses are
propagated, because different spectral components of the pulse travel at different
speeds v = c/n(w). The effects of dispersion are included in NLSE by

expanding the propagation constant S in Taylor series:
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B(@) = n@) = = By + (@ = o) +5,(@ — wo)
(A.1.4)

1
+ 633((1) —wo)+...,
d"p
B, = <W>w=w0' (A.1.5)
Ultrashort pulse envelope propagates at the group velocity ﬁ;l. Parameter §, is
called the group velocity dispersion (GVD) and is responsible for pulse

broadening. 8, can be converted into dispersion parameter D which is widely

used in fiber optics communications:
2nc

7P

The variation of g, and D according to the wavelength is shown in Fig.

D=-— (A.1.6)

A.1.1(a). GVD parameter is equal to zero at ~1.27 pum and becomes negative at
longer wavelengths. This wavelength is known as the zero-dispersion
wavelength. Spectral region where parameter 8, has positive values is called the
normal dispersion region. In this region, longer wavelengths of the pulse
propagate faster in time than the shorter ones. The opposite occurs in the
anomalous dispersion region, where S, becomes negative. The wavelength
region of 1000-1100 nm is emphasized in the graph as it is the spectral range of
operation for Yb-based fiber lasers, which were studied and experimentally used

in this doctoral dissertation.
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Fig. A.1.1 Chromatic dispersion in fused silica glass: (a) variation of GVD parameter £, and
dispersion coefficient D according to the wavelength; (b) variation of TOD parameter $3. The
wavelength range of 1000-1100 nm which is important for Yb-based fiber lasers is emphasized
in the insets of the figures.
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At some cases the cubic term of the expanded propagation constant (A.1.4)
becomes important. It starts to play the dominant role near the zero-dispersion
wavelength or if the group velocity dispersion of an optical fiber is somehow
compensated (refer to the Chapter A.4). Furthermore, it is necessary to include
A

w -
is large enough

wo

B, term for less than 100 fs duration pulses, where the ratio

for the cubic term to be significant. Coefficient 5, which appears at the cubic
term is known as the third order dispersion (TOD) parameter. Using 8, and f3,
values, dispersion slope coefficient S which is a popular characteristic of optical
fibers can be calculated:

dD  4m?c? Amc
S=ﬁ= PE ﬁs'l'ls B,

(A.1.7)

Numerically calculated dispersion parameter values of silica glass for the
characteristic wavelengths of Yb-based fiber lasers are stated in Table A.1.1.
B, D By S
1030 nm ‘ 18.9-103 ps¥m  -33.7-103 ps/(nm'm) 4.12:10° ps*)m  1.95-10** ps/(nm?-m)
1064 nm ‘ 16.5:102 ps?m  -27.4:10° ps/(nm'm) 4.43:10° ps*/m  1.74-10** ps/(nm?-m)

Table A.1.2 Dispersion parameters of silica glass for characteristic wavelengths of Yb-based
fiber lasers.

It is important to indicate that these values differ from the calculated for the
actual optical fibers because of the small concentrations of dopants such as GeO>
and P>Os which constitute the fiber. Moreover, the waveguiding effect in fiber
causes the effective mode index to become lower than the material index n(w).
Therefore, it is recommended to estimate the dispersion parameters comparing

with the experimental measurements for a particular fiber.

The effect of group velocity dispersion
Dominance of either dispersion or nonlinearity effects depend on the initial

parameters of the ultrashort pulse which are the pulse width T, and the peak
power P,. It is convenient to establish the dispersion and nonlinearity lengths
(Lp and Ly;), on which relative magnitudes depend the evolution of pulse

envelope and spectrum. According to these parameters, NLSE (A.1.1) for the
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pulse propagation along the passive fiber (g(w) = 0) can be changed into so
called normalized form [156]:

0U Sgn(ﬁz) 90U exp(—az)
laZ N ZLD 61’2

|U|2U, (A.1.8)
LNL
_ -1
oL _to2h (A.1.9)
Ty Ty
A(z, 1)

Uz, 1) = , A.1.10
JPoexp(—az/2) ( )

Lp = Ty 2 (A.1.11)

B2 T :

where P, is the peak power, sgn(,BZ) = 41 according to the sign of the
parameter 3, ¢ is substituted by T in order to eliminate the group velocity term

using the so-called retarded frame of reference and T, corresponds to the
half-width at 1/e intensity point.

Dispersion regime dominates when such relation is satisfied:
Lp _ yPoTs

< 1. (A1.12)
Ly |182|

The effect of GVD on the ultrashort pulse is studied by setting the

nonlinearity parameter y to zero and neglecting fiber losses. Then NLSE is
simplified to the form:

oU _B,da'U

— =22 A.1.13
5.2 ( )

This equation can be solved in the Fourier domain. If U(z, w) is the Fourier
transform of U(z, T), then:

1 r ~
U(z,T) = gy f U(z, w) exp(—iwT)dw, (A.1.14)

_BU__& 5o

15— sz,

(A.1.15)
which gives the solution:

87



U(z,w) = U(0, w) exp (i%wz ) (A.1.16)

This solution shows that GVVD changes the phase of each spectral component of

the pulse depending on the parameter ,, frequency w and the propagated

distance z. These changes do not affect the form of the pulse spectrum, but has
an impact to the pulse envelope. The general solution in time domain is given
using equation (A.1.16) in (A.1.14):

1 (-
U(z,T) = 7 j U0, w) exp (i%wzz - in) dw, (A.1.17)

where U (0, w) is the initial pulse spectrum.

Ultrashort pulses were considered to have an initial Gaussian form
throughout the numerical calculations, where the passively mode-locked
oscillator was not modelled. It is proven in Chapter 2.2 that Gaussian function
Is close to an experimental approximation to describe the envelope of the
incident field. The most common function describing the pulse with the peak

amplitude U, and chirp parameter C is [194]:

1+iC T\
U(0,T) = Uy exp [— (—) ], (A.1.18)
2 T,
TFWHM = 2V1n2T0. (Allg)

Setting the chirp parameter C to zero and normalizing the pulse (U, = 1), the
solution of equation (A.1.17) is:

U(z,T) To e ( r )
Z, = —€X _—— |,
12— ip,2 P 2(TG — iB,2) (A.1.20)

thus the pulse remains Gaussian-shaped during the propagation, but its temporal

width increases with z:

2 2
T(z) =T, /1 + (ﬁT—ZSZ> - T, ’1 + (i) | (A.1.21)

As an example, 1 ps duration pulses centered at 1064 nm wavelength were

propagated along the SM PM fiber which length was equal to L. According to
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the relation (A.1.21), the resulting pulse duration was ~1.41 ps after 22 m of
propagation (8, = 0.0165 ps?). Although the initial pulse exhibited no chirp,

the pulse was up-chirped at the end of the fiber. The pulse phase ¢ became
modulated during the propagation and dependent on the propagation distance. It
is shown in [156], that this effect causes the linear instantaneous frequency

change across the pulse, in the other words — the linear chirp:

¢ _sen(B,)(2z/Lp) T
Sw(T) = “T T L T2 (A.1.22)

In the modelled case, dispersion coefficient g, was positive, thus the longer
wavelengths were located at the leading edge of the pulse. It is worth mentioning
that the minus sign at the derivative d¢ /0T in equation (A.1.22) comes due to
the particular initial form of the electric field which was chosen during the NLSE
derivation in [156].

Power (a.u.)

t(ps)

Fig. A.1.2 Ultrashort pulse broadening induced by GVD during the propagation along the SM
PM fiber. For consistency purposes, the instantaneous frequency across the pulse is expressed
in units of wavelength in this thesis.

The effect of third-order dispersion
In order to study the effects of TOD, equation (A.1.13) should be expanded

including the cubic term of the propagation constant 5 (A.1.4):
U P, 62U+ B, 3°U
Yoz~ 2012 " 6 o1®

This equation can be solved using the Fourier method in the same manner as in

(A.1.23)

the previous subsection. The resulting solution is:

89



1 [
U(z,T) = o f U(0, w) exp (i%wzz + i%aﬁz - in) dw. (A.1.24)

In order to compare the importance of GVD and TOD terms, the third order

dispersion length can be introduced:
Ts
Ly = —-. (A.1.25)
|B3|
The effect of TOD become dominant when Ly < L, or T0|Bz/ﬁ3| < 1. This
condition could be satisfied only for less than 10 fs duration pulses at 1064 nm
wavelength, if the standard SM PM fiber is used, which is not relevant with the
fiber lasers investigated in this thesis. A closer to experimental situation can be
modelled by setting the 8, parameter to zero and assuming that only the residual
TOD acts on the pulse. Such an example is shown in Fig. A.1.3. Initial 100 fs
duration pulses were propagated through z = Ly length fiber. It is seen from the
picture that TOD distorted the pulse envelope: it became asymmetric with a
damped oscillatory structure at the trailing edge of the pulse. This is the case for

a positive g, coefficient. The effect would be inverted in time domain for the
negative values of 3,. Such distorted pulse envelope is a typical result after the

pulse compression in FCPA systems using the diffraction grating compressor

with no TOD compensation [195].

1.0 z=0
z=L,
:: 0.8+
©
T 06t
2
O 041
o
0.2+
0.0 L | /\ P
-400 -200 0 200 400 600

t (fs)

Fig. A.1.3 The effect of TOD: pulse envelope after the propagation in z = Ly length SM PM
fiber. The GVD coefficient B, was set to zero, B3=4.43-10" ps®.
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The effect of self-phase modulation
In order to separately analyse the impact of SPM to the ultrashort pulse, terms

including the effects of dispersion should be neglected in NLSE. The conditions
of such simplification appear from the previously introduced length scales L)
and Ly; (A.1.11). Generally, the pulse duration and peak power should satisfy
the inequality L, > L > Ly, for a fiber length L. This is the case for relatively
wide pulses with a large peak power. The normalized form of NLSE, omitting

the fiber losses, becomes:
— = i—|U|?U. (A.1.26)

The equation can be solved by expressing the amplitude as U = Vexp(i(,bNL)

and separating the equation (A.1.26) for the real and the imaginary parts. This

leads to:
2
WV_o o wm_ L) (A.1.27)
aZ aZ LNL
L
¢y (L T) = 7—1U(O, T)|2. (A.1.28)
NL

The amplitude does not change while propagating along the fiber and the phase
equation can be solved analytically:

U(L,T) = U0, T) explig,, (L, D). (A.1.29)
This solution shows that the nonlinear term includes a power dependence in
pulse phase, the effect which is known as self-phase modulation (SPM). The
time profile of the pulse remains unchanged. However, a temporally varying
phase causes the instantaneous frequency to differ across the pulse from the
central value wy:

09, L 0 5
- _ - _ — . A.1.30
6w (T) o7 L. aT |UC0,T)]| ( )

The time-dependent dw is called the frequency chirp. The chirp’s magnitude
increases with the propagated distance. This means that the pulse itself generates
new frequency components continuously during the propagation in fiber. These

components broaden the pulse spectrum from its initial width.
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In order to determine the pulse spectrum broadening factor, an initial
unchirped Gaussian pulse is taken as an example (A.1.18). According to the
equation (A.1.30), frequency chirp for such pulse is:

2
Sw(T) = Lim%exp [— (%) ] (A.1.31)

By setting the time derivative of this function to zero, the maximum value
dwna, Can be determined. For the unchirped Gaussian pulse, introducing the
spectral half-width (at 1/e intensity point) Aw, = Tg!, this value is equal
to [156]:

L
SWmg = 0.86Aw, —. (A.1.32)
Lyt

A more unified quantity to describe the amount of the accumulated nonlinear
phase during the pulse propagation is called the B-integral. It is defined

by [49,196]:

L

2
B = T”nz j P(z)dz. (A.1.33)
0
0

where P(z) is the peak power of the pulse in time domain as a function of the
position along the fiber. B-integral is usually used to characterize the pulses in
FCPA systems [190]. The impact of SPM on pulse spectrum for an initial
unchirped Gaussian pulse at different values of B-integral is presented in Fig.
A.1.4. The characteristic SPM-broadened pulse spectrum in a highly nonlinear

propagation regime is an oscillatory structure, symmetric about the central

wavelength.
1080
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El i ~
e " = 1070 -
T 06t =
e = L
5 5 10es
(]
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Fig. A.1.4 The effects of SPM on pulse spectrum: (a) SPM-broadened pulse spectra at different
B-integral values and (b) corresponding pulse frequency chirp.
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Such spectral distribution can be explained from the SPM chirp graph in Fig.
A.1.4(b). Despite the extrema points, the chirp has the same values at two
different times. These values represent two identical frequency waves with
distinct phases which interfere constructively or destructively with each other
according to the phase difference. The longer wavelengths are located at the
leading part of the pulse, while the shorter — at the trailing part. The chirp is
quasi-linear and positive at a particular part of the pulse around the central
frequency. This feature of SPM-based frequency modulation gives an
opportunity to compress the pulse with a broadened spectrum to a shorter than
initial duration, which is quite often employed in FCPA systems [101,197,198].
The interplay between GVD and SPM effects cause different pulse propagation
dynamics depending on parameters ,, y and the initial pulse shape. These

combined effects are well presented in [156].

Split-step Fourier method for NLSE modelling

The NLSE is a nonlinear partial differential equation which, in general, does not
have analytic solutions. Therefore, numerical methods must be implemented to
study the effects of dispersion and nonlinearity in optical fibers. One of the most
popular approaches used to model the NLSE is the split-step Fourier
method [156].

In order to explain the theory of split-step method, equation (A.1.1) should

be rewritten in the form:

d0A ~

Z=(D+N)a, (A.1.34)

0z

B, B, «a

D=-2—+2——- (A.1.35)
2 0T 6 o> 2

N = iy|A|%. (A.1.36)

The differential operator D includes the effects of dispersion and fiber losses and
the nonlinear operator N is responsible for the effects of fiber nonlinearities. In
practice, the dispersion and nonlinearity effects operate together during the pulse
propagation along the fiber. The main idea of the split-step Fourier method is to

approximate the solution of NLSE by considering that in a very small
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propagation distance h these effects can be assumed as acting independently.
Propagation from z to z + h is calculated in two steps. In the first step, the
dispersion acts alone (N = 0) and then only the nonlinearity operator is included
in the second step (D = 0):

A(z + h,T) = exp(hD) exp(hN)A(z, T). (A.1.37)

The dispersion part is evaluated in the Fourier domain:
~ 1 ~
exp(hD) A(z,T) = ngl [exp(hD(—iw))¢Fr[A(z, T)]], (A.1.38)

where F is the Fourier transformation operation, ¢ is the normalization constant
required to satisfy the Parseval’s theorem [199] and D(—iw) is calculated by
replacing 0" /0T™ by (—iw)™ in the Fourier domain.

In order to improve the accuracy of this calculation method, a symmetrized

split-step scheme can be used, in which the equation (A.1.37) is replaced by:
h - h
A(z+ h,T) = exp (E D) exp(hN) exp (E D) Az, T). (A.1.39)

The accuracy can be further improved by evaluating the nonlinearity term
using the 4™ order Runge-Kutta method [200]. This becomes important when

higher-order nonlinear effects are included in modelling [156].

A.2 Passively mode-locked oscillator

Modelling of a passively mode-locked fiber oscillator operating in the soliton
regime is based on a converging method of repeated iterations which was
described by J. Lagsgaard et al. in [201]. The ultrashort pulse is circulated in the
cavity of the oscillator’s resonator under the action of different laser components
until a stable solution is achieved. Principal scheme of the all-in-fiber oscillator

used in the numerical calculations is pictured in Fig. A.2.1.

PM fiber o PM fiber PM fiber
! - sesam

FBG/ Point
CFBG amplifier

Outcoupling

Fig. A.2.1 Modelling scheme of the all-in-fiber oscillator: initial Gaussian shape pulse is
propagated through the polarisation-maintaining (PM) fiber calculating the response of active
and passive cavity components. Propagation is repeated until the convergence condition is
achieved.
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At the beginning of the calculation, initial pulse is described using a Gaussian
function. This pulse is propagated through the elements that constitute the
resonator: chirped or unchirped fiber Bragg grating (FBG/CFBG), Yb** doped
active fiber which is simplified to a point amplifier, beam splitter and a
semiconductor saturable absorber mirror (SESAM). Between these components
the ultrashort pulse propagation in a single-mode polarization maintaining (PM)
fiber is modelled. The difference of output pulse energy values in present and
previous iteration is tracked and compared with the predefined parameter of

tolerance until the steady-state is reached:

t t

€= jln(t)dt— ]In_l(t)dt, (A.2.1)

—t —t
where the intensity of the pulse I is integrated according to the time t in an
initially defined time window of the calculation. This corresponds to the pulse
energy. Letter n denotes the number of iteration.

The next subsections will be dedicated to describing the methods used to
calculate the response of cavity elements of the all-in-fiber oscillator. The pulse
propagation equation derivation and modelling were already explained in

subsection A.1.

Fiber Bragg grating
Principles for understanding and methods for calculating the characteristics of

fiber gratings are described in detail by T. Erdogan and R. Kashyap [187,202].
In this subsection, a brief theory of gratings and particular type gratings
simulated using a modelling software are discussed.

A spatially varying pattern of ultraviolet light intensity exposed on an optical
fiber is used to produce fiber phase gratings. This results in a perturbation to the
effective refractive index for the guided fiber modes. Common types of induced

index change &n, ¢, variations along the fiber axis z are pictured in Fig. A.2.2.

These variations mainly determine the optical properties of the fiber grating.
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Fig. A.2.2 Types of fiber gratings used in the modelling program with distinct index
modulation: (a) uniform; (b) chirped; (c) Gaussian-apodized; (d) raised-cosine-apodized.
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The incidence of a light wave on the fiber grating is described using the same

equation as for the optical diffraction grating:

A
nsinf, = nsin6; + m—, (A.2.2)

where &; is the incidence angle, 8- is the angle of diffraction, 1 — wavelength of
the incident light, A4 — period of the grating, n— refractive index and m indicates
the diffraction order. Using this equation, the wavelength at which fiber grating
couples light between two modes most efficiently can be determined.

If the coupling occurs between the modes propagating in opposite directions,
such grating is classified as fiber Bragg grating (FBG) or reflection grating. The
name comes from a Bragg‘s law which describes the condition of constructive
interference of X-ray radiation in a periodically spaced crystalline
structure [203].

Light propagation through periodically changing higher and lower refractive
index regions of FBG is led by a partial reflection at each interface between those
regions. The spacing between the regions is chosen in such way that for specific
wavelengths of light all partial reflections sum up in phase, thus due to the
constructive interference the total reflection will grow up to the maximum value.
All other wavelengths are reflected out of phase and cancel each other, which
results in high transmission [204]. The simplified scheme of reflection by FBG
of a single core mode with a bounce angle 8;to the same mode propagating in

the opposite direction with an angle 8, = —6, is pictured in Fig. A.2.3.
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Fig. A.2.3 lllustration of a core mode Bragg reflection by FBG. Adapted from [202].
The propagation constant 8 for the core mode is:

wn, 21
p=—"7 = — Mo SN, (A.2.3)

where 0 is the bounce angle. According to this, equation (A.2.2) can be rewritten

for guided modes:

2
B,=B,+ mf- (A.2.4)

First-order diffraction dominates in FBG, thus m = —1. If equation (A.2.4) is
used stating that 8, < 0 as negative values of the propagation constant describe

propagation in -z direction, the resonant wavelength for reflection of two
identical n,gr index modes is:

Ap = 2ngppA\, (A.2.5)
which is called the Bragg wavelength and the relation - the Bragg condition.

A coupled-mode propagation theory is used to analyse the properties of fiber
gratings. The detailed derivation of the theory is presented in various
books [187,205]. A coupled-mode theory states that the transverse component
of the electric field can be written as a superposition of ideal modes travelling in
+zand -z directions. The modes are orthogonal in the ideal waveguide and do
not exchange energy. Dielectric perturbation such as in fiber gratings causes
modes to couple. The resulting coupled-mode equations for FBG are:

dR

5= i6R(2) + ikS(2), (A.2.6)
as = —i6S(z) — ik*R(2), (A.2.7)
dz

where R(z) and S(z) are the expressions of forward (reference) and backward

(signal) propagating modes respectively, x is so called ,,AC*“ coupling
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coefficient and @ is a ,,dc* self-coupling coefficient, which consists of detuning
o, coupling o and the z-dependent phase term which denotes the chirp parameter

in the period of the grating:
0=0+0—-— (A.2.8)

Coupling coefficient oaffects propagation as it causes the change in the average
refractive index of the mode. The detuning J'is independent of zand expressed

in such relation:

1 1
0= 27‘meff (z - E) (A29)

When § = 0, the Bragg condition is satisfied. For a single-mode uniform FBG

(Fig. A.2.2(a)) the relations are simplified:

2m
oc=0+ 75neff, (AZlO)
* T
K=K = IF(Yneff, (A.2.11)

where the modulation parameter ﬁeff is the refractive index change spatially

averaged over grating period and I' is the core power confinement factor [194]:
2a®
[=1- exp _W , (A212)

in which w is the field radius and a is the core radius of the fiber.

Equations (A.2.6) and (A.2.7) become coupled first-order ordinary
differential equations with constant coefficients when uniform single-mode FBG
is modelled. The analytical solutions can be found applying the boundary

conditions. It is assumed that the amplitude of the incidence field from —co at

the entrance of the grating of length L is equal to 1 (R (— %) = 1) and the back-
propagating “signal” field is equal to 0 at the output end of FBG (S (— %) = 0).

Then the complex amplitude (S(— g)/R(— g)) and power reflection coefficients

respectively are equal to:

98



) —K sinh( K2 — 62[‘)
pP= 6sinh( K2 — 62L) +iv/i2 — 8% cosh (WL),

sinh? ( K2 — 62L)
R=|pl? = —. (A.2.14)
cosh? ( K2 — 62L) — %

(A.2.13)

The zero-centered length L is used due to the convenience. Then an unshifted
symmetrical function such as Gaussian can be used to modulate the variation of
refractive index through the grating length. The maximum reflectivity of the
Bragg grating from (A.2.14) is:

Ryuax = tanh®(kL). (A.2.15)

Most practical applications require non-uniform fiber gratings. A piecewise-
uniform approach is used to calculated reflection spectrum of the two-mode
coupled non-uniform grating [202]. In this method, a non-uniform grating is
divided into a number uniform pieces. The solutions for each piece are combined
by multiplying the matrixes of the corresponding pieces. Increasing the number
of uniform pieces leads to the convergence of the solutions to sufficiently
accurate values.

Modelling the apodized gratings require using a z-dependent “dc” self-
coupling coefficient a(z) and modify the modulation parameter ﬁeff at each
uniform piece according to the apodization profile function. The Gaussian
apodization profile is modelled using such form of modulation parameter
variation:

_ _ 41n2z?

Onepr(z) = On,prexp (— —2>, (A.2.16)
ZFWHM

where Azpyuy 1S the full-width at half maximum of the grating profile. The

raised-cosine apodization profile requires to divide ﬁeff(z) function into 3

parts:
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( Onegp, |2l < ——
1- 1- 1
5Tlgff(Z) = % Teff [1 + cos [lZl — ZTBD]' ZTB <|z| < 2—;[;, (A217)
1+8
k 0,|z| = 7

where T = = and g is the roll-off factor, which determines the steepness

ZFWHM

of the function. Function profiles from rectangular (8 = 0) to pure raised cosine
(B = 1) can be produced varying the roll-off parameter [206].

Chirped FBG is modelled including the phase term in the self-coupling
coefficient @ (A.2.8). The phase term for the linear chirp can be modified and
written such as:

1 d¢ 47TneffZ c
2dz 25 '

(A.2.18)

The chirp parameter C is expressed in units of nm/cm and shows the rate of
change of the design wavelength A,. In the piecewise-uniform approach the
design wavelength is changes linearly from piece to piece of the grating
according to the chirp parameter:
Ap =Ag + Cz. (A.2.19)

The last step in modelling the non-uniform grating is to define the 2x2 matrix
for each uniform section. Multiplying the consecutive matrixes, a single 2x2
matrix is obtained which describes the whole grating. The grating is divided into

M sections, R; and S; are the field amplitudes of the section i. The calculation is

started at R, = R(%) =1, Sy = S(g) =0 and ended at R(— %) = Ry,

S (— g) = Sy. The propagation through each section is described by a matrix F;

and the output parameters are obtained from:

Ry Ro]

=F , A.2.20
SM] Se ( )
F=FMFM_1"'Fi"'F1. (A221)

The propagation matrix F; for length Az uniform section of FBG as shown
in [202] is:
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[cosh(yAZ) — igsinh(yAZ) —iEsinh(yAZ) ]

Fo=| 7 v | (A.2.22)
[ i;sinh(yAz) cosh(yAz) + i;sinh(yAz)J

y = V2 — 52, (A.2.23)

The sufficient number of sections is chosen increasing the M value until the
output results remain quantitatively constant. It is time-efficient to calculate the
final matrix for each wavelength in the range of interest separately and then
obtain the complex reflection amplitude from the certain matrix elements:

_F)(21D)
- F(O(L,1)

The array of output values is used in the modelling program of the passively

p(D) (A.2.24)

mode-locked oscillator multiplying with the pulse envelope A(w) in the
frequency domain. In such way, both wavelength-dependent reflectivity and
grating dispersion are taken into account [201]. The group delay distribution of
FBG can be extracted from the complex p(4) separating the phase part and

calculating the first derivative:

_a __ (Im(p)
GD(w) = Etan 1 (Re(p))'

The derivative of group delay leads to the group delay dispersion (GDD) of the

(A.2.25)

grating.
The main features of uniform FBGs are discussed comparing two types of

the gratings. Gratings with small modulation parameter (ﬁeff K ATB) are called

the weak gratings [202]. The bandwidth of such grating defined as a wavelength
region between the first zeros on the either side of the maximum reflectivity is

inversely proportional to the grating length L. Light does not propagate the full
length of the grating in strong gratings (%eﬁ > ATB), thus the bandwidth is not

length-limited and is directly proportional to index change ﬁeff. Two 3 mm
long gratings are chosen as an example (Fig. A.2.4). The design wavelength of

both gratings is 1064 nm. Both gratings have a symmetrical reflectivity profile
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about the Bragg wavelength and a damped sinusoidal modulation outside the

band region.
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Fig. A.2.4 Comparison of (a) weaker and (b) stronger fiber Bragg grating. Red curves show
the power reflectivity distribution. Dispersion parameter versus the wavelength which is
recalculated as a difference from Bragg wavelength is plotted in green.

First grating (Fig. A.2.4(a)) is weaker (ﬁefle'lo"‘) and due to the relatively
small index modulation and length (A.2.15) exhibits low reflectivity at the Bragg
condition wavelength. For a stronger grating (ﬁeff:G'lo“‘) the maximum
reflectivity is almost equal to 1, the reflection bandwidth is apparently broader
and has a flat-top distribution. For both gratings, the dispersion is equal to 0 at
Ag at which it also changes the sign. The significant values of dispersion are
reached approaching the edges of the grating bandwidth. The dispersion function
recedes to zero in a damped sine wave function outside the bandwidth region.
Adding chirp to a grating period enables to alter the dispersion profile at the
bandwidth region. This feature is widely applicable and used for dispersion
compensation [207-211], pulse shaping and stretching in fiber lasers [176,212]
and controlling of the mode-locking  conditions in  fiber
oscillators [184,213,214]. In order to demonstrate the effects of FBG chirping a
3 mm long grating designed at 1064 nm wavelength was modelled (Fig. A.2.5).
The modulation parameter %eff was equal to 8-:10* and 3 nm/cm chirp rate was
chosen. Chirping caused a significant broadening of the bandwidth region (Fig.
A.2.5(a)) with a different structure of reflectivity comparing with a uniform FBG
(Fig. A.2.4). The spectral response function had an oscillatory structure inside
the band region and showed no damped sinusoidal modulations outside the

region.
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Fig. A.2.5 Theoretical demonstration of chirping and apodization effects on FBG: (a) chirped
unapodized grating with an oscillatory-structured reflectivity distribution and dispersion; (b)
apodized (Azgywym = 1) grating with the same parameters as the previous one exhibiting
narrowed but smooth reflection spectrum and almost constant dispersion at the FWHM of the
bandwidth region.

Both group delay and dispersion curves exhibited a noisy modulated
structure which could not be applied for practical implementations. Grating
apodization is used to deal with this issue. The effects of Gaussian apodization
(Fig. A.2.2(c)) with a zero dc index change (o = 0) were modelled. Although
apodization caused to crucially narrow the reflection bandwidth, smooth
reflection spectrum and practically constant dispersion value were achieved. The
modelled grating had the dispersion coefficient of 21.67 ps/nm at the FWHM of
the bandwidth region which corresponded to a delay of ~18 ps between the side
spectral components. To sum up, the controlled interplay between chirping and
apodization techniques is used to design FBGs with custom dispersion

parameters for practical applications.

Point amplifier
Amplification in Yb®" doped active fiber was modelled using a simplified

approach approximating the gain medium by a point amplifier (Fig. A.2.1). The
further described method serves for a quicker convergence, requiring less
calculation iterations nevertheless achieving both quantitatively and
qualitatively correct results. This approach was used only in the model of a
passively mode-locked oscillator. The extended model which includes gain

saturation and excited state population dynamics is discussed in Chapter A.3.
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The effects of ultrashort pulse propagation in fiber including SPM and fiber
dispersion are neglected during the amplification calculation stage. However,
extra length is added to the surrounding passive fibers according to the length of
the active fiber. The amplification of the pulse oscillating in the resonator is
calculated in spectral domain multiplying the pulse envelope A(w) by the total

gain function:

G(w) = exp (% (6,(w)N, — aa(a))Nl)LG), (A.2.26)

where o, and o, are Yb®" emission and absorption cross-sections respectively,
N, and N; — ion concentrations in the excited and ground states, L. is the
effective amplifier length, I is mode overlap factor.

The total ion concentration N, = N; + N, is retrieved from a small-signal
absorption a,, pump wavelength cross-section a,(4,)) and overlap factor I',, in
the active fiber. Small-signal absorption expressed in dB/m is specified by the
manufacturer of the active fiber or measured experimentally. The following
differential equation represents the pump propagation along the fiber excluding

the losses when electron population is fully at the ground state [215]:

ap,
— = —N,T,0,(%,)P,. (A.2.27)
This is a first order linear differential equation which gives a solution:
P,(z) = P,(0) exp(—N,T,0,(,)z). (A.2.28)
The small-signal absorption is defined as [216]:
p (Z))
a, = 10log | === ). A.2.29
g < P,(0) ( )
This relation used in (A.2.28) for a pump absorption per meter gives:
In(10%/19)
P = —— (A.2.30)
Fpaa(lp)

The absorption and emission cross-sections of Yb®* in a germanosilicate
glass could be obtained from a spectroscopic measurements in fiber [215] and

fitted using a series of Gaussian functions [217] in the form:
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Ry
o; = Z A €Xp (— [w—]m] ) (A.2.31)
m jm

The coefficients for (A.2.31) are listed in Table A.2.1:

J A, (10T m?) A, (hm)  wj,, (nm)

a 180 950 70
a 360 895 24
a 510 918 22
a 160 971 12
ace 2325 975 4
e 160 978 12
e 340 1025 20
e 175 1050 60
e 150 1030 90

Table A.2.1 Coefficients for Yb®" emission and absorption cross-sections.

The resulting cross-sections are pictured in Fig. A.2.6. The importance of using
wavelength-dependent cross-sections arises when oscillator modelling is
performed with FBG which bandwidth is much broader than the soliton pulse
spectral width. This implementation helps to determine the correct central

wavelength and calculate closer to experimental pulse spectrum.
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Fig. A.2.6 Absorption and emission cross-sections of Yb®* in germanosilicate glass [215] fitted
with series of Gaussian functions [217].

The relaxation of populations N, and N, are calculated according to the
formula [201]:
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N

T (A.2.32)

N,

where Fp is the average of pulse energy at entry and exit points of the amplifier
in the previous iteration, E,,, IS model parameter controlling the resulting
steady-state output pulse energy. This method to calculate the relaxation is
suitable for quick calculations of pulse shape and double-pulse threshold
determination. Regardless the initial pulse form, the model converges to the

steady-state in a few hundreds of iterations.

SESAM

Modelling the response of a SESAM at one end of the resonator cavity requires
a simplified mathematical description of the general theory of saturable
absorbers [218,219]. The absorber is defined as a two-level or a fast three-
level [219] system. The rate equation for this system describes the change of
population in time due to the decay of electrons from conduction to valence band
and the excitation of electrons caused by the absorption of light [201,218-220]:

dN dN, N A(t)|?
Ny __dN; Ny 2dAOF, (A.2.33)
dt dt Ty thAeff

where N, and N, are the concentrations per area of lower and upper levels of
the saturable absorber, 7, is the relaxation time of the absorbing medium, o, —
absorption cross-section, A,¢r — effective area of the laser beam spot on the
SESAM and |A(t)|*> corresponds to the instantaneous pulse power.
Cross-section of the absorber can be calculated from the saturation fluence and
the total concentration of the absorbers N, = N, + N, — from the saturable

absorption q,:

hwo
= _ A.2.34
O-a FS ( )
N, = %. (A.2.35)

Saturation fluence F; multiplied by the effective area of the focus A, is defined

as a saturation energy E ;. Knowing this and using (A.2.34), (A.2.35), equation
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(A.2.33) is usually rewritten for time-dependent saturable absorption g(t) of the
medium which is equal to N, (t)a, [201,220].:

ﬂ__q—qO_IA(t)Izq

_ (A.2.36)
dt Ty Esat

This differential equation can be solved numerically, however, for two different
cases analytic solutions exist. These cases will be discussed briefly.
In case of a fast absorber, when the incident pulse is much longer than the

relaxation time 14, it is assumed that SESAM instantaneously absorbs the pulse

power and % = 0. The solution of (A.2.36) in this case is:

__ %
=" (A2.37)
1+
sat

where P, is the saturation power equals to E,;/74.
When absorber relaxation time is much longer than the pulse duration, it is
called a slow saturable absorber case and (A.2.36) becomes:
dq |A(D)|?
dat E.g T

This equation is a linear ordinary differential equation, which solution is:

(A.2.38)

t

f P(t)dt |. (A.2.39)

1
q(t) = q,exp 7

sat

Finally, dividing the pulse shape into small sections of a constant power,
(A.2.36) can be solved analytically for each of the section. This gives the

solution for a numerical recursive calculation:

_ qusat 1 p qusat
At +to) = [q(t(’) "Bt PTA] P [_ (Z * E) t] T B + PTy (A.2.40)

The calculated time-dependent saturable absorption is used to determine the

SESAM response to the coinciding pulse amplitude in the form of reduced

reflectivity due to the unsaturable A, and saturable losses:
A(t) = A1 — 4y — q(0). (A.2.41)

In the same manner, the response of passive components inside the resonator

cavity such as a beam splitter is calculated.
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Modelling parameters
The table below lists the main parameters of the numerical model which was

used to calculate the output pulse characteristics of the all-in-fiber oscillator
presented in Chapter 2.2. All the values were chosen according to the

experimental conditions.

Component Parameter Value Source
CFBG L 2.25mm TeraXion specification
sy 2.145-10°% Calculated
C 35 nm/cm Calculated
Azpwyy  0.33 mm, Gaussian  Calculated
Ap 1064.135 nm Calculated
Active fiber N, 2.5:10% m?3 Calculated from Nufern specification
Lg 0.7m Measured
Esa 325pJ Calculated
SESAM Ay 0.13 Batop specification
q, 0.17 Batop specification
F 0.42 J/m? Batop specification
T4 1ps Batop specification
Passive fiber B, 0.02 ps? Calculated [156]
B, 4.4-10°° ps® Calculated [156]
0.0033 (W-m)?t Calculated [156]
L 3.26 m Measured

Table A.2.2 Main parameters for the modelling of fiber oscillator which was described in
Chapter 2.2.

A.3 Ultrashort pulse amplification dynamics

The point amplifier approach described in the previous section is fast but
inaccurate to model the effects of ultrashort pulse amplification in Yb** doped
active fibers. A combined numerical model of rate equations and NLSE was
chosen for the extended analysis. This model allows calculating the excited level
population dynamics, gain saturation, power loss due to the amplification of
spontaneous emission and the interplay between dispersion and nonlinearity
during the propagation along the active fiber. Numerical calculations of high
energy Yb®* doped large-mode-area (LMA) fiber amplifiers was performed
using the developed model which is based on the theory presented in
references [215,221-224].
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y | No

Specification of

the initial Steady-state Upper level
parameters: signal calculation population along
ulse um- ASE (without signal) the fiber Ny(z).
puise, ':iberp' ' from z=0 to z=L (INzy = Npa < €1 ?)

ASE (IEp;—Epjal < €2 ?)

ANy(z) between No N2(z)—>NLSE Yes
pulses: pump, Updated Ny(z). Output results

Fig. A.3.1 Principle scheme of the pulsed-mode fiber amplifier model. After specification of
the initial parameters, a steady-state solution without signal input is calculated using the
iterative algorithm. The upper-level population along the fiber N,(z) is used in NLSE
modelling. N, (z) is recalculated between the pulses until the pulse energy becomes steady.

The principle modelling scheme is presented in Fig. A.3.1. Initially,
parameters regarding the signal pulse, pump, amplified spontaneous emission
(ASE) as well as the computation settings are specified. Next, the steady-state
solution without signal input is calculated using an iterative algorithm of rate
equations modelling. The calculated upper-level population N,(z) along the
active fiber is sent to the extended NLSE model in which amplification of the
signal pulse including the gain saturation effect is calculated at each step h. The
effects of dispersion and nonlinearity are also taken into account. The upper-
level population is updated after the amplification. Then population dynamics
are modelled between the two adjacent pulses at the time interval according to
the repetition rate of the laser. The procedure is repeated until the energy of the
consecutive pulses becomes steady. Equations modelled and numerical methods

used in each step of this model will be presented in the next subsections.

Steady-state calculation
Spatially and time-dependent rate and propagation equations can be established

stating that the Yb3* doped gain medium is a homogeneously broadened two
effective energy level system with electron population densities N, and N, for

ground and excited state levels respectively. The propagation of power and
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change of energy level populations along the active fiber are described using the
equations below [222]:

ON r
a—tz = Fjjldap [0,(A")N1 — . (AP)N,]P,
T
+ hCAd AS[Ga(AS)Nl - Ge(AS)NZ]PS (A31)
£ AN o DNy = 0, (AN ]PE () - 22
hed kJaklaekZAkT'
d k
N; = Ny — N, (A.3.2)
P 1 0P
a_Zp V_pa_tp = Fp[o-e(ﬂ-p)NZ - O-a(/lp)Nl]Pp - npppl (A33)
dP 1 0P
o+ ——= = L[0.(A)N; = 0,(AIN1]Ps = 1Py, (A3.4)
S

oPi() , 1 oPi()
9z p,(af) ot
= Ta[o. (AN, — o (AN ]PE(3E) — n,PE (3 (A.3.5)
hc?AA
e

Throughout the equations (A.3.1)-(A.3.5) Py, P, are signal and pump powers

+ 2T 40, (14N,

respectively and P% is the power of ASE (+ corresponds to forward and
backward propagation). I'i(T',, T'4) is the overlap factor between the signal
(pump, ASE) radiation and the doped area. This area is given by the A, value.
vs, U, and v, are the phase velocities of the signal, pump and ASE respectively.

Fiber losses are defined by 7., n, and n,,, T is the upper level lifetime. The third

term on the right side of the equation (A.3.5) accounts for a continuously
generated ASE [221,225]. It is considered that pump radiation is single-
wavelength and forward-propagating. The impact of ASE is calculated by
defining the certain number of equal width wavelength channels [226]. Equation
(A.3.5) is solved separately for each channel.

Time derivatives in equations (A.3.1)-(A.3.5) are set to zero for a steady-state

calculation, which means that N, can be expressed from (A.3.1) and (A.3.2):

X
NZ == NT ?, (A36)
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r T
X = Lo, ()P, + —— A3, (2°) P,
hCAd hCAd
. (A.3.7)
A
o Ao, GPEGD)
d k
FP l—‘S s s s
Y = —Ap[o-a(lp) + O-e(/lp)]Pp + A [O-a(/1 ) + 0-3(/1 )]Ps
hCAd hCAd
(A.3.8)

+

L 1
ey QA eaG) + 0 OIPEGE) +

In order to obtain steady-state conditions before the first signal pulse arrives,
P, is set to zero. Equations regarding the propagation of power (A.3.3)-(A.3.5)
are solved using the 4™ order Runge-Kutta method [200]. The main problem of
the steady-state calculation is that the rate equations require population densities
N,(z) and N,(z) which are initially unknown. Thus, the iterative calculation
method is implemented. Equations (A.3.3)-(A.3.5) are solved repeatedly from
z = 0 to the end of the fiber, determining the upper level population N,(z) at
the end of each iteration until it becomes steady according to the initially defined
parameter of tolerance. The resulting N,(z) is later used in NLSE-based

calculation of ultrashort pulse amplification.

Pulse amplification with gain saturation
In order to propagate the pulse along the active fiber, the NLSE is used (A.1.1)

with a z-dependent gain coefficient G(w,z) calculated from the equation
(A.2.26). Population densities N;(z) and N,(z) are taken from the previously
presented steady-state modelling. The propagation equation is solved using a
symmetrized split-step Fourier algorithm described in Chapter A.l.
Furthermore, the calculation in one small step h along the fiber is extended
including the effect of gain saturation on the ultrashort pulse envelope. The
upper level population density N, is altered and distributed across the pulse in

time domain according to the relation:

t
. . 1 . .
N3(t) = N3 — Fadh f (|A‘1_1(t)|2 — |Ag—1(t)|2) dt, (A.3.9)
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where |Af)"1(t)|2 and |Ai{1(t)|2 are the pulse intensity functions in the previous
step i before and after the amplification respectively. This modification of N,
implies that the leading part of the pulse will experience maximum gain.
Moreover, the upper level population will be depleted at the trailing part of the
pulse in a regime of saturated amplification.

Pulse amplification is performed in Fourier domain expanding the

exponential from equation (A.2.26) in Taylor series to the 1% order:
- - - h
Ay (@) = Ay(w) + (FrlAo (N, (D](0.(0) + 04,()) — NrAg(w)o,(w)) 5 (A.3.10)
The time-dependent N, is included calculating the convolution with the pulse
envelope in spectral domain and applying the convolution theorem [199].
The change in upper-level population AN, is determined after each step h

along the z axis by comparing the pulse energies before and after amplification:

AN,(z) =

1 [ee]
hwAgh _f(lAl(t)|2 — |4, (D)|?)dL. (A3.11)

(o]

Changes in pump depletion distribution P,(z) and ASE power distribution

Pj,—r(/lﬁ,z) during the pulse amplification are neglected due to the much longer

than pulse duration upper level lifetime.

Population dynamics between the pulses
At the time intervals between the two signal pulses, the population of the excited

electrons changes depending on continuous pumping and ASE. In order to
simulate the dynamics of states, it is necessary to solve the rate equations again.
Upper-level population N, (z), updated after the pulse amplification step, P,(z)
and P5 (1, z), both obtained from the steady-state calculation are used as the
initial conditions. The temporal interval is divided into small time steps At.
Equation (A.3.1) is calculated analytically for each time step. Pump and ASE
power distributions are updated simultaneously.

The newly calculated upper-level population N,(z) is used again in
NLSE-based pulse amplification modelling. Recorded P,(z) and P}(AA,z)

distributions are set as initial for the next step of population dynamics between
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the pulses calculation. The procedure is repeated until the amplified pulse energy
does not change from pulse to pulse according to the predefined tolerance. The
resulting steady pulse is declared as the output of the ultrashort pulse fiber

amplifier.

A.4 Ultrashort pulse stretching and compression

Controlled pulse stretching and compression techniques allowing not only to
achieve large stretching ratios but also to compress pulses down to
transform-limited durations is crucial both in CPA and FCPA systems.
Possibilities to change the temporal shape in optical fiber and CFBG were
discussed in the previous chapters. In this chapter, conventional free-space
methods which were realised in the experimental part of this work are presented.

The ultrashort pulse is treated as a packet of quasi-monochromatic waves
which are coherently added together [199,227]. The following equation relates
the incident to the dispersive component electric field E;,(w) to the output
field [227]:

E,(w) =E,(w) exp(—i(j)d), (A.4.1)

where ¢, (w) denotes the spectral phase transfer function. This function will be

given for the different cases described in the following subsections.

Dispersion in transparent glass
Pulse broadening in a bulk transparent glass is caused by the chromatic

dispersion and calculated in the same way as for the optical fiber. An ultrashort
pulse propagating a distance L in a transparent medium with the index of
refraction n(w) acquires the spectral phase [227]:

¢, (w) = %n(w)L. (A.4.2)

The second and the third derivative of ¢ define GVD and TOD coefficients of

the glass respectively, which expressed in the units of wavelength are equal
to [199,227]:
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D= - A.43

GVD =5 5w (A.4.3)
ML [ d*n dn

TOD = — 3 y) . A4.4

The comparison of GVD and TOD coefficients with respect to the wavelength
for fused silica, SF10 and SF57 glasses are shown in Fig. A.4.1. The latter two
were used in the experimentally realised OPCPA system described in Chapter 4,
in order to stretch the supercontinuum pulses in time. Pulse broadening caused
by the propagation through 10 mm of different glasses are summarised in Table
A.4.1. Initial Gaussian shape pulses at 800 nm wavelength were chosen for the
modelling. The effect of uncompensated TOD becomes significant for few-cycle
pulses. Assuming perfect cancellation of GVD, 10 fs pulse propagation through
10 mm of SF57 glass induces the pulse broadening to 16 fs with a

characteristically distorted trailing edge.
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Fig. A.4.1 Dispersion characteristics of different transparent glasses: (a) GVD [fs?’mm]; (b)
TOD [fs*/mm] with ratio between TOD and GVD pictured in the inset.

FS (10 mm) SF10 (10 mm) SF57 (10 mm)

100 fs ‘ 101 fs 109 fs 118 fs
30 fs ‘45 fs 150 fs 209 fs

10 fs ‘ 100 fs 441 fs 618 fs

Table A.4.1 Dispersive broadening of Gaussian pulses at 800 nm wavelength propagated
through 10 mm of different glasses. Pulse durations are given at FWHM.

Dispersion of a prism sequence
The interplay between material and angular dispersion determines the total

dispersion of prism stretcher-compressor. In this section, two-prism sequence in

a double-pass configuration is presented (Fig. A.4.2).
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Fig. A.4.2 Principle layout of a prism pair in a double-pass configuration. The abbreviations
stand for: P1, P2 — prisms with apex angles a, M — mirror, ¢ — angle of incidence to the first
prism, L, — prism separation distance, H — prism insertion length and B is the angle of rays with
respect to the reference ray.

Spectral phase transfer function for devices exhibiting angular dispersion can

be written in a form:
w
o(w) = ?Pop(w), (A.4.5)
where P, is the optical path length from an input to an output plane of the
dispersive system expressed as:
P,,(w) = L, cos[B(w)]. (A.4.6)
Distance L, is the optical path of the reference ray w, and g is the angle of rays

with frequency w with respect to the ray wy. It is shown in [228,229] that the

transfer function of a prism pair in a double-pass configuration is:

¢, (@) = ZLwa coS[Omay — O(W)], (A4.7)

where 6,,,, is the maximum angle at which a ray can exit the first prism, in other
words, this is the angle of the shortest wave. 6(w) is the frequency dependent
prism exit angle, L, is the distance between prism apices, which is multiplied by
2 due to the double-pass configuration. Exit angle 8(w) is found from the prism

geometry using the law of refraction:

0(w) = sin™* <n(a)) sin (a —sin™! (sin (p))), (A.4.8)

n(w)

where « is the apex angle and ¢ is the angle of incidence to the surface of the
first prism. GVD and TOD of the prism stretcher-compressor can be determined

by calculating the second and the third derivatives of b, (w) respectively.
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In the case of minimum deviation (beam entrance and exit angles to the first

prism are equal) and with the apex angle chosen to satisfy Brewster’s condition
(a = tan"Y(ngiaes/Nair)),  group  velocity  dispersion  can  be

approximated [199,230]. This approximation leads to:

GVD (A.4.9)

_ALdin 4L2 (dn)z

nc? g2 mc?: \di/)’
where L is the mean path through the prism glass. Terms of this relation show
two different types of contributions to the total prism pair dispersion. The first
term originates from the propagation inside the prism medium and is referred to
the material dispersion (A.4.3). The second term describes angular dispersion,
which produces negative GVD. Fused silica (FS) and SF10 glass prism
compressors were simulated and compared in Fig. A.4.3. The distance between
prisms was set to 10 cm. Compressor with SF10 prisms exhibits much larger
dispersion than the one with FS prisms, thus less distance is needed to
compensate the same amount of material dispersion. However, the main
disadvantage of using SF10 and other strongly dispersive glasses is the ratio
between TOD and GVD (Fig. A.4.3(b), inset). This ratio can be few times and
even more larger than the corresponding ratio of a bulk transparent glass.
Therefore, due to the significant amount of residual TOD, it would be difficult
to compensate the material dispersion for few-cycle (<10 fs) pulses and achieve
close to a transform-limited pulse duration. For this reason, FS prism pair was

used in the experimental scheme described in Chapter 2.2.
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Fig. A.4.3 Dispersion characteristics of FS and SF10 glass prism double-pass compressors with
10 cm prism separation length: (a) GVD; (b) TOD and the ratio between TOD and GVD
pictured in the inset.
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The amount of total GVD and even its sign can be changed by translating one
of the prisms along the axis of symmetry (Fig. A.4.2). Therefore, the value of
positive GVD is altered due to the propagation through the glass material. The
phase transfer function for a prism compressor with the insertion length H is
derived in [231]:

2L, w

qbp(w) = cp cos |0,,0c — 0(w) + sin™? (

H cos(0,,4,)
L

)] (A.4.10)

p
The effects of prism insertion are shown in Fig. A.4.4. SF10 glass prisms

separated by a distance of 10 cm were chosen for the simulation. The insertion

length H varied from zero to 5 mm.
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Fig. A.4.4 Dispersion characteristics of SF10 prism compressor at different insertion lengths
of the second prism: (a) GVD; (b) TOD.

It is observed from the picture, that GVD coefficient changed its sign at 800 nm
from negative to positive, while TOD decreased with a growing amount of H
but remained negative. Prism translation along the symmetry axis is the most
convenient way to fine tune the dispersion of the compressor, as it does not

misalign the beam.

Diffraction grating compressor
Dispersion characteristics of a conventional diffraction grating compressor are

exclusively determined by the angular dispersion. A pair of diffraction gratings
in a double-pass configuration pictured in Fig. A.4.5 is analysed in this
subsection. After the incidence to the first grating, the beam is diffracted at

different angles 6 according to the wavelength. The second grating, which is
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parallel to the first, collimates the beam in the diffraction plane. A flat mirror is

used to recover the original beam by inverting and reflecting it back.

G

2 N\
N\

Fig. A.4.5 Principle scheme of the diffraction grating compressor. Beam incident to the grating
G1 is diffracted in one plane at different angles according to the wavelength. The angularly
dispersed beam is collimated by the grating G2 which is parallel to G1 and back-reflected by
the mirror M.

According to the picture Fig. A.4.5, the red spectral components travel a longer

optical path than the blue components. Thus, this configuration is suitable to

compensate positive dispersion of a bulk transparent glass or an optical fiber.
Phase transfer function of the grating compressor is derived from the

well-known grating equation (A.2.2) and is written in a form [107,228]:

2
qbg(w) = Zng\/ll - <% — sin (p) ], (A.4.11)

C wd

where L, is grating separation, d is groove spacing and ¢ is the angle of
incidence to the first grating. Calculating the derivatives of this equation, GVD
and TOD coefficients can be found. Analytical expressions of these coefficients

according to the wavelength are given [199,227]:

3
3 -

AL A 212
_ ALl (A (A.4.12)
GVD = p—cy [1 ( ~ = sin (p) ] )

N
31 | cos <p+asm<p
>| GVD. (A.4.13)
2nc 1 (& o )
g S

Dispersion characteristics of two experimentally used compressors with

TOD = —

different line density d~* gratings are compared in Table A.4.2. The angle of
incidence was chosen to satisfy the Littrow condition (¢ = 6(4,)) [227] at

1064 nm wavelength. This condition is usually applied for blazed diffraction
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grating compressors. Blazed gratings have maximum efficiency at Littrow
configuration. Moreover, at this angle, the beam astigmatism is
minimized [227].

Line density Littrow angle GVD TOD TOD/GVD
1000 gr./mm ‘ 32.1 deg -0.070 ps’/cm  2:10* ps’/cm  -3.03 fs
1600 gr./mm ‘ 58.3 deg -0.755 ps?/cm  8-10° ps®/cm  -10.62 fs

Table A.4.2 Dispersion characteristics of 12000 grooves/mm and 1600 grooves/mm line density
diffraction grating compressors.

Employing higher line density gratings in strongly chirped pulse compressors
enables to compact the FCPA schemes efficiently. However, such gratings also
exhibit a larger amount of positive TOD, which adds up with the fiber dispersion
and causes to decrease the contrast of the output pulse. This is not an issue when
specially designed CFBG with the opposite TOD sign is implemented as a
stretcher in the FCPA design [212].

The Offner stretcher
A pair of lenses employed in the diffraction grating compressor improve the

scheme in a way that the sign of GVD can be manipulated [102]. A principle
layout of such configuration is pictured in Fig. A.4.6.
L1 L2

| |
| |
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| I | |
! f 1 of | f !
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Fig. A.4.6 Principle layout of diffraction grating stretcher-compressor with a telescope in
between the gratings. L1, L2 stand for lenses, f is the focal length.

The scheme shows a zero-dispersion configuration, when a telescope which
images the beam spot on the first grating onto the second is used. This way, all
the wavelengths travels the same optical path. The corresponding scheme is
applied for pulse shaping or masking [227,232]. Moving one of the gratings out
of the focal plane closer to the telescope lens results in a positive GVD, since

the red components will travel shorter optical path. Alternatively, translating the
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grating away from the focal plane will create negative GVD. If the paraxial
approximation is used and lens material dispersion is neglected, a grating
stretcher with a telescope configuration will produce dispersion equal and
opposite to that of pulse compressor to all orders. This is valid when grating
incident angles are identical and grating separation of the compressor is equal to
2f — x1 — x,, where x; and x, are the distances of the stretcher gratings from
the lenses [104]. Corresponding self-compensating stretcher-compressor unit
was proposed and used in CPA systems [233-236]. However, dispersion of lens
material causes significant temporal aberrations in systems where pulse
durations are below 100 fs. Furthermore, chromatic and spherical aberrations
add up to produce a spatially varying pulse spectrum and compressed pulse
distortion. One of the simplest modifications of the described scheme is
changing the lenses into concave mirrors [104]. A further improvement was
proposed by G. Cheriaux et al. [106]. They proposed an implementation of all-
reflective Offner triplet [105] in which all aberrations are canceled. This
configuration is composed of two spherical concentric mirrors, whose ratio of
curvature radius is two and of the opposite sign (Fig. A.4.7). The relation
between grating separation L, and the distance between the grating and the
concave spherical mirror is [237]:

Ly, =-2(R—S)cos0, (A.4.14)
where R is the radius of curvature of the concave mirror, S is the distance

between the grating and the mirror and 6 corresponds to the diffraction angle of

the central wavelength.

Ou{put /

Side view

Fig. A.4.7 Principle scheme of a single-grating Offner-type pulse stretcher used in the
experiments of this work. The letter C denotes the center of curvature of both convex Mcx and
concave Mcv mirrors. G stands for the grating; RM is the roof mirror.
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Perfect stigmatism is achieved only when the grating is at the common center
of curvature (denoted by letter C in Fig. A.4.7). In a pictured single-grating
layout, a diffraction grating is translated towards the concave spherical mirror
out of the plane of the center of curvature. Nonetheless, it was demonstrated that
the accumulated spherical aberration is weak enough not to affect the 30 fs
duration pulses stretched to 300 ps and then recompressed [106]. The output
pulse contrast can be limited by the surface roughness of the spherical mirrors.
It was shown in[113], that for less than 15 fs duration pulses, 1/10 rms

roughness can cause a significant degradation of pulse contrast.
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