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Introduction

The opportunity to tune spectral and temporal characteristics of the fiber
laser extends the application field of fiber lasers. Nowadays, the research of controlling
temporal and spectral characteristics using techniques based on parametric nonlinearities,
harmonic generation and continuum generation is relevant. One of the techniques, which
allows tuning the central wavelength of the system is a continuum generation by pulses
of a few hundred femtoseconds and the optical parametric amplification [1]. The optical
parametric amplification is commonly used to tune the wavelength of femtosecond solid
state lasers [2,3]. Moreover, optical parametric amplifiers (OPA) are used for
generation of ultrashort, few optical cycle pulses [4,5]. Commonly those systems
operate at a low repetition rate (1-200 kHz) and the generated pulse in the tunable range
with the energy higher than tens of pJ [6,2]. However, the pulse energy of only tens of
nJ is sufficient for biological tissues imaging, such as two or three photon
microscopy [7-9]. Therefore, a laser source with the nJ energy and the higher repetition
rate could be more preferable for those applications due to the high frame rate and a
better signal-noise ratio [7,8]. However, the realization of the solid state laser that
operates at 1 MHz repetition rate is not straightforward — various techniques that make
the system more complex and of large size are applicable [8,10]. Therefore laser sources
based on fiber technology are developing intensively [11,12].

Most advantages of the fiber laser are determined by geometrical properties,
however the strong light localization in the fiber core creates an efficient light interaction
with material. Therefore, the power and energy scaling of ultrafast single-mode fiber
amplifiers is restricted due to nonlinear pulse distortions, which are enforced by the large
product of intensity and interaction length inside the fiber core. This limitation can be
overcome by the sufficient pulse stretching in the time domain and the enlargement of
the mode-field diameter of the fiber to reduce the nonlinear effects. Nowadays large
diameter fiber amplifiers based on photonic crystal fibers are well developed [13-15].
This technology enables achieving the mJ pulse energy and a few hundreds of
femtosecond pulses [16-18]. However, developing fiber systems for applications that do
not require a high pulse energy, more attention is paid to the compactness and reliability
of the system. Therefore, techniques for controlling spectral and temporal characteristics
of pulses that can be integrated into the fiber system design are developing intensively.

The controlling of temporal and spectral pulse characteristics in fiber lasers
is an important part of this study. In this work much attention has been devoted to the
pulse stretching, chirped pulse amplification and to the efficient compression of
amplified pulses. In this work different configurations of the pulse stretcher/compressor
were also investigated. One of them, a combination of the tunable dispersion pulse
stretcher based on the chirped fiber Bragg grating and the chirped volume Bragg grating
pulse compressor of fixed dispersion, is presented. This combination of the pulse
stretcher/compressor is very attractive from the practical point of view because it allows
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us to give up a diffraction grating compressor which requires a complex alignment, has a
limited long-term stability, and is relatively large. Therefore, the combining of various
fiber technologies allows realizing a compact fiber laser which can be applied for the
frequency conversion using the optical parametric amplification. Furthermore, in this
work the frequency conversion system without the need for the high peak intensity and
operating at a high repetition rate was developed. Developing this system, a continuum
generation in bulk crystals by pump pulses from the fiber laser that operates at the 1
MHz repetition rate was performed. The amplification of a generated continuum in BBO
and BiBO nonlinear crystals was also performed. Finally, implementation of the
developed methods and techniques into a wavelength-tunable laser system that generates
pulses with the duration less than 150 fs in the spectral range from 700 nm up to
2040 nm is presented.

Aim and the main tasks of the thesis

The main aim of this work was to develop a femtosecond wavelength-
tunable laser system based on the optical parametric amplifier (OPA) pumped by the
femtosecond fiber laser. In order to develop a fiber femtosecond laser that would be
suitable for OPA, operating at the MHz repetition rate, and to optimize this OPA system,
the following tasks were performed:

1. To investigate the impact of low dispersion chirped fiber Bragg gratings
parameters for temporal and spectral characteristics of generated pulses.

2. To investigate various concepts of the pulse stretching/compressing that allows
one to achieve high fidelity pulses at the output of the system and allows one to
simplify the laser structure.

3. To investigate capabilities and limitations of the chirped pulse amplification in
photonic fiber amplifiers with the core diameter of 40 um and 55 um achieving
high energy and high-fidelity femtosecond pulses at the output of the system.

4. Using fiber lasers operating at the 1 MHz repetition rate and generating hundreds
of femtosecond pulses to find out optimal conditions of the continuum generation
in various bulk crystals.

5. To demonstrate and investigate amplification of the generated continuum in
collinear configuration OPA using the biaxial bismuth triborate (BiB3Os, BiBO)
crystal that belongs to the borate family.



Novelty of the work

1.

In this work the controlling of temporal and spectral characteristics of mode-
locked soliton fiber oscillator pulses by modifying the characteristics of the fiber
Bragg grating was demonstrated experimentally. This method allowed one to
realize the all-in-fiber oscillator that generates pulses with the duration shorter
than 1 ps. Using a low dispersion fiber Bragg grating in the oscillator, the shortest
duration of pulses (380 fs) was achieved from this design oscillator operating in
the passively mode-locking regime.

The formation of parabolic shape pulses in the fiber amplifier by use of initial
pulses with the duration of 380fs was demonstrated experimentally and
theoretically. In this work the fiber system that generates linearly chirped
parabolic pulses and allows achieving transform-limited pulses with the duration
of 110 fs was realized experimentally.

In this work a novel chirped pulse amplification system consisting of the chirped
fiber Bragg grating with the matched dispersion profile as a pulse stretcher and
the chirped volume Bragg grating as a pulse compressor is presented for the first
time to our knowledge.

In this work a wavelength tuning system of the fiber laser is presented. The
system is based on the continuum generation in the YAG crystal and parametrical
amplification in the BiBO crystal. The system is unique so that for the efficient
frequency conversion a low pump energy (1 wJ) is sufficient and seed of the
parametric amplifier is a continuum radiation generated by 1 MHz repetition rate
pulses. This tunable femtosecond system incorporating fiber and solid-state
technologies was demonstrated for the first time to our knowledge.

Importance of the work

The constant development of fiber laser technologies makes it possible to

realize the compact and robust design, maintenance-free fiber laser systems generating
ultrashort pulses. Combining of fiber lasers and nonlinear wavelength tuning schemes is
very important for the development of compact and wavelength tuning systems that are
suitable for spectroscopy applications.

1.

From the practical point of view this thesis is important in these respects:

Using chirped fiber Bragg gratings that compensate normal dispersion of the
cavity, the soliton mode-locked fiber oscillators generating pulses with the
duration in the range of 0.38-1.2 ps were developed. These oscillators were
successfully used in fiber CPA systems and for formation of parabolic pulses in
the fiber amplifier.

10



2. In this work it was demonstrated that parabolic pulses could be generated in the
fiber amplifier using relatively long pulses (380 fs) generated from a passively
mode-locked fiber oscillator. This opens up the possibilities for replacing the
solid-state laser with the fiber oscillator in a such system, therefore the system
becomes more practical and simple.

3. The method to compensate the third order dispersion introduced by the diffraction
grating pulse compressor in the fiber CPA system was demonstrated
experimentally and theoretically. This method is based on the optimization of the
chirp profile of the CFBG stretcher and allows one to improve the temporal
quality of compressed pulses.

4. In this work a novel fiber CPA system consisting of the tunable dispersion CFBG
stretcher and the fixed dispersion CVBG as a pulse compressor is presented. This
pulse stretcher/compressor design opens up new opportunities for the creation of
compact and insensitive for misalignment fiber CPA systems.

5. It was experimentally demonstrated that using the large core diameter photonic
crystal fiber amplifier for amplification of stretched pulses, a nonlinear impact of
the Kerr effect can be significantly reduced, therefore the pulse characteristics
required for the nonlinear frequency conversion can be achieved.

6. The research of the continuum generation in crystals with pulses from the
femtosecond fiber laser operating at the 1 MHz repetition rate enables using this
continuum radiation as a seed source of the optical parametric amplifier.

7. The utilization of a new BiBO crystal for amplification of the continuum allows
one to create a wavelength tuning system based on the optical parametric
amplifier pumped with low energy (~1 pJ) pulses at the 1 MHz repetition rate.

Statements to be defended

1. The use of a low dispersion (0.25 ps/nm) chirped fiber Bragg grating in a
passively mode-locked fiber oscillator allows one to compensate normal
dispersion of other cavity components and to generate close to transform-limited
pulses with the duration of 380 fs that are suitable for the parabolic pulse
generation.

2. The compensation of the third order dispersion introduced by the diffraction
grating pulse compressor in fiber CPA system can be achieved by using of
chirped fiber Bragg grating with optimized dispersion profile which makes it
possible to generate high fidelity femtosecond pulses at the output of the system.

3. The distortion of linear chirp profile of pulse stretcher based on chirped fiber
Bragg grating and chirped volume Bragg grating pulse compressor limits the
temporal pulse quality at the output of the CPA system and only matching of
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dispersion profiles of pulse stretcher/compressor allows one to improve temporal
quality of compressed pulses.

4. The continuum generation in the 5mm thick YAG crystal and continuum
amplification in a 2 mm thick BiBO crystal allows one to generate femtosecond
pulses in the range of 690 nm-2040 nm and to achieve the efficiency of >15 % in
saturated regime using pump pulses with the energy of 1 uJ which were generated
from fiber laser operating at 1 MHz pulse repetition rate.
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Department of Center for Physical Sciences and Technology as well as in Science and
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Thesis summary

The thesis consists of 5 chapters, conclusions and a list of references. The thesis is
presented in 126 pages, contains 66 figures and 3 tables.

Chapter 1: Literature review

This chapter consists of 2 subchapters. In subchapter 1.1, tunable ultrashort
pulse laser sources are reviewed. One of the main methods based on the optical
parametric amplification (OPA) that allows ones extend the tenability of the ultrashort
pulse laser is described. Moreover, the applications of tunable laser sources and
requirements for biological imaging — two and three photon microscopies - are reviewed
in this subchapter. Also, in this subchapter, the advantages of fiber lasers against solid
state laser sources are discussed.

The combination of ytterbium fiber lasers and the optical parametric
amplification could allow developing compact and tunable femtosecond pulses laser
systems for biomedical applications. However, a high intensity of pulses for the pump
OPA is required. The generation of such pulses in fiber laser systems is not simple due to
the nonlinear effect in fibers arising due to strong light confinement in the fiber core.
Therefore, in subchapter 1.2, the main techniques — the chirped pulse amplification
(CPA) and the fiber diameter scaling - for the ultrashort pulse generation in the fiber
laser are reviewed. Various configurations of the pulse stretcher/compressor in fiber
CPA systems are also reviewed.
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Chapter 2: Controlling of pulse spectral and temporal
characteristics in the fiber oscillator

In this chapter, a method for manipulation of pulse spectral and temporal
characteristics in a passively mode-locked fiber oscillator is presented. The described
method is based on modification of characteristics of the chirped fiber Bragg grating
(CFBG) that is used in the cavity. First of all, the operation of the passively mode-locked
fiber oscillator is described. Secondly, the dependence of the generated pulse duration on
the cavity dispersion is discussed. Lastly, the method for spectral filtering of Kelly
sidebands, that are common in the pulse spectrum, is presented.

The layout of the passively mode-locked fiber oscillator is illustrated in
Fig.1. The pulses were generated in the linear cavity consisting of CFBG, the Yb doped
fiber, the beam splitter and the semiconductor saturable absorber mirror (SESAM). The
Yb doped fiber was in the core pumped with the single mode laser diode at the 976 nm
wavelength. The polarizing beam splitter with the polarization extinction ratio of 22 dB
was used as the cavity out-coupler. CFBG has a couple of functions. Firstly, it acted as
the end mirror of the cavity and formed the pulse spectrum. Secondly, CFBG was an
anomalous dispersion source in the cavity that compensates normal dispersion of the
cavity consisting of the silica fiber. The back mirror of the cavity was a SESAM coupled
to the resonator by the optical contact to the fiber. SESAM was used to ensure self-
starting of the mode-locking process and stabilization of the solitary pulse against
perturbations. The combining of a fiber-coupled SESAM as a mode-locker and a CFBG
for dispersion control allows one to realize a compact,
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environmentally stable all-in-fiber design of the oscillator. In this work oscillators which
generate pulses at the 30-70 MHz repetition rate were demonstrated. The pulse
repetition rate was varied by changing the amount of passive fiber in the cavity. The
stable self-starting single pulse mode-locking regime from the fiber oscillator was
obtained by increasing the pump power. The typical spectral profile of the oscillator
output in the stable single pulse regime is plotted in Fig.2. In the recorded spectrum
Kelly sidebands — typical of soliton pulses [19,20] — are also visible. It is important to
mention that these pulses are not the same as real solitons, that propagate long distances
without temporal and spectral changes [21]. This design of the oscillator cavity has a

17



non-uniform  dispersion map
(normal and anomalous
dispersion),  therefore  the
temporal envelope and the
spectral shape of generated
pulses vary along the cavity but d
recur after the full cycle. Such 1E3]
pulses are known as average
solitons  [19,20]. When the 164l . .
. . 1060 1062 1064
pump power is increased Wavelength, nm
beyond the mode-locking self-

starting threshold, more pulses  rig2. A typical spectral profile of the passively mode-
are obtained simultaneously in locked fiber oscillator in the stable single pulse regime.

the cavity. These pulses
circulate in the cavity and exhibit complex relative temporal movements. However, this
operation regime of the fiber oscillator is not used in practice.

The impact of the total cavity dispersion value and sign on pulse dynamics
in the passively mode-locked fiber oscillator were described in this work [19]. The
duration of oscillator pulses depends on the total cavity dispersion that can be varied by
changing the distance between diffraction gratings. The use of CFBG instead of
diffraction gratings drastically simplifies the oscillator scheme. Despite the fact that
dispersion of CFBG is fixed, from a practical point of view the compactness and
reliability of the oscillator are more preferred. Nowadays CFBG writing technology is
sufficiently well developed and allows realizing various dispersive and spectral
characteristics of CFBG. However, one of the main limitations of this technology is that
the reflection of CFBG decreases reducing the dispersion. For this reason, the achievable
dispersion of CFBG is limited; therefore, the pulse duration from the oscillator cannot be
very short. Therefore, one of the tasks of this work was to generate pulses shorter than
1 ps from the fiber oscillator using the low dispersion CFBG. The principal optical
scheme of fiber oscillators is the same as shown in Fig.1. Characteristics of the used
CFBG were summarized in Table 1. In order to ensure self-starting of the mode-locking
process the SESAM that had the reflectivity modulation depth of 37 % and the relaxation
time of around 15 ps was used. Measurements of the pulse duration were performed by
using the second harmonic autocorrelator (EKSPLA) at the same level that was under the
mode-locked threshold. Despite a high loss in the oscillator due to the low reflection of
CFBG the stable self-starting mode-locking was obtained at the 40 MHz repetition rate
with the chosen CFBG. The measured pulse duration and energy are listed in Table 1.
Using CFBG with the dispersion of 0.25-0.82 ps/nm the oscillator generates 0.48-1.2 ps
pulses. Summarizing experimental results, it can be concluded that the duration of
oscillator pulses decreases when reducing the dispersion of CFBG. As can be seen from
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Table 1. The characteristics of CFBG used in experiments and pulse parameters of
generated pulses at the 40 MHz repetition rate.

Dcrag, ps/nm R,% A, M | T,ps | E, pJ
0.82 50 1030 1.2 110
0.62 30 1030 1 88
0.42 20 1064 0.75 |24
0.25 19 1064 048 |14

Table 1 the shortest pulse duration (480 fs) was obtained using the 0.25 ps/nm dispersion
of CFBG. In this case the dispersion of the CFBG was comparable to the dispersion of
the passive fiber in the cavity with the opposite sign, therefore spectral and temporal
characteristics of the pulses were dependent on the pulse repetition rate of the oscillator.
This can be clearly seen in Fig.3a. The repetition rate was varied by changing the amount
of the passive fiber in the cavity, which also affected the total cavity dispersion. When
lowering the repetition rate, TCD as well as the pulse duration also decreased. The
spectral bandwidth increased accordingly. The stable self-starting single pulse mode-
locking regime from the fiber oscillator was obtained in the 32—72 MHz repetition rate
range. The shortest pulse duration was obtained at the 32 MHz repetition rate. The
measured autocorrelation trace of the pulses is shown in Fig. 3b. Assuming the Gaussian
shape the pulse duration was 380 fs at full width of half maximum (FWHM). The
spectral profile of the pulses was measured by an optical spectrum analyzer and is
plotted in the inset of Fig. 3b. The spectrum had the FWHM bandwidth of 5.2 nm and
was close to the Gaussian spectral shape. In the recorded spectrum, Kelly sidebands —

Total cavity dispersion, ps’

-0.017  -0.05 -0.07 -0.083  -0.093 650 1.0 e
5L [ ' ' I ' Measured 1{ — Gaussianfit___
E 4600 0.8 Gaussian fit s |
: @0 o © 0.1}
£4t 1550 = 3 £ [
= — o © - 901
z, e U lsws  Sosl 1=380fs 2o
& °f o = ‘@ el AN 1\
o =] c 1040 1050 1060 1070 108(
€ 1450 o 204} Wavelength, nm
S 2t 2 =
< 1400 &
2 1L® —=— Spectrum bandwidth 0.2
2 —— Pulse duration 1350
L 1 L L 300 0.0 L L L L L L
30 40 50 60 70 -5 10 -05 00 05 10 15 20
a) Pulse repetition rate, MHz b) Delay, ps

Fig.3. a) Measured dependences of the pulse bandwidth and the pulse duration on the repetition rate/total
cavity dispersion; b) measured autocorrelation trace of oscillator pulses and optical spectrum
(inset) at the 32 MHz repetition rate.

typical of soliton pulses — were also visible. The spectral amplitude of Kelly sidebands is
lower by 20 dB compared to the main peak. This is due to the spectral filtering of the
CFBG in the resonator. Reduction of the amplitude of Kelly sidebands is important for
using the pulses in the nonlinear FCPA system as the interference of this sharp spectral
feature with the main peak will cause modulations of the spectrum.
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Lastly, numerical simulations were performed in order to demonstrate the
method that reduces the intensity of Kelly sidebands, which are common in the pulse
spectrum. The oscillator that uses the 0.62 ps/nm dispersion was chosen for simulation.
Simulated pulse spectra at a different reflection bandwidth of CFBG both with
normalized reflection profiles of CFBG are shown in Fig.4a. In both cases Kelly
sidebands are under the reflection profiles of CFBG, however, in the case of a narrower
CFBG the first Kelly sideband is quite intensive. The intensity of this sideband can be
strongly reduced by narrowing the reflection bandwidth of CFBG. This can be clearly
seen in Fig.4a where the simulated pulse spectrum at the 5 nm reflection bandwidth
CFBG is shown. The intensity ratio of the Kelly sideband compared with the main part
of the pulse increases from 1:20 up to 220:1. It is important to mention that reducing the
reflection bandwidth of CFBG two times does not affect the pulse duration, therefore

+— CFBG reflection profile ( Ak.=10 nm) Pulse spectrum at Ak ., .=10 nm Pulse spectrum at Ak, =5 nm
—s— CFBG reflection profile ( Ak5=5 nm) Pulse spectrum at Ak ...=5nm 1 Pulse spectrum at Ak, .=10 nm
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& 001 | 2
Z f : 2 0.01
2 1E-3L y 2
2 2
& =
1E-4 L \ 1E-3
1 E_5 1[ A 1 1 A \ L L 1 L L
1015 1020 1025 1030 1035 1040 1045 b) 1020 1023 1026 1029 1032 1035 1038
a) Wavelength, nm Wavelength, nm

Fig. 4.a2) Numerical simulation of spectral profiles of oscillator pulses generated using CFBG that had
reflection bandwidth of 10 nm and 5 nm and reflection profile of CFBG used in simulation; b) measured
spectral profiles of oscillator pulses generated using CFBG with a different reflection bandwidth.

the pulse duration remains to be about 1 ps. These numerical simulations were confirmed
by experimental results. Oscillators, which use CFBGs with the reflection bandwidth of
10 nm and 5nm, were assembled. The pulses at the 40 MHz repetition rate were
generated and all measurements were performed at the same level. Measured pulse
spectra of these oscillators are shown in Fig.4b. As expected the intensity of the Kelly
sideband in the pulse spectrum was reduced by using a narrower CFBG. The narrowing
of the CFBG reflection bandwidth had a minimal impact on the pulse duration — the
pulse duration increased from 0.93 ps to 1 ps.
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Chapter 3: Controlling of pulse spectral and temporal
characteristics in fiber chirped pulse amplification systems

In this chapter methods for manipulation of pulse spectral and temporal
characteristics in the fiber chirped pulse amplification (CPA) systems are discussed.
These methods are based on the use of various combinations of the pulse
stretcher/compressor. Firstly, the pulse stretching and compression in the fiber CPA
system that uses the chirped fiber Bragg grating (CFBG) stretcher and the diffraction
grating compressor are discussed. After that a novel CPA system consisting of the CFBG
with tunable dispersion as a pulse stretcher and the chirped volume Bragg grating
(CVBG) as a pulse compressor is presented. The main purpose of the study of these CPA
systems was to determine the possibilities and limitations of different pulse/stretcher
configurations of developing new fiber lasers that generate high fidelity femtosecond
pulses. Finally, methods for the pulse spectral modification in fiber lasers is described.

Chapter 3.1: Fiber CPA system based on the CFBG stretcher and the
diffraction grating pulse compressor

A principal optical scheme of the fiber CPA system based on the CFBG
stretcher and the diffraction grating compressor is illustrated in Fig. 5. The initial pulses
of the 2 ps duration and the 50 pJ energy were generated in the passively mode-locked
fiber oscillator. The oscillator pulses were amplified in a single mode Yb doped fiber
amplifier and were propagated through ~50 m of the single mode passive fiber used to

" Preamplifier /Spectrum stretcher ' Temporal stretcher: Amplifier { Pulse compressor

Fiber  WDM 3 @ . Circulator

 oscillator —<€C—»— - > = ;ﬁ
: Yb ftber§ PM fiber CFBG

Fig.5. A principal optical scheme of the fiber CPA system.

broaden the pulse spectrum. The pulse spectrum was broadened in the passive fiber due
to self-phase modulation caused by the nonlinear Kerr effect. The bandwidth of the pulse
spectrum after the after the passive fiber depends on the initial pulse energy. This pulse
spectrum spreading enables achieving femtosecond pulses at the end of the system.
Spectrally broadened pulses were directed to the CFBG stretcher through the three port
circulator. Stretched pulses were amplified in the single mode Yb doped amplifier and
compressed using a pair of diffraction gratings. In order to achieve high fidelity
femtosecond pulses at the output of the system the second and third order of the group
velocity dispersion between the pulse stretcher and the compressor should be matched.
However, in the fiber CPA system that used the pulse stretcher/compressor based on
different technology the third order dispersion (TOD) is not compensated automatically

21



by matching the second order dispersion. Therefore, firstly it was decided to investigate
the impact of uncompensated TOD on the pulse compression using a numerical
simulation. The CFBG with dispersion of 12.5 ps? was used to stretch pulses of the
3.5 nm bandwidth to the 80 ps duration. Stretched pulses were compressed down to the
600 fs duration using diffraction gratings that had 1000 grooves per mm. The simulated
temporal envelope of compressed pulses is shown in Fig.6a. It can be clearly seen that
almost all of the pulse energy is located in the main pulse. To compare the quality of
compressed pulses with other CPA systems a parameter of temporal contrast was
introduced. This parameter shows what part of the pulse energy is located in the main
pulse. This parameter is the ratio of the Gaussian fit of the temporal envelope and the
temporal envelope areas. In this case 96.8 % of the pulse energy is in the main part of the
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Fig.6. Numerically calculated envelope (a) and autocorrelation trace (a) of pulses at the output of the
fiber CPA system.

pulse (Fig.6a). This evaluation of the pulse temporal quality method is practical in
performing a numerical simulation of the system. In case when optimization of the CPA
system is performed experimentally an autocorrelation trace of the compressed pulse
(trace) is measured. In this context it is more practical to compare the measured
autocorrelation with the Gauss approximation. The temporal pulse contrast in this case is
the ratio of the area of the Gauss approximation and the measured autocorrelation trace.
Using this calculation procedure, it was obtained that 6.4 % of the pulse energy was out
the main part of the pulse (Fig. 6b). In conclusion, the temporal quality of compressed
pulses can be estimated from measured autocorrelation traces but it should be borne kept
in mind that the real amount of the pulse energy on the uncompressed pedestal is two
times less.

A numerical simulation of the described CPA scheme showed that high
fidelity pulses could be obtained without the TOD compensation. However, the pulse
compressor that used diffraction gratings of 1000 gr/mm to compress stretched pulses of
the 80 ps duration was not compact. In this case the distance between gratings was
2.25 m. On the other hand, a larger pulse stretching is required in real fiber CPA systems
to suppress nonlinearity of the fiber amplifier. Therefore, increasing the distance
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between gratings also increases TOD introduced by the compressor. This can be seen
from numerical simulation of the system at which stretched pulses of the 80 ps, 100 ps,
200 ps and 300 ps duration were compressed. Calculated envelopes of compressed
pulses (Fig.7 a) showed that the duration of compressed pulses slightly increased and the
pulse energy of the main pulse slightly decreased. This can be attributed to the increasing
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Fig. 7.a) Numerically calculated envelopes of compressed pulses using 1000 gr/mm gratings while initial
pulses of the system were stretched to different durations (to), Ti-duration of compressed pulses; b)
numerically calculated envelopes of compressed pulses using 1000 gr/mm and 1600 gr/mm diffraction
grating compressors.

uncompensated TOD introduced by the pulse compressor. To reduce the footprint of the
pulse compressor the gratings with a higher density of grooves are used. The geometrical
size of 1600 gr/mm of the diffraction grating compressor decreases drastically, however
a larger amount of TOD is introduced. This was confirmed by numerical simulation of
the system and the results are shown in Fig.7b. The compression of stretched pulses of
the 300 ps duration using 1600 gr/mm gratings was modeled. Calculated envelopes of
compressed pulses (Fig.7 b) showed that the duration of compressed pulses was larger
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pulse  stretcher. Nowadays
technologies of the Bragg grating
writing in the fiber core enables
one to achieve not only required
GVD, but also the TOD value
that opens up opportunities to
compensate TOD introduced by
the compressor. To demonstrate
this dispersion matching
principle a fiber CPA system
(Fig.8) was assembled. The
spectrum of initial pulses was
stretched to 7.5 nm in the passive
fiber.  Spectrally  broadened
pulses were directed to the CFBG
stretcher through the three port
circulator. CFBG had dispersion

— measured at E=4 pJ
calculated without TOD compensation
= calculated with TOD compensation
calculated without amplification
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Fig. 9. Measured autocorrelation trace of compressed
pulses at 4 uJ energy (black curve); numerically
calculated autocorrelation traces of compressed pulses for
different cases: without TOD compensation (green
curve), with TOD compensation (blue curve) and with
TOD compensation but without amplification in the

of 24.88 ps?, therefore pulses
were stretched to 350 ps.

power amplifier (red curve).

Moreover, TOD of the stretcher was matched to the diffraction grating pulse compressor.
In the fiber CPA system the pulse repetition rate was reduced to 1 MHz by an acousto-
optic modulator. Two preamplifier stages were used to increase the pulse energy suitable
for the power amplifier consisting of the double clad Yb doped fiber with the core
diameter of 15 um. The power amplifier was pumped by two multimode diodes which
emit the 9 W average power at the 976 nm wavelength. Stretched pulses were amplified
up to the 4 W average power (4 uJ) and compressed down to 310 fs using diffraction
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Fig. 10. Calculated envelopes of compressed pulses when
initial pulses of 1 ps, 1.6 ps and 2 ps were used in the
system.
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gratings of 1600 gr/mm. The
measured autocorrelation trace of
compressed pulses (black curve)
in comparison with the calculated
one (blue curve) is shown in
Fig.9. Good agreement between
experimental and  simulation
results was obtained.
For comparison the

autocorrelation trace of pulses at
the output of the system without
TOD compensation is also shown
in Fig. 9 (green curve). It can be
seen that the temporal quality of
pulses at the output is very poor —



most of the energy is concentrated on the pedestal of the 60 ps length. As was assumed,
the compensation of the compressor TOD significantly improves the pulse temporal
quality at the output of the CPA system. However, even in this case, when TOD is
compensated, the temporal quality of compressed pulses is not ideal. A numerical
calculation of compression of pulses before the power amplifier was performed (red
curve). The calculated autocorrelation trace has shown that ~15 % of the pulse energy is
out of the main pulse. This result means that the nonlinear phase is accumulated in the
passive fiber broadening pulse spectrum and that limits the pulse quality. In order to
reduce distortion of the pulse chirp shorter initial pulses can be used. This was confirmed
by a numerical calculation of the CPA system while the duration of initial pulses was
2ps, 1.6ps and 1ps. As can be seen from calculated autocorrelation traces of
compressed pulses (Fig. 10) the best quality of pulses at the output was achieved using
initial pulses with the duration of 1 ps. This result is very important in the high energy
femtosecond fiber systems.

Chapter 3.2: Fiber CPA system based on the tunable CFBG stretcher and the
fixed dispersion CVBG compressor

In this chapter a novel chirped pulse amplification configuration consisting
of the chirped fiber Bragg grating with tunable dispersion as a pulse stretcher and the
chirped volume Bragg grating as a pulse compressor is presented. The optical layout of
the fiber CPA system investigated in this work is shown in Fig. 11. The seed source of
the system is a passively mode-locked all-in-fiber picosecond oscillator, operating at the
1030 nm central wavelength. In the stable mode-locking regime the oscillator generated
nearly bandwidth-limited pulses with the duration of 1.6 ps and 40 pJ at the 40MHz
repetition rate. Pulses from the
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Fig.12.a) Measured pulse spectrum from the oscillator and after spectral broadening in the 50m
single mode fiber for two different pulse energies; b) oscilloscope traces of the stretched pulses
after CFBG.

were 300 ps for the 4.8 nm bandwidth pulses and 150 ps for the 2.4 nm bandwidth (Fig.
12b). To facilitate further measurements stretched pulses were amplified in an additional
single mode Yb doped amplifier up to 40 mW. As the main purpose of this study was to
demonstrate a principle of dispersion matching between a novel combination of the
tunable CFBG stretcher and the CVBG compressor we did not use a high power
amplifier. To compress the pulses the 49 mm long CVBG with an 8.8 nm bandwidth
centered at 1030 nm (with a square input aperture of 5 * 5 mm), recorded in photo-
thermal refractive (PTR) glass, was used. Optimization of the pulse compression was
performed by thermally tuning the dispersion of the CFBG stretcher. The duration of
compressed pulses was measured by a second harmonic autocorrelator (Ekspla). The
dependence of the measured pulse duration on the stretcher dispersion (Fig. 13a) shows
that the stretcher and the compressor GVD were matched at the 62.7 ps/nm dispersion of
the CFBG stretcher. The autocorrelation trace of the optimally compressed pulses is
shown in Fig. 13b. The achieved pulse duration was 910 fs with the pulse bandwidth of
2.44 nm that corresponds to transform-limited pulse duration of ~640 fs. By increasing
the spectrum bandwidth in the system, the shorter duration of compressed pulses was
obtained, however a significant deterioration in the pulse quality was observed. The
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Fig.13.a) A dependence of the measured pulse duration on the stretcher dispersion; b) the
measured autocorrelation trace of pulses at the output of the femtosecond fiber laser CPA system
for the 2.44nm bandwidth.
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deviation from the transform-limited

pulse duration may be attributed to the high order dispersion of either CFBG or VBG

that could not be compensated by a simple thermal gradient on CFBG.

The mismatch of dispersion profiles between the stretcher and the
compressor is a typical problem in conventional CPA systems. The CPA system using
the single CVBG as a pulse stretcher and a compressor eliminates pulse distortions
associated with the dispersion mismatch. To verify this, the experiment of pulse

stretching and recompression using the same CVBG was performed. The experiment
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Fig.15. The experimental setup of pulse stretching and compression using a single CVBG.

setup is shown in Fig. 15. The pulses with the duration of 400 fs from the fiber laser
were stretched to ~300 ps and recompressed back using the same CVBG. A small
incidence angle to the CVBG was used
to separate the reflected pulses from the
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(80 %) was better compared to the CFBG/CVBG pair confirming the hypothesis of the
dispersion profile mismatch between CFBG and CVBG.

Compressed pulses of the fiber CPA system with the CFBG/CVBG pair
were not transform-limited and had a temporal pedestal due to the imprecise dispersion
compensation between CFBG and CVBG. In order to achieve high fidelity femtosecond
pulses CFBG and CVBG with matched dispersion profiles should be used. In close
cooperation with manufacturers of CFBG and CVBG (TeraXion and OptiGrate) the
CFBG/CVBG pair with the matched dispersion profile was produced. The suitability of
those dispersive elements for the fiber CPA system has been verified using the CPA
system which is described in a publication [22]. The seed source of this system was the
commercially available all-in-fiber passively mode-locked laser (FFS100CHI, Ekspla)
that generates linearly up-chirped pulses of the 13 ps duration and the 10.6 nm
bandwidth at the ~1030 nm center wavelength and the 53 MHz repetition rate. Pulses
from the seed source were stretched to about the 230 ps duration by using the CFBG
stretcher with the group velocity dispersion of —13.65 ps2. Stretched pulses were
amplified up to the 4.85nJ energy and compressed in a free space with the CVBG
compressor. Optimally compressed pulses were further characterized using the second
harmonic generation (SHG) frequency-resolved optical gating (FROG) autocorrelation
method. The pulse duration retrieved by the FROG algorithm (Swamp Optics) was equal
to 208 fs, which is close to the transform-limited pulse duration (203 fs) derived from the
spectrum. A close match between the transform-limited and retrieved pulse duration
proves that the CFBG dispersion profile was successfully matched to that of CVBG.

Chapter 3.3: Controlling of pulse spectral characteristics in fiber lasers

In this chapter modification of the pulse spectrum in fiber systems is
presented. In the previously described fiber CPA systems to preserve a smooth shape of
the broadened pulse spectrum, a low pulse energy (<0.5 nJ) and a long length (~50 m) of
the passive fiber were used. In this case the pulse spectrum has been broadened up to
10-12 nm at FWHM that enables one to achieve the 250-300 fs pulse duration at the
system output (Fig.17a). Otherwise, when it is not necessary to maintain uniformity of
the broadened spectrum the pulse spectrum can be broadened more using a larger energy
of initial pulses (~2 nJ) and the short fiber (several meters). In this case the pulse
spectrum poses a modulation and is wider than in the previous case (Fig. 17b). Different
spectral regions of the broadened spectrum can be separated. This method was applied to
create a dual output fiber oscillator/power amplifier to seed and assure the all-optical
synchronization of the femtosecond Yb and picosecond Nd laser amplifiers operating at
a central wavelength of 1030 nm and 1064 nm, respectively. The optical scheme of the
dual output laser is discussed in more detail in publication [23].
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Fig.17. Pulse spectrum in fiber systems for different cases: a) low pulse energy (<0.5 nJ) and long length
of passive fiber (~50 m); b) higher pulse energy (1.8 nJ) and short length of passive fiber (2 m).

Broadening of the pulse spectrum is possible not only in a passive fiber but
also in the Yb doped fiber during the pulse amplification. When certain values of the
pulse energy and the duration in conjunction with the parameters of the amplifier are
chosen properly, a linearly chirped pulse with a parabolic shape can be generated due to
interplay of normal dispersion, nonlinearity (self-phase modulation) and gain [24].
These pulses have the following features. Firstly, the temporal and spectral shapes of
those pulses are maintained during a nonlinear propagation through the fiber, though the
duration and the spectrum bandwidth of pulses increase due to dispersion and self-phase
modulation. Secondly, pulses with a parabolic shape have a linear chirp that can be
efficiently removed, allowing a high-quality pulse compression. Finally, parabolic pulses
can be propagated in the fiber at a high peak power accumulating large B integral values
(up to 5p) and still be recompressed to high fidelity femtosecond pulses, which cannot be
achieved if the initial pulse shape is e.g. Gaussian [25]. The experimental realization of
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Fig.18. The layout of experimental setup consisting of the femtosecond passive mode-locked fiber
oscillator and the parabolic fiber amplifier.

the parabolic fiber amplifier is shown in Fig.18. The previously described (Chapter 2)
femtosecond passively mode-locked fiber oscillator generating pulses with the duration
of 380 fs was used for the generation of chirped parabolic pulses in the fiber amplifier.
Pulses from the oscillator were amplified in the polarization maintaining fiber amplifier
that consisted of two gain fibers with the different Yb concentration. The first fiber (Yb-
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HI) was highly Yb doped and it was used to boost the energy of the oscillator pulses up
to 140 pJ without changing its spectral and temporal shape. The length of this fiber
(0.45 m) was optimized to obtain parabolically shaped pulses from the output of the
laser. Afterwards pulses were further amplified in the second fiber (Yb-LO) with the low
Yb concentration. The length of this fiber was chosen to be 10 m and was fixed in the
experiments. The preamplified pulses due to cumulative action of amplification,
nonlinearity and dispersion, when propagating in the Yb-LO fiber, were parabolically
shaped. After the fiber amplifier, the output pulses had the energy of 1.4 nJ, the duration
of 6.5 ps and the spectral bandwidth of 22.8 nm. The measured pulse spectrum is shown
in Fig. 19 (black color). The shape of the spectrum was close to parabolic with typical
steep edges. A slight bump on the short wavelength side is due to the amplified
spontaneous emission which has a peak at the gain maximum (1030 nm) of the Yb doped
fiber. In addition to the experiments, numerical simulation of the parabolic amplifier was
carried out by solving the nonlinear Schrodinger equation (NLSE) using the split-step
Fourier method [26]. The simulated spectral profile is given along with the measured
one in Fig. 19 (blue color). A minor discrepancy between the measured and simulated
spectrum is due to the fact that initial pulses in our model had a perfect Gaussian shape
while pulses from the oscillator may slightly deviate from that shape. The simulated
temporal profile of pulses at the output of the fiber amplifier is close to the parabolic
shape and pulses have a linear chirp (right hand scale in Fig. 19). The linear chirp of the
pulses is a feature of parabolic propagation. It should get a result of the highly fidelity
transform limited pulses after compression using a simple linear compressor (e.g. prism
or grating pair). The calculated envelope of the transform limit of generated parabolic
pulses is shown in the Inset of Fig. 4. The transform limited pulse duration was 110 fs. In
addition, the parabolic shape of the pulses should allow much higher B integral values
when pulses are further amplified in the FCPA system.
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Fig.19. a) Measured output spectrum on linear scale of the Yb-doped amplifier (black color) that is
seeded by 380 fs oscillator pulses in comparison with simulated (blue color); simulated chirp profile of
pulses at the output of fiber system (grey color); b) calculated envelope of the generated parabolic pulses;
inset: calculated envelope of transform limit of generated parabolic pulses.
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Chapter 4: Femtosecond fiber laser systems for seeding and
pumping of the optical parametric amplifier

In this chapter a couple of fiber CPA systems, that use large diameter
photonic crystal fibers, are presented. Besides, optimization of those systems is
described.

Chapter 4.1: Fiber CPA system based on pulse amplification in the flexible
40 pm diameter photonic crystal fiber amplifier

A principal optical scheme of the fiber CPA system that uses the 40 um
diameter photonic crystal fiber for the pulse amplification is illustrated in Fig.20. For the
sake of clarity three main parts of this system can be distinguished: a fiber seed source of
the power amplifier, the power amplifier based on PCF and the pulse compressor. The
seed source consisted of the passively mode-locked fiber oscillator, three preamplifiers,
the stage of formation of spectral and temporal characteristics and the pulse picker. In
this system chirped pulses were amplified in a commercially available photonic crystal
fiber aeroGAIN-FLEX (NKT Photonics) with the 40 pm core diameter and the 1.8 m
length. The amplified pulses were compressed using diffraction gratings of 1600 gr/mm.

5""Fiber oscillator Preampilifier 1 {Formation of spectral and temporal characteristics
. LD e PM980-XP
| | | | Yb fiber BS il  WDM Ybfiber P Circulator CFBG2

T Preamplifier 3~ ; Preamplifier 2
: AOM |
HPISO b fiber i Ybfiber WDM

Pulse compressor

Ifig. 20. A principal layout of theﬂ fiber CPA system using the 40 um diameter photonic crystal fiber
amplifier.

Firstly, the scheme and characteristics of the system seed source are
discussed. The initial pulses of the system were generated in a passively mode-locked
all-in-fiber oscillator, operating at the 1030 nm central wavelength. The initial pulses
with the duration of 1 ps were generated at the 40MHz repetition rate in the linear cavity
consisting of FBG, the 6 um Yb doped fiber, the beam splitter and a saturable absorber
mirror (SESAM). One of desired properties of the seed pulse for the fiber CPA system is
that the spectrum of the seed pulses must be smooth, as any ripples in the spectrum will
be transformed into the ripples of the temporal envelope when pulses are stretched [27].
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These temporal ripples will be
enhanced in the nonlinear fiber
amplifier. In order to form a 0.8
smooth shape of the pulse
spectrum by reducing spectral
modulations different techniques
were employed. Firstly, CFBG
with optimized the reflection
profile was used in the fiber
oscillator to reduce the intensity 0'10010 1020 1030 1040 1050 1060
of Kelly sidebands (Fig. 21 Wavelength, nm

inset). Secondly, in order to Fig.21. The broadened spectrum of oscillator pulses using

broaden the spectrum of the 0.58 nJ energy and Iong_ (50 m) passive fiber (blue. _color.) as
well as spectrum of oscillator pulses (black color); inset:

pulse and avoid the occurrence  measured spectrum of oscillator pulses on logarithmic scale.
of modulation, a low pulse

energy (0.58 nJ) and a long passive fiber (50 m) were used. The broadened spectrum and
as well as the spectrum of the oscillator are shown in Fig. 21. The spectrum of the
oscillator on a logarithmic scale is illustrated in the inset of Fig.21. and it shows the
intensities of Kelly sidebands. Spectrally broadened pulses were directed to the CFBG
stretcher of 40 ps/nm through the circulator and were stretched to the 500 ps duration. In
order to achieve the required energy of seed pulses two preamplifiers were used. The
pulse repetition rate was reduced using the acousto-optic modulator.

Chirped pulses were amplified using the photonic crystal fiber with the core
diameter of 40 um (mode field diameter - 31 pm, mode area - 760 pm?). A principal
scheme of the commercially available PCF amplifier (aeroGAIN-FLEX, NKT Photonics)
is depicted in Fig.22. The polarization maintained double clad ytterbium doped fiber
(DC-200/40-PZ-YDb) was used in this module. One of ends of the Yb fiber is spliced to
the passive fiber with the diameter of 10 um through the mode adapter at which a
residual part of the pump is absorbed. This passive fiber of the amplifier module was
spliced with the output fiber of the seed source, therefore all the fiber design of the
system was realized. The output end of the amplifier module had the endcap and the
pump radiation from the pigtailed laser diode was inserted through the output of the
amplifier (Fig.22.).
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Fig. 22. A principal scheme of the amplifier module based on photonic crystal fiber.

Measured characteristic of amplification at the 40 MHz repetition rate are
depicted in Fig.23. The efficiency of amplification was saturated at 60 % at 40 W of the
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pump power while the average power of initial pulses was 385 mW. The variation of the
output power at the 66 W pump power by changing the average power of the seed is
depicted in the inset of Fig.23. Decreasing the average power of seed pulses 4 times the
average power of the output decreases only by 3.4 %, which means that the amplifier can
be saturated using small seed. Lowering of seed the output power decreases even more.
The efficiency of amplification reached 50 % and the average power of the seed pulse
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Fig.23. Measured dependences of output power (black colors) and efficiency (blue color) of the PCF
amplifier on pump power at 40 MHz repetition rate; inset: output power of the PCF amplifier versus seed
power at 66 W pump power.

was reduced to 17 mW. The reduction of the seed power/energy can be useful for
reducing the value of a nonlinear phase accumulated in the amplifier. In order to
demonstrate this principle, the experiment of amplification of pulses at the 1 MHz
repetition rate was performed. The pulses with a different initial pulse energy were
amplified up to the 20 uJ pulse energy (measured after the pulse compressor). Measured
autocorrelation traces of compressed pulses as well as parameters of the pulse quality are
depicted in Fig. 24a. These measurements show that the pulse quality of compressed
pulses is better when the energy of initial pulses is reduced. This result can be explained
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Fig. 24. a) Measured autocorrelation traces at 20 uJ output energy by varying seed energy; inset:
dependences of pulse quality parameters and pulse duration on the output energy.
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as follows: the maximum pulse energy at lower seed is achieved closer to the amplifier
end and therefore the section of the Yb fiber acting as a passive fiber is shorter.
Therefore, the reduction of seed enables improving the temporal quality of compressed
pulses. However, increasing the output energy more, the impact of the amplifier
nonlinearity increases. This can be seen from measured autocorrelation traces of
compressed pulses amplified up to the different energy (Fig.24b). One of the most
relevant issues is to determine how much energy with the satisfied pulse quality can be
achieved. In this work the pulse quality is considered to be satisfactory when Sgauss/Sac
is no less than 70%, therefore at this level the achieved pulse energy is 23.4 uJ and the
pulse duration is 280 fs.

Chapter 4.2: Fiber CPA system based on pulse amplification in the rod type
55 pm diameter photonic crystal fiber amplifier

In the previously described fiber CPA system the impact of amplifier
nonlinearities on the pulse quality was significant at the pulse energy above 20 pJ. In this
work for reducing the accumulated nonlinear phase and achieving the higher pulse
energy the 55 um diameter PCF amplifier was used. A principal layout of the CPA
system that uses the 55 um core diameter PCF amplifier was similar to the previously
discussed one (Fig. 20); it consisted of the fiber seed source, the power amplifier and the
pulse compressor. However, the seed source for this CPA system had some differences
caused by features of the PCF amplifier. A principal layout of the seeder is depicted in
Fig. 25. The initial pulses with the duration of 1 ps were generated at the 45 MHz
repetition rate in a passively mode-locked fiber oscnlator operating at the 1030 nm
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Fig.25. A principa‘l layout of a fiber seed source for the rod type PCF amplifier.
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central wavelength. Oscillator pulses were amplified up to the 0.51 nJ energy in the Yb
doped single mode fiber amplifier and were spectrally broadened in the 50 m of passive
fiber. The spectrum of pulses after the passive fiber as well as the spectrum of oscillator
pulses were the same as shown in Fig. 21. Spectrally broadened pulses were stretched up
to 500 ps using the CFBG stretcher with dispersion of 40 ps/nm. After that chirped
pulses were amplified in two stages of preamplifiers. The pulse repetition rate in this
system was changed by use of the acousto-optic modulator. Contrary to the previous
CPA system the last preamplifier of the seed source had a double clad Yb doped fiber
with the diameter of 10 um pumped by a couple of multimode laser diodes. This concept
of the last preamplifier enabled us to achieve the ~1 puJ level pulse energy at the 1 MHz
repetition rate that is necessary for this PCF amplifier.

In this fiber CPA system chirped pulses were amplified in a commercially
available photonic crystal fiber aeroGAIN-ROD (NKT Photonics) with the core diameter
of 55 um (mode field diameter - 45 um, mode area - 1600 um?) and the length of 0.8 m.
Both the seed pulse and the pump radiation were introduced in the amplifier module
through a free space, therefore this CPA system is less compact than the previously
described one. However, a larger core of the PCF amplifier enables one to achieve the
higher pulse energy. Measured characteristics of amplification at 45 MHz repetition rate
are depicted in Fig.26a. The efficiency of amplification was saturated at 48.5 % at 40 W
of the pump power, while the average power of initial pulses was 1 W. The variation of
the output power at the 60 W pump power by changing the average power of the seed
power is depicted in Fig.26b. By reducing the average power of seed pulses 4 times (up
to 250 mW) the average power of the output decreases to 18.9 W (~22 %), which means
that the efficiency of amplification strongly depends on the seed power. Including losses
of optics the efficiency of 53 % was obtained at the 2 W seed power. The dependence
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Fig. 26. Measured output power (black color) and efficiency (blue and orange colors) of the PCF ROD
amplifier versus pump power (a) and seed power (b) at 45 MHz repetition rate.

of the output power on the seed power revealed that the efficiency of amplification grew
increasing the seed power. However, in order to achieve the highest pulse energy with a
good temporal pulse quality at the system output it is necessary to find out the optimal
seed power. Fig.27a shows the achievable pulse energy at the 60 W pump power by
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amplifying seed pulses of the 0.7 uJ, 1 uJ and 1.2 uJ energy. Despite that the pulse
energy at the system output differs only by ~10 %, the temporal quality of compressed
pulses differs considerably. This can be clearly seen from variation of the pulse quality
parameters (Scauss/Sac) at a different seed energy shown in Fig.27b. Reducing the seed
energy from 1.4 pJ to 0.7 uJ the achieved pulse energy at the Sgauss/Sac ~70 % level (that
shows a satisfied pulse contrast) increased from 38 uJ to 52 uJ. The measured
autocorrelation trace of compressed 52 pJ energy pulses is depicted in Fig.28. The
duration of 280 fs was obtained.
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Fig.27. a) Measured pulse energy at the output of system at different pulse energy of initial pulses; b) a
dependence of temporal quality of compressed pulses on pulse energy at different pulse energy of initial
pulses.
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Chapter 5: Frequency conversion of the ultrafast fiber laser using
the optical parametric amplifier

In this chapter the experiments of the continuum generation in a bulk
material with pump pulses from the fiber femtosecond laser operating at the 1 MHz
repetition rate are presented. Moreover, the efficient operation of a tunable femtosecond
optical parametric amplifier (OPA) based on the BiBO pumped at 515 nm by the 1 MHz
fiber laser is presented. Finally, this work is summarized by presenting a tunable
femtosecond laser system based on the optical parametric amplifier pumped by the
femtosecond fiber laser.

Chapter 5.1: Continuum generation in the bulk materials by high repetition
rate pulses

The initial task of developing the laser system based on the OPA is to form
seed pulses of a broad spectrum. In this work a continuum (white-light) generated by the
femtosecond fiber laser operating at the 1030 nm wavelength was chosen. However,
contrary to other works in this study the continuum radiation in bulk materials was
generated using a high, 1 MHz repetition rate. Therefore, one of the tasks of this study
was to determine the pump energy threshold, optimal focusing conditions in several bulk
crystals and the optimal material for the continuum generation by pump pulses from the
fiber femtosecond laser operating at the 1 MHz repetition rate.

Single crystals of the 5 mm thick yttrium aluminum garnet (YAG), 4 mm
thick yttrium vanadate (YVO4) and the 6 mm thick sapphire plate were obtained
commercially and used in this work. These materials are common laser host crystals and
were chosen because of their high damage threshold and a good crystalline quality. All
crystals except YAG with its cubic crystalline structure were cut oriented along the
optical axis to avoid birefringence. They were undoped, without coatings and were used
at room temperature. The setup of the continuum generation in crystals is depicted in
Fig. 29. In all of experiments reported in this study the continuum generation was
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Fig.29. A layout of experimental setup of continuum generation in bulk crystals.
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initiated by pulses from a fiber laser (described in chapter 4.1), which delivered pulses of
the 280 fs duration at a center wavelength of 1030 nm with the repetition rate of 1 MHz
in a collimated beam with the diameter of 5 mm. The pulse energy was adjusted using a
variable density attenuator. Pulses were focused with a lens (L1) into the respective
crystal to start the continuum generation and the generated continuum was collimated
with the 25 mm lens (L2). A grating-based spectrograph with a silicon CCD detector
(Avantes) was used to record the spectrum of the continuum. Typical spectra of the
continuum generated in the sapphire plate using a +50 mm focusing length (numerical
aperture (NA) 0.02) are shown in Fig.30a. Exceeding the pump energy threshold (1.3 pJ)
the spectrum of initial pulses suddenly spreads out and increasing the pump energy
intensity of the continuum the spectrum increases. The intensity of the continuum

10 T T: T T — 60 .
—E=1.3uJ E =1.2ud
—E=1.5pJ E =1.3uJ
G ——E=2.0u 7 5 501 | |E.z1.55p
E=2.5nd c
506 E=3.0pnJ § a0l
N E=4.0nJ ©
2 —— E=4.2uJ 0]
7]
5 0.4 § 30l
- 2 —=— NA=0.025
= =0.
o 8 201 —— NA=0.02
—— NA=0.013
0.0 i L 1 L L 10 1 1 L L L N
400 500 600 700 800 900 1000 1.0 156 20 25 30 35 40 45

Wavelength, nm b) Pump energy, pJ

a)

Fig.30. a) A typical variation of continuum spectra increasing energy of pump pulses in a sapphire plate;
inset — beam profile of generated continuum b) a dependence of continuum energy on pump energy at
different NA.

spectrum was saturated at ~3 pJ and the sapphire plate was damaged optically at the
pulse energy of 4.2 uJ. A variation of continuum spectra under different focusing
conditions was very similar and the dependence of the continuum energy on pump
energy at various NA is depicted in Fig.30b. Vertical arrows in Fig.30b label the pump
energy thresholds. A life-time of the generated continuum was also measured under
different NA. Long-term measurements of the continuum energy were performed by
choosing the same level of the pump energy (~20 % above the generation threshold)
(Fig.30Db). The continuum was generated for 90 hours without a noticeable damage of the
crystal at NA=0.02, when the continuum became unstable after 30 hours operation and
the energy of the continuum dropped significantly in the first hour at NA=0.025 and at
NA=0.013, respectively.

For the continuum generation in the YAG crystal lenses with a +40 mm and
+50 mm focal length were used. Measured continuum thresholds were 480 nJ and
630 nJ, respectively. The dependence of the continuum spectrum on the pump energy is
depicted in Fig.32a. Increasing the pump energy above the generation threshold a small
spectral broadening was observed. Contrary to the generation in the sapphire crystal in
this case the window of the continuum generation was very narrow - at 10-15 % above
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Fig.31. Measured long term stability of the continuum energy in a sapphire plate at different focusing
conditions.

the threshold the continuum spectrum became narrow and the energy of continuum was
decreased significantly. A continuous continuum generation in the energy range of 0.5-
1.2 uJ was obtained by adjusting the position of the crystal in relation to the focus. Due
to this fact a threshold of the continuum generation increased to 520 nJ (NA=0.025). A
long-term measurement of the
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+40 mm and +50 mm focal length,
respectively).

Chapter 5.2: Research of continuum amplification

In this work beta barium borate (B-BaB.0s, BBO) and bismuth
triborate (BiB3Og, BiBO) nonlinear crystals for the optical parametric amplification of
the continuum were chosen. BiBO is a birefringent nonlinear crystal, also belonging to
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the borate family of materials, possesses unique linear and nonlinear optical properties
for the frequency conversion. Firstly, BiBO offers versatile phase-matching properties
and flexible wavelength-tuning characteristics, with an effective nonlinear coefficient as
high as 3.7 pm/V [28], which is nearly twice and four times larger than those of BBO
and LBO crystals, respectively. Secondly, as a biaxial crystal, BIBO also offers a large
angular and spectral acceptance bandwidth, low spatial walk-off, and a broadband angle
tuning at room VL

temperature. Thirdly, it 1100-2000 him

is also non-hygroscopic I L2 pv gigo L3 1 ¢
5l5nm o

2
and is readily available — 0 p 4 1 0 » 515 nm
of the high optical L1 vaG Q[; s1

quality, a large size, and 332 0 ] 700-1000 nm

at low cost. Owing to Fig.33. A principal layout of collinear OPA seeded by a continuum
these features in this generated in the YAG crystal.

study the BiBO crystal

has been chosen for the continuum amplification.

In this work the continuum radiation was amplified using the OPA which
was set up in a collinear geometry. The experimental setup of the continuum
amplification is depicted in Fig.33. The seed source of the OPA was a continuum
generated in the 5 mm YAG crystal by pump pulses from the fiber laser operating at the
1030 nm wavelength and generating pulses of the 280 fs duration at the 1 MHz repetition
rate. The second harmonic of 515 nm has been generated and used to pump the OPA.
The pump and seed beams were combined with a broad- band dichroic mirror (DM),
which had a high transmission at the 515 nm wavelength. The focal diameters of the
seed and pump beams at the nonlinear crystal were of the order of 60 um. The temporal
overlap was adjusted by a variable delay line (VDL). For optical parametric
amplification the 2 mm thick BBO (0=23.4°, ¢=0°, 1 mm and 2 mm thick BiBO
(0=171°, ¢=90°) crystals were used. Both of the crystals were cut for type | phase
matching. Recollimation was done with an achromatic lens (L3). Signal and idler waves
were separated using separators S1 and S2. The wavelength tuning was performed by
simply changing the phase-matching angle and readjusting the variable-delay line.
Dependences of the energy of signal waves and the efficiency on the pump energy using
BBO and BiBO nonlinear crystals are depicted in Fig.34. Saturation of the signal energy
using the BBO crystal for amplification has been achieved at the 1 puJ pump energy. The
efficiency of conversion from the pump to the signal of 10-12 % depending on the
spectral range was obtained. Meanwhile the signal energy was saturated at the 2.5 times
lower pump energy using the 2 mm thick BiBO crystal. The efficiency of 10-12 %
depending on the spectral range was obtained at the 0.4 pJ pump energy. The main result
of this experiment is that the effective amplification of the continuum in the BiBO
crystal was achieved at a low pump energy. This result can be attributed to the larger
nonlinear refractive index of the BiBO crystal. The experiments of the continuum
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Fig.34. Dependences of amplified signal energy (a) and amplification efficiency (b) on pump energy
using BBO and BiBO crystals.

amplification by varying diameters of seed and pump beams were also presented in this
chapter. An effective amplification was obtained using beams with the diameter of
60 um at a low pump energy, however, the beam of the signal wave had astigmatism.
The spatial quality of the beam was improved by increasing diameters of seed and pump
beams up to 115 um. The enlargement of beam diameters requires the higher pump
energy in order to achieve the same conversion efficiency. In case of the BiBO crystal
the efficiency of 10-12 % was obtained at the 1uJ pump energy, while beam diameters
were 115 um. In case of the BBO crystal under the same conditions the required pump
energy should be significantly higher, about ~3 uJ. Because of this feature a BiBO
crystal is a very attractive candidate for the frequency conversion applications in
compact tunable laser systems.
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Chapter 5.3: Tunable femtosecond laser system based on OPA pumped by
the femtosecond fiber laser

In this chapter the tunable femtosecond laser system based on the OPA
pumped by the femtosecond fiber laser is presented. A principle layout of the system is
sketched in Fig.35. The system consisted of five main parts: first, a femtosecond fiber
wJ/MHz pump laser; second, a continuum generation stage; third, a frequency doubling
stage; fourth, an OPA stage; and finally, a pulse compression setup based on a pair of
prisms. The seed and pump pulses of the OPA were generated by the fiber laser
(described in detail in chapter4.1) operating at the 1030 nm wavelength and generating
pulses of the 280 fs duration at the 1 MHz repetition rate with the energy of up to 20 pJ.

Formation of temporal
Fiber oscillator and spectral pulse imiens Preamplifier ey Pulse
characteristics picker amplifier compressor

Pulse compressor ]

( . .
Continuum generation
------------------------------------- L3yaG L4 F

' W4 SF11
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Fig.35. A principle layout of a tunable femtosecond laser system based on OPA pumped by femtosecond
fiber laser.

For the present experiment the output of the laser was attenuated and the remaining part
of the energy was divided into two parts. One part of the energy was used to generate a
broadband signal (continuum) for seeding OPA, another part of the energy was used for
the frequency doubling. The pump of OPA was a second harmonic (SH) of the fiber
laser generated in a 3.7 mm thick lithium borate (LBO) crystal under critical type I
phase-matching conditions (0=90°, ¢=13.8%). The spot size at the LBO crystal was
approximately 200 um, leading to the efficiency of frequency doubling of nearly 65 %.
After the frequency doubling the SH was collimated by the lens (L2) and separated from
the infrared fraction by separators S1 and S2. Another part of the laser energy (600 nJ)
was focused by the lens (L3, f=+40 mm, NA=0.025) onto a 5-mm thick YAG crystal to
generate a white light continuum. A broadband radiation was collimated by the
achromatic lens (L4), filtered (F) and directed to an OPA stage. The pump and seed
beams were combined with a broadband dichroic mirror (DM), which had a high
transmission at the 515 nm wavelength. The focal diameters of the seed and pump beams
at the nonlinear crystal were of the order of 115 um. The temporal overlap was adjusted
by a variable delay line (VDL). For the optical parametric amplification a 2 mm thick
BiBO crystal ((0=171°, ¢=90°)) was used. The wavelength tuning was performed by
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Fig.36. Measured pulse spectra and pulse energy at the system output when performing wavelength
tuning.

simply changing the phase-matching angle and readjusting the variable-delay line. The
pulses were characterized by use of optical spectrum analyzers YOKOGAWA AQ6370D
(for signal) and YOKOGAWA AQ6375B (for idler). Measured output spectra from the
system at a different central wavelength are shown in Fig.36. The tuning range of output
pulses was 690-970 nm and 1100-2050 nm and it was limited by the amplification
bandwidth of the BiBO crystal. Above each measured spectrum values of the bandwidth
and the corresponding duration of transform limited pulses are presented. Besides, the
output energy of the signal and the idler at the pump pulse energy of 1 uJ is shown in
Fig.36. The efficiency of conversion from the pump to the signal of 9.5-17 % at the 1 pJ
pump energy depending on the spectral range was obtained.

The signal and the idler after the OPA stage were separated by dichroic
mirrors and signal pulses were directed to a pulse compressor. The pulses were
compressed using a pair of Brewster angle prisms made of SF11 glass. For the
characterization of compressed pulses a multiple-shot SHG FROG autocorrelator was
used. Retrieval calculations of the pulse envelope using the FROG algorithm (Swamp
Optics) for the measurements at 730 nm and 850 nm central wavelengths were
performed (Fig.37.) The pulse durations calculated from measured autocorrelation traces
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and FROG retrievals were similar and equal to 83.6 fs and 52 fs, respectively. The
obtained pulse durations for other wavelengths are presented below in Table 1.
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Fig.37. Envelopes of compressed pulses retrieved using the FROG algorithm for the measurements at
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Table 1. The duration of compressed pulses as well as duration of tranform-limited
pulses and bandwidth of the signal spectrum.

Ac, NM Tp, TS 7L, TS A\, nm
730 83,6 82,7 9,6
770 72 70,5 14

800 62 60,7 18,14
850 52 48,3 21,98
880 39,2 37,5 35,87
910 47 32 51

Measurements of the idler generated at the OPA stage using the same multiple-shot SHG
FROG autocorrelator were performed. Retrieval calculations of the pulse envelope using
the FROG algorithm for the measurements at 1450 nm and 1550 nm central wavelengths
were performed (Fig.38.) The pulse durations calculated from measured autocorrelation
traces were similar to FROG retrievals and equal to 133 fs and 117 fs, respectively. In
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Fig.38. Envelopes of idler pulses retrieved using the FROG algorithm for the measurements at 1550 nm
and 1450 nm central wavelengths.
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order to characterize the beam quality at the output of the system, the dependence of the
beam radius on the distance from the focal plane was measured at different wavelengths
of the signal pulse. M? factor was calculated to be <1.3 in the spectral range of
690-880 nm and <1.5 for 970 nm wavelength.
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Main results and conclusions

1. All-in-fiber passively mode-locked fiber oscillators that use chirped fiber Bragg
gratings of low dispersion for compensation of the normal cavity dispersion were
implemented experimentally. The use of the low dispersion CFBG (0.25-
0.82 ps/nm) allowed us to generate ultrashort pulses with the duration of 0.38-
1.2 ps. Besides, the impact of CFBG characteristics on oscillator pulses was
investigated. It has been shown that optimizing the bandwidth of the CFBG the
reflection, intensity of Kelly sidebands - typical of soliton pulses — can be reduced
significantly without the pulse lengthening. Also, it has been shown that linearly
chirped parabolic pulses with the bandwidth of 22.8 nm and the duration of 6.5 ps
can be generated in the ytterbium doped fiber amplifier by fiber soliton mode-
locked oscillator, which generates pulses with the duration of 380 fs at the
1064 nm central wavelength.

2. In the fiber CPA system in which stretched pulses with the duration of 300 ps
were compressed by the diffraction grating (1600 gr/mm), the TOD introduced by
the pulse compressor can be compensated by optimizing the chirp profile of
CBFG stretcher. This compensation enables one to achieve high fidelity pulses
with the duration of few hundreds fs at the output of the system. A numerical
simulation of fiber CPA system in which the initial pulses of different duration
were stretched up to duration of 350 ps and stretched spectrally up to 7.5 nm and
were compressed by the diffraction grating (1600 gr/mm) was performed. It was
found that the temporal quality of compressed pulses at the output of this fiber
CPA system can be improved using the initial pulses with shorter duration due to
smaller accumulated nonlinear phase.

3. In this work a novel fiber CPA system consisting of the tunable dispersion CFBG
stretcher and the fixed dispersion CVBG as a pulse compressor was presented. It
was found that a distortion of linear chirp profile of pulse stretcher/compressor
limits the temporal quality of compressed pulses that can be improved only by
matching dispersion profiles of CFBG stretcher and CVBG compressor.

4. By combining various fiber technologies described in this study fiber CPA
systems were investigated. Stretched pulses with the duration of 500 ps were
amplified in photonic crystal fiber amplifiers with the core diameter of 40 um and
55 um up to the 20-50 pJ pulse energy. High fidelity pulses with the duration less
than 300 fs were achieved at the output of systems. These pulses can be used to
pump the optical parametric amplifier operating 1 MHz repetition rate.

5. In this work the research of continuum amplification in BBO and BiBO nonlinear
crystals was performed. It was found that amplification efficiency of 10-12 % in
BiBO crystal is achieved at 2.5 times lower pump energy compared with BBO
crystal. Therefore, the BiBO crystal is more preferable realizing wavelength
tunable fiber laser systems with pulse energy of the order of 1 uJ. It was
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experimentally demonstrated that the continuum generation in the 5 mm thick
YAG crystal and continuum amplification in the 2 mm thick BiBO crystal enables
us to realize a femtosecond laser system with wavelength tuning in the range of
690 nm-2040 nm and operating at the 1 MHz repetition rate.
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Santrauka

Sioje disertacijoje buvo tiriamas ultratrumpyjy impulsy spektriniy ir laikiniy
charakteristiky valdymas skaiduliniuose solitoniniu rezimu veikianciuose sinchronizuoty
mody osciliatoriuose ir skaidulinése Cirpuoty (faziSkai moduliuoty) impulsy stiprinimo
sistemose. Taip pat Siame darbe apraSyti Cirpuoty impulsy stiprinimo didelio Serdies
skersmens (40 um ir 55 um) fotoniniy kristaly skaidulose eksperimentai. Visa tai buvo
reikalinga siekiant realizuoti skaidulines lazerines sistemas, kuriy impulsy laikinés,
energines ir spektrinés charakteristikos yra tinkamos optiniy parametriniy stiprintuvy,
veikianciy ~1 MHz impulsy pasikartojimo dazniu, kaupinimui. Taip pat buvo sukurta ir
Sioje disertacijoje apraSyta lazeriné sistema, generuojanti <150 fs trukmés impulsus
spektro ruoze nuo 700 nm iki 2040 nm.

Siame darbe buvo tiriami skaiduliniai solitoniniu reZimu veikiantys
sinchronizuoty mody osciliatoriai, kuriuose normalios rezonatoriaus dispersijos
kompensavimui buvo panaudotos mazos dispersijos (0,25-0,82 ps/nm) skaidulinés
Cirpuotos Brego gardelés. Tokie skaiduliniai osciliatoriai generavo trumpesniuS nei
1,2 ps trukmés impulsus desSim¢iy MHz impulsy pasikartojimo dazniu ir yra patraukliis
kaip skaiduliniy ¢irpuoty impulsy stiprinimo sistemy uzkrato Saltiniai. Taip pat buvo
pademonstruota, jog tiesiSkai cirpuoty parabolinés formos impulsy generacija
skaiduliniame stiprintuve galima santykinai ilgais, 380 fs trukmés, impulsais,
generuojamais skaidulinio sinchronizuoty mody osciliatoriaus. Sis metodas leidZia
suformuoti impulsus, turinéius tiesinj ¢irpg, kurj kompensavus biity generuojami ~110 fs
trukmés impulsai.

Siame darbe buvo pademonstruotos skirtingos impulsy pléstuvo/spaustuvo
konfigiiracijos skaidulingje Cirpuoty impulsy stiprinimo sistemose. IStirta skaiduliné
¢irpuoty impulsy stiprinimo sistema, kurioje impulsai ple¢iami skaiduline Cirpuota Brego
gardele, o spaudziami difrakciniy gardeliy pora. Skaitmeniniu modeliavimu buvo
surastos salygos, kai difrakciniy gardeliy spaustuvo jneSama trecios eilés dispersija
riboja sistemos generuojamy impulsy laiking kokybe. Skaitmeniniu modeliavimu ir
eksperimentais buvo parodyta, jog tokioje sistemoje impulsy spaustuvo jneSamg trecios

eilés dispersija galima kompensuoti naudojant skaiduling Cirpuota Brego gardele su
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optimaliu Cirpo profiliu. Taip pat buvo istirta skaiduliné Cirpuoty impulsy stiprinimo
sistema, Kkurioje impulsai pleCiami valdomos dispersijos skaiduline cCirpuota Brego
gardele, o spaudziami fiksuotos dispersijos Cirpuota tirine Brego gardele. Parodyta, kad
tiesinio impulsy pléstuvo/spaustuvo Cirpo profilio iSkraipymas riboja tokios sistemos
impulsy laiking kokybe, kurig galima pagerinti tik naudojant suderinty dispersijos
profiliy dispersinius elementus.

Sukurtos ir Sioje disertacijoje apraSytos skaidulings cirpuoty impulsy
stiprinimo sistemos, naudojanéios pilnai skaidulinius uZkrato 3altinius. Siose sistemose
500 ps trukmés Cirpuoti impulsai, kuriy centrinis bangos ilgis buvo 1030 nm, didelio
Serdies skersmens (40 pm ir 55 um) fotoniniy kristaly stiprintuvuose buvo sustiprinti iki
20-50 pJ energijos. Siy sistemy i§¢jime generuojami sub-300 fs trukmeés impulsai.

Atlikti kontinuumo generacijos safyro, itrio aliuminio granato ir itrio
vanadato kristaluose tyrimai Zadinant 1 MHz pasikartojimo dazniu, 280 fs trukmeés
impulsais, generuojamais skaidulinio lazerio. ISmatuoti kontinuumo generacijos
slenksc¢iai, generuojamo kontinuumo degradacija esant skirtingoms Zzadinancios
spinduliuotés fokusavimo salygoms. Taip pat atlikti kontinuumo spinduliuotés stiprinimo
BBO ir BiBO kristaluose eksperimentai. Nustatyta, jog BiBO kristale dé¢l didesnio
kristalo netiesiSkumo efektyvus kontinuumo spinduliuotés stiprinimas pasiekiamas prie
2,5 karto mazesnés kaupinimo impulsy energijos. Sie rezultatai leido realizuoti tokia
lazering sistema, kurioje generuojami 40-150 fs trukmés impulsai spektro ruoze nuo
690 nm iki 2040 nm, kaupinant 1 pJ eilés energijos impulsais, generuojamais skaidulinio
lazerio, veikian¢io 1 MHz pasikartojimo dazniu. Sig spinduliuotés daznio keitimo
schemg bus siekiama komercializuoti kompanijoje EKSPLA, taip iSple€iant gaminamy

femtosekundiniy skaiduliniy lazeriy taikymo sritis.
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