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Introduction

After 50 years since the first laser was demonstrated [1] it becomes quite obvious that
it was one of the greatest inventions of the last century. Laser technology improved
drastically over years, it found its way to various areas of application and still new
techniques are being discovered. Lasers are now widely used in IT and communications,
manufacturing industry, material processing, metrology and biomedicine. The laser has
acquired a significant place in the world of science: due to unique properties of coherent
light new branches of microscopy and spectroscopy emerged, lasers are used for
investigation of optical damage, light and matter interaction, nonlinear matter response,
and also for development of new photonic devices.

Due to achievements in laser science and nonlinear optics, the available intensities of
coherent radiation increased significantly over time. The main breakthrough was the
invention and development of CPA (chirped pulse amplification) [2] and OPCPA
(optical parametric chirped pulse amplification) [3, 4] techniques.

Once terawatt (TW) level intensities of ultrashort laser pulses were achieved, new
range of applications became available in high field physics [5], generation of high order
harmonics and isolated attosecond pulses [6], investigation relativistic optics effects in
few optical cycle regime [7], electron acceleration in light field [8], etc. Therefore,
development of compact and reliable TW-scale laser systems is a very important task, as

such systems ensure faster progress in the above-mentioned new fields of science.

Main objectives of this thesis were to investigate optical parametric amplification of
broadband seed pulses in femtosecond and picosecond regimes and to develop and
optimize a compact TW-scale OPCPA system intended for applications in various areas

of high-field physics.

Main tasks include:

e Characterization of spatial and temporal properties femtosecond Yb:KGW and
picosecond Nd:YAG laser pulses, including measurements of output pulse
temporal contrast ratio. Development and investigation of dual active element
Yh:KGW regenerative amplifier. Optimization of direct optical synchronization of
Yb:KGW and Nd:YAG amplifiers.



e Generation of white light continuum in bulk material, employing Yb:KGW laser,
and using it as a seed for broadband optical parametric amplifier.

e Investigation and optimization of broad bandwidth optical parametric
amplification. Investigation of pump and signal pulse front mismatch impact on
amplified pulse spatial characteristics in noncollinear setup.

e Numerical calculations of temporal dispersion parameters in various optical
elements and optimization of pulse stretching and compression setup.
Measurements of pulse phase characteristics, estimation of higher order dispersion
in the system and its compensation by means of acousto-optic programmable
dispersive filter.

Innovations in this work

A new approach for power scaling of regenerative amplifiers by use of multiple active
elements in prolonged resonator was verified, resulting in almost double output power of
Yb:KGW regenerative amplifier.

Direct optical synchronization of Yb:KGW and Nd:YAG amplifiers was performed
by implementation polarizing spectrum splitter at the output Yb:KGW oscillator to
ensure the maximum seed energy for both amplifiers.

An Yb:KGW laser pumped system of white light continuum generator and
noncollinear optical parametric amplifier was proposed and demonstrated as a source of
broadband relatively high energy pulses at 800 nm central wavelength. Also the
compressibility of these pulses to sub-10 fs duration has been verified.

A concept of stepwise increased pulse duration in multistage OPCPA has been
proposed and demonstrated, promising high contrast and high energy few cycle output

pulses.

Practical benefits

The concept of multiple active elements in single resonator is applicable for
increasing average output powers of commercial short pulse laser systems.

It is shown that femtosecond Yh:KGW laser driven white light continuum generator
and noncollinear parametric amplifier system might be a good alternative for

conventional Ti:sapphire systems in few cycle pulse regime at 800 nm wavelength.
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A table-top TW-scale system was developed, which can be applicable for research in

various fields of physics and technologies. The proposed setup ensures long-term

stability and compact dimensions. No fiber technology is applied in this system, making

it tolerant to mechanical and thermal fluctuations.

Major part of presented results and technological innovations will be implemented in

development of ,,NAGLIS“ — the ultrashort pulse laser facility for national and

international access.

Statements to defend:

Employing of several active elements in regenerative amplifier allows for
distributing the thermal load. This approach allows for increasing the output power
of regenerative amplifier without deteriorating beam quality or stability of resonator,
which is usually limited by thermooptic effects. Regenerative amplifier with dual
active Yb:KGW elements pumped by laser diode arrays (total pump power ~200 W)
in symmetrical resonator configuration, exhibited 30 W average output power at
100 kHz repetition rate, and the spectrum of amplified pulses corresponded to

sub-300 fs pulse duration.

Employing of femtosecond Yb:KGW system for generation of white light continuum
and its further optical parametric amplification in BBO crystal in non-collinear setup
allows for generation broadband (680-950 nm) pulses of energies up to tenths of
microjoules. Such pulses can be compressed down to sub-10 fs durations by
implementing additional phase control. Suggested approach allows to avoid the
difficulties of generating high energy few cycle pulses at 800 nm in conventional

Ti:sapphire systems.

. Non-collinear parametric amplification of highly chirped pulses in case of not
matched signal and pump pulse fronts spatial chirp is the dominant phenomenon
amongst occurring spatial spectrum distortions of signal pulse. For pulse chirp
parameter y ~ 20 and the ratio of pulse transversal and longitudinal dimensions close

to 10, spatial dispersion AA—Zz 1H™/ ., of output signal pulse is observed, while

angular dispersion remains negligible.



4. The concept of hybridly pumped multistage optical parametric chirped pulse
amplification, comprising of pulse amplification in a sequence of OPA stages with
step by step increased pulse duration is promising for generation of high contrast
TW peak power pulses and is a good alternative for Ti:sapphire based systems.
Based on this concept an OPCPA system was developed, employing optically
synchronized femtosecond Yb:KGW and picosecond Nd:YAG lasers, and
parametric amplification of ~ 10 nJ continuum pulses to 30 mJ energy have been
demonstrated. The spectrum of amplified pulses allows for compression to 9,3 fs
duration at 800 nm central wavelength.
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Thesis summary

The thesis comprises of introduction, four chapters, summary of main results and the
list of references. Thesis is presented in 112 pages, contains 69 figures and 3 tables.

In the first chapter the topics of dissertation research and key elements of OPCPA
system to be developed are discussed, advantages and disadvantages of proposed
approach are analyzed and compared with achievements of other groups on this topic.

The development of reliable laser sources producing ultrashort light pulses of extreme
parameters is the one of main factors advancing new research in already established and
emerging fields of science. OPCPA since its first demonstration in 1992 [3] became
widely recognized and rapidly developing optical pulse amplification technology
allowing for generation of broad bandwidth pulses which could be compressed down to
duration corresponding to few oscillations of carrier frequency and providing in this way
ultrahigh peak powers.

Ti:sapphire lasers provide wide amplification bandwidth and pulse durations of less
than 10fs can be easily achieved in mode-locked oscillators. However, further
amplification of these pulses in Ti: sapphire amplifiers results in pulse lengthening due
to gain narrowing of spectrum, thus the duration of output pulses of Ti:sapphire
amplifiers usually exceeds 20 fs.

High energy pulses of durations corresponding to few optical cycles can also be
obtained by spectrum broadening of the Ti:sapphire laser output in continuum generator
and further amplification in broadband optical parametric amplifier (OPA). However, in
this case the continuum pulse exhibits strong modulation in intensity and phase at
wavelengths close to fundamental pump (800 nm), and amplified pulses are extremely
difficult to compress [9]. For this reason usually the part of the spectrum below or above
800 nm is amplified and compressed. However, the 800 nm wavelength is still of an
interest for power amplification in Ti:sapph CPA system for even higher energies. White
light continuum, generated by other fundamental wavelength, would not inflict such
problem, thus continuum generation by femtosecond Yb-doped laser is important and
had to be investigated.

Also, the contrast of generated pulses is of great importance, as many areas of high

field and plasma physics require high energy few-cycle pulse sources with temporal
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contrast, which defined as ratio of light intensity before the pulse and the peak pulse
intensity, of the order 10™ at least [10, 11]. OPCPA has shown potential to satisfy these
requirements and at present it is the leading technology for high energy few-cycle pulse
table-top systems [12-14]. Main effects that can deteriorate the contrast of OPCPA
system include generation of parametric superfluorescence and pump intensity noise
transmission to signal pulse spectrum [15]. The pump noise is mainly determined by
level of amplified spontaneous emission, thus the pump source with low ASE level is
required. In order to minimize the superfluorescence generation, higher intensity seed
and multiple amplification stages operating at low gain are preferable [16]. Also shorter
pulse duration OPA stage may improve the contrast, as the pulse is not stretched too
much and remains at high intensity than in picosecond setup.

Based on listed requirements and benefits of implementation of femtosecond
Yb-doped laser and advantages of multistage setup, the following scheme of OPCPA

system was developed (Fig. 1).

fs / sub-ps CONTINUUM +

LASER fs NOPA
(ROBUST SOURCE) (BANDWIDTH)

PULSE STRETCHING +
AOPDF (Dazzler)
(PHASE CONTROL)

ps AMPLIFIER
(ENERGY)

ps OPCPA

(ENERGY + BANDWITH)

PULSE

COMPRESSION
(TW POWER +
FEW-CYCLE PULSES)

Fig. 1. The main concept of the TW-class table-top system.

The Yb:KGW laser system has shown potential to fulfill all the requirements to be at
front end of this system. The picosecond Nd:YAG system has been chosen as a pump
source for high energy OPCPA stages as it is well developed and reliable. As of OPA

concept in general, a multistage setup was introduced, starting from white light
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continuum generation and its amplification in femtosecond noncollinear optical
parametric amplifier (NOPA) and then proceeding to picosecond high energy OPCPA.
The final pulse compression is proposed to be performed in normal dispersion
compressor as it exhibits less losses, therefore the stretching of pulses has to be
performed it down-chirp setup. Also an additional phase control device, an AOPDF for
example, has to be introduced for compensation of higher order dispersion, as it becomes
significant if the spectrum of the pulse is broad. Based on this concept the investigation
and development of final concept had to be performed.

First of all the development, optimization and synchronization of pump lasers was
carried out and the results are presented in the second chapter of the thesis. Special
attention was taken for investigation of ASE levels in these lasers.

In the first section of this chapter the results on increasing the average output power of
Yb:KGW femtosecond regenerative amplifier by introducing multiple active elements is
investigated. Thermal load in active element usually is the main factor, which limits the
output power of the laser and deteriorates its beam quality. The distribution of thermal
load into separate active elements in replicated resonator setup (Fig. 2) raises the upper

limit of applicable pump power without affecting the beam quality or resonator stability.

a) AE
|

b . .
N N

o e e
N N
AE AE

Fig. 2. The concept of implementing multiple active elements (AE) in replicated
resonator: a) the original resonator with single AE, b) replicated resonator
with two active elements, ¢) replicated resonator with four active elements.

However, the concept increases the overall complexity of the system, thus it should

not be extended to significant number of replicas. The performance of this concept was
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investigated in diode pumped dual active element Yb:KGW regenerative amplifier setup
(Fig. 3). Four 50 W power diode pump modules (LD) were used, which resulted in
200 W total pump power.

[0 =\ A={o]
=N

V3 AE2

=\
[ =/ N[0 ]

Fig. 3. The setup of dual active Yb:KGW regenerative amplifier. AE1, AE2 —
Yb:KGW active elements, LD — laser diode stacks, V1-V6 — resonator
mirrors, L — lens, FP1 — /4 waveplate, FP2 - A/2 waveplate, PP — a pair of
parallel thin film polarizers, PC — Pockels cell.

]

LASER OUTPUT

In general this setup consists of two resonators, that could function independently,
which are joined by replacing their concave end mirrors by a lens (L). This setup was
tested in continuous wave, quality switched and regenerative amplification modes. It has
been demonstrated that the gain in dual active element resonator is nearly doubled.
Femtosecond pulses from Yb:KGW oscillator were stretched and seeded to this
regenerative amplifier at 100 kHz repetition rate, which resulted in maximum output

power of 30 W and the spectrum of pulses still allowing for ~300 fs duration (Fig. 4).
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Fig. 4. Regenerative amplifier output parameters: a) the average laser output
power versus total pump power; b) the spectrum of amplified pulses at
maximum output power.
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In spite of achieved results this regenerative amplifier was not employed in main
OPCPA system due to several reasons. First of all the OPCPA system would operate at
relatively low repetition rates, at which the available pulse energies of Yb:KGW laser
would be limited by nonlinear effects, such as Raman scattering, rather than by thermal
load. Furthermore, stable operation of this laser is crucial as it is used in the very first
stage of the system, and this cannot be expected from the prototype. Therefore
commercially available Ybh:KGW femtosecond laser was used instead.

In the second section of this chapter results on characterization and optical
synchronization of Yb:KGW and Nd:YAG lasers are presented.

One of the advantages of implementing Yb:KGW laser in the system is the possibility
of direct optical synchronization without additional spectrum broadening due to partially
overlapping emission spectra of Yb:KGW and Nd:YAG. The third order autocorrelation
measurements at the output of Nd:YAG regenerative amplifier seeded by Yh:KGW

femtosecond oscillator have been performed in order to estimate the ASE level (Fig. 5).

10°fF | —— En=~13pJ |
10" E Ein=~2,5 pJ|

107k
10'3 ..........................................

Intensity, a.u.

078 L . I . I R P . I . I .
-600 -500 -400 -300 -200 -100 0
Delay, ps

Fig. 5. Third order autocorrelation of Nd:YAG regenerative amplifier output for
different seed energies.

The results clearly show that as the seed energy is decreased the ASE level rises
drastically. This means that higher energies of seed are preferable.

However, to achieve best performance of both Yb:KGW and Nd:YAG amplifiers the
maximum energy of seed has to be provided for both of them at the same time. To
ensure this, polarizing spectrum splitter, consisting of specially designed A/2 waveplate
and a polarizing cube, was introduced at the output of Yb:KGW oscillator. This resulted
in separation of 1030 nm and 1064 nm wavelengths with maximum efficiency (Fig. 6).
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Fig. 6. Separation of Yh:KGW oscillator spectrum for seeding Nd:YAG and
Yb:KGW amplifiers. Black curve — oscillator output spectrum; red curve —
part of the spectrum for seeding Yb:KGW amplifier; green curve — part of
the spectrum for seeding the Nd:YAG amplifier; dotted curve -
transmission characteric of polarizing spectrum splitter, red area — the actual
spectrum needed for seeding into Nd:YAG.

As for contrast ratio of Yb:KGW laser, the measurement results show that ASE level
is ~10® comparing to the peak pulse. However, multiple peaks at ~10™ intensity level
before the main pulse have been detected. The pulses of this laser are intended to use for
white light continuum generation and pumping of OPA by second harmonic. In this case
the impact of detected pre-pulses should be negligible.

Also the results on measurement beam quality and output pulse durations of both
Yb:KGW and Nd:YAG regenerative amplifiers are presented in this section. Also, the
main setup and characteristics of flash-lamp pumped Nd:YAG power amplifier are
described.

The third chapter of the thesis is dedicated to continuum generation and its
amplification in noncollinear parametric amplification setup.

At first the investigation of continuum generation in bulk material has been carried
out. It has been found out empirically that sapphire crystal performed better than YAG
and SiO, in terms of smooth spectrum distribution and long-term stability. The
supercontinuum spectrum extended from 1030 nm to ~550 nm wavelength (Fig. 7),
which is more than enough for seeding the broadband parametric amplifier at 800 nm.
Beam quality parameter M? of supercontinuum was measured at several wavelengths

from 700 nm to 900 nm and its value did not exceed 1,5.
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Fig. 7. The spectrum of white light continuum, generated in 4 mm sapphire crystal
by 300 fs 2,2 uJ pulses at 1025 nm wavelegth.

Then the optical parametric amplification of broad band seed pulse was investigated.
Generally two possibilities for achieving broad bandwidth OPA gain are available: an
employment of type | phase-matching in OPA operating close to degeneracy, or the use
of noncollinear optical parametric amplifier that can be designed also for non-degenerate
broadband pulse amplification [17]. The latter method together with BBO crystals was
the obvious decision.

At first, the simple expressions for the case of pump depletion have been derived,
which allow for estimation of optimal initial pulse durations. After that an optimization
of noncollinear OPA was performed both numerically and experimentally and the results
were compared. It has been determined that the broadest spectrum of amplified pulses is
achieved at a phase matching angle 6 = 24,7°, when the noncollinearity angle is
o = 2,44°. Also, a multistage design of the amplifier due to earlier discussed benefits was
implemented. In our setup commercially available Yb:KGW laser system (“Pharos”,
Light Conversion Ltd.) providing 300 fs pulse duration, 1025 nm wavelength pulses was
used both for WLC generation and pumping of successive NOPA at 1 kHz repetition rate
(Fig. 8). Part of output pulse was split into continuum generator channel and waveplate-
polarizer attenuator and was used to achieve optimum conditions for the continuum
generation. A prism compressor had to be introduced before amplification to optimize

signal and pump duration ratio. In order to separate the remaining fundamental pulse
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from continuum, spectral filtering was introduced in the prism compressor by the sharp

edge knife near the compressor folding mirror.
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Fig. 8. Experimental setup of the two stage femtosecond NOPA. (BS marks the
beam splitter, P —thin film polarizer, L — lenses or spherical mirrors).

In the first amplification stage both seed and pump were loosely focused into 1,5 mm
BBO crystal. In order to minimize the superfluorescence, the first stage was operated in
relatively low gain regime, and the available pump of 20 uJ was reduced to ~14 uJ,
amplifying signal pulses to ~1 pJ energy. Further the signal was collimated to the second
NOPA stage. Pump and signal beam sizes were matched to ~1 mm. The signal in second
stage was amplified up to 20 uJ with spatial beam profile close to Gaussian. However,
still some modulation in spectrum and in beam of profile was observed at maximum
output energy, so the pump intensity was reduced, thus reducing the energy of amplified
pulse to ~17 uJ. The spectrum of amplified pulse (Fig. 9) corresponded to ~6,5 pulse

duration.

Intensity, a.u.

02f ' : ]
U .................................................................................................

600 700 800 900 1000
Wavelength, nm

Fig. 9. The spectrum of amplified to 17 uJ energy pulses at the output of second OPA stage.
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In general case the signal pulse in noncollinear setup may be distorted due to spatial
mismatch in amplitude fronts between pump and signal pulses. It is commonly believed
that signal acquires pulse front tilt, which can be determined from pulses angular
dispersion [18-20]. However, it has been shown that the pulse can be tilted without

angular dispersion by simultaneously introducing temporal and spatial chirp [21]. Also

parameters for defining of spatial chirp were introduced: a spatial dispersion % and a

frequency gradient % [22], where x is the transversal coordinate, x, is the centre

position of the beam at given frequency, w - spectral frequency and w,is the central
frequency at given coordinate.

In order to evaluate out and minimize the undesirable effects the second NOPA stage
was investigated both in front matched and non-matched cases. The pulses in this stage
are around 1 mm is diameter, which is approximately 10 times the dimension of the
pulse in propagation direction. For pulse front matching a BK7 prism with 67 degree
apex angle was introduced into pump beam. This resulted in front tilting by 3,5 degrees
which is close to the external noncollinearity angle. For measurements of angular and
spatial beam characteristics we used a combination of imaging spectrometer and a CCD
camera in a setup similar to one described in Ref. [23]. Depending on required spectral
range either a grating or a reflective coated prism were used. The CCD camera was
placed in image plane of spectrograph and the spectral coordinate was calibrated in the
range from 700 to 900 nm. For the angular dispersion measurement the spherical mirror
was placed at a focal distance from the spectrograph entrance slit. As for spatial chirp
measurement, the BBO crystal output plane had to be imaged into spectrograph input, so
the position of focusing element was adjusted accordingly.

The experiment showed that the pulse had not acquired any significant angular
dispersion after amplification. The very slight residual angular dispersion that would
lead to pulse front tilt of 0,03 - 0,04 degrees was present in all cases. Such numbers are
at the detection limit of the device and considered to be negligible comparing to almost
4 degrees of external noncollinearity angle. However, in the case of not matched pulse
fronts the amplified signal had acquired spatial chirp which corresponds to spatial
dispersion parameter of ~1pum/nm and marginal wavelength shifted for around 200 pm
(see Fig. 10).
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Fig. 10. Measured spatial spectral distributions of amplified signal pulse in cases
of not matched (a) and matched pulse fronts (b).

As there is virtually no angular dispersion involved, the spatial chirp should “smudge”
after some propagation in space due to diffraction of the beam.

Next, the experiments on pulse compression were carried out, in order to test the
phase characteristics of pulses at this amplification stage. The output pulse was
compressed using SF57 prism pair compressor together with acousto-optic
programmable dispersive filter (AOPDF “Dazzler”, Fastlite). The prisms were needed to
compensate the dispersion introduced by AOPDF. Unfortunately, still some clipping of
spectra occurred due to limited length (25 mm) AOPDF, which led to transmission of the
spectral window from 700 to 900 nm at programmed group delay. A SHG FROG
apparatus was used to control the compression and to fine tune AOPDF parameters. In
this approach pulses were compressed to 9,8 fs (Fig. 11), while the Fourier transform

limited duration of the clipped spectrum pulse was equal to ~9 fs.
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Fig. 11. Intensity profile (solid) and phase (dashed) of compressed pulse in
temporal (a) and spectral (b) domains, retrieved by FROG measurement.
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These results prove the compressibility of the pulse and further pulse amplification is
feasible. In the stationary case the use of AOPDF at this stage is required for pulse
compression by conventional pulse compressors only, whereas implementation of
chirped mirrors would result in same durations but much lower energy losses. It is also
obvious that such setup can be used instead of Ti:sapphire laser in cases when broadband
pulses of microjoule energies are needed. Talking about the architecture of the whole
system, the AOPDF is still needed and it has to be introduced in early stages of pulse
amplification, as the crystal used in this filter has quite low damage threshold. Also, the
losses introduced by AOPDF can be easily compensated in next amplification stages.

In the fourth chapter results on numerical simulations of pulse stretching and
compression schemes are presented and programming parameters for AOPDF are
estimated. Also the experiments on high energy OPCPA are carried out.

Before the pulse amplification in picosecond OPCPA stage the stretching setup had to
be developed. As some of the elements may introduce serious limitations on the scheme,
the compression part of the system had also to be taken into account. In order to
minimize the losses in final compression stage it has been decided to stretch the pulse in
negative dispersion stretchers (the so called “down-chirp” setup), and to compress the
pulse after amplification in bulk glass. The whole stretching setup comprised of double
pass transmission grating stretcher and a prism pair stretcher to compensate the third
order dispersion. However, the calculations have shown that in the optimal setup without
additional phase correction the pulse exhibits residual group delay of hundreds of

femtoseconds throughout the spectrum (Fig. 12).
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Fig. 12. Residual group delay of stretching and compression setup without
additional phase control.
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Introduction of AOPDF into the system would improve the situation, however at this
spectrum bandwidth the dispersive filter cannot completely compensate the dispersion
introduces by itself. Thus the stretching and compression scheme had to be re-optimized.

For further amplification a multistage OPCPA module (Fig. 13) was implemented,
pumped by 100 ps Nd:YAG flash lamp amplifier. The seed for this stage was stretched
to ~30 ps in the transmission grating and prism stretchers and passed through AOPDF
“Dazzler” for high order dispersion compensation. After this only 2 pJ of total energy of

seed was left due to losses both in AOPDF and stretcher.
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Fig. 13. High output energy multistage OPCPA setup (VL marks delay stages).

The amplification was carried out in three stages, first 6x6x5 mm® , then 6x6x4 mm®
and finally 15x15x5 mm?® BBO crystals (marked as (1), (2) and (3) in Fig. 13). The pump
energy used ~ 2,8 mJ, 9 mJ and 220 mJ respectively. The external noncollinearity angle
in all stages was set close to 3,9 degrees and phase-matching angle was adjusted
respectively. As the Nd:YAG output beam exhibit quite sharp edge profile, an image
translation setup had to be used for pump beam in each stage. This was accomplished by
introducing 4f lens setup. To make it more compact the image translation stages for the
first two stages shared the front lens of the system. Due to high energy in the third pump
channel, a vacuum cell had to be used between the lenses. The pump beam sizes in the
first two stages were ~0,7 mm and ~1 mm. The signal pulse was loosely focused by
f =800 mm lens and beam diameter was matched by changing the lens position. After

amplification in the first stages, the beam was expanded and collimated by Galilean type
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telescope to 9 mm diameter and then amplified up to 30 mJ maximum energy in the final
stage. The Fourier transform limit of the amplified pulses spectrum corresponds to 9,3 fs

pulse duration. The spectrum of amplified pulses is depicted in Fig. 14.
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Fig. 14. Amplified pulse spectrum after final amplification stage. Pulse energy
equals to 28 mJ. The Fourier transform of spectrum yields the pulse duration
limit of 9,3 fs.

The final compression of the pulse is intended to be performed in bulk glass
compressor. In order to avoid the nonlinear phase accumulation due to high intensities of
the pulse, the value of so called B integral has to be evaluated. It is considered that phase
distortions are negligible if the integral value is below 1. Setting this as a boundary
condition, one can calculate the maximum input intensities that are allowed at the input
of compressor. Such evaluation yields that for 30 mJ pulses and SF57 bulk glass
compressor, beam diameters of at least 60 mm are required. To avoid any aperture
effects the glass itself has to be at least twice the diameter of the beam. Considering the
cost of the glass and the fact that the system is constantly improved and even higher
energies might be available, the compression of amplified pulses was not performed. At
present another approach, of implementing glass compressor together with chirped
mirrors is being developed, which would allow for reducing of the required glass

volume.
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Main results and conclusions

An approach for power scaling of regenerative amplifiers by use of multiple active
elements enables to boost the output of Yb:KGW regenerative amplifier to 30 W average
output power at 100 kHz repetition rate, which corresponds to 0,3 mJ energy per pulse.

Direct optical synchronization of Yb:KGW and Nd:YAG amplifiers by
implementation of polarizing spectrum splitter at the output Yb:KGW oscillator ensures
the maximum seed energy and minimum amount of generated ASE. The ASE level was
<10® for Yb:KGW laser, whereas for Nd:YAG system it was <10 after the first and
~107 after the second regenerative amplifier.

Employment of Yb:KGW laser for white light continuum generation and its further
amplification in noncollinear parametric amplifier enables to generate pulses of up to
20 pJ energy at 800 nm central wavelength, compressible to sub-10 fs duration.

Spatial spectrum distortions of highly chirped signal pulse, appearing in femtosecond
non-collinear parametric amplifier due to not-matched fronts of pump and signal pulses,
take the form of spatial chirp mainly, while the angular dispersion remains negligible.

A concept of stepwise increased pulse duration in multistage OPCPA enables for
amplification of broadband pulses to multi-milijoule energies and is promising for
achieving high temporal contrast ratio. Amplification of supercontinuum pulses to 30 mJ
energy was demonstrated and the spectrum of amplified pulse allows for compression to
sub-10 fs duration. No optical fiber elements were used in proposed setup, thus

providing higher stability and tolerance to mechanical and thermal effects.
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Santrauka

DIDELES ISVADINES ENERGIJOS PLATAUS SPEKTRO
CIRPUOTU IMPULSU OPTINIS PARAMETRINIS STIPRINIMAS

Stipriy lauky fizikos srities tyrimams, auks$ty eiliy harmoniky ir pavieniy
atosekundiniy impulsy generavimui yra reikalingos kompaktiSkos teravaty smailinés
galios keliy optiniy cikly iSvadiniy impulsy lazerinés sistemos. Optinis parametrinis
moduliuotos fazés (taip vadinamy ,,¢irpuoty) impulsy stiprinimas yra vienas pagrindiniy
metody, leidZianc¢iu pasiekti Siems taikymams reikalingus lazeriniy sistemy parametrus.

Sios disertacijos darbo tikslas — istirti femtosekundinés ir pikosekundinés trukmés
impulsy stiprinimg optiniuose parametriniuose stiprintuvuose, uzkratui naudojant itin
plataus spektro signalg ir, remiantis $iy tyrimy rezultatais, sukurti ir optimizuoti
moduliuotos fazés impulsy parametrinio stiprinimo sistema, uZtikrinan¢ig patikimg
teravaty smailinés galios impulsy formavima.

Disertacija susideda i§ jvado, keturiy pagrindiniy skyriy, po kuriy seka rezultaty
apibendrinimas ir iSvados. Jvade yra iSdéstoma darbo motyvacija, nurodomas darbo
tikslas bei pagrindiniai uzdaviniai, pristatomi ginamieji teiginiai.

Pirmame skyriuje yra pateikiama bendra TW smailinés galios sistemos koncepcija,
aptariami tokios sistemos privalumai ir trikumai, nustatomos tyrimy Kryptys,
apzvelgiami kity moksliniy grupiy pasiekimai, kuriant panasiy iSvadiniy parametry
sistemas.

Antrame skyriuje apraSomas keliy aktyviy elementy naudojimo metodas, leidziantis
didinti regeneratyviniy stiprintuvy i§vadine galia. Sio metodo taikymas leido padidinti
Yb:KGW regeneratyvinio stiprintuvo galig iki 30 W vidutinés i§vadinés energijos, esant
100 kHz impulsy pasikartojimo dazniui. Taip pat Siame skyriuje aprasomi Yb:KGW ir
Nd:YAG lazeriai, naudoti kaupinimo impulsy formavimui, pateikiami jy
charakterizavimo ir optimizavimo rezultatai. Matavimy rezultatai rodo, kad silpnesnis
uzkrato signalas lemia didesnio Sustiprintos spinduliuotés kiekio generavimasi

regeneratyviniame stiprintuve. Pritaikytas poliarizacinis Yb:KGW osciliatoriaus
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spinduliuotés spektro atskyrimas uZtikrina didZiausig uZkrato energija Yb:KGW ir
Nd:YAG stiprintuvy uzkratui bei patikimg Siy lazeriy opting sinchronizacija.

Trecias skyrius yra skirtas baltos §viesos kontinuumo generavimo ir plataus spektro
signaly parametrinio  stiprinimo  tyrimams, Kkaupinimui naudojant Yh:KGW
femtosekundinio lazerio spinduliuote. Siame skyriuje pateikiami > 200 nm spektro
plo¢io impulsy parametrinio stiprinimo energiniy, erdviniy, spektriniy charakteristiky
teoriniy ir eksperimentiniy tyrimy bei sustiprinty impulsy spiidos eksperimenty
rezultatai. Yra iSvedamos palyginti paprastos analitinés iSraiSkos, aprasanc¢ios impulsy
stiprinimg nuskurdinto kaupinimo sglygomis. Sukurtos Yb:KGW femtosekundiniu
lazeriu kaupinamos baltos Sviesos kontinuumo generavimo ir nekolinearaus kaupinimo
optinio parametrinio stiprinimo sistemos iSvadiniy impulsy energija siekia 20
mikrodzauliy, o impulsai suspaudziami iki mazesnés nei 10 fs trukmés ties 800 nm
bangos ilgiu. Tokia sistema gali biiti gera alternatyva Siuo metu placiai naudojamoms
Ti:safyro lazerinéms sistemoms. Siame skyriuje taip pat parodoma, kad nagrinétomis
nekolinearaus parametrinio stiprinimo sglygomis stiprinant smarkiai faziskai moduliuota
impulsg tarp galimy erdviniy laikiniy impulso iSkraipymy dominuoja taip vadinamas
,erdvinis ¢irpas®.

Ketvirtame skyriuje pateikiami plataus spektro impulsy laikinés plétros ir jy sptidos
sudétingose dispersinése sistemose skaitmeninio modeliavimo rezultatai, bei placios
spektrinés juostos parametrinio stiprintuvo, kaupinamo pikosekundiniais keliy Simty
mildzauliy energijos impulsais, eksperimentinio tyrimo rezultatai. Darbe pasiilyta ir
pritaikyta hibridinio kaupinimo koncepcija, kuomet impulsy trukmé yra nuosekliai
didinama keliose parametrinio stiprinimo pakopose, tokiu biidu uztikrinant optimaly
uzkrato intensyvuma kiekvienoje 1§ jy, pasiekiant didele sistemos iSvadinio impulso
energijag ir sudarant prielaidas didelio energinio kontrasto itin trumpy impulsy
formavimui. Pasiekta 30 m]J iSvadin¢ sistemos energija, o impulsy spektras leidzia
suspausti impulsus iki maZzesnés nei 10 fs impulsy trukmés.

Paskutiniame skyriuje yra apibendrinami atlikty tyrimy rezultatai ir pateikiamos

disertacijos iSvados.
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