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LIST OF ABBREVIATIONS

AOPDF — acousto-optic programmable dispersive filter
ASE — amplified spontaneous emission

BiBO — Bismuth Triborate, BiB3Os

BBO — Beta-Barium Borate, 3-BaB,04

CPA — chirped pulse amplification (or amplifier)

CEP - carrier-envelope phase

CM — chirped mirrors

DFG - difference frequency generation

FROG - frequency-resolved optical gating

FTL — Fourier transform limited

FOD - fourth-order dispersion

FWHM — full width at half maximum

GDD - group delay dispersion

GVD - group velocity dispersion

HCF — hollow-core fiber

HHG — high harmonic generation

KGW - Potassium Gadolinium Tungstate, KGd(WO,)
LIDT — laser induced damage threshold

LWIR - long-wavelength infrared range (8 — 15 um)
MWIR — mid-wavelength infrared range (3 — 8 pm)
Nd:YAG — Neodymium-doped Yttrium Aluminum Garnet, Nd:Y3Als012
NIR — near-infrared range (0.75 — 1.4 um)

NOPA — non-collinear optical parametric amplifier
OPA - optical parametric amplification (or amplifier)
OPO - optical parametric oscillator

OPCPA — optical parametric chirped-pulse amplification (or amplifier)
PPLN — periodically poled Lithium Niobate

SC — white light supercontinuum

SPM - self-phase modulation

SRA — stimulated Raman amplification (or amplifier)
SRS — stimulated Raman scattering

SRRS - stimulated rotational Raman scattering

SWIR - short-wavelength infrared range (1.4 — 3 um)
Ti:Sa - Titanium-doped sapphire (Ti**:Al,O3)

TOD - third-order dispersion

TSRCPA — transient stimulated Raman chirped-pulse amplification
YAG — Yttrium Aluminum Garnet, Y3Al5012



INTRODUCTION

The development of lasers since their introduction in the 1960s [1] has been
driven by diverse needs in scientific, medical and industrial fields [2]. A
significant milestone in the design of ultrafast lasers was the discovery by
Nobel laureates D. Strickland and G. Mourou of chirped pulse amplification
(CPA) [3], which made it possible to achieve TW peak powers. This invention
paved the way for numerous applications in strong field physics [2], such as
the generation of isolated attosecond pulses, electron acceleration, and the
study of wave packet dynamics in atoms and molecules. Laser sources with
pulse widths of tens of femtoseconds are now available in scientific
laboratories, with a growing number of applications and an ever-expanding
user base.

Modern lasers cover a wide range of the electromagnetic spectrum,
spanning from ultraviolet to long-wavelength infrared (LWIR). However, in
recent years there has been a growing interest in wavelengths from ~2 um to
terahertz (THz). This spectral range is rich in specific features for molecular
identification in chemical analysis, environmental monitoring, medical
diagnostics, process control, safety, security, and defense applications [4].
Currently, special attention is paid to femtosecond laser sources operating in
the short-wavelength and mid-wavelength infrared (SWIR-MWIR) ranges,
covering from ~1.4 to ~3 um and from ~3 to ~8 um, respectively. In addition
to molecular sensing, high-intensity lasers in this spectral range can be used
in fundamental strong field physics, providing shorter attosecond pulses [5],
higher THz generation efficiency [6], and improved discrimination between
tunneling and multiphoton processes [7]. Intense SWIR-MWIR lasers have
also recently been used for molecular structure imaging [8] and material
processing [9]. Tabletop attosecond light sources operate on the basis of high
harmonic generation (HHG), driven by intense few-cycle laser pulses in noble
gases. These sources of high-energy photons are of interest for direct probing
of biological molecules in aqueous solutions [10] and tracking electronic,
vibrational, rotational [11] and magnetization [12] dynamics. Although the
maximum photon energy achievable with HHG [13], as well as the energy
cutoff of field-driven photoemitted electrons [14] are scaled as /2, the overall
conversion efficiency decreases [15], so that each spectral range corresponds
to an optimal driver wavelength. Thus, there is a reasonable compromise in
SWIR laser wavelength for producing coherent soft X-rays in the water
window between 284 and 543 eV [16,17]. Also, ultrashort SWIR-MWIR
pulses facilitate detailed studies of atomic and molecular dynamics [18,19],
allowing visualization of molecular structures [20]. In the medical field,
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SWIR-MWIR lasers are used for precise localized tissue incision and removal
by exploiting the strong absorption properties [21]. This enables surgical
interventions with micrometer precision, thereby minimizing collateral
damage and the risk of functional impairment. The use of ~2 um lasers
provides superior results in welding polymers with high tensile strength
compared to shorter wavelength sources [22]. Military applications of SWIR-
MWIR lasers include the targeting and directed infrared countermeasures to
disrupt guidance systems [23].

The prevailing approach to obtaining ultrashort pulses in the SWIR-
MWIR ranges involves the use of nonlinear methods coupled with readily
available femtosecond and picosecond Nd or Yb pump lasers at a wavelength
of ~1 um [24-26]. In particular, the advancement of high-energy, few-cycle
SWIR lasers relies on optical parametric chirped-pulse amplification
(OPCPA) operating in the degeneracy range at ~2 um. However, most SWIR
OPCPA designs developed to date are complex and relatively expensive.
These systems use active phase control based on an acousto-optic
programmable dispersive filter (AOPDF) and separate laser sources for seed
and pump, with the inherent stability degradation and the need for precise
synchronization between the two lasers [25]. To make SWIR femtosecond
lasers widely available and reliable in operation, it is important to investigate
and develop alternative, simpler and low-cost approaches to OPCPA.

Another way to expand the spectrum of commercially available lasers to
the SWIR-LWIR ranges could be stimulated Raman scattering (SRS), which
has been well studied in the steady-state regime with nanosecond pump pulses
[27]. Notably, unlike four-wave mixing, difference frequency generation
(DFG) or optical parametric amplification (OPA), SRS is not constrained by
phase matching. However, the SRS efficiency in the transient regime is
significantly reduced [28], calling for the exploration of new approaches to
generating SWIR pulses.

Thus, this study considers a high peak power SWIR OPCPA setup driven
by a Yb:YAG laser with a pulse width of ~1.3 ps. The primary goal of
developing this OPCPA with a broadband supercontinuum (SC) seed source
was to achieve the best conversion efficiency while maintaining simplicity
and low cost. These efforts resulted in an easily reproducible multi-mJ
OPCPA setup operating in the SWIR range with outstanding efficiency.
Approaches to increasing the SRS conversion efficiency under highly
transient conditions with expansion of the spectral range in the near infrared
(NIR) and SWIR ranges were also investigated. In particular, a two-stage
stimulated Raman amplifier (SRA) is considered, where adjacent Stokes
components are amplified in successive stages. Furthermore, it is shown that
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transient SRS combined with SWIR OPCPA allows to increase the idler
intensity. In summary, this work explores the synergy of combining various
nonlinear effects to efficiently generate SWIR femtosecond pulses.

THE GOAL OF THE THESIS

The goal of the thesis was to investigate and develop femtosecond laser setups
operating in the SWIR range based on the phenomena of supercontinuum,
OPCPA and transient SRS in compressed gases and crystals.

RESEARCH OBJECTIVES

To achieve the goal, the following work tasks were defined:

1.

To investigate and develop a few-cycle, multi-mJ OPCPA setup operating
in the SWIR range near ~2 um with ~1.3 ps pump pulses from a Yb:YAG
laser using broadband SC radiation as a seed source.

To study the capabilities of cascaded stimulated rotational Raman
scattering (SRRS) combs in compressed hydrogen to extend the spectrum
of ~1.3 ps pump pulses at 1030 nm into the SWIR range using a broadband
SC seed and to evaluate the Stokes pulse compression.

To investigate the syntheses of adjacent vibrational Stokes modes by
transient SRS in KGW crystals using ~1.3 ps pump pulses at 1030 nm and
a broadband SC seed, and to evaluate the compression of the amplified
pulses with tailored spectra in the NIR range.

Explore collinear SWIR OPCPA setup in combination with transient
vibrational SRS in KGW crystal and SRRS in compressed hydrogen to
achieve spectral extension with energy transfer into SWIR and MWIR
ranges, respectively.

SCIENTIFIC NOVELTY

An optimized multi-mJ BiBO crystal SWIR OPCPA setup operating near
~2 um demonstrated an outstanding pump-to-signal conversion efficiency
of up to ~25% in the last stage, followed by pulse compression to ~38 fs
without active spectral phase control. These results were achieved for the
first time using SWIR supercontinuum seed pulses obtained with the same
single-picosecond OPCPA pump laser at 1030 nm.
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2. For the first time, transient cascade SRRS combs in compressed hydrogen
were obtained with an efficiency of up to ~52% and multi-mJ pulses
covering the difficult-to-reach ~1.1—1.4 ym wavelength range using
~1.3 ps pump pulses at 1030 nm.

3. Spectral synthesis of adjacent vibrational Stokes in sequential KGW
crystals was demonstrated for the first time, leading to a ~23-fold increase
in the composite bandwidth of amplified SC pulses compared to pump
pulses and a conversion efficiency of ~35%.

4. Combining SWIR OPCPA with transient stimulated Raman chirped-pulse
amplification (TSRCPA) in KGW crystals provided for the first time the
idler energy build-up with a signal-to-idler conversion efficiency of up to
~25%.

5. Investigations of SWIR OPCPA in combination with TSRCPA in
compressed hydrogen revealed that positively chirped broadband SC seed
pulses contribute to the extension of the SRRS spectral bandwidth to longer
wavelengths compared to negatively chirped ones.

PRACTICAL VALUE

These studies lead to the development of a few-cycle, multi-mJ OPCPA setup
operating in the SWIR range near ~2 um. The optimized design includes a
Yb:YAG pump laser, broadband SC generation, AOPDF, three OPCPA stages
based on BiBO crystals, and pulse compressor. A cost-effective
implementation of this setup without using AOPDF provides similar output
parameters except for slightly longer pulses. The developed intense SWIR
source can be adapted into remote sensing LIDARS to detect atmospheric
pollutants, biochemicals and hazardous gases. In particular, the filamentation
of intense SWIR-MWIR pulses paves the way for the long-range detection of
molecules such as H,O, CO,, CO, and NH4. This setup can also be used to
generate soft X-rays and, at higher repetition rates of the pump source, will
allow satellite communications in the atmospheric transparency window.

Furthermore, SRRS in compressed hydrogen represents a fairly simple and
cost-effective approach to generate multi-mJ pulses shorter than ~150 fs and
even down to ~15 fs in the wavelength range from ~1.1 to ~1.4 um for a
number of applications, including nonlinear microscopy.
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Moreover, the combination of collinear OPCPA with TSRCPA in gases
and crystals studied in this work can serve as a simple way for increasing the
idler pulse energy. Considering the importance of carrier-envelope phase
(CEP) stable pulses in HHG, attosecond pulse generation and other strong-
field physics experiments, this technique can provide simple yet high-
performance few-cycle laser sources operating in the SWIR-MWIR range.
Finally, the integration of SWIR OPCPA with transient SRRS in compressed
hydrogen resulted in a significant extension of the output pulse spectrum to
~3 um. Such laser sources are in demand for spectroscopy, remote sensing
and medical diagnostics. In addition, this approach can be extended to
generate  LWIR pulses for applications in molecular spectroscopy,
atmospheric remote sensing, and seeding of TW-class CO, amplifiers.

STATEMENTS TO DEFEND

1. The broadband SWIR SC seed pulses generated by single-picosecond
pump pulses at 1030 nm are well suited for a passively synchronized three-
stage BiBO OPCPA setup. This approach allows the generation of multi-
mJ SWIR pulses compressed in a glass block to a few optical cycles.

2. Using a broadband SC seed source and circularly polarized single-
picosecond pump pulses at 1030 nm under high hydrogen pressure enables
highly efficient cascade SRRS in the difficult-to-reach ~1.1 —1.4 ym
wavelength range while suppressing vibrational SRS.

3. The NIR TSRCPA bandwidth can be expanded by more than ~20 times
using spectral synthesis of adjacent vibrational modes in KGW stages,
compared to single-picosecond pump pulses with partial compression of
spectrally tailored pulses.

4. Collinear SWIR OPCPA setup combined with TSRCPA enables efficient
signal-to-idler energy transfer in the KGW crystal, while transient SRRS
in compressed hydrogen with positively chirped SC seed pulses allows
spectrum extension beyond ~3 um by generating higher-order rotational
Stokes.

LAYOUT OF THE THESIS

The doctoral dissertation consists of four principal chapters:
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The first chapter reviews the literature on SWIR OPCPA and SRS setups.
It begins with a discussion of current SWIR femtosecond pulse generation
techniques, then analyzes their inherent challenges and potential OPCPA
configurations, and presents recent advances in SWIR OPCPA design. The
basic principles behind SRS are then explained and unexplored opportunities
for generating intense femtosecond pulses in the SWIR range using SRS are
discussed.

The second chapter describes the developed SWIR OPCPA setup using
~1.3 ps pump pulses at 1030 nm and broadband SC seed pulses. This section
outlines the calculations used in the design, compares the effect of chirp
variation on the OPCPA performance, and justifies the feasibility of the setup
for spectroscopic application. Furthermore, the possibilities for improving the
OPCPA design are discussed.

The third chapter is divided into two parts, each reflecting different
approaches to the generation of intense femtosecond NIR pulses using SRS,
applicable also in the SWIR range. The first part presents the results of a study
of transient cascaded SRRS in compressed hydrogen using ~1.3 ps pump
pulses at 1030 nm and broadband SC seed. The second part explores the
spectral synthesis of the TSRCPA bandwidth in successive stages based on
KGW crystals.

The fourth chapter presents the results of TSRCPA integration into the
SWIR OPCPA. It describes the features of signal-to-idler energy transfer
using both transient vibrational SRS in KGW crystal and SRRS in compressed
hydrogen, and presents the energy, spectral, and temporal characterization of
the output pulses. In addition, the differences observed when conjugating
oppositely chirped pulses are discussed.

APPROBATION

The research results presented in the thesis were published in 4 scientific
papers [A1-A4] and 3 conference proceedings [A5-AT7], and together with
co-authors the results were presented at 13 international conferences [C1-
C13].
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1. LITERATURE OVERVIEW
1.1. Methods for generating ultrashort SWIR pulses

Several approaches to generating intense ultrashort laser pulses in the
wavelength range of about 2 um have been explored. First of all, significant
progress has been made in recent years in the development of ultrafast lasers
based on thulium and holmium ions operating near a wavelength of ~2 um. In
particular, lasers with Tm** and Ho®" doped garnets, perovskites, vanadates,
fluorides, tungstates, rare earth sesquioxides and other host materials have
been demonstrated [29]. Among them, Tm-based mode-locked oscillators
provide pulses shorter than 50 fs due to the inherently large bandwidth of the
emission cross section [30,31]. However, narrowing the bandwidth in CPA
results in output pulses of only sub-ps order. For example, ~0.36 ps mJ-level
pulses were obtained from Tm:YAP CPA at ~1.94 um [32].

Sub-ps pulse generation with Ho-doped active medium is even more
challenging due to the limited emission bandwidth. The first broadband OPA.-
seeded Ho:YAG CPA delivered 0.53 ps pulses with ~3 mJ energy at ~2 pm
[33]. Meanwhile, with an increase in the CPA output energy from 1 to 100 mJ,
the pulse width rises from several to tens of picoseconds [34,35]. Such energy
levels are achieved using sophisticated Ho:YLF regenerative amplifiers
pumped with over 100 W of Tm-doped fiber lasers power.

Despite the high energy level obtained with Ho** and Tm?®*" CPAs, the
orders of magnitude longer pulse compared to OPCPA are not suitable for
driving HHG-based attosecond sources. On the other hand, the development
of room temperature Ho-doped CPAs pumped by a Tm-doped fiber laser
demonstrated scalable picosecond pulses with energies of several mJ at
repetition rates of several kHz, suitable for pumping and seeding femtosecond
MWIR (3 — 7 um) OPAs [34,36].

Moreover, post-compression techniques could be explored with such solid-
state lasers to generate few-cycle pulses. In particular, nonlinear spectral
broadening setups in gas-filled hollow-core fiber (HCF) [37], hollow-core
photonic crystal fiber (HC-PCF) [38,39], or multi-pass cell [40] allow
obtaining few-cycle pulses. For instance, high-power, few-cycle 2 um output
pulses were obtained by post-compressing the coherently combined output
from a Tm-doped fiber laser in a multi-pass compression stage [40].
Furthermore, two-stage nonlinear spectral broadening in Kagome-type HC-
PCF allows multiple picosecond ~2 um pulses from a Ho:YLF amplifier to be
compressed to less than 50 fs at a repetition rate of 1 kHz [39].
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Recent studies of Cr?*:ZnSe CPA have shown a way to achieve ultrashort
SWIR pulses of ~3-4 optical cycles due to the broad (2 — 3.3 um) vibronic
emission spectrum. In most cases, Cr:ZnSe oscillators are pumped by Er-
doped fiber lasers at 1.56 um, Tm-doped fiber lasers at 1.9 pm, or laser diodes
at 1.65um [41]. However, the upper state lifetime of the order of
microseconds in Cr:ZnSe requires synchronization of the nanosecond pump
and seed lasers. The unavailability of suitable pump lasers slowed the progress
of Cr:ZnSe CPA research until 2011, when the first setup was pumped by a
Q-switched Ho:YLF laser [42]. This scheme, consisting of a Cr:ZnSe mode-
locked oscillator, stretcher, regenerative amplifier and compressor, provided
138 fs pulses with an energy of 1.5 mJ at 1 kHz [43].

In addition to mode-locked oscillators, Cr:ZnSe CPAs can be seeded with
Ti:Sa laser-pumped OPAs or DFGs. The available pJ level energy from an
OPA or DFG [44] is two to three orders of magnitude higher than from an
oscillator [45]. Therefore, the effects of gain narrowing and amplified
spontaneous emission (ASE) can be suppressed. In particular, the DFG seed
was boosted to ~4 mJ in Cr:ZnSe CPA at 1 kHz, pumped from both ends by
25 mJ, 50 ns Ho:YAG laser pulses with compression to ~44 fs [46]. Another
example is OPA-seeded Cr:ZnSe, which produced 6.2 mJ, ~39 fs pulses at
1 kHz after nonlinear compression in a series of CaF; lenses and a YAG plate
[47].

Despite advances in solid-state laser technology, OPCPA [48] remains the
most common and straightforward method for constructing SWIR lasers. In
fact, OPCPA combines the advantages of CPA and OPA, offering high gain,
low thermal effects, great wavelength flexibility and wide bandwidth, beyond
the capabilities of modern solid-state laser amplifiers [49-51]. The
wavelength range and achievable pulse width of solid-state lasers in
comparison with OPCPA in the SWIR range are shown in Fig. 1.1.

Tm" and Ho" doped 1.95—-2.05 um 0.5 —10 ps

C Cr”:ZnSe 1.95—4 um 30— 100 fs

( OPCPA 1.4— 10 um 8—50 fs

1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0
Wavelength [pum]

Fig. 1.1. Overview of high-energy ultrashort pulse laser sources operating in the
SWIR range.
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Over the past two decades, OPCPA has evolved into a mature technology
applicable to both compact benchtop setups [52,53] and facility-deployed
laser sources [54]. Tabletop OPCPA are robust high peak power laser sources
that deliver a few cycle pulses, with carrier wavelengths covering a
considerable part of the optical spectrum. Recently, significant efforts have
been directed towards the development of few optical cycle OPCPA setups
operating in the SWIR-MWIR spectral ranges, which are difficult to access
for ultrafast solid-state lasers. The next section will discuss the designs options
as well as the advantages and drawbacks of SWIR OPCPA.

1.2. Overview of OPCPA setups operating in the SWIR range

This section provides an overview of ultrashort pulse SWIR OPCPA setups in
terms of pump pulse width, operating repetition rate, used nonlinear crystals
and seed delivery options.

Broadband SWIR OPCPAs typically operate near the degeneracy
wavelength corresponding to laser pumping at ~1.6 um for Ti:Sa [55], ~2 um
for neodymium (Nd) [56] and ytterbium (Yb) [24] in various nonlinear
crystals, such as BaB,O4 (BBO) [57], BiB3sOs (BiBO) [58], YCasO(BOs)s
(YCOB) [24], as well as periodically poled Lithium Niobate LiNbO; (PPLN)
[25] and periodically poled stoichiometric Lithium Tantalate LiTaO;
(MgO:PPSLT) [26]. In this case, placing signal and idler pulses in the same
spectral range significantly reduces the group velocity mismatch and
facilitates the generation of few-cycle laser pulses.

The pump pulse width plays a crucial role in determining the stretching
factor of the seed pulse, thereby affecting the dispersion control and the
overall stretching-compression configuration. While in CPA pulse stretching
primarily allows for intensity reduction, in OPCPA it ensures equal width of
chirped seed and pump pulses. The use of sub-ns pump pulses facilitates pulse
amplification especially in benchtop TW-class OPCPAs [59]. In contrast, mJ
energy levels from the OPCPA setup can be achieved with pump pulses of
1 -5 ps [60]. Notably, single-picosecond pump pulses exhibit high temporal
contrast of the amplified pulses after compression, since OPCPA maintains
gain only for the duration of the pump pulse. In this case, OPCPA crystals are
pumped at much higher intensities [61-63], which provides high gain even in
thin crystals, thereby maintaining a wider bandwidth. Moreover, since the
third-order dispersion (TOD) accumulated in sub-ns pumped OPCPA can
exceed 10°fs®, its compensation using prism or grating compressors,
especially in the SWIR range [64], becomes challenging but critical for
achieve high-contrast output pulses. Mainly for this reason, the most
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expensive part of few-cycle OPCPAs becomes the AOPDF, which is capable
to compensate for the accumulated TOD and even fourth-order dispersion
(FOD). However, commercially available TeO,-based AOPDF may be
ineffective at repetition rates greater than ~100 kHz. In this case, a lithium
niobate (LiNbO3) based AOPDF was developed to operate in the SWIR range
[65]. Thus, although the OPCPA configuration with single-picosecond
pumping is more sensitive to the relative timing of the seed and pump pulses,
it benefits from easier spectral phase control.

Previously, SWIR OPCPA setups have primarily used Ti:Sa lasers with
pump and seed pulse width of tens of picoseconds. The shortest pulses of 9 fs,
corresponding to 1.7 optical cycle at 1.6 um, were achieved in a two-stage
Ti:Sa-pumped BiBO OPCPA [66]. Meanwhile, in a three-stage BiBO-based
OPCPA, pulses of 10.4 fs with an energy of 3 mJ were obtained at 1.7 um
[55]. In both cases, DFG was used to seed OPCPA, which favors passive CEP
stabilization [67]. However, the maximum pump-to-signal efficiency for
Ti:Sa-pumped OPCPA did not exceed 22.6% [68].

Modern lasers based on Yb-doped active elements represent a better
alternative for pumping high peak and average power OPCPA setups.
Advances in Yb laser technology have made it possible to generate ultrashort
high-energy pulses at repetition rates from 1 Hz to hundreds of kHz [69-71]
with superior beam quality, beam pointing and energy stability. The rapid
development of high-power picosecond Yb lasers at ~1 pum has also paved the
way for significant progress in the field of SWIR-MW!IR OPCPA. Operation
of OPCPA at 2 um when pumped by such lasers is more efficient due to
degeneracy and lower group velocity mismatch between the pump photon
wavelength and gain bandwidth when compared to SWIR OPCPA based on
Ti:Sa laser systems, where ~1.3 um signal and ~2 pm idler pulses are
generating [72].

Currently, high repetition rate OPCPA setups are pumped using Innoslab
or Yh:YAG disk CPAs, while broadband seed pulses are delivered from DFG.
For example, BiBO-based OPCPA produced 15.4 fs pulses at 2 um with an
average power of ~2.6 W at 200 kHz [73], but the output energy was limited
to less than 100 pJ. Periodically poled nonlinear crystals perform well in high
repetition rate SWIR OPCPA due to their large nonlinear coefficient,
providing high gain in thin plates, octave-spanning phase-matching
bandwidth, and low absorption. In particular, using MgO:PPLN-based
OPCPA operating at 100 kHz, 16.5 fs pulses with an average power of 25 W
were obtained at 2.2 um [16]. As another example, the shortest pulses of
10.5fs were achieved using MgO:PPLN-based OPCPA at 2.1 um [25].
However, periodically poled nonlinear crystals are not suitable for multi-mJ
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OPCPA due to their rather limited thickness at large aperture. Thus, the best
average power of 50 W at 2 um was achieved from a BBO-based OPCPA,
delivering 38 fs pulses with ~1 mJ energy [74].

To obtain few-cycle optical pulses, ultra-broadband OPCPA phase-
matching is critical. This is achieved in the SWIR range by matching the group
velocities of the signal and the idler [49] for type-1 phase matching under
degeneracy, or in non-collinear optical parametric amplifier (NOPA), where
the idler group velocity is projected along the signal propagation direction.
Although, as mentioned earlier, wide gain bandwidth is inherent in
periodically poled nonlinear crystals, there are alternative methods to expand
the OPCPA bandwidth. In particular, the dual-color pumping approach uses
two pump pulses at different wavelengths [75,76]. By amplifying different
parts of the signal spectrum, a composite bandwidth is obtained. Then the
second and third harmonics of the pump source amplify the long and short-
wavelength ranges of the seed in separate OPA stages. This provides an
exceptionally wide bandwidth of 0.45— 1.3 um, corresponding to nearly
single-cycle pulses of less than 3 fs [75]. In the SWIR range, the OPCPA
bandwidth can be expanded to several octaves by using different nonlinear
crystals or their orientation in successive OPCPA stages [77,78]. This has
been demonstrated in a dual-chirped Ti:Sa-pumped OPA (DC-OPA) using
BiBO and MgO-doped lithium niobate, which delivered single-cycle ~8.6 fs
MWIR pulses with 53 mJ energy at wavelengths from 1.4 to 3.1 um [77]. This
is the highest pulse energy and peak power achieved in the MWIR OPCPA.
Such DC-OPA setups use both chirped pump and signal pulses to achieve high
conversion efficiency without damaging nonlinear crystals [79-81].

Another approach to expand the bandwidth is to amplify different parts of
the incident broadband seed spectrum in parallel OPCPA stages, where the
pulses follow independent optical paths before being combined by dichroic
mirrors, allowing individual control of gain, dispersion, and beam shape. Due
to the separate routes taken for each pulse, such setups are sensitive to
environmental and mechanical instability. It is therefore critical to
synchronize their arrival times and relative phase at the synthesis point with
sub-cycle accuracy, and similar precision is required for CEP-locking. Then,
spectral range coverage is ensured using different nonlinear crystals, beam
transport optics and dispersion control for each of the parallel channels. Thus,
by combining the visible, NIR and SWIR ranges, pulses shorter than 5 fs can
be obtained [82-84]. However, the scalability of the output energy, limited by
the complexity of such laser setups, has not reached even mJ.

Besides the choice of pump source, another challenge is to ensure a
sufficiently broadband seed to cover the entire OPCPA spectral range. Several
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approaches have been proposed to obtain a broadband SWIR seed. One option
is to generate visible SC in solids [24] or gases [25] followed by DFG between
the SC and Yb laser radiation. Another technique uses DFG from short-wave
and long-wave components of Ti:Sa radiation [56]. The complexity of both
approaches is due to the need for periodically poled DFG crystals. On the other
hand, these methods have the advantage of passive CEP stabilization [51],
which is the key to obtaining isolated attosecond pulses [85,86]. Finally, for
extreme signal bandwidth of 0.5 — 2.4 um, DFG, OPO and SC can be used in
series [87] as the front-end for a multi-octave laser system.

Thus, typical SWIR OPCPA setups [88] include DFG stages to obtain a
seed in the desired spectral range with expensive AOPDF to control group
delay dispersion (GDD) and TOD in mJ-level systems, and hard-to-find
periodically poled nonlinear crystals to support extreme bandwidth (Fig. 1.2).
There are a number of challenges when translating the DFG and OPCPA
concepts into the SWIR range. Efficient conversion requires broadband phase
matching with temporal overlap of all involved spectral components. The
complexity of the developed SWIR OPCPAs operating near 2 pm limits their
application in areas where CEP stability is not critical, such as remote sensing,
nonlinear microscopy, selective X-ray spectroscopy, biological or nanoscale
imaging, laser medicine, metrology, and material processing [22,89]. This
calls for exploration of alternative simple and cost-effective OPCPA setups.

The direct use of a broadband SC seed in the SWIR range allows to
simplify the SWIR OPCPA configuration (Fig. 1.2) by eliminating the need
for active synchronization between the seed and pump lasers. However, the
extension of the SC spectrum to ~2.2 um is a challenge when using
femtosecond laser pulses [90], while for picosecond pulses it is fraught with
intra-volume damage. Nevertheless, stable and long-lasting broadband SC
reaching ~2.5 um has been convincingly demonstrated [91-93] using single-
picosecond pulses at 1030 nm. In addition to eliminating the DFG stage, the
SC seed operating in the SWIR range also reduces the overall TOD
accumulated in the OPCPA setup. Moreover, low TOD in turn maintains
monotonous chirp, which simplifies pulse compression even without AOPDF.
The compressibility of amplified SWIR SC seed pulses in 3 mm thick
MgO:LN in the wavelength range of 1.6 — 2.2 um was first demonstrated in
2021 [91], simultaneously with the continuation of our experiments. The
accumulated GDD of only 500 fs? was compensated by four bounces in the
chirped mirrors, providing ~25 fs pulses after compression. Furthermore,
particularly broadband SC seed is a good candidate for wavelength-tunable
OPCPA [94,95].
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Fig. 1.2. Methods for generating broadband SWIR seed pulses for use in OPCPA.

In summary, although current SWIR OPCPA development efforts cover a
variety of architectures, many of them are either complex, expensive, and
unreliable, or do not reach even hundreds of pJ of energy. Among them,
OPCPA with single-picosecond pump sources offer a number of advantages,
such as the inherent synchronization between the pump and the broadband SC
seed, the possibility of using shorter nonlinear crystals with a wider spectral
bandwidth and lower cumulative GDD and TOD, which eliminates the need
for AOPDF. However, the OPCPA setups reported so far with single-
picosecond pumping and direct seeding with broadband SWIR SC pulses have
not yet reached mJ output levels.

Therefore, the investigation of high-intensity, compact and cost-effective
SWIR OPCPA with few-cycle output pulses is of great scientific and practical
significance. The goal of this study was to explore alternative high-energy
OPCPA configurations using SWIR SC seed pulses and to conduct a
comparative analysis of this approach.
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1.3. Fundamentals of optical parametric amplification

In the OPA process, a low-intensity beam known as the “signal” at a lower
frequency wyq, is amplified in a suitable nonlinear crystal in the field of a high-
intensity pump beam at a higher frequency w, while simultaneously
generating a third low-intensity beam, called the “idler” at the lowest
frequency w;, providing the relation: w; < w; < w,. For an efficient OPA it
is necessary to satisfy the phase-matching condition:

_ jwj

hk, = hks + hk;, kj—ps; =~ (1.1)

c

where k,, kg, k; are the pump, signal, and idler wave vectors, respectively, i
denotes Planck’s constant, n,,ns,n; correspond to the refractive indices of
nonlinear media at the pump, signal and idler wavelengths respectively, and ¢
is the speed of light in vacuum. The signal frequency intended for
amplification can theoretically be in the range from w,/2 (the so-called
degeneracy condition) to w,,, and, accordingly, the idler frequency varies from
w,/2 at degeneracy, when the signal and the idler coincide in frequency.
Hence, to provide flexibility in frequency amplification, the OPA process
must satisfy the following condition:

1
Ak == — —nw;) =0, 1.2
c (npwp NsWg nlwl) (1.2)

where Ak is the phase mismatch. This condition can be satisfied in anisotropic
media, where two distinct modes can propagate, namely ordinary (o) and
extraordinary (e) waves. These two modes exhibit different refractive indexes,
for extraordinary waves depending on the direction of propagation relative to
the optical axis of the crystal:

1 sin?6 cos?6

- + :
ng(®)  ng ng

(1.3)

where 4 is the angle between the wave vector k and the optical axis, n, is the
refractive index of the extraordinary wave at 8 = 90° and n,, is the refractive
index of the ordinary wave. Thus, the tunability and optical characteristics of
OPOs are mainly determined by the optical properties of nonlinear crystals.

The transmission of the most popular nonlinear crystals for high-energy
SWIR OPCPA is shown in Fig. 1.3. Among these crystals, YCOB and
Mg:PPLN exhibit the lowest absorption near 2 um.
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Fig. 1.3 Transmission through 10 mm samples for different nonlinear crystals [96—
99]. The filled area corresponds to the spectral range of the amplified signal pulses at
degeneracy.

However, PPLN crystals are susceptible to photorefractive damage, which
may compromise their long-term performance in high-power lasers.
Moreover, PPLN crystals have limitations in damage threshold when exposed
to high-intensity laser pulses. Therefore, power and energy scaling requires
larger crystal apertures, which are currently not available. On the other hand,
BBO, BiBO, and YCOB crystals have significantly higher optical damage
thresholds (~100 GW/cm? at ~1 ps), making them most suitable for multi-mJ
OPCPA. Moreover, these crystals are available with apertures up to
20x20 mm?, opening up prospect for energy scaling of OPCPA in the 2 um
range. The main difference between these nonlinear crystals is their effective
nonlinear coefficient d.s, which determines the strength of the nonlinear
interaction and, therefore, the achievable output energy and conversion
efficiency. The magnitude of this coefficient depends on both the material
properties and the polarization properties of the interacting beams. Optical
properties such as d. ¢, transmission range and damage threshold intensity
for the main nonlinear crystals suitable for OPCPA at 2 um are given in Table
1.1.

Table 1.1.Optical properties of nonlinear crystals relevant for high-energy SWIR
OPCPA pumped by picosecond pulses. Iy, — damage threshold intensity at 10 ns pulse
width.

Nonlinear Interaction desr, Transmission I, [GW/em?]
crystal [pm/V] range, [um]
BBO | type 00-€ 1.88 0.189-3.2 1.3
BiBO | type 00-¢ 2.6 0.3-34 0.9
| type ee-0 -1.4
YCOB | type 00-€ -0.7 1-3 0.8
Mg:PPLN | type 00-€ -3.98 0.4-4 0.1
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A detailed analysis of the optimal crystal selection for a multi-mJ OPCPA
setup operating in the SWIR range will be continued in Section 2.3.

1.4.  Transient stimulated Raman scattering in the NIR-SWIR ranges

An alternative method for extending the spectral range of laser radiation
towards longer wavelengths is stimulated Raman scattering (SRS), a third-
order nonlinear effect discovered in 1962 during a study of Q-switching of a
ruby laser using a nitrobenzene Kerr cell [27]. Since then, SRS has found
applications in scientific and practical areas, such as the enhancement of
conventional Raman spectroscopy [100,101], the conversion of pump laser
radiation into new spectral ranges with the ability to control the duration and
temporal shape, spectral composition and linewidth, as well as the energy and
directionality [102—-106] of laser pulses. Finally, SRS is even used for cooling
atoms [107] and wavefront conjugation [108]. As soon as lasers with pulse
width comparable to or shorter than the relaxation time of Raman vibrations
became available, transient SRS became actively studied [28,109-112].
Despite the long history of research in the field of nonlinear optics, interest in
SRS does not fade due to the complex physics underlying the interaction
processes and new applications.

While the OPCPA remains the predominant technique for down converting
ultrashort pulses, its efficiency is often limited to ~15% and its spectral range
is limited by phase matching [113]. Maintaining bandwidth much beyond
~1.1 ym becomes particularly challenging due to the lack of suitable
broadband gain media or requires operating near the damage threshold of
many nonlinear crystals [114]. In contrast, SRS has advantages in wavelength
conversion, pulse compression, and beam clean-up [115,116] due to its
inherent phase-matching, which is not susceptible to thermal dephasing.
Moreover, the particularly broad spectral bandwidth of cascade SRS opens up
a promising path for the synthesis of sub-cycle coherent light pulses covering
the range from UV to NIR [117,118]. SRS can also complement OPCPA in
converting SWIR pulses into the MWIR range, eliminating the need for
nonlinear phase-matched crystals.

In the next section, the features of SRS in solids and gases using ultrashort
pulses as a pump source will be discussed.

1.4.1. Fundamentals of stimulated Raman scattering

When a photon interacts with a crystal lattice or molecule, it can undergo
inelastic scattering, producing spectral components at frequencies below and

29



above the frequency of the incident light. This phenomenon, called
spontaneous Raman scattering [119,120] occurs in gases, solids, liquids and
plasmas. The transfer of energy to the crystal lattice creates a quantum of
vibration known as a phonon. Raman scattering in crystals can also give rise
to paramagnetic ions, surface and spin waves [121]. Components shifted
towards lower frequencies are called Stokes components, and those shifted
towards higher frequencies are called anti-Stokes components. In energy
terms, the scattering process can be expressed as follows:

hwg = hw, — hQpg, (1.4)
hw, = hw, + hQpg,

where w,, ws, w, are the frequencies of the incident pump, Stokes and anti-
Stokes photons, Qy — the frequency of the Raman phonon or molecular
vibration (rotation). Spontaneous Raman scattering, as shown in Fig. 1.4a, is
the isotropic scattering of an incident light wave by molecules or the crystal
lattice of a solid containing a frequency range different from the frequency of
the excitation source. Furthermore, Raman scattering can be represented using
an energy level diagram, as shown in Fig. 1.4b.

Scattered light (®, and ®,) Exited state  Exited state

Incident E ? )f
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media i
. ! ho, ¥ ho, ho,
¥ Ground state $10.Q.
a) Scattered light (®, and ®,) b)

Fig. 1.4 a) Spontaneous Raman scattering involves the isotropic scattering of an
incident laser beam by molecules or a crystal lattice of a solid containing a series of
rotational-vibrational Stokes and anti-Stokes modes. b) transitions between the
vibrational eigenstates of the material.

Stokes scattering involves a transition from the ground state to the final
state via a virtual intermediate level associated with the excited state. In
contrast, anti-Stokes Raman scattering corresponds to a transition from the
final Stokes level to the ground state level, with the excited state acting as an
intermediate level. Anti-Stokes lines are usually much weaker than Stokes
lines due to the lower population of the final Stokes level compared to the
ground state level in thermal equilibrium.
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According to classical theory, any scattered light arises from an oscillating
dipole. The electric field of the incident light produces an induced dipole
moment |, which is determined by:

H= aF = aE,cos(2nwT), (1.5)

where «a is the polarizability of the molecule and E is the electric field of
radiation with frequency w. Hence, the induced dipole oscillates at a
frequency w if the polarizability a of the molecule changes during vibrational
and rotational motion. In all diatomic molecules, the interaction between
electrons and nuclei changes as the molecule undergoes vibration, leading to
a variation in polarizability. Consequently, all diatomic molecules, both
homonuclear or heteronuclear, exhibit vibrational Raman activity. On the
other hand, linear molecules are characterized by anisotropic polarizability,
which leads to a rotational Raman spectrum. This phenomenon occurs even in
molecules such as O N2, H; and others, which lack a pure rotational
spectrum. In such cases, rotational motion around the bond axis does not affect
the polarizability; only end-over-end rotations contributes to the observed
Raman spectra (Fig. 1.5).
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Fig. 1.5 Illustration of the Raman scattering process in a diatomic molecule. Raman
scattering can occur simultaneously with a change in the vibrational or rotational
energy of the molecule.

The vibrational Raman effect arises as a result of the change in a with the
vibrational coordinate g. An essential condition for the Raman effect is that
the optical polarizability of the dipole is not constant, but depends on the
displacement. Thus, expanding the polarizability into Taylor series in terms
of the displacement g and substituting it into Eqg. 1.5 we obtain:
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M= aoE, cos(2rwT) + %gquo[cos(Zn(w - Qp)T) +

(1.6)
cos(2n(w + NR)1)],

9
where B = ﬁ,

classical explanation of the Raman effect. It is obvious that in Eq. 1.6 the first,
second and third terms give rise to the Rayleigh, Stokes and anti-Stokes lines
respectively. Thus, the dipole oscillates not only at the incident frequency w,
but also at the Stokes frequency w, and the anti-Stokes frequency w,.

For the rotational Raman effect to occur, an essential condition is that the
molecule must be anisotropic, and its polarizability changes depending on the
direction or orientation of the molecule (i.e. the molecule must not be
spherically symmetric). In this case, the polarizability changes, since when the
molecule rotates, its orientation relative to the electric field E of the incident
light changes. For a diatomic molecule, if the rotational frequency is Qp, the
time dependent polarizability is given by:

A — vibration amplitude. The last equation provides the

a = agpcos(2m(2Qg)1). (1.7)

The rotation of the molecule leads to a periodic modulation of the dipole
moment induced by the laser electric field, and, in turn, to a modulation of the
scattered radiation frequency (with 2Qg). In this case, the factor 2Qy arises
because during a complete rotation (by 2m) the molecule takes the same
orientation twice (when rotating by 7 and 2m). Then the induced dipole
moment for rotational Raman scattering can be written as follows:

M= ayE, cos(2mwT) + %%qOEO[cos(Zn(w —2QR)7T) +

(1.8)
cos(2r(w + 202R)7)].

Additional lines accompanying the Rayleigh signal appear at intervals
corresponding to twice the rotational frequency.

However, the spontaneous Raman scattering mechanism discussed above
is typically characterized as a relatively weak process. Even in solid matter,
the scattering cross section per unit volume for Raman scattering is ~10°cm1.
In this case, only about 1 part of 10° incident radiation is scattered at the Stokes
frequency over a 1 cm length of the Raman active medium. On the contrary,
when excited by an intense laser beam, highly efficient scattering can occur
through the stimulated Raman scattering process. SRS is known for its high
energy conversion efficiency of incident laser radiation into Stokes, often
exceeding 10% [122,123]. Another difference between spontaneous and
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stimulated Raman scattering is the spatial distribution of Stokes radiation. The
spontaneous process results in emission along a dipole radiation pattern,
whereas the stimulated process leads to emission in a narrow cone in both the
forward and backward directions. The relationship between spontaneous and
stimulated Raman scattering can be understood by considering the process in
terms of photon occupation numbers for different field modes [123]. In the
guantum mechanical approach, the laser and Stokes fields are described by the
laser and Stokes photon numbers m; and mg, respectively. The generation of
a Stokes photon is given by the relation [124]:

dmg cdmg
2 7 2 xm, (me + 1.9
dt n dz L(ms +1), (1.9)

where % is the speed of light in media. The vacuum state is characterized by

mg = 0, and the unit in Eq. 1.9 gives spontaneous Raman scattering. Thus,
the spontaneous scattering regime is characterized by m; « 1 and m, =
constant over distances small compared to (cgN~1), where oy is the Raman
scattering cross section for incident light photons scattered into all Raman
modes, and N is molecular density. This means that the Stokes intensity
increases proportionally to the length of the Raman medium and, hence, to the
total number of molecules contained in the interaction region. Also, the
number of photons can be experimentally related to the optical power. The
measured Stokes power emitted in a small solid angle 40 is given by:

8P, = N22(6,9)A06zP, (1.10)

where the angles @, @ represent the scattering direction from the material
volume element of length 6z, and P;, is the power of the incident light. In this

context, the integral scattering cross section is denoted as Z—;. When the
Raman scattering is aligned parallel to the incident laser beam, the integral

scattering cross-section can be defined as [125]:

do . wingh

N e e S 1.11
dQ c*ny2mw, (1.11)
where ng and n; are the refractive indices of the Raman-active medium for
Stokes and incident radiation, respectively, and m is the reduced mass. Thus,
the probability of Raman scattering in the active medium decreases with
increasing wavelength of the incident light.
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In the opposite scenario, when there are numerous photons in the Stokes
mode (mg > 1), the unity term in Eq. 1.9 becomes negligible. Consequently,
when the number of laser photons remains relatively constant, the Stokes
mode experiences exponential amplification, leading to SRS. In this scenario,
the Stokes intensity increases exponentially as the radiation propagates
through the medium, often resulting in substantial Stokes intensity observed
at the output of the interaction region. In other words, SRS is a process of
amplification of radiation with the Stokes frequency:

I5(z) = I5(0) exp[Ggsl, Gss = gRIpZ’ (1.12)

where G is the steady state Raman gain and gy, is the Raman gain coefficient.
In this scenario, two waves of light interact with a dipole (or solid): a high-
intensity laser beam at a certain frequency and a second beam at the Stokes
frequency (Fig. 1.6).
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Fig. 1.6 Schematic illustration of SRS [124].

In principle, this configuration reflects the conditions of spontaneous
Raman scattering, except that both the initial laser beam and the Stokes wave
are incident on the medium [126]. The Raman gain coefficient per unit length
per unit pump intensity is given by [127]:

2mA2 N (do
gr =220 (58): (1.13)

here' = Ti is the half width at half maximum of the Raman line, where T, is

2

the vibration or phonon dephasing time. If I is small, then I,, is constant, and
the Stokes wave experiences exponential small-signal gain as it propagates.
The Raman gain increases linearly with increasing Stokes shift, and it
becomes obvious that the Raman gain diminishes markedly with increasing
excitation wavelength. Typically, the SRS generation at the first Stokes
wavelength becomes noticeable when the exponent in Eq. 1.12 reaches the
value of ggl,z =~ 25 — 30, which corresponds to a conversion efficiency of
~1 %. The excitation intensity that provides such an efficiency value is taken
as the steady-state SRS threshold pumping level.
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Hence, the SRS process depends on the spontaneous Raman scattering
cross section, the spectral linewidth, the length of the interaction path of the
light field with the matter, the input intensity and optical feedback (light
generation) at the Stokes frequency. The properties of the most common SRS-
active media are presented in Table 1.2. It is evident that vibrational Raman
shifts are larger in gases compared to solids. However, the gain is noticeable
reduced in gases due to their lower density. Nevertheless, gases can be used
in large volumes, making them suitable for high-power applications requiring
large beam diameters, unlike single crystals with limited aperture.

Table 1.2The properties of the most common Raman-active media. FWHM — full-width at
half-maximum.

Raman- Raman shift, Linewidth, Gain coefficient
active media  [cm] [cm] at FWHM  [cm/GW]
H, 4155 (vibr.) 0.03at 100 bar 0.2 at 532 nm
[131] [132]
358 (rot.) - 2x10° at 10 um
[133]
587 (rot.) 0.15 at 100 bar -
[131]
814 (rot.) - -
N 2326 (vibr.) - 1x10®at 1 um
[134]
~60 (rot) - 2x10®at 1 um
[135]
SFs ~774 (vibr.) - 0.83 at 532 nm
[136]
Nitrobenzene 1345 6.6 [124] latlpum [124]
KGW 901 17 [137] 3at1pm [137]
768 20 [137] 44 atlpum
[137]
Ba(NOs), 1047 1.3 [137] 10 at 1 um[137]
Diamond 1332.5 1.5[138] 10-16at1 um
[138]

SRS occurs predominantly in the forward and/or backward directions
relative to the incident laser pulse. Forward scattering is favored for incident
pulses with durations shorter than or comparable to the characteristic
dephasing time of the material (T,), whereas backward scattering is favored
for long laser pulses. This is explained by the increase in the interaction length
of the Stokes pulse when propagating in the same direction as the short pump
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pulse, from which it draws energy. Conversely, the Stokes wave can draw
energy by counter-propagating to long pump pulses [128].

The described process does not impose any special requirements on the
pump laser wavelength. Thus, SRS in high-pressure gases emerged in the
1960-1970s as a highly efficient method for wavelength conversion of
nanosecond laser pulses [129], thereby paving the way to discrete wavelengths
tuning in a wide spectral range from 0.7 to 7 um [130]. With the advancement
of laser technologies, the reduction of laser pulse widths to picoseconds or
femtoseconds led to transient scattering regime. The use of pump pulse widths
shorter than the dephasing time of the molecules or phonons of the material
(T,) has become a new trend in SRS research, allowing for a deeper
understanding of the interaction between laser pulses and molecular
vibrations.

1.4.2. Transient stimulated Raman scattering and amplification

Depending on the response time of materials to electromagnetic radiation, two
SRS regimes are distinguished. In the steady-state regime, the pump pulse
width significantly exceeds the medium dephasing time. In contrast, the
transient regime covers two specific cases: when the pump pulse width closely
matches T, and when the pulses are shorter than T,. In this context, the
evolution of the Stokes wave exhibits distinct dynamics, involving inertial
delays, pulse compression, and other related phenomena. In addition to short
pump pulses, transient SRS can be achieved in the case of high gain, then the
transition between the steady-state and transient regimes has the form [139]:

Steady — state Tp > GgT,

Transient T, < Gsst} Ggs > 1. (1.14)

Since in the experiment G, can easily exceed 30, the transient regime can
extend to situations where the laser pulse width even greatly exceeds the
molecular or phonon dephasing time. However, when the pulses are shorter
than T,, the Stokes power gain at its peak is [139]:

,4G
G, = ;,ST”. (1.15)
2

The transient gain depends on the square root of both the laser intensity and
the interaction length, whereas in the steady-state case the gain depends
linearly on these two parameters.
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Studies of Raman-active gases pumped with picosecond pulses have
shown that a reduction in pulse width leads to an increase in the SRS excitation
threshold and a decrease in the conversion efficiency [140,141]. In the
transient SRS regime, the SRS threshold becomes energy rather than intensity-
dependent, and, consequently, the threshold pump intensity increases
drastically compared to the steady-state case [28]. Furthermore, other
nonlinear phenomena such as multiphoton ionization, SC generation, beam
self-focusing or self-phase modulation (SPM) may compete with SRS [105],
thereby affecting the SRS conversion efficiency. Despite the potential
reduction in the efficiency of SRS, these phenomena contribute to the
expansion of the spectrum of scattered radiation from 2 to 10 times [142-145].
Consequently, when studying SRS of ultrashort pulses, the correlation
between the efficiency and the broadened spectrum of the scattered radiation
becomes essential.

Due to the highly transient nature of the regime in gaseous media, the SRS
conversion efficiency of femtosecond pulses reaches only ~6% at a
wavelength of 1 um and ~18% at 390 nm [103,141,146]. It is noteworthy that
in crystals the efficiency remains similar, despite the dephasing time being
tens of times shorter [147-149]. While efforts to keep the laser intensity below
the critical self-focusing power can mitigate some nonlinear effects, SPM is
challenging to eliminate because, like the Raman gain per unit length, it
depends on the laser intensity and the length of the active medium [150].
Moreover, L. L. Losev et al. [151] experimentally observed a sharp decrease
in the SRS conversion efficiency with broadening of the pump spectrum.
A. V. Konyashchenko et al. determined the minimum laser pulse width at
which SRS will still dominate over SPM [152]:

1 2

— 1.16
T (1.16)

1

d0>_1
daq

Tmin~N2 (

where n, is the nonlinear refractive index of the Raman medium, and A,, 4,
are the pump and Stokes wavelengths, respectively. In this case, the shortest
pump pulses of ~0.5 ps, can be converted using SRS in hydrogen. This was
confirmed by an experiment in a capillary filled with hydrogen, when the
pump pulse width varied from 0.5 to 4 ps at a wavelength of 0.8 um. However,
under dual-frequency excitation, where two femtosecond pulses of similar
intensity with a Stokes frequency offset are used, the minimum pump pulse
width can be further reduced. This reduction is facilitated by the lower
requirements for SRS increment compared to single-frequency excitation
[153]. In addition, due to the fact that the nonlinear refractive index decreases
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with increasing wavelength [154], a decrease in the minimum pulse width was
observed during SRS generation with increasing pump wavelength, [145,152].
The use of chirped pump pulses allows suppressing nonlinear phenomena and
improving the efficiency of transient SRS by up to 20% in gases and solids
[105,155].

The Stokes radiation generated from the quantum noise level [156]
undergoes significant amplification, which leads to a narrowing of its
spectrum compared to the pump pulse, and, in turn, to a broadening of the
Stokes pulse after compression. To bring the efficiency of transient SRS to the
level of steady-state regime, generator—amplifier setups are used. In this case,
the seed spectrum obtained from the SRS-generator does not narrow after the
second stage amplification due to the reduction in gain [122]. Then, an SRS
conversion efficiency of up to 47% was achieved in compressed methane
when pumped with 1 ps pulses [157]. The Stokes pulse during transient SRS
is amplified only at the trailing end of the pump pulse, since a finite time is
required for the resonant mode to build-up in the medium [110]. Therefore,
proper selection of the delay between the pump and seed pulses is crucial to
improving the conversion efficiency. In this configuration, Stokes pulses
gather competing nonlinear phenomena that affect their duration, as well as
temporal and spatial propagation. To mitigate the influence of nonlinear
effects in potassium gadolinium tungstate (KGW) crystals, V. A. Orlovich et
al. used a Bessel pump beam [106], which provided a SRS conversion
efficiency of 50%. Another approach to improve the transient SRS efficiency
involves the use of SC seed pulses [158,159]. This also allows for improved
the spatial beam distribution. However, the main advantage of using a SC
seeding is the expansion of the Stokes pulse bandwidth with the possibility of
further compression. Accordingly, the two-stage TSRCPA based on KGW
crystals studied in our group ensured a conversion efficiency of 55% [160]
with amplification of SC seed pulses at a wavelength of 1135 nm to ~0.6 mJ
and compression to ~145 fs, which was an order of magnitude shorter than
pump pulses. Thus, this approach results in an increase in both the SRS
efficiency and the intensity of compressed Stokes pulses.

However, transient SRS in the SWIR range has not been sufficiently
studied. The cross sections and SRS gain in this range are significantly inferior
to the NIR range (Eqg. 1.8 and Eq. 1.10). Hence, using commercially available
fs — ps laser pump sources at a wavelength of 1 um, SRS in the SWIR range
can be realized only in gaseous media. In particular, a deuterium-filled
revolver fiber provided two-stage SRS-conversion of 1.03—1.49—2.68 um
when pumped with chirped femtosecond pulses, but with a conversion
efficiency of only <10% [161]. Meanwhile, the hydrogen-filled photonic
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crystal HCF made it possible to generate <40 fs Stokes pulses at ~1.8 um
wavelength with SRS conversion efficiency of ~30% by properly choosing
the chirp [162]. However, as the energy of the incident pump pulses increases,
the use of traditional high-pressure gas cells becomes preferable. For instance,
high-energy femtosecond Stokes pulses can be obtained from a hydrogen cell
using several temporally spaced pump pulses [102]. In this case, the leading
pump pulse excites coherent molecular vibrations, and the delayed one
undergoes highly efficient SRS-conversion. This made it possible to obtain
~40 fs Stokes pulses with an energy of 0.26 mJ at a conversion efficiency of
22% at a wavelength of ~1.2 pm [163]. Also, the efficiency of transient SRS
can be improved by suppressing nonlinear and parametric effects in mixtures
of Raman-active and noble gases, such as Kr and He [164].

Meanwhile, the development of crystalline SWIR SRS sources, due to the
much smaller Raman shift compared to gases, requires the use of a pump laser
in a similar spectral range. In particular, to obtain Stokes wavelengths of 3—
4 um, Group IV materials, such as silicon and diamond are used due to their
exceptional thermal conductivity, high damage thresholds, high Raman gain
and low absorption. In such setups, nanosecond optical parametric oscillators
are used as a pump source [165,166]. The development of actively Q-switched
Tm:YLF or Ho:YAG solid-state lasers operating at ~2 um wavelength has
provided the opportunity for SRS-conversion into the SWIR range with
10 — 50% efficiency in YVO4, BaWO4 or KGW crystals [167-170]. Although
crystals have short dephasing times that favor transient SRS, such studies in
the SWIR range are relatively few. On the other hand, the OPCPA as a pump
source provides flexibility in tuning the signal and idler wavelengths.
Moreover, this allows the signal wave to be used as a pump and the idler wave
as a seed in TSRCPA. Thus, our previous results in the NIR range [165,166],
are also promising when transferred into the SWIR.

In summary, methods to mitigate competing nonlinear effects are vital in
transient SRS with ultrashort pump pulses, especially due to the inherent low
efficiency in the SWIR-MWIR ranges.

1.4.3. Transient SRS bandwidth expansion

It is generally accepted that the main disadvantage of SRS is its limited gain
bandwidth compared to OPCPA. The spectral bandwidth of the SRS radiation
is determined primarily by the spectral width of the pump, which necessitates
the use of an ultra-broadband pump source to generate ultrashort Stokes
pulses. However, during amplification, the Stokes spectral bandwidth
inevitably narrows compared to the pump spectrum. On the other hand, the
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accompanying SRS competitive SPM contributes to the expansion of the
spectral bandwidth. Whether the SPM has a positive or destructive effect in
transient SRS depends on the properties of the pump radiation, the
configuration of the SRS-converter, and the characteristics of the Raman-
active medium. SPM is a nonlinear optical effect where a high-intensity laser
beam, when passing through a medium, causes a phase modulation
proportional to its own intensity profile. The propagation of an ultrashort laser
pulse causes a dynamic change in the refractive index of the medium, which
is ascribed by the optical Kerr effect. This change in the refractive index leads
to a corresponding adjustment of the pulse phase, and in turn, to a change in
the frequency spectrum. As a result, the SPM expands the pulse spectrum
(Fig. 1.7) due to frequency modulation, while the spectral components are red-
shifted at the front and blue-shifted at its tail.
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Fig. 1.7 SPM of a Gaussian pulse (a), causing a change in instantaneous frequency
(b) [171].

The combination of SRS and SPM in a BaWO. crystal provided spectral
expansion up to 100 nm with a SRS conversion efficiency of up to 20% using
0.3 ps pump pulses at 515 nm [149]. In this case, the spectral broadening of
the pump pulse was proportional to the energy with a dominant red shift. High
SRS-conversion efficiency reduces SPM-broadening [172], and the change in
the pulse spectrum with increasing intensity is similar to the soliton self-
frequency shift in optical fibers, despite normal dispersion [173].

At high pump intensity, it also becomes possible to broaden the SRS
bandwidth by sequentially exciting several vibrational Stokes modes in the
crystal [174,175]. In particular, our previous studies demonstrated the
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simultaneous generation of vibrational modes at 768 and 901 cm™ in a KGW
crystal with a spectral bandwidth of ~25nm, which corresponds to a
transform-limited pulse of 80 fs [160]. However, since the short- and long-
wave edges of the spectrum, corresponding to different Stokes shifts, had
orthogonal polarizations, pulse compression with a composite spectrum was
not considered.

Another way to obtain broadband Stokes pulses is the cascade generation
of SRS comb of frequencies separated by the molecular transition energy
[176]. In recent decades, molecular modulation has become a key technique
for generating extremely short optical pulses at femtosecond and attosecond
scales [118,177,178]. Gas-based SRS-converters, compared to solid-state
ones, cover a wider wavelengths range, have a higher damage threshold, and
operate at repetition rates up to 20 kHz [179]. Raman-active gases such as
hydrogen, deuterium, and nitrogen recover even after ionization by high-
intensity laser pulses. Moreover, the optical transmission of Raman-active
gases spans from vacuum ultraviolet to far infrared radiation. Adiabatic
excitation of the D, molecule has been demonstrated to generate a pulse train
with a nearly single-cycle waveforms. Similarly, sub-4 fs pulses have been
obtained in HCF filled with a Raman-active gas under impulsive preexcitation
[180], or octave-spanning Raman combs have been obtained using single-
frequency lasers in parahydrogen [181]. SRRS facilitates broadband cascade
Stokes generation due to much smaller frequency shifts compared to
vibrational SRS. In this case, together with the SPM, the generation of
broadband Stokes pulses is ensured, with subsequent compression to a pulse
width significantly shorter than those of the pump pulses. Currently, the
prevailing technique for generating ultrabroadband Stokes pulses is based on
the use of HCFs filled with gases. When pumped with femtosecond Yb laser
pulses, this provides a spectrum broadening to 1.3 um in N2 [182,183] and to
2 um in N2O [184]. However, this expensive and bulky technique is inferior
to more convenient traditional high-pressure gas cells. The molecular
modulation technique was also applied to diamond and PbWO, [185-187].
Femtosecond laser pulses can induce coherent Raman sidebands in crystals
with small Stokes shifts, offering isolated single-cycle pulses in the visible
range. However, the spread of output angles of these sidebands encourages
the search for methods of combining them to synthesize ultrashort pulses
[187-189].

Thus, although transient SRS allows to expand the bandwidth of incident
laser pulses, the induced competing nonlinear effects reduce its efficiency.
Therefore, understanding the physics underlying transient SRS opens up
opportunities for optimizing its excitation parameters.
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2. HIGH-ENERGY OPCPA OPERATING IN THE SWIR RANGE

As follows from the literature overview, to generate pulses of tens of
femtoseconds from a SWIR OPCPA setup, seed pulses with a sufficiently
wide spectral bandwidth and a nonlinear crystal with appropriate broadband
phase matching, as well as a high-intensity pump source, are required. In all
experiments described below, a previously developed high-energy single-
picosecond hybrid fiber / solid-state laser [71] was used both for SC excitation
and as a pump source for OPCPA and SRS after being upgraded for better
gain and beam stability.

2.1. High-energy single-picosecond pump source

The OPCPA pump source (Fig. 2.1) consisted of four main modules: a
fiber front-end for seed pulse generation with two protective Faraday isolators
(FI) and a pulse picker (1), a two-stage, double-pass CPA based on square
Yb:YAG rods (Il and I11), and a four-pass grating compressor (1V).
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Fig. 2.1 Hybrid fiber — solid-state pump source: HWP — half-wave retardation plate,
FI — Faraday isolators, FR — Faraday rotator, PC — BBO Pockels cell of pulse picker,
TFP — thin-film polarizers, M — 45°-plane mirror with high reflectivity at 1030 nm, D
— dichroic mirror with high reflectivity at 1030 nm and high transmission at 940 nm,
F — protective interference filters, L — lenses, PM — plane mirror with high reflectivity
at 1030 nm, P — polarizing cube, AP — aperture, QWP — quarter-wave retardation
plates, MM — motorized plane mirrors with high reflectivity at 1030 nm, Aligna —
beam position and tilt sensor for autoalignment system, DG — transmission diffraction
grating, R — retroreflector.
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An all-in-fiber, passively mode-locked front-end [190] delivered spectrally
broadened to 3.6 nm FWHM and temporally stretched to ~0.32 ns FWHM
seed pulses at a central wavelength of 2030 nm. The seed energy was limited
to ~2.4 WJ at a pulse repetition rate of 21 kHz, to maintain the energy density
on the CPA optical coatings below the laser induced damage threshold (LIDT)
of ~2 Jlem?. These pulses were directed to the CPA at a repetition rate reduced
to 100 Hz by using a double BBO-based Pockels cell (PC) with thin-film
polarizers (TFP). Accordingly, pulsed diode pumping further reduced the
thermal load in 20 mm long Yb:YAG rods.

In the first stage, a 2x2x20 mm?® Yh:YAG rod with a doping level of 2%
at. was bonded to a water-cooled copper heatsinks set at 14°C. The heatsink
consisted of two copper plates which assembled, formed a square hole for the
Yb:YAG rod with an internal water channel surrounding it. The ends of the
rod protruded beyond the holder by 0.5 mm. The gap between the crystal and
the holder was filled with a layer of indium ~0.1 mm thick melted in a furnace.
To improve the pump source performance and reduce the output beam drift
compared to the original setup [71], a number of modifications were made.
First, replacing the nLIGHT pump diode in the first CPA stage with a
wavelength-locked model at 940 £ 1 nm ensured a stable emission spectrum
over a wide range of operating currents. Then replacing the power supply with
a Delta-Elektronika SM 35-45-P211 provided steeper rise and fall fronts of
electrical pulses. This made it possible to reduce the duty cycle from 7 ms to
4 ms and, accordingly, the average output power of the pump diode to ~40 W.
All this reduced the thermal load and relaxed the cooling requirements of the
pump diode and Yb:YAG rod, ensuring an increase in the output energy. The
output beam of the laser diode was imaged by a collimator to a diameter of
0.56 mm at a depth of ~5 mm in the laser rod. The plane mirror (PM) reflected
the amplified beam for the second pass, while the induced thermal lens was
compensated for by adjusting the distance between the lenses in the relay
telescope. To suppress induced depolarization, a Faraday rotator (FR) was
used in combination with a quarter-wave retardation plate (QWP). The output
pulses, amplified to ~1.6 mJ after a double pass of the first CPA stage, were
directed to the second, while unwanted cross-coupling between stages was
suppressed by a Faraday rotator (FR), polarization cube (P) and a half-wave
retardation plate (HWP). To reduce the energy density on the second stage
laser crystal, the input signal beam was expanded to ~2 mm and focused inside
the Yb:YAG rod, for better overlap with the pump beam. Here, a larger cross-
section Yh:YAG rod of 5x5x20 mm? with the same doping level was glued to
the heatsink to avoid residual stresses due to non-uniform solidification of
indium. The combined output of seven laser diodes produced 2 ms FWHM
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pulses with a total average power of 89 W at a repetition rate of 100 Hz
(nLIGHT fiber coupled laser diodes with a CW output power of 70 W at a
wavelength of 940 nm, a fiber core diameter of 105 um and NA = 0.22). A
Lightcomm beam combiner with a 400 um output fiber diameter mounted on
a water-cooled heatsink provided power loss of less than 5%. The relative
arrangement of the laser diodes on a common heatsink in accordance with the
radiation wavelength ensured an integral spectral bandwidth of only ~5 nm.
The output beam from the beam combiner was imaged by a collimator to a
diameter of 1.45 mm at a depth of ~5 mm in the laser rod. After upgrading
the pump source, the same output pulse energy was achieved using only a
fraction of the seed pulse energy (Fig. 2.2a). To avoid premature wear and
damage to optical coatings, the energy of the amplified pulses was always
maintained below 20 mJ. Finally, the output pulses were compressed to
~1.3 ps (Fig. 2.2 b) in 4-pass through a 1842 groove/mm transmission grating
from Gitterwerk GmbH with a diffraction efficiency of ~97%.
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Fig. 2.2 a) The output energy after the second stage of Yb:YAG CPA (solid lines —
right axis) and gain (dotted lines — left axis) as a function of seed energy. b)
Autocorrelation trace of compressed CPA output pulses (black line) with Gaussian fit
(red line).

Due to the ~3 dB gain improvement after the upgrade, the compressed
pulses were slightly widened from ~1.2 ps to ~1.3 ps (Fig. 2.2 b). Undesirable
output beam slow drift, accompanied by a decay in output energy and
associated primarily with the second CPA stage, was suppressed after the
integration of the “Aligna” autoalignment setup from TEM Messtechnik. It
was formed by a combined angle and position sensor, as well as two motorized
mirrors (MM), forming an electronically controlled feedback loop. A weak
leaky beam passing through the return plane mirror (PM) in the second CPA
stage was used as a reference. Thus, the thermal drift caused by heating of the
adjustable mirror mounts is partially compensated by aligning the two
motorized mirrors using the beam offset and tilt data obtained from the sensor.
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2.2. Generation of supercontinuum seed in the SWIR range

SC seed pulses at wavelengths up to ~2.5 um were generated in 15 or
130 mm long yttrium aluminum garnet (YAG) crystals using a small ~100 pJ
portion split off from the pump pulse. The incident pulse energy, focal length
and beam waist position were optimized [191] to achieve a continuous SC
spectral envelope with the best energy stability. The long-wavelength wing of
the SC spectrum was selected by a Thorlabs FELH1200 long-pass filter and
collimated by a Thorlabs MPD127165-90-P01 parabolic mirror. For spectral
measurements, an Ocean Optics NIRQuest512-2.5 spectrometer with an
integration time of 100 ms was used. The SC beam profiles were measured
using a Xeva XC-130 profilometer with an operating wavelength range from
900 nm to 1700 nm. The SWIR SC spectrum under optimal conditions is
shown in Fig. 2.3. The daily repeatability of the SC operation was not
disturbed by small changes in the width or energy of the incident pulses.
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Fig. 2.3 SWIR SC spectra under optimal conditions in YAG crystals a) 15 mm and
b) 130 mm long. The insets show the corresponding beam profiles. f — focal length,
Ep — pump energy, NA — numerical aperture (d/2f), where d is the beam diameter at
the focus (1/? level).

The SWIR SC spectral envelope in the short YAG gradually decayed to
~1% intensity level at ~2.1 um (Fig. 2.3 a), whereas in the longer crystal it
continued to ~2.4 um (Fig. 2.3 b) well matching the OPCPA bandwidth at a
pump wavelength of ~1 um [91]. Estimation of the energy of the SC spectral
components at wavelengths greater than 1700 nm gives values of ~5 nJ and
~11 nJ for short and long YAG crystals, respectively. On the other hand,
despite the lower SC intensity from the short YAG crystal, the lower
accumulated GDD facilitates its sign reversal in materials with positive
dispersion in the SWIR range, such as ZnSe, GaAs, CdSe, etc., which is
suitable for low-cost compressors. This choice of SC seeds excited by single-
picosecond pulses allows to use of either an intense SC seed at ~1.8-2.5 um
with negative GDD from a longer YAG crystal, or a weak seed with low GDD
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from a short crystal. The design of compressors can be varied while
maintaining compactness and simplicity.

2.3.  Analysis of optimal OPCPA configuration in the SWIR range

Since BiBO leads in terms of the highest damage threshold intensity (lw) and
effective nonlinear coefficient d,r; (Table 1.1), it was chosen to obtain the
best gain and conversion efficiency. BiBO, also known as bismuth triborate,
is classified as a biaxial crystal due to the distinct refractive indices (n,, n,,
n,) along each of its three axes (x, y, z). The phase matching requirements for
collinear SWIR OPCPA can be satisfied in the X-Z plane at a pump
wavelength of 1.03 um. In this case, for the phase matching condition, there
are two types of signal, idler and pump interactions: nj(6)w, = nfws +
nfw; (00-¢) and nyw, = n¢(0)w, + n(0)w; (ee—0). Knowing the phase
matching conditions from Equation 1.2, it is possible to determine the angle
(6) between the crystal optical axis and the pump at Ak = 0. The phase
matching curves for the ee—0 and oo—e interaction types are shown in Fig. 2.4.
Although the ee—0 curve is wider at degeneracy, the effective nonlinear
coefficient d,ff is lower in this case (Table 1.1). Therefore, for maximum
pump-to-signal conversion efficiency in SWIR OPCPA, it is more appropriate
to use the oo—e phase matching.
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Fig. 2.4 BiBO crystal phase matching curves for different interactions in a colinear
configuration pumped at 1.03 pm.

However, the phase matching curve is not the only factor that determines
the OPA gain bandwidth. It is more correct to calculate the dependence of the
amplified signal intensity on the wavelength:

Iy = 1,0) [1 + ;—ZSinhz(gz)] = 1,(0)G, @.1)
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where:

2d2¢1 Ak\2
F2=W’;:’Mandg= FZ—(T). (2.2)
Here z is the crystal length, I;(0) — the initial signal intensity, I, — the pump
intensity, G — the OPA gain, ¢, — the vacuum permittivity, ¢ — the speed of
light, A, A; —the signal and idler wavelengths [192]. As can be seen, the signal
gain grows exponentially with the crystal length z and the nonlinear
coefficient T. Also, the parametric gain can be simplified to ~ sinh?(gz)
assuming exact phase matching (Ak = 0). From this expression, one can
derive the relationship between the pump intensity and the crystal length. In
this case, G retains the same value if gz is constant and can be related to \/Ez,
therefore, a 10-fold reduction in pump intensity to achieve the same gain can
be compensated for by increasing the length of the nonlinear crystal by a factor
of ~3.2.

Moreover, the OPA gain bandwidth is highly dependent on the phase
matching condition. From Fig. 2.5 a) it is evident that changing the angle
between the pump wave and the optical axis of the BiBO crystal has a
noticeable effect on the signal spectrum.
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Fig. 2.5 a) Normalized signal gain for different phase matching angles in a 2 mm thick
BiBO crystal at a pump intensity of 100 GW/cm?. b) Dependence of the pulse splitting
length (Eg. 2.3) on the signal wavelength in a BiBO crystal with a pump pulse width
of 1.3 ps (FWHM).

Decreasing this angle results in a significant broadening of the spectrum,
whereas decreasing the gain at the degeneracy wavelength leads to a more
modulated spectrum at a smaller phase matching angle. Moreover, even a
slight deviation in angle can result in a significant change of the signal
bandwidth. Therefore, to maintain pulse width stability over several optical
cycles, it is necessary to ensure spatial stability of both the pump and the signal
in the OPCPA scheme.
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It is also important to consider the possible lengths of nonlinear crystal
when designing ultrashort pulse pumped OPCPA. The useful coupling length
for parametric interaction is quantified by the pulse splitting length, which is
defined as the propagation distance over which the signal (or idler) pulse is
separated from the pump pulse in the absence of gain, and is expressed as:

T
L=g g i=si,

Vgi  Vagp

(2.3)

where t,, is the pump pulse width and vig] - v,%p — group velocity mismatch
(GVM) between the pump and the signal or idler [49]. Thus, the pulse splitting
length usually determines the maximum effective gain length in short-pulse
OPAs. Meanwhile, GVM depends on the crystal type, pump wavelength, and
phase matching type. The dependence of the splitting length for the
picosecond pump pulse on the signal wavelength in the BiBO crystal is shown
in Fig. 2.5b. It can be seen that in the entire spectral range of the signal (from
1.6 t0 2.6 um) L varies from 20 to ~12 mm.

Additionally, when determining the optimal crystal length for specific
OPCPA setups, it is crucial to consider other factors such as the temporal
course of pump depletion and the impact of GDD or TOD on the signal
waveform. For instance, excessive crystal length in the final OPCPA stage
may prevent the use of entire pump energy, since the pump pulse will initially
undergo significant depletion, leading to the onset of back-conversion.
However, designing the discussed collinear SWIR OPCPA in a multistage
configuration precisely at the degeneracy point does not seem to be possible.
In this case, the separation of the signal pulse from the idler at the output
becomes unattainable, which leads to interference and instability of the
amplified pulses. Hence, OPA must operate near degeneracy, where the signal
and idler pulses are spectrally separated. Further analysis of this topic will be
presented in Chapter 4. Consequently, to address this issue, a hon-collinear
configuration is needed that provides spatial separation of the idler and signal
beams. Then, in a non-colinear configuration (Fig. 2.6 a), vectorial Eq. 1.1 for
the phase matching condition leads to the following two scalar equations:

sin(ap) = %sin(ai), (2.4)

i

ny, ng n;
—cosla, ) = —+ —cos(a;),
Ap ( p) /15 /11' ( l)

el
AZ’

where a,, is the angle between the signal and pump waves, and «; is the angle
between the pump and idler waves [193]. In this case, the angle a,, also
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becomes important for the spectral bandwidth of the amplified signal. It is
noteworthy that a small angle from 0 to 2° between the pump and signal waves
does not lead to a significant change in the amplified signal bandwidth when
@ also changes (Fig. 2.6 b). In principle, it is possible to amplify the same
signal bandwidth as in a collinear configuration.
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Fig. 2.6 a) Wave vector configurations and corresponding angles of phase-matched
noncollinear three-wave parametric interactions. b) Normalized signal gain at
different phase matching angles and angles between the signal and pump waves in a
2 mm thick BiBO crystal at a pump intensity of 100 GW/cm?.

2.4, Control of signal pulses in the SWIR OPCPA

Controlling the temporal shape and phase of seed pulses plays a critical
role in OPCPA. The output energy and spectrum of OPCPA depend
significantly on the signal and pump pulse width. The optimal seed-to-pump

pulse width ratio 2—; for the best OPCPA conversion efficiency also depends
on the gain G and varies from ~0.4 to ~1 as G varies from 10 to 107 [194]. At
high gain, spontaneous parametric generation can cause noise at the signal
wavelengths with pulse width much shorter than the pump. This noise, known
as superfluorescence, can suppress the signal amplification, resulting in a
noticeable reduction in both the energy and stability of amplified pulses, as
well as appearance of a temporal pedestal after compression.

The pulse width can be controlled using different stretching and
compression schemes depending on the OPCPA output power. In high-power
OPCPAs, with pump pulse width of tens or hundreds of picoseconds, signal
stretching and compression is usually performed by a prism or gratings
[195,196]. In contrast, dispersive transparent media and chirped mirrors are
typically used to control the signal phase under single-picosecond pumping
due to their low loss and compactness [16,24,197]. In particular, precise phase
control plays a key role in the generation of ultrashort pulses, where the
amplified signal bandwidth matches the bandwidth of the transform-limited
pulses approaching few optical cycles. However, when conventional phase
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control methods prove insufficient, active phase control is used. This is
especially true for TOD, which consistently shows positive values in
transparent materials. To counteract this, one can use a prism compressor,
chirped mirrors, or an expensive alternative such as an AOPDF.

The main objective of this work was to develop a relatively simple setup
where the signal phase in transparent materials is easier to control due to the
small amount of GDD and TOD. Dielectric materials exhibit a frequency-
dependent refractive index, which results in pulse broadening during
propagation, because different frequencies accumulate distinct phases. The
phase of a pulse centered at a certain frequency (wg,) can be determined by
estimating the refractive index derivative at w,. The wave vector k (Eq. 1.1)
can be written as a Taylor expansion of the wave vector at the center
frequency:

1 9%k

ok
k(@) = k(wo) + 5| (@ —wo) +55— (0 —wp)?+
wWo . wWo
1 93k (2.5)

3! dw3

(w—wo)®+ -+,
Wo

where k(w,) denotes the inverse phase velocity, and the first-order derivative
denotes the inverse group velocity. Meanwhile, the second and third order
derivatives are, respectively, group velocity dispersion (GVD) or group delay
dispersion per unit length and TOD per unit length:
evp =25 rop =2k (2.6)
ow?’ dw3

Phase velocity solely alters the phase with a consistent change across all
frequencies, while group velocity merely displaces the pulse temporally with
a linear phase adjustment. These phase components do not affect the pulse
width. In contrast, dispersion characteristics such as GVD and TOD introduce
additional second- or third-order phase changes into each spectral component,
leading to pulse elongation. In the ultrashort pulse range, control of GVD and
TOD is essential to achieve transform-limited pulses.

In our case, seed pulses were generated in a YAG crystal (section 2.2),
which exhibits negative GVD in the SWIR range (Fig. 2.7a, the black curve
almost merges with the green one). This can be compensated by materials with
positive GVD, such as ZnSe (Fig. 2.7a, red line), GaAs, CdSe or Si. However,
since these materials have a large nonlinear refractive index n,, mJ-level
ultrashort pulse compressors cannot maintain peak power below the threshold
of competing nonlinear effects. To avoid this, the pulses are compressed in
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fused silica (FS) with n, about two orders of magnitude lower than of the
materials mentioned above. Since the GVD of FS is negative in the SWIR
range (Fig. 2.7a, blue line), and the seed pulses are generated in the YAG
crystal, the chirp has to be inverted using ZnSe. However, all these materials
accumulate positive TOD (Fig. 2.7b), which affects the temporal shape of the
amplified pulses after compression.
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Fig. 2.7 Theoretical calculations of a) GVD and b) TOD as a function of wavelength
in SWIR OPCPA media.

Therefore, for ultimate compression in OPCPA, it is essential to align both
the stretcher and compressor for minimum GDD and to reduce TOD as much
as possible without sacrificing conversion efficiency.

2.5. Experimental setup of three-stage SWIR OPCPA

Based on the above analysis, an experimental setup of a three-stage
OPCPA operating in the SWIR range was built (Fig.2.8). The long-
wavelength wing of the SC pulses (Fig. 2.3) was amplified in a three-stage
noncollinear OPCPA based on BiBO crystals (type-I, phase matching angle
6 = 8°) AR-coated in the range of 1750 — 2500 nm. Most of the ~11 mJ output
energy of the Yb:YAG laser was used to pump the OPCPA. The BiBO crystal
lengths in the three stages were selected to achieve the best conversion
efficiency with a negligible spectral narrowing: 4x4x6 mm3, 10x10x4 mm?,
and 15x15x4 mm?, respectively. When generating a SC ina 15 mm long YAG
crystal, to change the GDD sign, the seed pulse was additionally chirped in an
AR-coated ZnSe plate. The OPCPA-amplified signal pulses were compressed
in either ZnSe plates or Suprasil 300 glass plates, depending on the sign of the
chirp.
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Yb:YAG
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1030 nm, 1.3 ps,
12 mJ, 100 Hz
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Fig. 2.8 Experimental setup of mJ-level SWIR OPCPA: Yb:YAG - two-stage
Yb:YAG CPA with ~1.3 ps output pulses at 1030 nm for OPCPA pumping and SC
seed generation, TFP — thin-film polarizers, /2 — half-wave retardation plates, L —
focusing lens, YAG — crystal for SC generation, AL — achromatic lens, ZnSe — AR-
coated ZnSe plate, M — HR1030 nm mirrors, BFT — beam forming telescopes, BiBO
—nonlinear crystals, Suprasil 300 — a pair of glass prisms for pulse compression.

The compressed pulses were then fed to a second-harmonic frequency-
resolved optical gating (SHG-FROG) setup. It was assembled using a thin
calcium fluoride beamsplitter with a reflectivity of 50 + 5% in the 1 — 6 um
wavelength range, a 10 um thick barium borate (BBO) type-I crystal, and an
Ocean Optics NIRQuest-512-2.5 spectrometer. The next section details the
optimization of the stretcher-compressor for ultimate compression at best
conversion efficiency by controlling the GDD and TOD.

2.6.  Optimization of seed pulse width and OPCPA gain bandwidth

The primary goal was to compress the OPCPA amplified pulses to below
30 fs. For this reason, pulse propagation calculations were performed with a
25 fs transform-limited pulse at a central wavelength of 2060 nm. Hence, as

stated above, to mitigate superfluorescence, the ratio 2—? should be greater
p

than 0.4. According to calculations, the initial signal pulse, after passing
through YAG crystals of 15 and 130 mm length, had a duration of ~100 and
~780 fs (FWHM), respectively (Fig. 2.9a, red solid and purple dashed lines).
It was assumed that the SC seed pulse occurs in the waist of the pump beam
at a distance of ~2 and ~40 mm from the input face in the short and long YAG
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crystals, respectively. Thus, the calculations took into account the GDD and
TOD accumulated by the signal pulse at YAG lengths of ~13 and ~90 mm.

However, the exact location of the spectral broadening into the SWIR range

was unknown. Hence, the ratio % in the long and short crystal was ~0.6 and
14

~0.07, respectively. To improve the OPCPA conversion efficiency with a
shorter YAG crystal, it was necessary to either introduce an additional
negative GDD into the SC seed pulse or perform chirp reversal using materials
with normal dispersion in the SWIR range. As shown in Fig. 2.7, the
anomalous dispersion materials exhibit much higher TOD/GVD ratios
compared to ZnSe. Therefore, to minimize TOD, it was more practical to
lengthen the signal pulse at the output of a short YAG crystal in a 19 mm long
ZnSe plate with chirp reversal (Fig. 2.9a, brown dashed line). Although the
temporal shape of the pulse in this case turned out to be different due to the

TOD being 3 times lower.
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Fig. 2.9 The transform-limited pulse shape of (black solid line) and the calculated
temporal shapes of the signal pulses after propagation in a 15 mm (red solid line) and
130 mm (purple dashed line) YAG crystal, as well as in a 15 mm YAG crystal with
an additional 19 mm ZnSe (brown dashed line).

Accordingly, two different single-stage OPCPA configurations were first
studied at low pump energy (Fig. 2.10). In both cases, the angle between the
pump and SC seed was maintained <2° inside the BiBO crystal, and the phase-
matching bandwidth was optimized by tuning the pump incidence angle
relative to the optical axis of the crystal. The signal spectrum at the output of
a single-stage OPCPA is shown in Fig. 2.11a. Regardless of the YAG crystal
length (130 mm or 15 mm), used to generate SC seed, the output spectrum
spanned from ~1.9 um to ~2.5 um with a bandwidth of ~460 nm (FWHM),
corresponding to a 25 fs transform-limited pulse (Fig. 2.11a, inset), i.e., ~3.4
optical cycles at 2.2 um. At a pump intensity of 52 GW/cm?, a maximum
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signal energy of ~14 pJ and a conversion efficiency of ~5.1% (Fig. 2.11b,
solid line) were achieved in a single OPCPA stage using a long YAG crystal.
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Fig. 2.11 Performance of the first OPCPA stage. a) Amplified signal spectrum using
a 130 mm long YAG crystal to generate the SC seed (inset — transform-limited pulse
shape calculated from the spectrum). b) Pump-to-signal conversion efficiency using a
130 mm long YAG (solid line), a 15 mm long YAG (dotted line), and an additional
chirp in a 30 mm long ZnSe plate (dashed line).

Further increase of the pump energy above the saturation level led to
distortion of the spatiotemporal profiles of the signal pulse. The amplified
signal for SC generated in a long YAG crystal was stretched to ~500 fs due to
the accumulation of GDD in the relatively long YAG and BiBO crystals. The
deviation from the theoretical pulse width is apparently explained by
displacement of the excitation point of the SC seed from the pump beam waist.
For the SC seed obtained from a short YAG crystal, the signal pulse was
stretched to only ~100 fs, and the pump-to-signal conversion efficiency was
only ~2.6%, saturating at a much higher pump intensity of ~80 GW/cm?
(Fig. 2.11b, dotted line) with a maximum output energy of ~9 pJ. To improve
the conversion efficiency to ~4% (Fig. 2.11b, dashed line), the SC seed was
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additionally chirped to ~500 fs in a 30 mm long ZnSe plate (Fig. 2.10a). The
length of the ZnSe plate exceeded the previously estimated one, since the BBO
crystal, like the YAG crystal, has a negative GDD. No significant narrowing
of the spectrum of the amplified signal was observed. Despite similar signal
pulse widths, using a longer YAG crystal resulted in ~20% greater efficiency
and output energy, most likely due to the higher SC spectral intensity and
different pulse shapes (Fig. 2.9).

The ability to apply positive or negative signal chirp simplifies the
selection of the optimal compressor configuration in high-energy OPCPA.
Propagating over a length of 90 mm in YAG and over a length of 6 mm in
BiBO, the signal pulse accumulates a negative GDD, which is then
compensated by a 26 mm long ZnSe plate. Meanwhile, propagating over a
length of 15 mm in YAG and 6 mm in BiBO, the signal pulse acquired a
negative GDD, then expanded in 30 mm long ZnSe with a positive GDD, and
finally compressed in a 58 mm long fused silica. The total accumulated GDD
and TOD in both cases are presented Table 2.2. For the short YAG crystal, the
overall GDD and TOD are marginally reduced, but the accumulated TOD in
both cases remains large enough to affect the temporal profile of the <30 fs
compressed high-energy pulse.

Table 2.1 Calculated GDD and TOD for the amplified signal from the first OPCPA
stage at a central wavelength of 2060 nm and the output pulse width (FWHM)
compared to Fourier transform limit (FTL) using either a glass compressor or a ZnSe
plate with a SC seed obtained in 15 or 130 mm long YAG crystals.

YAG FTL pulse  Output Acquired  Compressor  Output pulse
length  width [fs] GDD [fs?] TOD [fs®] GDD [fs?] width [fs]
15 mm 25 ~0 49000 —6600 ~47
130 mm 25 ~0 52000 7000 ~48

The calculated temporal shape of the amplified signal pulses after
compression in a ZnSe plate using a SC seed obtained in a long YAG crystal
is shown in Fig. 2.12a. Since the residual TOD is similar in both cases, the
temporal pulse shape will also be similar. The pulse width of ~47 fs (FWHM)
is ~1.9 times higher than FTL due to uncompensated TOD. Hence, with
single-picosecond pumping, it is impossible to obtain <30 fs high-energy
pulses in the SWIR range only by controlling the higher order dispersion of
the medium. Thus, to achieve high-contrast, high-energy, few-cycle pulses in
the SWIR range, even at TOD much lower than those in setups pumped with
tens or hundreds of picoseconds pulses [64], higher-order dispersion
compensation becomes important. In this case, specially designed chirped
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mirrors with both GDD and TOD compensation are used. Moreover, more
expensive setups use AOPDF as a stretcher and bulk material or chirped
MIrrors as a Compressor.
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Fig 2.12 a) Calculated temporal shape of the amplified signal pulses after compression
in ZnSe plate (solid black line) using a SC seed obtained in 130 mm YAG crystal
compared to FTL (red line). b) Acquired GDD (solid lines — left axis) and TOD
(dashed lines — right axis) of the signal after single-stage OPCPA as a function of
wavelength using a SC seed obtained in 15 and 130 mm long YAG crystals.

For the above calculation of the temporal pulse shape, only the dispersion
at the central degeneracy wavelength of 2060 nm was taken into account.
However, over a wide spectral bandwidth, components at distinct wavelengths
acquire different GDD and TOD. In particular, for the wavelength range of
1.8 — 2.4 pm, the TOD varied by more than ~5x10* fs3, while the GDD varied
by more than ~1.25x10* fs? (Fig. 2.12b). This means that different spectral
components required different lengths of the dispersive medium to fully
compensate for the accumulated GDD. Hence, experimental results may differ
from calculations, but the general trends are similar.

As mentioned above, although ZnSe has zero dispersion at ~4800 nm, it
exhibits a very high nonlinear refractive index n,. Therefore, the maximum
aperture of commercially available ZnSe plates is insufficient to maintain peak
power below the threshold of competing nonlinear effects in ultrashort pulse
mJ-level compressors. This is why it is typically used as a pulse stretcher
before OPCPA stages or as a compressor in high average but low peak power
setups [73]. Based on this, it was decided to compress positively chirped
pulses in Suprasil 300 glass with n, two orders of magnitude lower than that
of ZnSe and a transmission of >90% in the range of 0.5 — 2.5 pum. According
to calculations (Fig. 2.12a), the amplified signal pulses with a spectral
bandwidth corresponding to the FTL pulse width of ~25 fs were compressed
in a 55mm long Suprasil 300 plates to ~47 fs (FWHM), while the tail
(Fig. 2.13a) did not exceed ~35% of the total pulse energy. Given these
preliminary results, a trade-off was made in the design of a cost-effective high-
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energy SWIR OPCPA: reduce the bandwidth and explore compression only
with GDD compensation in mind. Then the total TOD accumulated in OPCPA
had less influence on the output pulse shape (Fig.2.13b). By gradually
limiting the spectral bandwidth according to the FTL pulse width from 20 to
40 fs, the temporal contrast can be improved by ~30% with shorter output
pulses. Based on these estimations, the influence of higher-order dispersion
on the temporal shape of the compressed pulse was suppressed by narrowing
the spectral bandwidth of the amplified signal to match the FTL pulse width

of 35 fs.
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Fig. 2.13 a) SHG-FROG retrieved temporal profile (black line) of the amplified signal
pulse after compression in Suprasil 300 plates with a SC seed obtained in a 15 mm
YAG crystal, compared to the FTL pulse calculated from the measured spectrum (red
line). Insets — measured (top) and reconstructed (bottom) FROG traces with an error
0f0.9% and a512x512 grid. b) Temporal pulse shape calculated after a single OPCPA
stage with different bandwidths at a central wavelength of 2060 nm.

2.7. High-energy three-stage OPCPA operating in the SWIR range

To narrow the gain bandwidth in the high-energy OPCPA (Fig. 2.8), we
detuned the phase matching in all three stages. The amplified pulse spectrum
then spanned the range from ~1.95um to ~2.4 um (Fig. 2.14a) with a
bandwidth corresponding to the FTL pulses of ~35fs (Fig. 2.14a, inset),
which is ~4.9 optical cycles at a central wavelength of 2.15 um. After the
second OPCPA stage, the signal pulses were amplified up to 250 uJ with a
pump-to-signal efficiency of 14%, reaching a saturation at a pump power
intensity of ~35 GW/cm?. Superfluorescence was not observed until the pump
pulse energy exceeded the saturation level in the first and second stages. In
the final OPCPA stage, the highest pump pulse energy of ~9 mJ was used.
Due to the high energy of the incident signal, the pump intensity was reduced
to ~30 GW/cm?, which was close to the saturation level. As a result, the
energy of the amplified signal reached ~2.25 mJ (Fig. 2.14b) with a pump-to-
signal conversion efficiency of ~25%.
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It should be noted that the noncollinear degenerate OPCPA also provides
angularly dispersed idler pulses at ~2.1 ym wavelength, that have the same
pulse energy, polarization, and spectral bandwidth as the amplified signal
pulses. These pulses have the opposite chirp sign to the signal pulses and can
be separately compressed using Si/ZnSe blocks. Thus, the total energy
available at 2.15 pm wavelength from signal and idler pulses reached ~4.5 mJ
with an overall conversion efficiency of ~50%.

i =2.5
= = 5
: [S—
S, °>62.0 ////”
=1.5
.%’05 z y ///
2 006656 0 50 100, B | e >®
= Time [fs] %0.5 .»// oy
o -
0.0 : : 0. : : :
20 22 24 26 28 30 0 2 4 6 8 10
a) Wavelength [pm] b) Pump energy [mJ]

Fig. 2.14 a) Output spectrum of a three-stage OPCPA (inset — FTL pulse shape
calculated from the measured spectrum). b) Output energy versus pump pulse energy
in the final OPCPA stage (inset — far-field beam profile at 2.15 um wavelength with
maximum output energy.

The far-field amplified signal beam profile was measured by two-photon
excitation using a Si-CMOS camera (WinCamD-LCM, DataRay) at the
750 mm focus of a CaF, lens. At maximum output energy, the intensity
distribution was close to Gaussian, indicating the absence of back conversion
(Fig. 2.14b, inset).

Although there was still about 10 mJ of unused pump energy left, we did
not increase the pump pulse energy in the last OPCPA stage due to saturation
in the BiBO crystal with the maximum aperture available at the time of the
experiments. Thus, further increase of the output energy can be achieved
either by using nonlinear crystals with a larger aperture or by forming a top-
hat intensity profile of the pump beam. Although BiBO crystals with apertures
up to 20x20 mm? are becoming available, 20x20 mm? YCOB crystal can also
be used in the last OPCPA stage [24], albeit with lower conversion efficiency
(Tab. 1.1). To utilize all available pump energy, a shorter BiBO crystal can
also be used in the last OPCPA stage or an additional stage.

After three OPCPA stages, a chirped signal pulse width of ~420 fs
(FWHM) was observed. To compress the amplified pulses, two Suprasil 300
glass blocks were used, the input and output faces of which were cut at the
Brewster angle for the first and second, respectively (Fig. 2.15a). In this setup,
the most distant spectral components of the signal (at ~1.8 and ~2.4 pm) will
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be separated by ~0.2 mm. Since this discrepancy is ~40 times smaller than the
beam size, spatial dispersion can be neglected. By adjusting the propagation
length in glass blocks, a GDD value of —5100 fs? was obtained. Due to
reflection losses on the glass surface, the output energy was reduced to
~2.1 mJ (~90% transmission).
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Fig. 2.15 a) Diagram of a Suprasil 300 glass block cut at Brewster angle. b) Increase
in B-integral as the pulse propagates through the compressor.

At the ultimate compression of mJ-level laser pulses in a glass volume, it
becomes important to estimate the nonlinear phase shift. At radiation
intensities reaching tens of GW/cm?, self-focusing and self-modulation
phenomena may occur. The B-integral parameter is used to estimate the
maximum phase shift due to nonlinearity accumulated over the entire length
of the dispersive medium:

2
B = ;fnzl(z)dz, (2.7)

where I(z) is the optical intensity along the beam axis, z is the position in the
beam direction, and n, is the nonlinear refractive index of the medium. When
the B-integral value is less than 1, such phase distortions do not affect the
shape of the pulse envelope. At values above =~ 3-5 there is a risk of self-
focusing, spectrum broadening, pulse breakup or deterioration of beam
quality. In our case, a beam with diameter of 8 mm (at the level of 1/e?)
propagates over a length of 55 mm in Suprasil 300 glass with n, =
~2.74 x 10716 cm? [198]. Accordingly, the accumulated B-integral in the
compressor reached ~0.9 at maximum output energy (Fig. 2.15 b).

The retrieved temporal phase of the pulses compressed to ~38 fs was
almost flat (Fig. 2.16b). This pulse width corresponds to ~5 optical cycles at
a wavelength of 2.15 um. However, the uncompensated TOD resulted in a
~10% pedestal of the main pulse. The measured pulse width differed from the
FTL by less than 8%, and ~80% of the pulse energy contained within a £50 fs
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window. The calculated peak power of the compressed pulse was ~47 GW.
The stability of the output energy StDev +4% (Fig. 2.16a) was observed
during 30 min of operation without a protective casing in air flows from the
filters. Thus, without jitter compensation, the energy stability was 2 times
worse than that of the pump laser.
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Fig. 2.16 a) Energy stability of OPCPA output pulses during 30 min of operation. b)
SHG-FROG retrieved temporal profile (solid line) and temporal phase (dashed line)
of the compressed signal pulse at maximum output energy compared to the FTL pulse,
calculated from the measured spectrum (dotted line). Insets — the measured (left) and
retrieved (right) FROG traces with an error of 1.1% using a 512x512 grid.

The possibility of compressing amplified pulses to <30 fs with further
increase in peak power to >80 GW using adaptive phase control will be
discussed further.

2.8. OPCPA with integrated AOPDF operating in the SWIR range

To overcome the SWIR pulse compression challenges due to the acquired
TOD, an AOPDF were used. Developed by P. Tournois, the AOPDF is an
acousto-optical collinear beam modulator capable of controlling the spectral
phase and amplitude of ultrashort laser pulses [199]. The operating principle
of AOPDF resembles that of a Bragg grating, where the grating is generated
by inducing a programmable acoustic wave in a highly birefringent crystal,
such as tellurium dioxide (TeO) [200]. This acoustic wave, whose frequency
varies with time, is spatially replicated within the crystal as it advances along
the z-direction, as shown in Fig. 2.17. The anisotropic interaction of waves
ensures diffraction of the incident optical wave from the ordinary to the
extraordinary axis of the crystal. Diffraction occurs only when a certain phase
matching between acoustic and optical waves is met. By manipulating the
frequencies within an acoustic wave, each optical frequency w travels a certain
distance before it encounters a phase-matched spatial frequency in the acoustic
grating, acquiring unique group delays due to the difference in refractive index
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between the ordinary and extraordinary axes. Thus, the pulse emerging from
the device at extraordinary polarization has only those spectral components
that were diffracted at different positions. In addition, the amplitude of the
diffracted spectral component is controlled by the acoustic intensity at the
location of its diffraction, which allows AOPDF to perform both amplitude

and phase modifications.
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(fast axis)
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!

z(®)

\ Extraordinary
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Fig. 2.17 Diagram of the operating principle of AOPDF [200].

One of the limitations of AOPDF concerns its efficiency. Optimum
efficiency is achieved when the acoustic wave propagates longitudinally
throughout the crystal under the influence of the applied GDD. Efficiencies of
up to 50% can be achieved using powerful radio frequency amplifiers.
However, in an OPCPA setup with single-picosecond pumping, even a
moderate efficiency of ~20-30% is considered sufficient. Another
disadvantage is the induced spatial chirp of the diffracted pulse, since the
spectral components are diffracted at different locations in the crystal, leading
to walk-off due to the birefringence. To prevent any spatiotemporal issues in
OPCPA, the spatial chirp can be eliminated before amplification by using a
pair of prisms or by implementing a double pass through the AOPDF. Despite
these limitations, AOPDFs play a key role in high-energy few-cycle OPCPA
setups.

Thus, to compensate for higher order dispersion, we integrated an AOPDF
(Dazzler WB45-1450-3000 from Fastlite) with a wavelength tuning range of
1.45-3 um before the first OPCPA stage (Fig. 2.18). The radio frequency and
optical signals were synchronized using a digital delay generator. In this case,
chirped mirrors can be used to mitigate nonlinear effects in the pulse
compressor. To compare the OPCPA efficiency, seeds were obtained in YAG
crystals of 15 and 130 mm length. However, the impact of Dazzler on the
compressed pulse width was only assessed after amplifying the SC seed
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obtained from a 130 mm long YAG crystal in a 6 mm long BiBO crystal of
the first OPCPA stage.

( 2mJ,<25fs

Yb:YAG HWP P3 @ 2.15 um

pumping source
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\_
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Fig. 2.18 Experimental setup of a three-stage OPCPA based on BiBO with AOPDF.
HWP — half-wave retardation plates, P1-P3 — polarization cubes

The widest bandwidth was achieved by optimizing the angles between the
seed and pump beams, as well as between the pump and the crystal optical
axis. This provided an output spectrum in the range of ~1.8—-2.4 um
(Fig. 2.19a), with a bandwidth corresponding to a FTL pulse width of ~20 fs.
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Fig. 2.19 a) Spectrum of amplified pulses after the first OPCPA stage. b) Pump-to-
signal conversion efficiency in the first OPCPA stage seeded with a SC obtained in a
130 mm long YAG crystal without Dazzler (black line) compared to that using
Dazzler with 15 mm (blue line) or 130 mm (red line) long YAG crystals.

The conversion efficiency of ~5% obtained in the first OPCPA stage
(Fig. 2.19b) using SC seeds obtained in short and long YAG crystals was
similar to that without Dazzler. To achieve maximum efficiency, the signal
was further chirped with a GDD of ~3000 or ~6000 fs? to a pulse width of
~550 fs for short and long YAG crystals, respectively. Hence, given the
similar efficiency at almost the same signal pulse width, it follows that the
SWIR SC seed pulses are excited over a length of ~80 mm in a long YAG
crystal. However, positively chirped pulses are not suitable, since with a small
amount of GDD accumulated over the total length of 14 mm BiBO crystals in
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a three-stage OPCPA, the amplified pulses only reach ~140 fs (Fig. 2.20a,
black line) after higher-order dispersion compensation. Moreover, the
conversion efficiency in second and third OPCPA stage will be reduced
compared to the configuration without Dazzler. Conversely, at negative GDD,
a signal pulse width of ~1 ps (Fig. 2.20a, red line) after OPCPA is optimal for
the best conversion efficiency in the final stage.
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Fig. 2.20 a) Calculated temporal shape of the signal pulse after three OPCPA stages
with positive (black line) or negative (red line) chirps. b) The temporal profile (black
solid line) of the amplified pulse after compression retrieved from the SHG-FROG
measurement, compared to the transform-limited pulse (red) and the retrieved
temporal phase (dashed black line). Insets are measured and retrieved FROG traces
with ~1% error using a 512x512 grid.

In the OPCPA setup with a long YAG crystal and integrated AOPDF, the
GDD, TOD, and FOD values were carefully tuned to ensure that the amplified
pulse width after the first stage was close to the FTL of 20 fs. By compensating
for the dispersion in a long YAG crystal, a 45 mm long TeO; crystal, and a
6 mm long BiBO crystal, which corresponded to a cumulative dispersion of
~3800 fs? GDD, ~32000 fs® TOD and ~— 170000 fs* FOD, ~25 fs pulses were
achieved (Fig. 2.20b). However, FROG still exhibited residual dispersion,
requiring even more fine tuning of the AOPDF. Given the significant
wavelength dependence of GDD and TOD in YAG and BiBO crystals
(Fig. 2.7), it is important to optimize the spectral phase settings in Dazzler to
provide distinct GDD and TOD values for different wavelengths.

As mentioned earlier, in the OPCPA configuration with AOPDF, using
positive GDD CMs to compress the amplified pulses to a few mJ is the most
effective approach to mitigating nonlinear effects in the pulse compressor.
However, the negative GDD CMs were sourced from "Ultrafast Innovation"
long before the feasibility of integrating AOPDF into the OPCPA setup
became apparent. It was expected that this choice would reduce the TOD
accumulated in the compressor glass block and thus increase the

63



temporal contrast of the compressed pulses. However, these CMs with a GDD
of -500 fs? in the spectral range from 1.9 to 2.4 um (Fig. 2.21) were not tested
in the OPCPA setup.
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Fig. 2.21 Measured GDD for custom-made CMs in the 1.9-2.4 um wavelength range.

On the other hand, when AOPDF is integrated into the setup more
appropriate is to use negative chirped pulses. In this case, using a positive
GDD CMs of +500 fs? will require only eight bounces to reach FTL, when the
optimal pulse width incident on the OPCPA is 550 fs. Thus, in this
configuration, a peak power of ~80 GW is achievable after compression,
sufficient for filamentation in the ambient air. However, even at lower peak
powers, the exploration of gas sensing capabilities is of interest and the
relevant feasibility studies are described below.

2.9. Excitation of supercontinuum in the MWIR range for gas sensing

Further experiments were carried out to extend the SC spectrum into the
MWIR range. Such laser radiation is relevant both for SRS seeding and for
remote sensing of volatile substances. Timely remote detection of airborne
hazardous chemicals during emergencies is critical to ensuring the safety of
facilities, infrastructure, personnel and civilians. Broadband SWIR-MWIR
pulses, covering multiple molecular vibrations of molecules such as HO,
CO,, CO, and NH4, can be used in remote sensing LIDARs to detect
biochemicals and air pollutants [201]. In this case, the transition into the
MWIR wavelength range is achieved by filamentation of high-intensity laser
pulses in air or transparent media. Compared to traditional LIDARS using
nanosecond laser pulses, the airborne filamentation overcomes the diffraction
limit over long propagation distances, providing directional backscattered
light [202]. However, due to the limited intensity of SWIR pulses, the MWIR
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SC generation tests were carried out under conditions of anomalous and
normal dispersion in 10 mm long YAG and 30 mm long ZnSe crystals.

A wide transmission range with a high damage threshold and zero-
dispersion wavelength at 1.6 um, make YAG suitable for filamentation in the
MWIR range [203-205]. Moreover, its dispersion curve remains relatively flat
up to the visible range. The dispersion of ZnSe is also relatively flat in the
wavelength range of ~1.5—5.5 um. The split portion of the OPCPA output
pulses with an energy of ~100 yuJ was attenuated by neutral density filters
(Fig. 2.22) and suppressed after SC excitation using an Edmunds Optics
FELH2400 long-pass filter. The SC beam collimated by a parabolic mirror
was fed into the input fiber of the Avesta ASP-IR-3.5 spectrometer, covering
the spectral range 1200 — 3450 nm.
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Fig. 2.22 Experimental setup for gas sensing. NDF — neutral density filter, SCG —
supercontinuum generation.

Particular attention was paid to the stability of the energy and spectral
envelop of SC pulses at wavelengths above 3 um by optimizing the incident
pulse energy, focal length, and beam waist position. The optimal incident
pulse energies of 10 uJ and 15 pJ were determined for YAG and ZnSe
crystals, respectively, with a CaF- lens of 250 mm focal length. The obtained
SC spectrum extended to ~3 um and ~3.5 um in ZnSe and Y AG, respectively
(Fig. 2.23 a). At higher energies, the formation of multiple filaments was
observed.

Due to its higher MWIR SC spectral intensity, the YAG crystal was chosen
for probing illumination in gas detection tests (Fig. 2.23 a). A collimated SC
beam was directed over an open-necked cell filled with ethanol (C;HsO). A
well-defined absorption line was detected at ~2730 nm (Fig. 2.23 b, dashed
line), coinciding with the reference line of ethanol vapor at 3670 cm™ from
the NIST database (Fig. 2.23 b, red line). Thus, it was shown that the obtained
SC MWIR radiation is suitable for detecting volatiles in laboratory conditions,
while remote sensing of gas in backscattered light was beyond the scope of
this work.
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Fig. 2.23 a) MWIR SC spectra obtained in YAG (black line) and ZnSe (red line)
crystals under optimal conditions. b) Spectra of incident (black solid line — left axis)
and transmitted (black dashed line — left axis) laser radiation through ethanol vapor in
comparison with NIST data (red line — right axis).

2.10. Summary of the results

We compared several SWIR OPCPA configurations pumped by a single-
picosecond Yb:YAG laser and different compression methods to achieve few-
cycle multi-mJ output pulses in the SWIR range. In these setups, the SWIR
wing of SC pulses obtained with the same pump laser in 15 mm and 130 mm
long YAG crystals was used as a seed. The SWIR SC pulses were first
amplified in a single-stage OPCPA. Due to the higher SC seed intensity
obtained from the longer YAG crystal, better pump-to-signal conversion
efficiency and higher output energy were achieved. Regardless of the YAG
crystal length, the amplified pulse spectrum corresponded to ~25 fs (<4
cycles) FTL pulses at a central wavelength of ~2.2 um. However, residual
dispersion after compression in the bulk material limited the pulse width to
~47 fs. Next, a three-stage SWIR OPCPA setup was developed with an output
energy of ~2.1 mJ and a signal-to-pump conversion efficiency of up to 25%
in the last stage. The amplified pulses were compressed in a glass block to
~38 fs, resulting in a peak power of ~47 GW. Further integration of AOPDF
allowed pulse compression to ~25 fs after the first OPCPA stage. Thus, proper
selection of the signal pulse width and fine tuning of the GDD make it possible
to achieve pulses <30 fs with a peak power of ~80 GW. However, the
integration of AOPDF significantly increases the cost [16,24,206]. Further
optimization of Dazzler is required to achieve maximum compression to
<25fs.
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Fig. 2.23 Photo of the developed SWIR OPCPA setup with Yb:YAG CPA.

In the developed OPCPA setup (Fig. 2.23), SC seed pulses in the SWIR
range were amplified directly to the mJ level for the first time. The achieved
conversion efficiency in the last stage approached the limit [24,25,55,56]. The
repetition rate of the described OPCPA of 100 Hz is limited by the used self-
made Yb:YAG CPA pump source. Although the lack of CEP stability
compared to DFG is a drawback, the suitability of such a laser source for the
detection of volatiles has been verified. Also, since the developed setup
provides intensities of ~10%® — 10 W/cm? at the focus, it can be used to
generate soft X-rays in the water window [16]. Moreover, the passively CEP-
stable idler pulse after the first OPCPA stage can be used for amplification in
the second and third stages. Then the angular dispersion of the idler pulse can
be compensated using prisms or wedges. This opens up the possibility of
developing compact cost effective mJ-level CEP-stable SWIR lasers with a
pulse width of less than 25 fs.
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3. TRANSIENT SRS IN THE NEAR IR RANGE

One of the goals of this study was to further extend the SWIR OPCPA output
pulse spectrum to longer wavelengths using a transient SRS. But this is
initially easier to implement in the near IR range using 1.3 ps pump pulses at
1030 nm. In addition, femtosecond pulse radiation sources in the wavelength
range of ~1 — 1.3 um are of great importance for two-photon imaging of living
tissues [207]. It has recently been shown that excitation at wavelengths of
~1050 — 1700 nm provides ~50-100% greater imaging depth compared to
800 nm [208, 209]. Moreover, increasing the wavelength of driving
femtosecond pulses allows generating attosecond X-ray pulses with higher
photon energy [210] and increasing the efficiency of THz radiation [6]. In
particular, sources of intense THz radiation are based on optical rectification
of femtosecond pulses in highly nonlinear organic crystals. These applications
require intense lasers at relatively difficult-to-reach wavelengths of
~1.1-1.5um. In this spectral range, optical rectification ensures the best
phase-matching conditions, ideal for studying ultrafast processes in atoms and
molecules [211]. Although, OPCPA remains the dominant frequency
conversion method here, SRS may also be an alternative.

The most well-known Raman-active medium is hydrogen, combining the
largest vibrational shift of 4155 cm™ with a high gain. However, in the NIR
range, rotational shifts of 587 cm™ and 342 cm™ [212-214] in ortho- and para-
hydrogen are more attractive for generating optical frequency combs and
ultrashort pulses [215]. In this case, orthohydrogen has a higher gain.
However, most studies have focused on the excitation of steady-state
vibrational SRS, albeit with impressive conversion efficiencies of up to 68%
[216]. Despite the observation of SRRS with hanosecond pump pulses as early
as 1966 [217], the issue of achieving maximum energy and efficiency in the
transient regime remains unresolved. A discrete SRRS spectrum at H»
pressures up to 120 atm was obtained with 30 ps pump pulses at 1064 nm
[218]. Meanwhile, more than 40 mainly anti-Stokes lines were observed in the
239 — 993 nm range [219] at 10 atm using a high-energy 80 fs Ti:Sa laser.
Another possibility for expanding the Stokes bandwidth in the NIR range is
the superposition of two vibrational modes in KGW crystals [160,191]. This
concept led to the study of the spectrum synthesized in two successive KGW
stages tuned to vibrational modes at 767 and 901 cm™?, respectively.

This chapter discusses two methods for generating mJ-level femtosecond
pulses in the NIR range (Fig. 3.1): cascaded transient SRRS in compressed
hydrogen covering ~1.1 —1.4 um, and transient SRS at ~1.1 — 1.2 pum formed
by a tailored spectrum from two consecutive KGW stages. These experiments
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laid the foundation for the transition into the SWIR-MWIR range by replacing
the Yb:YAG pump laser with a SWIR OPCPA setup, as described in
Chapter 4.
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Fig. 3.1 Broadband pulse generation using transient SRS: a) cascaded SRS and b)
spectrum tailored by several Stokes orders.

3.1.  Setup for cascade transient SRRS in compressed hydrogen

Particular attention in the experiments was paid to reducing the SRRS
threshold, as well as expanding the spectral bandwidth of the rotational mode
comb. The influence of focusing conditions, energy and polarization of pump
pulses, as well as H pressure on the conversion efficiency and evolution of
the spectral envelope of SRRS and SRS was studied. To further reduce the
SRRS threshold, SC seed radiation was used. The experimental setup for the
investigation of cascade SRRS is shown in Fig 3.2. A Yb:YAG [71] laser was
used for both SC seed excitation and SRRS pumping.

TEVAG T /2 TFP W2TFP DM WAL |, gas filled cell Cascade SRRS
030t s 5 P\ ———=Aha, ,
~7 ml, 100 Hz =BD I-SMPa  _11_14pm
\/} i | |]F >M .
T M
M YAG ), 14pm
Fig. 3.2 Experimental setup for studying cascade SRRS in compressed hydrogen: A/2
— half-wave retardation plates, A/4 — quarter-wave retardation plate, TFP — thin-film

polarizers, A — iris aperture, DM — dichroic mirror, L — focusing lenses, F — long-pass
interference filter, BD — beam dump, M — 45 deg mirrors.

A small portion (~100 pJ) of the laser pulse energy was used to obtain SC
in a 10 mm long YAG rod. The first thin-film polarizer (TFP), together with
a half-wave retardation plate (A/2), formed an attenuator of the incident pulse
energy, and the iris aperture (A) selected the central part of the beam with an
initial diameter of 6.4 mm. A focusing lens (L) with a focal length of 100 mm
was chosen to obtain stable SC spanning to ~1.4 um. The long-wavelength
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spectrum of the SC radiation was selected with a long-pass filter FELH1050
(F) (Thorlabs Inc.) and collimated using another lens with a focal length of
400 mm. Collinear propagation of the SC seed and pump beams was provided
by a custom-made dichroic mirror (DM) transmitting at 1030 nm and
reflecting in the 1100 — 1400 nm wavelength range, while precise temporal
overlap was ensured by two plane silver mirrors in the delay line. To vary the
pump energy supplied to the gas cell, a second attenuator was used. A quarter-
wave retardation plate (A/4) provided circular polarization of the pump to
suppress vibrational SRS. The SC seed and pump beams were focused by a
lens with a focal length of 750 mm into the center of the high-pressure gas
cell. Both SRS and SRRS occurred in this 1 m long cell with 5 mm thick MgF,
windows, filled with compressed hydrogen at variable pressure from 1 MPa
to 5 MPa. Spectral measurements were carried out using an Ocean Optics
NIRQuest512-2.5 spectrometer with an integration time of 10 pulses. In this
case, a small portion of the Stokes beam was split by a fused silica wedge and
directed onto a diffuser in front of the spectrometer’s multimode input fiber to
ensure uniform spatial distribution. Beam intensity profiles were measured
with a CMOS profiler (WinCamDLCM-C, DataRay Inc.). Pulse energy was
measured using a LabMax-TOP console with energy sensors (J-10MB-HE,
Coherent Corp.). The combined energy of the SRS and SRRS was separated
from the pump radiation by a long-pass filter FELH1050, while the SRS alone
was selected by a long-pass filter FELH1350 (Thorlabs Inc.).

The main challenges in designing a high-pressure gas cell were related to
the convenience of its extension over a wide range, sufficient strength at
pressures above 5 MPa, minimal induced depolarization in the windows, and
limited transverse dimensions for fitting into a dense scheme (Fig. 3.3).
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\. / ends
& I MgF,
\= windo\v
0.15.; @/
=15
m Ienght

Fig. 3.3 3D drawing and photo of high-pressure gas cell.

The gas cell consists of custom machined stainless-steel tubes with
threaded ends for easy extension, and external flanges with windows installed
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through rubber O-rings. The cell is equipped with a Bourdon pressure gauge
and a gas inlet valve. The half-inch window diameter was selected due to the
wide choice of optical materials available. MgF, windows are superior due to
their ~95% transmission in the ~200 nm to ~6 pm range [220], mechanical
strength, resistance to cleaning solvents, and high LIDT. To minimize
birefringence [221], the widows were cut with the optical axis parallel to the
c-axis of the crystal and aligned to eliminate any influence on the polarization
of the pump or Stokes radiation.

3.2 Performance of SRRS in hydrogen on the pump beam polarization

In the steady-state SRS regime, the conversion efficiency to high-order Stokes
pulses increases with the elongated focusing of the pump beam [222]. In the
transient SRS regime, when the pump pulse width is comparable to the
rotational dephasing time in hydrogen ~1 ps [223], the threshold intensity
increases drastically [28], while the effects of SPM, self-focusing, and SC
generation become predominant. Then the insufficient pump intensity caused
by loose beam focusing is compensated by a longer interaction length.
Therefore, a loose focus with a long interaction length is suitable for exciting
cascade SRRS by ultrashort laser pulses. However, since loose beam focusing
entails low peak power density, the tradeoff is to exceed the SRS threshold
while remaining below the SPM and self-focusing thresholds. Thus, focusing
conditions and pump energy should be optimized to excite more Stokes orders
in SRRS while mitigating competing nonlinear effects.

Initially, SC seeds were not used in experiments. According to the above
assumption, the focal length was varied from 500 to 1500 mm at a constant
pump energy of ~2 mJ and an H. pressure of 3 MPa. Under these conditions,
when the SRRS threshold was exceeded, no SC was observed from the cell.
As a result, a convenient focal length of 750 mm was chosen, although no
significant differences in SRS conversion efficiency or spectrum envelope
were observed.

Although in the steady-state hydrogen exhibits the best gain at 4155 cm,
in these experiments the rotational shift at 587 cm™ was particularly expected.
Moreover, the SRRS can dominate in the highly transient regime. The axis of
the quarter-wave retardation plate was first set to ensure the linear polarization
of the laser beam, and the incident energy was limited to 7 mJ to avoid damage
to the MgF; cell windows. The dependence of the SRRS conversion efficiency
on the pump energy for different polarizations of the pump beam at a hydrogen
pressure of 3 MPa is shown in Fig. 3.4a.
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Fig. 3.4 a) The dependence of the SRRS conversion efficiency on the pump energy
for circular (black line) and linear (red line) polarizations of the incident pump beam
at a hydrogen pressure of 3 MPa. b) Overall SRS spectra for circular (black line) and
linear (red dashed line) polarizations of the pump beam at a pulse energy of 7 mJ.

Under the linear polarization of the pump beam, the SRRS threshold
(defined at an SRRS efficiency of 1%) was reached at an energy of ~2.5 mJ
(Fig. 3.44, red line). With the increase of pump energy, the SRRS conversion
efficiency rose sharply to 16%. However, due to the occurrence of anti-Stokes
components, upon reaching a pump energy of ~4.5 mJ, the SRRS conversion
efficiency gradually saturated to a maximum value of ~23%. The observed
spectrum was formed by several peaks at ~1094 nm, ~1166 nm, and
~1251 nm (Fig. 3.4b, red dashed line) with gradually decreasing intensity,
within the measurement error corresponding to the first, second, and third
Stokes orders of the cascade SRRS in hydrogen (spaced apart by a rotational
Raman shift of 587 cm™). The first of the peaks in Fig. 3.4b is at the 1030 nm
pump wavelength of the Yb:YAG laser. Hence, with linear polarization of the
pump beam, vibrational SRS could not be sufficiently suppressed. Therefore,
in addition, two more lines were observed, related to the measurement error
accuracy with the vibrational Raman shift at ~1790 nm and to the rotational
Stokes from this line at ~1993 nm.

Although it is generally accepted that SRRS cannot be excited by a linearly
polarized pump beam due to the parametric Stokes—anti-Stokes coupling
(SAC) [224], it is noteworthy that rotational Stokes components have been
detected. In other words, SAC can elevate the SRRS threshold for linearly
polarized pump beam while leaving the threshold for circularly polarized
beam unchanged [134]. Experiments revealed a strong dependence of the
SRRS threshold on the polarization of nanosecond pump pulses [225], in
particular, its threshold was not overcome even with a quadrupling of the
linearly polarized pump energy. However, in our investigation SRRS was
reliably observed when the dichroic mirror and the quarter-wave retardation
plate were removed, and even when an additional thin-film polarizer was
placed to ensure a strictly linear polarization of the pump beam. The windows
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in the cell were also carefully inspected for both the absence of depolarization
and cross-polarized wave generation. Finally, after installing a Glan prism
after the cell, it was shown that the opposite output polarization appeared only
when the SRS threshold was exceeded. Although the accompanying SC due
to the SPM from the pump pulse can serve as a seed for SRRS via four-wave
Raman mixing, only the first vibrational Stokes is expected at the SRS
threshold. Thus, the consistently observed SRRS when using linear pump
polarization was not associated with the inaccurate experimental design, but
has not yet found a comprehensive explanation.

Apparently, with circular polarization of the driving pulses, two units of
angular momentum are transferred to the hydrogen, which promotes SRRS
[219]. Circularly polarized in opposite directions, the pump and Stokes waves
interfere to yield a linear polarization that rotates at the same rate as the
molecules. Then the rotational energy is efficiently transferred to the
molecules, resulting in SRRS [226]. Indeed, changing the pump beam
polarization to circular led to the suppression of vibrational Stokes (Fig. 3.4b,
black line) with a decrease in the SRRS threshold to ~1.5 mJ (Fig. 3.4a, black
line) and a conversion efficiency of 33%. Thus, it was confirmed that circular
polarization of the pump beam enhances the transient SRRS.

3.3. Dependence of SRRS on pump energy and hydrogen pressure

The evolution of the transient SRRS spectra on the pump pulse energy at a
hydrogen pressure of 3 MPa is shown in Fig. 3.5a. In the spectrum above the
threshold at ~3 mJ, only the first rotational Stokes line was observed. When
the pump energy was increased to ~5 mJ, the saturated first Stokes, in turn,
served as a pump for excitation of the second-order Stokes. Finally, at the
maximum pump energy of 7 mJ, a third-order Stokes line was also observed.
Thus, the choice of optimal excitation conditions in compressed hydrogen
ensuress cascade generation of equidistant rotational Stokes lines.

Since the Raman gain is proportional to the density of the medium [219],
the conversion efficiency of transient SRRS was strongly dependent on the
hydrogen pressure. Therefore, the pressure was also optimized to ensure
efficient generation of higher-order rotational Stokes components. Although
the SRS linewidth broadens with increasing gas pressure [28], in our
experiments this effect was negligible because the pump laser linewidth
exceeded the SRRS linewidth [227]. The evolution of the SRS spectra as a
function of hydrogen pressure at a pump pulse energy of 7 mJ is shown in
Fig. 3.5b. Due to the low Raman gain, only the first rotational Stokes line was
observed at 1 MPa, while the number and intensity of higher-order Stokes
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Fig. 3.5 a) The evolution of SRRS spectra with pump pulse energy at H, pressure of
3 MPa and b) with H; pressure at a pump pulse energy of 7 mJ. c) The evolution of
the envelope of the pump and first rotational Stokes spectra with the pump pulse
energy at 5 MPa. d) SRRS spectrum envelope with Stokes and anti-Stokes lines (AS)
at 3 MPa and 7 mJ pump pulse energy. Spectra ¢) and d) were measured using an
Ando AQ-6315A spectrum analyzer with a resolution of 0.5 nm.

components increased at higher pressures. It is noteworthy that although the
circular polarization of the pump beam made it possible to suppress the
generation of vibrational SRS directly (Fig. 3.4b, black line), at pressures
above 3 MPa the first rotational Stokes pulse in turn became a pump source
for vibrational SRS at ~2012 nm (Fig. 3.5b, blue line). When the hydrogen
pressure reached 4 MPa, the cascade generation of vibrational SRS from
second-order rotational Stokes was also observed at ~2074 nm (Fig. 3.5b,
green line). Thus, at elevated hydrogen pressure, two vibrational Stokes lines
were observed at once (Fig. 3.5b, purple line), corresponding to a Raman shift
of 4155 cm* from the first- and second-order rotational Stokes, respectively.

The increase in the nonlinear refractive index n, with hydrogen pressure
[228] led to the rise of the spectral pedestal between the rotational Stokes lines
in the wavelength range of ~1 — 1.4 um due the SPM. The evolution of the
bandwidth of the pump and first rotational Stokes spectra as a function of the
pump pulse energy at 5 MPa is shown in Fig. 3.5¢c. To improve the spectral
resolution to ~0.5 nm, an Ando AQ-6315A spectrum analyzer was used for
these measurements. It can be seen that the pump spectrum is slightly
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broadened by SPM even before reaching the SRRS threshold (Fig. 3.5c, red
line). With further increase of energy, new satellite peaks appeared in the
pump spectrum around the central wavelength, and one of these peaks was
even replicated in the Stokes spectrum (Fig. 3.5¢c, blue line). At the highest
energies, cascade generation of the SRRS comb was launched with an even
greater broadening of the Stokes band than the pump and suppression of the
satellite peaks on the pump envelope (Fig. 3.5c, green and purple line). In
addition, in the short-wavelength range at 3 MPa and a pump energy of 7 mJ,
relatively weak first rotational anti-Stokes at ~972 nm with a first vibrational
anti-Stokes at ~721 nm was observed, and from the latter also a rotational
Stokes at ~752 nm (Fig. 3.5d). Under these experimental conditions, the SC
was not observed at the output of the gas cell.

The high pump pulse energy at elevated hydrogen pressure not only
facilitated the cascade generation of higher-order rotational Stokes, but also
improved the SRRS conversion efficiency and reduced its threshold from
~5mJ to ~0.95mJ with an increase in pressure from 1 MPa to 5 MPa
(Fig. 3.6a,c). This dependence corresponded to the reciprocal function 4.9/p,
where p is the H, pressure (Fig. 3.6¢, red dashed line).

The best SRRS conversion efficiency in saturation increased rapidly with
pressure from ~1.5% to ~42% (Fig. 3.6¢c, black solid line). However, with
further increase in gas pressure and pump pulse energy, n; increases, which
leads to competing phenomena of SPM, multiphoton ionization, harmonic
generation, etc. A weak conversion to vibrational SRS was observed at
hydrogen pressures above 3 MPa (Fig. 3.6b) through cascade energy transfer
from rotational Stokes. This was also evident from the change in the slope of
the SRRS efficiency curve (Fig. 3.6¢). The highest conversion efficiency of
the pump pulse energy into vibrational Stokes was ~3.2%. It is noteworthy
that even at the maximum pump energy of 7 mJ and hydrogen pressure of
5 MPa, the beam after the spatial filter remained smooth (Fig. 3.6d,e) at a
repetition rate of 100 Hz.
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Fig. 3.6 Conversion efficiency of a) SRRS and b) vibrational SRS at different H,
pressures. ¢) Dependance of the maximum SRRS conversion efficiency (black line)
and threshold energy (red solid line) on H; pressure; SRRS beam profile at 5 MPa: d)
with pump energy of 1 mJ and e) with pump energy of 7 mJ.

3.4.  Transient SRRS amplification of SC seed in compressed hydrogen

Since SRS usually originates from a very low level of spontaneous Raman
scattering, using a higher intensity coherent seed at Stokes excitation
wavelengths can greatly facilitate the process. Accordingly, the SRRS in the
high-pressure hydrogen cell was seeded with broadband SC pulses obtained
ina YAG crystal sharing the same Yb:YAG pump source. Indeed, by covering
a wide range of high-order Stokes modes with a broadband SC seed pulse, one
can expect a lower threshold, higher conversion efficiency, and a wider comb
spectrum [160]. The spectral envelope evolution of SC-seeded SRRS as a
function of H; pressure at a pump pulse energy of 7 mJ is shown in Fig. 3.7a.
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Fig. 3.7 a) The spectral envelope evolution of SC-seeded SRRS as a function of H;
pressure at a pump pulse energy of 7 mJ. b) SC-seeded SRRS conversion efficiency
at different H, pressures. ¢) Dependance of the maximum SC-seeded SRRS
conversion efficiency (black line) and minimum onset energy (red solid line) on H-
pressure. d) Conversion efficiency into anti-Stokes and vibrational Stokes at 5 MPa.

In contrast to the case for SRRS without SC seed pulses (Fig. 3.5 b), at a
hydrogen pressure of 5 MPa, rotational Stokes generation was observed up to
the fourth order at ~1351 nm. The spectra also contain a vibrational Stokes
line at ~1795 nm and the first rotational Stokes line from it at ~2007 nm. Thus,
despite the low intensity of the SC radiation near ~1.8 um, it is quite sufficient
to excite the first vibrational Stokes directly from the pump wavelength. The
use of SC seed also dramatically reduced the minimum pump energy for SRRS
onset to ~1.15 mJ at 1 MPa and ~0.25 mJ at 5 MPa (Fig. 3.7c, red solid line),
which is ~4 times lower than without seeding (Fig. 3.6c, red solid line). This
dependence corresponded to the reciprocal function 1.15/p, where p is the H.
pressure (Fig. 3.7c, red dashed line). The use of the SC seed allowed earlier
SRRS results to be surpassed at all hydrogen pressures tested. With increasing
pump energy, the conversion efficiency of SRRS using the SC seed increased
sharply (Fig. 3.7b). However, due to the contribution of anti-Stokes and
vibrational Stokes which arise at pump pulse energies exceeding ~0.5 mJ and
~1mJ (Fig. 3.7d), respectively, the SRRS conversion efficiency began to
saturate. Thus, at a pump pulse energy of 7 mJ and a H, pressure of 5 MPa,
the conversion efficiency into anti-Stokes and vibrational Stokes reached

77



~10.4% and ~5.8%, respectively. The best SRRS conversion efficiencies of
~28% to ~52% were achieved at pressures from 1 MPa to 5 MPa, with the
maximum Stokes pulse energy exceeding 3 mJ.

The widest SRRS comb spectrum was obtained at 5 MPa and 7 mJ pump
energy (Fig. 3.8a). The positions of the observed peaks are given in Table 3.1.
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Fig. 3.8 a) SC-seeded SRRS spectrum at 5 MPa H; pressure and 7 mJ pump pulse
energy. b) FTL temporal shape calculated from the measured SRRS spectrum in the
wavelength rage 1 — 1.4 um.

Accordingly, the spectral peaks detected at wavelengths of ~1096 nm,
~1164 nm, ~1252 nm, and ~1351 nm (designated as “RS1-4") were assigned
to the 1%t — 4™ rotational Stokes orders, which corresponds to a Raman shift of
587 cm™ in hydrogen pumped at 1030 nm. The spectrum also contained two
long-wavelength peaks at ~1795 nm and ~1997 nm. The first was assigned to
the vibrational Stokes excited by the pump radiation (designated as “VS”),
and the second — to the vibrational Stokes excited from the first rotational
Stokes component “RS1” (designated as “RS1-VS”). In accordance with the
pump beam, the SRRS output was circularly polarized, and its spectrum
corresponded to a FTL pulse width of ~14 fs at a central wavelength of 1.2 um
(Fig. 3.8b).

Table 3.1 Positions of SRRS spectrum peaks and corresponding wavelength shifts.

Peak Raman

position, nm  shift, cm? Mode assignment Designation
1096 587 Rotational first-order Stokes RS1
1166 1174 Rotational second-order Stokes RS2
1252 1761 Rotational third-order Stokes RS3
1351 2348 Rotational fourth-order Stokes RS4
1795 4155 Vibrational Stokes from a pump pulse VS
1997 4742 Vibrational Stokes from rotational RS1-VS

first-order Stokes
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3.5. Compression of SRRS pulses amplified in a hydrogen cell

Further experiments were aimed at exploring the possibilities of compressing
SRRS pulses amplified in a hydrogen cell. Stokes pulse compression tests
were performed using two SF11 glass prisms with an apex angle of 59°. A
Glan-Taylor prism sampled p-polarized SRRS radiation into the SHG-FROG
setup. With an optimal prism spacing of 80 cm, the first-order rotational
Stokes pulses were compressed to ~152 fs, which was almost 9 times shorter
than the pump pulse (Fig. 3.9).
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Fig. 3.9 Temporal profile (solid line) of the first-order rotational Stokes pulses after
compression, retrieved from the SHG-FROG measurement, and the retrieved
temporal phase (dashed line). Insets are measured and retrieved FROG traces with
~1.5% error using a 512x512 grid.

However, in the case of multiple higher-order rotational Stokes, linear
compression methods proved insufficient, because precise phase control of
several molecular modulation sidebands was required. One way to achieve
this is to use transparent plates between the prisms, specific to each rotational
Stokes component, with adjustable thickness and position, thereby providing
spectral control over the sideband generation process [229]. In addition, the
relative phases can be controlled using a spatial light modulator [215] or a
spatial phase controller [230]. In particular, this could be a programmable
liquid crystal spatial light modulator containing tens of pixels with computer
control of the refractive index of each [215]. Furthermore, compression into a
14-fs pulse train has been demonstrated using phase-controlled multiphoton
ionization in xenon [231]. Thus, together with appropriate compression
methods, the multi-wavelength SRRS radiation source can be used not only
for broadband sensing, but also for generating few-cycle optical pulses in the
difficult-to-reach spectral range of 1.1 — 1.4 pm.
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3.6. Setup for studying broadband TSRCPA in KGW crystals

The expansion of the TSRCPA bandwidth can be achieved by combining the
spectra of sufficiently close SRS modes in separate stages. This method
involves the SPM-induced overlap of discrete Stokes shifts in the transient
SRS regime. Solid-state materials such as KGW are particularly susceptible
to SPM broadening due to their high nonlinear refractive index n,. The
composite bandwidth can be synthesized in two successive TSRCPA stages
tuned to adjacent vibrational modes at 767 and 901 cm™ of the KGW crystal,
followed by evaluation of the compressibility of the amplified Stokes pulses.

The widely used KGW crystal has a monoclinic lattice structure (space
group — C2/c), which leads to anisotropic optical and thermophysical
properties [232]. This crystal possesses a high third-order nonlinear
susceptibility and exhibits several intense spontaneous Raman vibrations,
which depend on the direction and polarization of the pump beam with respect
to the crystal indicatrix axes. The crystallographic b-axis, also known as the
second-order symmetry axis, coincides with the optical indicatrix axis Np,
while the N, and Ng axes are located under 14 and 20° angles with the a- and
c-axes, respectively, as shown in Fig. 3.10a. Edge-sharing [WOs] octahedra
form molecular groups in the KGW crystal that have complex polarized
Raman spectra. The most intense Stokes lines appear at 767 cm™ (Ng) and
901 cm™* (Nm) with line widths of 7.8 and 5.9 cm™* (FWHM), respectively,
observed in the polarized SRS spectra of the N,-cut KGW crystal. Much richer
spectral lines can be obtained for other excitation configurations. The short
KGW dephasing time of several picoseconds (1.6 —5.6 ps according to
[232,233]) makes this material a promising candidate for SRS-conversion of
fs—ps pulses. Finally, the steady-state Raman gain in KGW decreases from 4.4
at 1 pm to ~1 cm/GW at ~2 um [170,234].

As before, the Yb:YAG laser described in Chapter 2 was used as the pump
source (Fig. 3.10). A small portion (~12 J) of the laser pulse energy was
directed onto a 15 mm long YAG rod to obtain stable SC pulses in the
wavelength range from ~1050 to ~2400 nm. These SC pulses were used to
seed the two TSRCPA stages. Laser pulses with energies up to 2.5 mJ after
passing through optical delay lines were used to pump two successive
TSRCPA stages based on 30 mm and 15 mm long Np-cut KGW crystals,
tuned to vibrational modes at 901 and 767 cm™, respectively. Both TSRCPA
stages were aligned in a non-collinear configuration with a 2° angle between
the signal and pump beams to easily separate the unwanted SRS generated
directly by the pump pulses. Such parasitic SRS radiation has a frequency-
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independent spectral phase [105], unlike the linearly chirped amplified signal
[160], which can prevent further pulse compression.

1030 nm, 1.3 ps,

b:YAG pumping source
~2.5ml, 100 Hz

M2 TFP M2

0.9 mJ
noncollinear colli 1060-1190 nm

SC generation

YAG KGW (N,)
5x5%15 mm’ 5x5x30 mm3 5%x5x15 mm?3
1050-2400 nm v=901cm’ v =767 cm’}

Fig. 3.10 Experimental setup for investigation of transient stimulated Raman
chirped-pulse amplification (TSRCPA): A/2 — half-wave retardation plate; TFP — thin-
film polarizers.

The spectra of the amplified Stokes pulses were measured using an Anritsu
MS9740B spectrum analyzer. The possibility of compressing the amplified
Stokes pulses was tested using SF11 glass prisms with an apex angle of 59°
to compensate for the positive dispersion in the YAG and KGW crystals. The
distance between the two prisms was varied to achieve the shortest pulse
width.

3.7. Spectral synthesis in a two-stage TSRCPA based on KGW crystals

The first TSRCPA stage was tuned to excite the vibrational mode in the KGW
crystal at 901 cm™ (Fig. 3.11a, black line). Although it was also possible to
obtain another vibrational mode at 767 cm™ (Fig. 3.11a, red line). Then the
spectral bandwidth of the amplified Stokes pulses (Fig. 3.11b) after the first
stage was ~13 nm (FWHM) at a pump pulse energy of 0.9 mJ, which
corresponds to a FTL pulse width of 130 fs. It is noteworthy that both the
greatest spectral broadening and the best gain were achieved with the optimal
delay between the SC seed and pump pulses. As the pump energy increased,
the amplified Stokes pulse was predominantly broadened towards shorter
wavelengths. This is explained by the fact that in transient SRS the Stokes
pulse is formed at the trailing edge of the pump pulse [235]. Due to SPM, the
leading and trailing edges of the pump pulse exhibit red- and blue-shifted
frequency components, so that the amplified Stokes pulse basically replicates
the frequency and phase structure of the trailing edge of the pump pulse. As a
result, a more significant spectral broadening into the short-wavelength range
was observed. Such asymmetric broadening is convenient for spectral
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synthesis in the second TSRCPA stage, where the spectrum from the first
stage should overlap with the Stokes component at 767 cm ™.

1 T " .
— | —E Il N-axis o —10° E
=S E Il N,-axis N, “4( = :
) , //20” S, 10" 5
2 J—b N ey :
g ﬂlfif;/ ! % 102 ! 901 cm’ E
*qé axN, =] 767 cnlf‘ b
—_— = 3 1
P ISY V.Y L ! LUl
0 200 400 600 800 1100 1120 1140 1160
a) Raman shift [cm™] b) Wavelength [nm]

Fig. 3.11 a) Spontaneous Raman spectra of a KGW crystal in orthogonal orientations.
Inset: positions of the crystallographic axes a, b, and c relative to the optical indicatrix
axes Nm, Ng, and N, [160,191]. b) Spectrum after the first TSRCPA stage, tuned to
vibrational modes at 901 cm™ and 767 cm™* of the KGW crystal.

The second TSRCPA stage was tuned to the adjacent vibrational mode of
the KGW crystal at 767 cm™, which allowed the synthesis of a ~38 nm
tailored spectral bandwidth (Fig. 3.12a), corresponding to the FTL pulse width
of 50 fs (Fig. 3.13b, black solid line) at a central wavelength of 1120 nm.
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Fig. 3.12 a) Synthesized spectra after two TSRCPA stages tuned to vibrational modes
at 901 and 767 cm™ of the KGW crystal. b) Conversion efficiency of the second
TSRCPA stage as a function of pump pulse energy and (inset) the amplified beam
profile at a pump energy of 1.4 mJ.

The spectrum of the amplified Stokes after the second TSRCPA stage has
been broadened towards longer wavelength. It is noteworthy that in this case
the short-wavelength and long-wavelength wings of the amplified Stokes
spectrum are in the same polarization, in contrast to the simultaneous
excitation of several vibrational modes in a single KGW crystal [160]. A
conversion efficiency of ~35% was achieved (Fig. 3.12b) at a pump pulse
energy of 1.4 mJ, which corresponded to an intensity of 30 GW/cm?. It is
obvious that due to the large mismatch between the central wavelengths,
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adjacent wings of the tailored spectrum were amplified independently. As a
result, the conversion efficiency was lower compared to the amplification of
a single Stokes component in two successive TSRCPA stages [160]. Indeed,
additional amplification stages or multi-pass cell can be used to further
improve the conversion efficiency [236]. The measured composite spectrum,
the FROG-retrieved spectrum, and its phase for the amplified Stokes pulses
are shown in Fig. 3.13a).
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Fig. 3.13 a) The composite spectrum after two TSRCPA stages (solid black line),
FROG-retrieved spectral intensity profile (red line), and its spectral phase (dashed
line) before compression. b) Temporal profile (solid black line) of the amplified
Stokes pulses after compression retrieved from the SHG-FROG measurement
compared to the FTL pulse calculated from the measured spectrum (red line) and the
retrieved temporal phase (dashed line).

It can be seen that the synthesized pulse has a positive chirp imprinted from
the SC pulses, which is accompanied by significant spectral phase
modulations (Fig. 3.13a, dashed line). Although it is difficult to clearly
determine what exactly caused the phase modulations. We assume that the
SPM-induced phase distortions of the pump pulse were transferred to the
amplified Stokes pulses. The B-integral of the pump pulses accumulated in
the first TSRCPA stage exceeded 9, which certainly affected the phase
structure of the amplified Stokes. Meanwhile, in the second stage, the B-
integral did not exceed 3, therefore the SPM-induced spectral phase structures
of adjacent Stokes modes were different. In addition, the SPM of Stokes pulses
during amplification can also affect spectral phase distortions. Amplified
Stokes pulses of ~1 ps were observed at the output of the two-stage TSRCPA.
The delay in the second stage was then optimized to obtain the best temporal
contrast after compression. With an optimal prism spacing of ~2.1 m, partly
compressed pulses to ~135 fs (FWHM) were achieved (Fig. 3.13b, solid black
line), which is almost 10 times shorter than the pump. Although due to phase
modulation (Fig. 3.13b, dashed line) these pulses contained a pedestal and
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sub-pulses on the side, therefore for the best result it is necessary to use active
phase control, i.e. AOPDF.

3.8. Summary of the results

The use of a circularly polarized pump beam and broadband SC seed pulses
provides cascaded rotational Stokes up to the fourth order at 5 MPa hydrogen
pressure in the difficult-to-reach wavelength range of ~1.1 — 1.4 um with an
output energy of ~3 mJ and a conversion efficiency of 52%. The bandwidth
of the resulting SRRS comb was sufficient to generate FTL pulses compressed
to ~14 fs at a central wavelength of ~1.2 pm. Although this would require
complex techniques, SF11 prisms made it possible to compress first-order
rotational Stokes pulses to ~150 fs, which is ~9 times shorter than the pump
pulses.

Coupling adjacent vibrational modes in successive TSRCPA stages based
on KGW crystals ensured a 23-fold increase in the composite bandwidth of
amplified Stokes pulses compared to pump pulses with a conversion
efficiency of ~35%. The achieved spectral bandwidth of ~38 nm at a central
wavelength of 1120 nm made it possible to compress the amplified Stokes
pulses to 135 fs, which is ~10 times shorter than the pump pulses. The
explored concept can be extended to different SRS-active media to obtain
even wider bandwidth.

Thus, spectral expansion of amplified Stokes pulses under transient SRRS
in compressed hydrogen or by TSRCPA bandwidth synthesis in KGW crystals
paves the way for the generation of intense femtosecond pulses in the NIR
range. Moreover, the research approaches can be transferred to the SWIR-
MWIR ranges, as shown in Chapter 4.

However, experimental difficulties have been noted in the compression of
amplified Stokes pulses. Excitation of the SRRS in hydrogen by pulses shorter
than 50 fs in the so-called “impulsive” regime can lead to the emergence of a
coherent standing Stokes wave [237-239]. Compression of such pulses can be
achieved without using spectral phase control methods.
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4. COLLINEAR SWIR OPCPA COMBINED WITH TSRCPA

As discussed above, intense laser pulses in the SWIR-MIR range are in
demand for generating attosecond pulses [5], THz radiation [6], and even PHz
optoelectronics [240]. Tabletop attosecond sources rely on the HHG where
few-cycle laser pulse interacts with noble gases in a vacuum. Despite the
widespread use of Ti:Sa lasers providing pulses in the tens of eV range via
HHG, scaling photon energies beyond 100 eV requires intense few-cycle
lasers at longer wavelengths. While the maximum photon energy achievable
by HHG scales as A2, the efficiency falls off as A° — 1 ® [15,241]. Hence, a
wavelength of ~2 um is most suitable for generating soft X-rays up to 540 eV
[16,17]. This shows the importance of developing cost-effective few-cycle
lasers operating in the SWIR range and preferably with CEP stability. Since
the idler pulses from OPCPA are passively CEP-stable, their energy needs to
be scaled up [67]. The collinear OPCPA configuration provides a simple way
to obtain CEP-stable idler pulses without angular chirp and spectrally
separated from the signal [242]. However, this approach suffers from a narrow
bandwidth. Therefore, the idler pulses are used only to obtain a broadband
CEP-stable SC seed [243].

Transient SRS-conversion in the SWIR range was not considered as an
alternative or complementary to OPCPA method for amplifying idler pulses.
In this case, the signal pulses can be used as a source for SRS pumping, and
the idler pulses will provide a seed at the Stokes wavelength. Apparently, the
output OPCPA pulses with a single-picosecond pumping will be of the sub-ps
order, which leads to low SRS-conversion efficiency in the transient regime,
especially in the SWIR range. This chapter discusses signal-to-idler energy
transfer via TSRCPA in both the KGW crystal and the compressed hydrogen
coupled with a collinear SWIR OPCPA.

4.1. Setup for TSRCPA combined with SWIR OPCPA in KGW crystal

The experimental setup for studying the signal energy conversion into idler
pulse using TSRCPA in KGW crystal is shown in Fig. 4.1. Although the same
pump source was used again, the OPCPA was set to a collinear configuration.
The broadband SC seed pulse was obtained in a 15 mm long YAG crystal and
amplified in a two-stage collinear OPCPA based on BiBO crystals (type-I,
phase-matching angle 6 = 8°) AR-coated at wavelengths of 1750 — 2500 nm.
In the first and second OPCPA stages, BiBO crystals of 6 mm and 4 mm
length were used. Collinear propagation of the signal and pump beams was
ensured by dichroic mirrors DM (HR@1800-2400 nm, HT@1030 nm). The
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signal pulse was reflected along the path from the mirrors to avoid
accumulation of GDD and especially TOD in the case of its propagation
through the substrates. Pump pulses with energy up to 4 mJ were divided by
a beam splitter (BS) into two parts of 0.4 mJ and 3.6 mJ for the first and second
OPCPA stage, respectively.

Signal-to-idler

energy transfer

~50 fs
Yb:YAG
pumping source 2134 pm
1030 nm, 1.3 ps, OPCPA 1 BK7
~4 l]ll, 100 Hz \ BIBO ; |:| DM Signal: Wavc]cngth 15 mm
DM 4x4x6 mm F 1.8-2 um ’
N SC generation opcpAz ) 2™ —FSRcPA
15 mm YAG BiBO ldier: | ¥ Gw (V) e
1050-2400 nm)  [10x10x4 > |24 77,45 ] 032
.24 M.

Fig. 4.1 Experimental setup of signal-to-idler energy converter using TSRCPA in
KGW crystal: OPCPA 1,2 — the first and second stages of the OPCPA, BS — beam
splitter, DM — dichroic mirrors, F — broadband filters,.

Then the amplified signal and idler beams were directed to the TSRCPA
stage based on Np-cut KGW crystal with dimensions of 7x7x30 mm? or
7x7x45 mm?®. To attenuate the pulse energy incident into the KGW, neutral
density filters with an optical density of 0.1 to 0.7 were used. Finally, the idler
pulses amplified in the TSRCPA stage were compressed in 15 mm long BK7
glass by compensating for the dispersion accumulated in the YAG, BiBO and
KGW crystals. The principle of idler pulse amplification in the KGW crystal
is shown in Fig. 4.2.

Signal-to-idler
energy transfer
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Fig. 4.2 The principle of signal-to-idler energy conversion using TSRCPA in KGW
crystal. The signal and idler waves, with a wavelength difference corresponding to the
Stokes shift, propagate collinearly. The positions of the crystallographic axes a, b and
c of the KGW crystal are given relative to the optical indicatrix axes Np, Nm and Ng.
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The idler wave is amplified as it propagates in the Raman-active crystal
with the signal wave serving as a pump, and the wavelengths difference
corresponding to the Stokes shift. The phase-matching angle of the BiBO
crystals in both OPCPA stages was aligned to facilitate separation of the idler
spectrum from the signal. However, wider bandwidth and better gain are
achieved at degeneracy, where signal and idler wavelengths are similar
(Chapter 2.3). Therefore, the smallest Stokes shift at 767 cm™ was chosen to
amplify the idler in TSRCPA. The idler wavelength (in nm) can be expressed
in terms of the Stokes shift O (in cm™) and the wavelength of the signal pulse:

1

A (4.1)

R
A 107

Substituting this expression into Eq 1.2, we can calculate the signal

wavelength when the idler pulse can serve as a seed for TSRCPA:

21
— (4.2)

As = ———r
S 107 + Qghy

Hence, with a pump laser wavelength of 1030 nm and a Stokes shift of
767 cm™, the required signal wavelength will be ~1900 nm. Accordingly, for
the best signal-to-idler conversion efficiency using TSRCPA in the KGW
crystal, OPCPA operates in the wavelength range ~1800 — 2000 nm for signal
and ~2100 — 2400 nm for idler. In the first OPCPA stage, a maximum signal
energy of ~16 pJ and a conversion efficiency of ~3% were achieved. In the
second OPCPA stage, the signal was amplified to 0.36 mJ with a conversion
efficiency of 10% at a pump intensity of ~45 GW/cm?. The maximum idler
pulse energy of ~0.24 mJ was obtained after signal suppression with a
bandpass filter FB2250-500 (Thorlabs Inc.), although with a loss of 20% of
the idler energy. To eliminate the interference pattern in the idler beam, a
broadband filter FB1900-200 (Thorlabs Inc.) was also placed between the
stages, blocking the incident idler radiation.

4.2. Investigation of SWIR TSRCPA in the KGW crystal

Since the zero dispersion in the KGW crystal is at 2.2 um, the signal wave
from the OPCPA falls within the normal dispersion range, while the idler
experiences both anomalous and normal dispersion. As a result, the OPCPA
signal wave propagates in the KGW crystal faster than the idler wave. This
mismatch between the pump and Stokes pulses leads to their temporal
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separation. Such a violation of phase coherence between the pump and Stokes
radiation in a dispersive medium lead to the reduction in the Stokes gain. In
this case, the signal pulse leaving the two OPCPA stages acquires a negative
chirp due to the accumulated GDD in the YAG and BiBO crystals, and the
~175 fs idler pulse is chirped positively. Thus, an estimate of the group
velocity mismatch (Eq. 2.3) between the idler and signal waves in a KGW
crystal yields a length limitation of ~60 mm. Moreover, the opposite chirp of
the idler and signal pulses propagating in the KGW crystal results in a
reduction in the signal pulse width, while the Stokes pulse width remains
virtually unchanged. For this reason, in the experimental setup we chose KGW
crystals that were shorter than 60 mm. At the output of the TSRCPA stage, an
amplified idler pulse at the Stokes wavelength and a depleted signal (i.e. pump
for TSRCPA) pulse were observed using a 45 mm long KGW crystal.
Although, the central wavelength of the idler slightly shifted to ~2250 nm
(Fig. 4.3, black line), to match the Stokes vibrational mode at 767 cm™
(indicated by the arrow). Apparently, the OPCPA signal in this case acts as a
TSRCPA pump, while the idler serves as a high-energy Stokes seed. No
narrowing of the Stokes spectrum was observed, it corresponded to a FTL
pulse of ~50 fs (inset in Fig. 4.3).
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Fig. 4.3 Normalized output spectra of the OPCPA (dashed line) and TSRCPA (solid
line) stages. The arrow indicates the vibrational Stokes shift in the KGW crystal at
767 cmL. Inset — FTL temporal shapes calculated from the measured spectra of the
TSRCPA incident idler (solid line) and amplified Stokes pulses (dashed line).

The energy conversion from the signal to the idler pulse at the Stokes
wavelength occurs even at low incident signal (i.e. pump for TSRCPA) energy
and increases linearly (Fig. 4.4a). In the entire measurements range, the
energies of the incident signal (i.e. pump for TSRCPA) and idler (seed) pulses
were attenuated before the TSRCPA stage in the same ratio (Fig. 4.4a, black
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line). At a maximum incident signal energy of 0.36 mJ (18 GW/cm?), the idler
pulses at the Stokes wavelength leaving the TSRCPA stage reached energies
of 0.3 mJand 0.32 mJ for 30 mm and 45 mm long KGW crystals, respectively
(Fig. 4.4a, blue and red lines). The spatial distributions of the incident idler
and amplified Stokes beams measured by the Si-CMOS camera under two-
photon excitation are shown in the insets of Fig. 4.4a. Hence, the energy build-
up in the idler pulse at the Stokes wavelength using TSRCPA is a threshold-
free phenomenon [160], in contrast to the generation of SRS. Accordingly,
sufficient energy in the seed (idler) pulse at the Stokes wavelength of
~2250 nm allows achieving high conversion efficiency even in a single
TSRCPA stage.
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Fig. 4.4 a) The energies incident on the TSRCPA stage of the idler pulse (black line)
and the amplified Stokes in KGW crystals 30 mm (blue line) and 45 mm long (red
line) as a function of the incident signal energy. b) Depleted signal (i.e. pump for
TSRCPA) energy leaving the TSRCPA stage (left axis) and the ratio of depleted signal
(i.e. pump for TSRCPA) to amplified Stokes energy (right axis) as a function of
amplified Stokes energy in 30 mm and 45 mm long KGW crystals.

The signal (i.e. pump for TSRCPA) pulse was significantly depleted after
propagation in the KGW crystal, and these losses were converted into
amplified Stokes energy (Fig. 3.4b, left axis). Thus, the OPCPA signal pulse
serves as a pump in the TSRCPA process. F (Fig. 4.4b, right axis). This is
related to the TSRCPA occurrence at the long-wavelength edge of the idler
spectrum. Due to the relatively low initial intensity in this spectral range, the
overall pulse energy at Stokes wavelengths including the transmitted idler
energy after the TSRCPA stage can exceed the signal (i.e. pump for TSRCPA)
energy. In other words, although the overall idler and amplified Stokes energy
after the KGW crystal exceed the signal energy, the amplified section of the
spectrum is still lower in intensity than the pump for TSRCPA.

At the maximum energy level, the amplified Stokes beam was close to
Gaussian (inset in Fig. 4.4a) with an accumulated B-integral value (according
to Eq. 2.7) of ~3.1 in a 45 mm long KGW crystal. This estimate only took into
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account the maximum energy level, although the energy gradually increased
during the amplification process. However, when the OPCPA signal (i.e.
pump for TSRCPA) intensity reached 18 GW/cmz2, no adverse nonlinear
effects were observed that could interfere with TSRCPA, such as SPM, self-
focusing, or SC generation. In contrast, reducing the diameters of the OPCPA
signal (i.e. pump for TSRCPA) and idler beams to ~1.8 mm (at a peak
intensity of 45 GW/cm?), resulted in a red shift of the TSRCPA output
spectrum to ~2.5 um (Fig. 4.5a) in a 30 mm long KGW crystal. This rise of
the long-wavelength wing is probably caused by SPM with an increase in the
incident pulse intensities by ~2.5 times. Furthermore, the TSRCPA efficiency
was likely reduced by unwanted direct SRS-generation that overlapped
spatially and spectrally with amplified Stokes.
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Fig. 4.5 a) Normalized TSRCPA output spectra for a 45 mm KGW crystal at an
incident signal intensity of 18 GW/cm? (black) and after a 30 mm KGW crystal at an
incident signal intensity of 45 GW/cm? (red line). b) TSRCPA efficiency as a function
of incident signal energy in a 30 mm long KGW crystal with both incident beam
diameters of 5.6 mm (red line) and 1.8 mm (black line), where EX* — incident signal
pulse energy; E/™ — incident idler pulse energy.

At higher pump and seed intensities, the TSRCPA conversion efficiency
approached saturation at signal energies as low as ~80 pJ and reached ~11%
in a 30 mm long KGW crystal (Fig. 4.5b, black line). This is probably due to
the SPM of the amplified Stokes. In contrast, at lower intensities of both the
incident signal and idler, when nonlinear effects were not observed, saturation
was not achieved even with a conversion efficiency reaching ~15% (Fig. 4.5b,
red line). However, it was difficult to determine whether the intensity of the
OPCPA signal (i.e., TSRCPA pump) or the idler (i.e., TSRCPA seed) has a
greater impact on the TSRCPA conversion efficiency and the occurrence of
nonlinear effects in the KGW crystal. In the experiment, the diameters of the
signal and idler beams incident on the TSRCPA stage were adjusted
simultaneously, although the use of dichroic mirrors to separate them would
shed light on the impact of changing the intensity of only one of the pulses.
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Thus, the maximum TRSCPA efficiency reached ~15% and ~22% in 30 mm
and 45 mm long KGW crystals, respectively, at a peak incident pump intensity
of ~18 GW/cm? (Fig. 4.6). Meanwhile, the maximum idler energy buildup
due to conversion to Stokes reached 22% and 33% in KGW crystals with a
length of 30 mm and 45 mm, respectively. It is obvious that with the used
pump energies and KGW crystal lengths, TSRCPA is still far from saturation
(Fig. 4.6).
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Fig. 4.6 Dependence of the TSRCPA conversion efficiency on the incident signal
energy (i.e. pump for TSRCPA) in 30 mm (dashed Iine) and 45 mm (solid line) KGW
crystals, where E* — incident signal pulse energy; E/™ — incident idler pulse energy.

Since improving the efficiency of OPCPA is of great importance [51], even
a relatively small increase in the pump-to-idler conversion efficiency for the
described two-stage OPCPA of ~3% is beneficial. Moreover, the additional
OPCPA stage will provide an efficiency improvement of ~6% when using a
larger KGW crystal aperture. The TSRCPA efficiency can also be improved
by delaying the idler pulse relative to the signal, since the Stokes pulse is
formed on the trailing edge of the pump pulse [244]. It is also more justified
to use crystals with a smaller Stokes shift of ~650 cm™, such as TeO, [245],
for more accurate matching of the central wavelengths of the Stokes and idler
pulses. Another option is the use SFs gas cells with a Stokes shift of 765 cm™
[246], which can provide energy scaling while limiting competing nonlinear
effects.

It is important that the high TSRCPA efficiency is achieved even before
the SRS self-excitation threshold, which is achieved at an incident OPCPA
signal (i.e., TSRCPA pump) pulse intensity of ~25 GW/cm?. When this
threshold is exceeded, the unwanted Stokes pulse replicates the chirp of the
TSRCPA pump pulse, opposite to the idler one, preventing pulse compression.
Otherwise, a noncollinear TSRCPA configuration should be used to spatially
separate this beam [160].

The signal leaving the OPCPA exhibited a negative chirp, while the idler
pulse exhibited a positive chirp. This phenomenon arises due to the phase
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matching condition, where shorter signal wavelengths result in longer idler
wavelengths, and vice versa. Therefore, the idler pulses could be compressed
in the glass block with negative dispersion in the SWIR range. Thus, the signal
leaving the OPCPA accumulated GDD of ~—1800 fs? in the YAG and BiBO
crystals, while the idler GDD was ~1800 fs2. Given that the idler bandwidth
falls within the zero-dispersion range of the KGW crystal, the GDD acquired
in it can be neglected when determining the required glass length for
compression. Furthermore, TOD at this idler bandwidth had minimal impact
on compression and could also be ignored. Thus, the pulses amplified in
TSRCPA were compressed in the BK7 glass plate. It was estimated that a plate
length of ~13mm was suitable for GDD compensation (Fig. 4.7a).
Experimentally, the optimal pulse compression was achieved with a ~15 mm
long BK7 glass plate. Finally, pulses amplified in a 45 mm long KGW crystal
were compressed to ~53 fs, which is close to the value calculated from the
measured spectrum at a central wavelength of 2250 nm (Fig. 4.7b). However,
it is preferable to use another type of glass, since the transmission of a 10 mm
long BK7 plate is less than 80% at wavelengths greater than 2 um [247].
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Fig. 4.7 a) Estimated GDD of the idler pulse depending on length of the BK7 glass
plate. b) SHG-FROG retrieved temporal profile (solid line) and temporal phase
(dashed line) of the amplified in TSRCPA pulses after compression, compared to a
FTL pulse calculated from the measured spectrum at 2250 nm (dotted line).

4.3.  Setup for investigation of SWIR SRRS in compressed hydrogen

To extend the OPCPA coverage further into the SWIR and even MWIR
ranges, the high-order rotational Stokes excitation can be used. However, even
at the highest output energy levels of noncollinear OPCPA, rotational Stokes
in compressed hydrogen were not observed. Therefore, collinear OPCPA
configuration was chosen to provide a seed pulse at the Stokes wavelength.
Thus, the results of previous investigations were used to explore a transient
SRRS coupled to a collinear OPCPA operating at central wavelengths of
~1.9 um for the signal and ~2.2 um for the idler. The goal of this study was to
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achieve cascade generation of high-order rotational Stokes pulses in
compressed hydrogen by optimizing the pressure, cell length, spectral
mismatch between the signal and idler pulses, and the chirp induced in the SC
pulses.

The experimental setup for studying transient SRRS in compressed
hydrogen is shown in Fig. 4.8. Broadband SC seed pulses obtained in a
130 mm long YAG crystal were amplified in a three-stage collinear OPCPA,
and then both the signal and idler pulses were focused into a hydrogen cell.
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Fig. 4.8 Experimental setup for investigation of transient SRRS in compressed
hydrogen: DM — dichroic mirrors; BS — beam splitters; /4 — quarter-wave retardation
plate; L — focusing lens; AOPDF — acousto-optic programmable dispersive filter.

The OPCPA operated in the wavelength range of 1800 — 2050 nm for the
signal and 2100 — 2300 nm for the idler, with both bandwidths corresponding
to ~90 fs FTL pulses. After the third OPCPA stage, the signal and idler pulses
were focused by CaF; lenses with a focal length of 500 mm or 750 mm into
cells 45, 65 or 110 cm long, filled with hydrogen under a pressure of up to
6 MPa. The previously used MgF. windows were replaced with uncoated
5 mm thick CaF, windows. An achromatic quarter-wave retardation plate
(A/4) with an operating wavelength range of 2000 — 2600 nm was placed in
front of the cell. Spectral measurements were carried out using an ASP-IR-3.5
spectrometer (Avesta Ltd.) with an integration time corresponding to 10
pulses. To ensure uniform spatial distribution, a diffuser was placed in front
of the @450 um core ZBLAN multimode fiber (MZ41L1, Thorlabs Inc.)
connected to the spectrometer. Pulse energy was measured using a LabMax-
TOP console with J-25MB-LE energy sensors (Coherent Corp.). The energies
of the signal, idler, and Stokes pulses were selected using broadband filters
FB1900-200, FB2250-500 (Thorlabs Inc.) and a 2.4 um long-pass filter
(Edmund Optics Inc.), respectively.
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4.4. Investigation of transient SWIR SRRS in compressed hydrogen

Substituting the value of the rotational Raman shift in hydrogen at 587 cm™
into Eq. 4.2, the signal wavelength was determined to be ~1.94 um, and the
idler wavelength was ~2190 nm. To achieve sufficient separation of the idler
and signal spectra, the phase-matching angles of the BiBO crystals in the three
OPCPA stages were adjusted from 0 to 0.12° (0° corresponds to a BiBO
crystal phase-matching angle of 7.8°). The dependence of the central
wavelength of the signal and idler spectra for collinear OPCPA on the BiBO
crystal adjustment angle is shown in Fig. 4.9a. It should be noted that each
time the phase matching angle was adjusted, the delay between the signal and
pump in OPCPA stages was also optimized for best Stokes generation
efficiency at wavelengths of ~2.4 — 2.6 um. For this reason, the signal and
idler spectra were not symmetrical and were narrower near degeneracy. At the
initial crystal angle (0°), when there is no interference between the signal and
the idler pulse, the signal pulses are at a central wavelength of ~2 um, while
the idler pulses are at ~2.15 um. By fine-tuning this angle, the central
wavelength of the signal pulse is shifted towards shorter wavelengths, while
that of the idler pulse is shifted towards longer wavelengths.
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Fig. 4.9 a) Signal and idler spectrum center wavelength of collinear OPCPA
dependence on the BiBO crystal adjustment angle. b) The pulse energies at the output
of the hydrogen cell at the idler (black lines — right axis) and the Stokes wavelengths
from it (red lines — left axis) depending on the BiBO crystal adjustment angle with
negative (solid lines) and positive (dashed lines) GDD induced in the SC seed at a
pressure of 6 MPa.

Then, the signal and idler pulses, amplified in three stages of the OPCPA,
passed through a broadband quarter-wave retardation plate to impart circular
polarization and were focused into a cell with compressed hydrogen. The
pulse energies at the output of the cell at the idler (black lines) and the Stokes
wavelength from it (red lines) depending on the BiBO crystal angle are shown
in Fig. 4.9b at a hydrogen pressure of 6 MPa. This pressure was chosen based
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on the lowest SRRS threshold, since it is roughly inversely proportional to
pressure [158]. Signal pulses of ~0.9 ps duration were chirped either
positively (dashed lines) or negatively (solid lines) by inducing a GDD of
4x10* fs? or -4x10* fs? in the SC seed using AOPDF. These results reveal that
with negative chirp, the output pulse energy at the idler wavelength reached
~440 wJ, whereas with a positive chirp it reduced to ~250 pJ at the same total
incident energy of the signal and idler pulses of ~1.5 mJ.

Hence, proper phase matching in OPCPA is critical to maintain sufficient
separation between the signal and idler wavelengths, which in turn increases
the pulse energy at the idler wavelength after SRRS. To maximize the energy
transfer from the signal to the idler in SRRS, an optimal spectral separation
was experimentally determined corresponding to a crystal adjustment angle of
0.08° (Fig. 4.9a), which is consistent with that calculated from (Eq. 4.2). In
contrast, the Stokes pulse generated by the idler reached its maximum energy
of ~40 uJ with a positive chirp induced in the OPCPA signal, whereas with a
negative chirp it was only ~33 pJ. These results for SRRS in hydrogen suggest
a trade-off between the output energies at idler and Stokes wavelengths
depending on the sign of the signal pulse chirp. Higher SRS-conversion
efficiency was observed with negatively chirped signal pulse than with
positively chirped one [248-250] due to compensation of GVD and positive
chirp caused by SPM, cross-phase modulation. Therefore, for scaling up the
idler pulse after SRRS, it is preferable to use a negatively chirped OPCPA
signal. On the other hand, positive chirp contributed to the generation of
Stokes pulses. It should also be noted that the Stokes pulse was not observed
when either the incident idler or the signal wavelength range were suppressed
by the filter. This may be due to the energy transfer from the OPCPA signal
to the idler and from latter to Stokes with the steepening of the depleted pulses
during the transient SRRS, which contributes to SPM with the appearance of
spectral components favorable for Stokes generation. For further
investigation, the output idler pulse cross-correlation technique may be useful
here [251].

The relationship between spectral separation (Fig.4.9a) and energy
redistribution between the output idler and Stokes pulses (Fig. 4.9b) depends
on optimal phase matching by adjusting the BiBO angle. Therefore, a balance
is required between maximizing the idler energy (which benefits from a
negative chirp) and enhancing Stokes generation (which favors a positive
chirp). These findings highlight the subtle interplay between the OPCPA
spectral tuning and the energy distribution across different spectral
components in the SRRS output. Managing this balance is critical for
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applications where either amplified idler or Stokes pulses are important
depending on the desired outcome.

The normalized spectra of the incident radiation into the hydrogen cell and
the output radiation are shown in Fig. 4.10 for the negative (Fig. 4.10a) and
positive GDD (Fig. 4.10b) applied to in the SC seed pulse. Hence, the
influence of chirp on the spectral redistribution of the signal, idler, and Stokes
components is obvious. In the case of negative GDD (Fig. 4.10a), the energy
transfer from the signal at ~1.94 um to the idler pulse at ~2.22 pum is more
significant, since the peak at the idler wavelength is more pronounced. This
result is consistent with previous findings that negative chirp promotes earlier
energy transfer to the idler, thereby weakening Stokes generation.
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Fig. 4.10 The normalized output spectra before (black lines) and after (red lines) a
hydrogen cell with negative a) and positive b) GDD induced in the SC seed pulse.
Arrows show the signal-to-idler (orange lines) and idler-to-Stokes (red lines) energy
transfer, both corresponding to a rotational Stokes shift at 587 cm™. Illustration of
signal and idler chirps and effective SRS amplification and Stokes generation when
the signal has a negative c) or positive d) chirp.

Furthermore, with a positive (reverse) chirp of the idler pulse, Stokes
radiation is generated at a central wavelength of ~2.47 um, which corresponds
to a rotational Raman shift of 587 cm™ from the trailing edge of the incident
idler pulse (Fig. 4.10 c). In contrast, a positive GDD (Fig. 4.10b) results in a
more efficient energy transfer to the Stokes radiation, whose spectrum is
shifted towards longer wavelength at ~2.57 um. These observations can be
explained by the fact that for negatively chirped pulses the radiation
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frequencies in the pulse tail are shifted to the red, while for positively chirped
pulses — to the blue range (Fig. 4.10 c and d). Therefore, the observed SRRS
shift does not correspond to the central frequency of the pump pulse, but it
shifted toward a longer wavelength for negatively chirped pulses and a shorter
wavelength for positively chirped ones. Thus, these findings highlight the
influence of chirp on the spectral output of the OPCPA coupled to SRRS, since
the timing and GDD of the SC seed pulse affect the efficiency of energy
redistribution between different spectral components. The interplay between
chirp, timing, and spectral distribution plays a critical role in determining the
energy transfer efficiency in SRRS chirped-pulse amplification.

The evolution of the SRRS output spectra and total pulse output energy as
a function of hydrogen pressure are shown in Fig. 4.11 at a positive GDD
induced in the SC seed pulse. The spectra in Fig. 4.11a were measured with a
total incident energy of the signal and idler pulses of 1.5 mJ. As the hydrogen
pressure increases to 6 MPa, the spectral peaks corresponding to the signal-
to-idler and idler-to-Stokes shifts become more pronounced.
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Fig. 4.11 a) The evolution of the SRRS output spectra at a total incident energy of
1.5 mJ. b) The output energy at the idler (black line — left axis) and Stokes wavelength
(red line — right axis) as a function of hydrogen pressure with a positive GDD induced
in the SC seed pulse

The dependence of the output energy at the idler wavelength (black line,
left axis in Fig. 4.11b) on the hydrogen pressure shows the steadily decay from
~445 pJ to ~330 wJ. In contrast, the Stokes pulse energy (red line — right axis
in Fig. 4.11b) shows a continuous increase, reaching a value of ~50 uJ at
6 MPa. It is clear that increasing the Raman gain with hydrogen pressure
provides better energy transfer to Stokes pulses, although saturation was
observed from ~4.5 MPa, apparently due to SPM and other nonlinear effects.

Further improvements in SRRS conversion efficiency were expected for
an even longer hydrogen cell. The dependence of the Stokes pulse energy on
the incident idler pulse energy is shown in Fig. 4.12a using different length:
65 cmor 110 cm, as well as a composite double cell of 65 cm each. The double
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cell outperformed all others, delivering a Stokes energy of ~70 uJ, while the
output of the single 110 cm long cell barely reached ~10 pJ (Fig. 4.12a). This
can be explained by the suppression of accompanying nonlinear effects in the
composite cell, such as SPM, self-focusing and a smaller contribution of
vibrational SRS at wavelengths longer than 10 um, outside the transparency
range of CaF, windows. In the two-cell configuration, the signal and idler
beams were focused in the first cell by a 500 mm focal length lens and then
refocused in the second cell by a 250 mm focal length lens. Better overlap of
interacting beams provides increased SRS efficiency.

The transmission of signal and idler pulses with a total energy of 1.5 mJ in
the wavelength range of ~1.9 —2.25 um was measured as a function of
hydrogen pressure for 65cm and 110cm long cells (Fig. 4.12b). The
significant decrease in transmission, especially in the long cell, is most likely
explained by collision-induced absorption [252] and the contribution of
vibrational Stokes at pressures above 2 MPa.
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Fig. 4.12 a) The dependence of the Stokes pulse energy on the incident idler pulse
energy using 65 cm (blue line), 110 cm (red line), and a double cell of 65 cm each
(black line). b) The transmission of cells 65 cm and 110 cm long depending on the
hydrogen pressure.

Finally, an even shorter cell of 43 cm length with a 250 mm focusing
length provided the highest order rotational Stokes. With a total energy
contained in the incident signal and idler pulses of 1.5 mJ and a hydrogen
pressure of 6 MPa, a third-order rotational Stokes pulse was observed at a
wavelength of ~3 um (Fig. 4.13 — black line). In this case, the output signal
and the idler pulses were filtered with 2.4 um long-pass filter due to the high
intensity during the measurement.
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Fig. 4.13 Normalized output spectra from a 63 cm (red line) and 43 cm (black line)
cell at 6 MPa hydrogen pressure. Arrows indicate the Stokes shift at 587 cm™.

These results highlight the importance of careful selection of gas cell
lengths to minimize losses in the SWIR and MWIR range. Hence, to improve
the efficiency of the transient SRRS and expand the SWIR pulse bandwidth,
it is best to use few passes in a short cell, possibly in a Herriot configuration
[253,254]. Seeding with SC can be useful for reducing the cascade SRRS
threshold, but requires custom-made dichroic separators in this wavelength
range.

4.5. Summary of the results

The combination of TSRCPA with OPCPA operating in the SWIR range
provides a significant build-up in the idler pulse energy at the Stokes
wavelength. Using a single KGW crystal-based TSRCPA stage, the energy
conversion from a signal pulse at ~1950 nm into an idler pulse at the Stokes
wavelength of ~2250 nm was demonstrated with an efficiency of ~33% and
further compression to ~53 fs. Using a larger aperture KGW crystal or even
replacing it with a gas cell filled with SFs could pave the way to scaling the
output energy to multi-mJ levels.

The transient cascade SRRS in compressed hydrogen provides a Stokes
pulse energy of ~70 uJ at ~2.6 um with a conversion efficiency of ~11% after
optimization of the signal and idler spectra, the chirp induced in the signal
pulses, and the cell length. The possibility of generating third-order Stokes at
a wavelength of ~3 um was also demonstrated, although to improve the SRRS
conversion efficiency it is necessary to use a SC seed covering the range of
~2.5-3.5 um.

The prospects for using the OPCPA/TSRCPA hybrid configuration are not
limited to the SWIR range, but can also be extended to the MWIR or even
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LWIR ranges. Progress in developing ultrafast, high-intensity laser sources in
the LWIR range spanning 8 — 20 um will facilitate applications such as direct
laser acceleration [255], high-energy particle and nuclear physics, dipole
approximation limit studies [256], remote sensing [257,258], and advanced
molecular spectroscopy [259]. Typically, broadband LWIR pulses were
obtained by nonlinear down-conversion in DFG or OPA [260-262], with
OPCPA serving to upscale their energy [263,264]. In this case, the TSRCPA
stage based on a hydrogen-filled cell can replace the OPCPA stage. When
using pump pulses at a wavelength of ~1.8 — 2 um, the first vibrational Stokes
pulse in hydrogen will be at a wavelength of ~7.1 — 11.8 um (Fig. 4.14). These
ultrashort output pulses in the LWIR range can be used to seed TW-class CO;
amplifiers [265]. Then TSRCPA seed pulses can be obtained by DFG between
the signal at ~1.9 um and the idler at ~2.25 um in a variety of nonlinear
crystals: silver gallium sulfide (AgGaS. or AGS) [266], lanthanum gallium
silicate (LiGaS: or LGS) [267], gallium selenide (GaSe or GS) [261,263], zinc
germanium phosphide (ZnGeP2 or ZGP) [268]. However, in this case type Il
BiBO or BBO crystals should be used due to the differing polarization of the
signal and idler waves.

High energy

fs scale signal: M
Yb:YAG pumping source ~7.1-11.8um =
1030 nm, 1.3 ps, gv'n;
up to ~20 mJ, 100 Hz p : = 2
BS DM ump: T =
OPA ~1.8-2 um & a
B =1 BiBO El
o0
I type -
Signal: o0
SC generation OPA 1 OPA 2 1.8-2 um DFG =
in YAG BiBO or BBO BiBO or BB AGS, LGS, G§
1050-2400 nm | DM 1l type DM BS 11 type Idler: or ZGP M
2.1-2.4 pm

Fig. 4.14 Hybrid OPCPA/TSRCPA configuration for generation of high-energy
femtosecond LWIR pulses: OPA 1, OPA 2 — optical parametrical amplifiers, BS —
beam splitter, DM — dichroic mirror, M — mirrors, DFG — difference frequency
generation.

Thus, the demonstrated OPCPA/TSRCPA hybrid approach paves the way
for efficient generation of high-energy femtosecond pulses in SWIR, MWIR
and even LWIR spectral ranges.
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MAIN RESULTS AND CONCLUSIONS

. The high-energy SWIR OPCPA setup based on BiBO crystals achieved an
output energy of ~2.1 mJ with an outstanding pump-to-signal conversion
efficiency of up to 25% in the last stage. Driven by single-picosecond
pump pulses, the low stretch-compression ratio ensured compression to
~38 fs in a glass block with a peak power of ~47 GW. Adaptive spectral
phase control enables pulse compression to below 25 fs with peak powers
exceeding 80 GW, thus validating the broadband SWIR SC seed generated
by a single-picosecond 1030 nm pump laser.

. The use of ~1.3 ps circularly polarized pump pulses in the NIR range made
it possible to suppress the vibrational SRS modes and achieve efficient
cascade generation of high-order rotational Stokes components in
compressed hydrogen with a conversion efficiency of ~42% at 5 MPa.

. The use of broadband NIR supercontinuum seed allowed generation of
rotational Stokes up to the fourth order in the difficult-to-reach wavelength
range of ~1.1 — 1.4 um with an increase in conversion efficiency up to
52%. The maximum output pulse energy within the rotational Stokes comb
exceeded 3 mJ, while the spectral bandwidth was sufficient to generate
transform-limited pulses of ~14 fs at a central wavelength of 1.2 pm.

. Synthesis of adjacent vibrational Stokes modes in successive TSRCPA
stages based on KGW ensured a 23-fold expansion in the composite
bandwidth compared to the pump pulses, supporting ~50 fs transform-
limited pulses at 1120 nm. Despite the modulated spectral phase, the
amplified Stokes pulses were partially compressed to 135 fs.

. The collinear SWIR OPCPA setup combined with TSRCPA enabled
efficient signal-to-idler energy conversion in the KGW crystal.
Meanwhile, the third-order rotational Stokes generation in compressed
hydrogen ensured spectral extension beyond 3 pum after optimization of the
signal and idler spectra, the chirp induced in the signal pulse, the cell length
and gas pressure.
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SANTRAUKA
Ivadas

Nuo pat lazeriy atsiradimo 1960 m., [1] sparéia jy plétra 1émé taikomieji
mokslo, medicinos ir pramonés sric¢iy poreikiai [2]. Nobelio premijos
laureaty D. Strickland ir G. Mourou 1985 m. pademonstruotas metodas —
Cirpuoty impulsy stiprinimas (CPA) tapo Kertiniu atradimu, kuriant
ultrasparéiuosius lazerius. Sis metodas leido pasiekti TW eilés smailing
impulsy galig [3], 0 tai atvéré kelig daugeliui stipraus lauko fizikos taikymy
[2], tokiy kaip izoliuoty atosekundiniy impulsy generavimas, elektrony ir jony
greitinimas, bei bangos pakety dinamikos atomuose ir molekulése tyrimai.
Siandien mokslinése laboratorijose naudojamos lazerinés sistemos, kuriy
impulsy trukmé siekia deSimtis femtosekundziy, o jy taikymo sritys nuolat
pleciasi.

Siuolaikiniai lazeriai apima platy elektromagnetiniy bangy spektra — nuo
ultravioletiniy iki ilgyjy infraraudonyjy spinduliy (LWIR). Pastaraisiais
metais ypa¢ susidométa 2 pm — terahercy (THz) bangy spektro sritimi. Si
spektro sritis taikoma molekuléms identifikuoti cheminés analizés metu,
stebint aplinka, atliekant medicining diagnostika, procesy valdyma, taip pat
pritaikoma ir saugumo ir gynybos srityse [4]. Siuo metu didelis démesys
skiriamas femtosekundiniams lazeriams, veikiantiems trumpyjy ir vidutiniy
infraraudonyjy bangy diapazone (SWIR-MWIR), apiman¢iame 1.4-3 pm ir
3-8 um bangos ilgius. Sio spektro didelio intensyvumo lazeriai gali biti
naudojami ne tik molekuliniams jutikliams, bet ir stipraus lauko fizikos
eksperimentams, uztikrinant efektyvesng atosekundiniy impulsy generacija
[5], didesnj THz generavimo efektyvuma [6] ir geresnj tuneliavimo bei
daugiafotoniniy procesy atskyrima [7]. Siuolaikiniai didelés smailinés galios
lazeriniai Saltiniai, veikiantys SWIR-MWIR bangy ilgiy ruoze, pastaruoju
metu placiai taikomi molekulinés struktiiros atvaizdavimui [8] ir medziagy
apdirbimui [9]. Atosekundziy impulsy lazeriniy Saltiniy kiirimas grindziamas
aukstyjy harmoniky generacijos (HHG) principu, kai keliy optiniy cikly
impulsai, pasizymintys didele smailine galia, sgveikauja su inertinémis
dujomis. Tokie lazeriniai Saltiniai yra ypac vertingi tiesioginiams biologiniy
molekuliy tyrimams vandeniniuose tirpaluose [10], taip pat elektroninés,
vibracinés, rotacinés [11] ir magnetizmo [12] dinamikos stebéjimui realiuoju
laiku. Nors didZiausia fotony energija, pasickiama naudojant HHG, [13] kaip
ir fotoemituojamy elektrony energijos riba [14] priklauso nuo A2, bendras
keitimo efektyvumas mazéja [15], tad kiekvienam generuojamam spektriniam
diapazonui biitina parinkti optimaly kaupinimo bangos ilgj. Atsizvelgiant j tai

102



kompromisinis sprendimas yra naudoti SWIR bangos ilgio lazerinius Saltinius
koherentinés minkstosios rentgeno spinduliuotés generacijai 284-543 eV
diapazone [16, 17]. Be to, ultratrumpi SWIR-MWIR impulsai palengvina
iSsamius atomy ir molekuliy dinamikos tyrimus [18,19] leidziandius
vizualizuoti molekulines struktiiras [20].

Siekiant generuoti ultratrumpuosius impulsus SWIR-MWIR diapazone,
dazniausiai naudojami netiesiniai metodai, kuriy kaupinimui pasitelkiami
femtosekundiniai ir pikosekundiniai Nd arba Yb lazeriniai Saltiniai su ~1 um
spinduliuotés bangos ilgiu [24-26]. Siuo atveju ypa¢ didelés energijos, keliy
optiniy cikly trukmés SWIR lazeriy kiirimui pagrinde naudojama i§sigimusios
konfigtracijos OPCPA, ties ~2 um. Taciau dauguma iki Siol sukurty SWIR
OPCPA koncepcijy yra sudétingos ir salyginai brangios, nes reikalauja
aktyvaus fazés valdymo su AOPDF ir skirtingy uzkrato ir kaupinimo lazeriy
sinchronizavimo, o tai mazina sistemos stabiluma [25]. Taigi, siekiant didinti
SWIR femtosekundiniy lazeriy prieinamumg ir patikimuma, svarbu istirti ir
sukurti alternatyvias, paprastesnes ir pigesnes OPCPA architektiiras.

Kitas metodas, galintis iSplésti komerci$kai prieinamy lazeriy spektrinj
diapazona iki SWIR-MWIR srities, yra priverstiné Ramano sklaida (SRS),
kuri pladiai istirta su nanosekundiniais kaupinimo impulsais [27]. Siuo atveju,
skirtingai nuo keturbangio maiSymo, skirtuminio daznio generavimo (DFG)
ar optinio parametrinio stiprinimo (OPA), SRS neriboja fazinis
sinchronizmas. Vis dél to, SRS efektyvumas nenuostoviajame rezime
zenkliaisumazéja [28], todél butina ieskoti efektyviy ultratrumpyjy SWIR
impulsy generacijos biidy panaudojant SRS.

Siame tyrime nagrinéjama didelés smailinés galios SWIR OPCPA lazeriné
sistema, kaupinama dviejy pakopy Yb:YAG CPA, kurio i§vadiniy impulsy
trukmé ~1.3 ps. Pagrindinis tikslas kuriant §i3 OPCPA sistema, kurios uzkrato
Saltinis yra placiajuostis superkontinuumas (SC), buvo pasiekti didziausig
keitimo efektyvuma, islaikant sistemos paprastumg ir kompaktiskumga. Siy
tyrimy rezultatas — lengvai atkuriama keliy mJ iSvadinés impulsy energijos
OPCPA sistema, veikianti SWIR diapazone ir pasizyminti iSskirtiniu
efektyvumu.

Tyrime taip pat buvo nagrinéjami metodai, skirti padidinti SRS
efektyvuma nenuostoviajame rezime, iSpleciant spektrinj diapazong NIR ir
SWIR srityse. Tyrimo metu iStirtas dviejy pakopy priverstinés Ramano
sklaidos stiprintuvas, kuriame skirtingi gretimi Stokso komponentai
stiprinami nuosekliose pakopose. Be to, parodyta, kad nenuostoviajame
rezime SRS kartu su SWIR OPCPA Ileidzia padidinti Salutinés bangos
intensyvumg. Apibendrinant galima teigti, kad Siame darbe nagriné¢jama
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jvairiy netiesiniy efekty sinergija, siekiant efektyviai generuoti SWIR
femtosekundinius impulsus.

Disertacijos tikslas ir uzdaviniai

Disertacijos tikslas — istirti ir sukurti femtosekundinés trukmés lazerines
sistemas, veikiancias SWIR diapazone ir paremtas superkontinuumo, OPCPA
bei nenuostoviosios SRS auksto slégio dujose ir kristaluose netiesiniais
procesais.

Disertacijos tikslui pasiekti buvo iskelti Sie darbo uzdaviniai:

1. Istirti ir sukurti keliy optiniy cikly, keliy mJ iSvadinés impulso energijos
OPCPA, veikiantj SWIR diapazone ties ~2 um, kaupinimui naudojant
~1.3ps trukmés Yb:YAG CPA iSvadinius impulsus, o uzkratui
placiajuoste SC spinduliuote.

2. Istirti pakopinés priverstinés rotacinés Ramano sklaidos (SRRS) auksto
slégio vandenilio kiuvetéje galimybes, siekiant iSplésti ~1.3 ps trukmés
ir 1030 nm centrinio bangos ilgio kaupinimo impulsy spektring juostg j
SWIR diapazong panaudojus placiajuostj SC ir jvertinti Stokso impulsy
spuda.

3. IStirti gretimy vibraciniy Stokso mody sinteze taikant nenuostoviaja
SRS KGW kristaluose, kaupinimui naudojant ~1.3 ps trukmés impulsus
ties 1030 nm ir SC kaip uzkrato Saltinj, bei jvertinti sustiprinty NIR
srities impulsy sptda.

4. Istirti kolinearios konfiguracijos SWIR OPCPA kartu su nenuostoviaja
vibracine SRS KGW kristale ir SRRS suslégtame vandenilyje, siekiant
iSplésti iSvadiniy impulsy spektring juostg ir uztikrinti energijos pernasa
1 SWIR ir MWIR spektro sritis.

Mokslinis tyrimy naujumas
1.  Optimizuotoje keliy mJ BiBO kristalo pagrindo SWIR OPCPA
sistemoje, veikianCioje ~2 pum bangos ilgio diapazone, paskutingje

pakopoje buvo pasiektas isskirtinis — iki ~25% kaupinimo ] signalg
keitimo efektyvumas, o impulsai, be aktyvaus spektro fazés valdymo,
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buvo suspausti iki ~38 fs trukmés. Sie rezultatai pirma karta pasiekti
naudojant SWIR SC impulsus, kurie generuojami su pikosekundés
trukmés 1030 nm bangos ilgio impulsais, kaip uzkrato $altinj keliy mJ
OPCPA.

2. Pirmg karta pademonstruota 52% keitimo efektyvumo nenuostovioji
pakopiné SRRS suslégtame vandenilyje ir sugeneruoti keliy mJ
energijos iSvadiniai impulsai, apimantys sunkiai pasickiamg ~1.1—
1.4 ym bangos ilgiy spektro ruoza, kaupinimui naudojant ~1.3 ps
trukmés ir 1030 nm centrinio bangos ilgio impulsus.

3. Pirma karta pademonstruota gretimy vibraciniy Stoksy mody spektro
sintezé KGW kristaluose, dél kurios sustiprinty SC impulsy spektrinés
juostos plotis padidéjo ~23 kartus, palyginti su kaupinimo impulsais, o
keitimo efektyvumas sieké ~35%.

4. Apjungiant SWIR OPCPA su nenuostoviuoju priverstinés Ramano
sklaidos cirpuoty impulsy stiprinimu (TSRCPA) KGW kristaluose,
pirma karta pademonstruota energijos pernasa j Salutinés bangos
impulsa, pasiekiant ~25% signalo j Saluting bangg keitimo efektyvuma.

5. Hibridinés SWIR OPCPA ir TSRCPA suslégto vandenilio dujose
sistemos tyrimai parod¢, kad teigiamai Cirpuoti placiajuosciai SC
impulsai leidzia iSplésti SRRS spektring juostg link tolimesniyjy bangy
ilgiy, palyginti su neigiamai ¢irpuotais impulsais.

Praktiné nauda

Doktoranttiros studijy metu buvo sukurta keliy optiniy cikly, keliy mJ
OPCPA, veikiantis SWIR diapazone ties ~2 um. Lazering sistema sudaro
Yb:YAG kaupinimo lazeris, placiajuosc¢io SC generacija, AOPDF, trys BiBO
kristaly pagrindo OPCPA pakopos ir impulsy spiida stikle. Ekonomiskai
efektyvus Sios sistemos jgyvendinimas be AOPDF leidzia pasiekti panasius
iSvadinius parametrus, tik su kiek ilgesne impulsy trukme. Sukurta didelés
galios SWIR lazeriné sistema, gali biiti pritaikyta nuotolinio stebéjimo
LIDAR'ams, skirtiems atmosferos ter§alams, biocheminéms medziagoms ir
pavojingoms dujoms aptikti. Tuo tarpu, ypac intensyviy SWIR-MWIR
impulsy filamentacija sudaro salygas aptikti dideliu atstumu tokias molekules
kaip H20, CO,, CO ir NH.. Padidinus sukurtos lazerinés sistemos impulsy
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pasikartojimo daznj, buity galima pritaikyti sistemg palydoviniam rySiui
palaikyti atmosferos skaidrumo srityje.

Pritaikius SRRS metoda auk$to slégio vandenilio dujose,
pademonstruotas paprastas ir efektyvus buidas generuoti keliy mJ energijos,
<150 fs ar net 15 fs trukmés impulsus, ~1.1 — 1.4 um spektro ruoze. Sie
impulsai gali biiti pritaikyti jvairiose srityse, jskaitant netiesing mikroskopija.

Siame darbe taip pat nagrinéjama kolinearios konfigiiracijos OPCPA
kombinacija su TSRCPA dujose ar kristaluose gali buti efektyvus biidas
padidinti Salutinés bangos impulso energija. Kadangi neslio fazés gaubtinés
(CEP) stabilumas yra esminis HHG, atosekundiniy impulsy generavimui ir
kitiems stipraus lauko fizikos eksperimentams, $is metodas gali prisidéti prie
paprasty, taciau auksto efektyvumo keliy optiniy cikly lazeriniy Saltiniy
kiirimo, veikian¢iy SWIR-MWIR diapazone. Galiausiai, sujungus SWIR
OPCPA su nenuostovigja SRRS suslégtame vandenilyje, i§vadinio impulso
spektriné juosta iSplinta iki ~3 pm. Tokie lazeriniai Saltiniai yra ypa¢ naudingi
spektroskopijai, nuotoliniam aptikimui ir medicinos diagnostikai. Be to, §j
metoda galima pritaikyti generuoti LWIR bangos ilgiy ruozo impulsus, skirtus
molekulinei spektroskopijai, atmosferos nuotoliniam stebéjimui ir TW klasés
CO: stiprintuvy uzkratui.

Ginamieji teiginiai

1. Placiajuos¢io SWIR SC uZkrato impulsai, generuojami 1030 nm bangos
ilgio vienetiniy pikosekundziy kaupinimo impulsais, tinka pasyviai
sinchronizuotai trijy pakopy BiBO OPCPA sistemai. Tokia OPCPA
konfigiiracija leidzia generuoti keliy mJ SWIR impulsus, suspaustus
stiklo bloke iki keliy optiniy cikly trukmés.

2. Naudojant placiajuostj superkontinuumo uzkrato Saltinj, apskritiminés
poliarizacijos vienetiniy pikosekundziy trukmés 1030 nm kaupinimo
impulsus ir didelj vandenilio slégj dujy kiuvetéje, efektyviai generuojama
pakopiné SRRS sunkiai pasiekiamame ~1.1-1.4 pym bangos ilgiy
diapazone bei slopinama vibraciné SRS.

3. NIR TSRCPA spektrinés juostos plotis iSple¢iamas daugiau nei 20 karty,
naudojant gretimy vibraciniy Ramano mody spektring sinteze stiprintuvo
pakopose su KGW kristalais, lyginant su vienetiniy pikosekundziy
kaupinimo impulsais, o i§vadiniai impulsai yra dalinai spadds.
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4. Kolinearios konfigaracijos SWIR OPCPA kombinacija su TSRCPA
uztikrina efektyvy energijos pernesima i§ signalo j Salutinés bangos
impulsa KGW kristale, o kombinacija su nenuostoviaja SRRS auksto
slégio vandenilio dujy kiuvetéje, naudojant teigiamo Cirpo
superkontinuumo impulsus, iSplecia i§vadinés spinduliuotés spektra vir§
~3 um, generuojant aukstesnés eilés rotacinius Stoksus.

Aprobacija

Publikacijos susijusios su disertacijos tema:

Al. A. Petrulénas, P. Mackonis and A. M. Rodin, Synthesis of Adjacent
Stokes Spectra in a Two-Stage Transient Stimulated Raman Chirped-
Pulse Amplifier, Crystals 12 (7), 888 (2022).

A2. A. Petrulénas, P. Mackonis and A. M. Rodin, Signal-to-idler energy
conversion from 1.9 to 2.3 um by transient stimulated Raman chirped-
pulse amplification, Optics Letters 48 (7), 1598-1601 (2023).

A3. A. Petrulénas, P. Mackonis and A. M. Rodin, High-efficiency bismuth
borate-based optical parametric chirped pulse amplifier with ~2.1 mJ,
38 fs output pulses at ~2150 nm, High Power Laser Science and
Engineering, 11, e27 (2023).

A4. A. Petrulénas, P. Mackonis, A. Cerneckyt¢ and A. M. Rodin,
Amplification of Supercontinuum Seed Pulses at ~1078-1355 nm by
Cascade Rotational SRS in Compressed Hydrogen. Applied Science, 13
(24), 13087 (2023).

Autoriaus indelis
Disertacijos autorius atliko visus ¢ia aprasytus eksperimentus ir skai¢iavimus,
analizavo rezultatus ir suformulavo iSvadas bei hipotezes. Jis taip pat aktyviai
dalyvavo rengiant visas publikacijas, pristaté naujausius rezultatus

tarptautinése konferencijose ir parengé A1—AS5 rankrascius.

Bendraautoriy indélis
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Dr. A. M. Rodin vadovavo visam tiriamojo darbo procesui, nustaté jo kryptj,
teiké mokslines koncepcijas, suformulavo konkrecias uzduotis ir jy
igyvendinimo metodika, konsultavo moksliniais klausimais, dalyvavo
diskusijose interpretuojant rezultatus bei reikSmingai prisidéjo prie
publikacijy A1-A4 parengimo.

Dr. P. Mackonis reik$mingai prisidéjo prie SWIR OPCPA ir nenuostoviosios
SRS tyrimy metodologijos tobulinimo, aktyviai dalyvavo rezultaty analizéje
ir naujy uzduociy formulavime bei zenkliai prisidéjo prie publikacijy A1-A4
parengimo.

A.Cerneckyté aktyviai dalyvavo atliekant nenuostoviosios SRRS
eksperimentus auks$to slégio vandenilio dujy kiuvetéje NIR ir SWIR
diapazonuose bei prisidéjo prie A4 rankras¢io parengimo.

Literatiiros apzvalga

Pirmajame Sios disertacijos skyriuje aprasomi ultratrumpyjy impulsy
generavimo metodai SWIR spektriniame ruoze, daugiausia démesio skiriant
OPCPA ir SRS. Sios technologijos yra ypa¢ reik§mingos generuojant didelés
energijos ultratrumpus impulsus, kurie naudojami jvairiose srityse — nuo
fundamentaliyjy tyrimy iki pramonés ir medicinos taikymy.

Skyrius (1.1 poskyris) pradedamas nuo ultratrumpy SWIR impulsy
generavimo metody apzvalgos, kurioje aptariamos jvairios technologijos,
tokios kaip kieto kiino lazeriniai Saltiniai kuriy aktyvioji terpé yra tuliu,
holmiu ar chromu legiruoti granatai, perovskitai, vanadatai, fluoridai,
volframidai ar retyjy Zemiy seskvioksidai [29]. Sie lazeriniai $altiniai gali
generuoti nuo fs [43,46,47] iki keliy ps [35] trukmés ir iki keliasdesimt mJ
energija [34] turinCius lazerio impulsus.

Kitoje skyriaus dalyje (1.1.1 poskyris) aptariama dabartiné paZzanga
siekiant iSplésti OPCPA stiprinimo juosta [82-84], padidinti i$vadiniy
impulsy energija [79-81] bei pateikiami galimi sprendimai norint padaryti
sistemas kompaktiSkesnes ir lengviau atkuriamas. Taip pat pateikiama
nuodugni OPCPA sistemy, veikianéiy 1.4-3 um bangos ilgiy diapazone,
apzvalga, kurioje akcentuojami pagrindiniai techniniai i§$tikiai ir naujausi
technologiniai sprendimai. Aptariama, kaip kaupinimo impulsy trukmé daro
jtaka sistemos efektyvumui [59,60]. Siuo atveju, kaupinimo impulsy trukmé
yra svarbi nustatant pradinio signalinio impulso plétimo koeficients, daro
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jtakg jo dispersijos kontrolei ir bendrai impulso plétimo ir suspaudimo
konfigiiracijai [64,65]. Iprastai didelés energijos ultratrumpyjy impulsy
lazerinés sistemos Siame diapazone yra sudétingos ir brangios, Kai jose yra
naudojamas aktyvus fazés valdymas [88]. Kadangi SWIR spektriniame
diapazone veikianciy lazeriniy sistemy i§vadiniy impulsy spektriné juosta yra
labai plati, kritiSkai svarbu tinkamai valdyti GDD ir TOD. Esant didelei
kaupinimo impulso energijai ir placiai spektrinei juostai, dispersijos valdymas
tampa dar sudétingesnis. Tokiose sistemose, norint pasiekti impulsy trukme
artimg FTL trukmei, daznai naudojamas AOPDF, kuris leidzia tiksliai
kompensuoti GDD ir TOD. Galiausiai taip pat aptariami naujausi poky¢iai,
susije su kompaktiskesniy ir efektyvesniy OPCPA sistemy kiirimu, jskaitant
superkontinuumo naudojima, kaip OPCPA uzkrato $altinj [90-93]. Siuo
atveju superkontinuumo spinduliuoté, generuojama placiame spektriniame
diapazone, leidzia eliminuoti poreikj naudoti papildomas daznio keitimo
pakopas, tokias kaip DFG ar OPG [87].

TreCioje skyriaus dalyje (1.2 poskyris) iSsamiai aptariama priverstiné
Ramano sklaidos taikymas lazerinése sistemose. Sis metodas yra netiesinis
optinis procesas, leidziantis efektyviai konvertuoti lazerinés spinduliuotés
bangos ilgj link ilgesniy, naudojant Ramano aktyvias medziagas [27]. Vienas
i§ pagrindiniy SRS privalumy — néra fazinio sinchronizmo salygos, todél ji yra
itin lanksti ir gali biiti naudojama placiame spektriniame ruoze su skirtingomis
Ramano aktyviomis terpémis. Skyriuje (1.2.1 poskyris) pirmiausia pateikiami
SRS pagrindai — nusakoma kuo SRS skiriasi nuo spontaninés Ramano
sklaidos, aprasomas sklaidos mechanizmas, esant tiek rotacinei tiek vibracinei
sklaidai bei pateikiami svarbiausi SRS aprasantys dydziai, tokie kaip sklaidos
skerspjuvis, stiprinimo koeficientas, bei medziagos Ramano poslinkis
[119,124].

Taip pat yra nagrinéjama nenuostovioji priverstiné Ramano sklaida (1.2.2
poskyris), kai lazerio impulsy trukmé yra trumpesné nei Ramano aktyviosios
terpés molekuliy arba fonony relaksacijos trukmé. Siuo atveju kartu su SRS,
kai kaupinimo trukmé yra tarp 0.1-2 ps, atsiranda ir Kiti netiesiniai procesai
kaip SPM, superkontinuumo generacija ir panasiai, kurie mazina SRS
generacijos efektyvuma [140,141]. Tad Siuo atveju reikia ieSkoti budy kaip
efektyviai keisti ultratrumpy impulsy lazering spinduliuote link tolimesniy
bangos ilgiy [105,155].

Skyriaus pabaigoje pateikiama tyrimy apZzvalga, susijusi su ultratrumpy
impulsy generavimu SWIR bangos ilgiy ruoze, tam naudojant SRS tiek
dujinése [161-163] tiek kieto kiino terpése [167—170], apraSomi metodai kaip
galima padidinti Stokso spektriné juosta esant nenuostoviajai SRS. Siuo
atveju galima apjungti SPM su SRS [149] arba panaudoti daugiapakoping
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SRS [176]. Visgi Siuo metu vyraujantis ultratrumpyjy Stokso impulsy
generavimo metodas yra pagrjstas tus¢iaviduriy skaiduly uzpildyty dujomis,
panaudojimu [182-184]. Taciau §is brangus ir nekompaktiskas metodas néra
toks patrauklus kaip auksto slégio dujy kiuvetés.

Rezultatai

Tyrimy rezultatai disertacijoje iSdéstyti trijuose skyriuose. Pirmajame pateikti
rezultatai apie mJ eiléss SWIR OPCPA sistemg. Antrajame rotacinés ir
vibracinés SRS NIR spektro ruoZze tyrimai, naudojant 1.3 ps trukmés
kaupinimo impulsus. Treéiajame apraSomas SRS ir SWIR OPCPA
apjungimas siekiant i$plésti iSvadiniy impulsy spektring juosta.

Didelés energijos OPCPA sistema veikianti SWIR diapazone

Antrame disertacijos skyriuje aprasoma efektyvi ir kompaktiska mJ eilés
SWIR OPCPA sistema. Ja sudaro lengvai atkuriami moduliai: Yb:YAG CPA,
SC generacija YAG kristale, trijy pakopy OPCPA su BiBO kristalais, ir
impulsy spida Suprasil 300 stiklo prizmése (1 Pav). Sios dalies lazerinés
sistemos schema telpa ant 1 x 3 m? dydzio optinio stalo, o projektuojant
kompaktiskesnj prototipg schema galima sumazinti dar bent du kartus.
Ypatingas démesys buvo skiriamas optimizuoti sukaupta TOD, pladios
pastiprinto signalo dazniy juostos i§laikyma bei galima maziausia sustiprinty
impulsy trukme naudojant tik GDD kompensuojantj kompresoriy

Taigi SC impulsai sugeneruoti 15 mm ilgio YAG Kkristale ties ~2.15 um
buvo stiprinami trijose nekolinearios konfigiiracijos OPCPA pakopose kurias
sudaré 4x4x6 mm?, 10x10x4 mm? ir 15x15x4 mm? dydzio BiBO kristalai (I
tipo, fazinio sinchronizmo kampas ¢ = 8°), su AR danga 1700 — 2500 nm
spektriniame diapazone (1 Pav.) ir galiausiai suspausti 55 mm ilgio Suprasil
300 stikle.
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Yb:YAG
kaupinimo Saltinis
1030 nm, 1.3 ps,
~12 mJ, 100 Hz

Suprasil 300
55mm  2.1mJ, 38 fs
@2.15 um

1 Pav. mJ-cilés SWIR OPCPA eksperimentiné schema: Yb:YAG — 1030 nm bangos
ilgio dviejy pakopy c&irpuoty impulsy stiprintuvas OPCPA kaupinimui ir SC
generacijai, kurio iSvadiniy impulse trukmé yra 1.3 ps, TFP — plonasluoksnis
poliarizatorius, A/2 — pusés bangos ilgio faziné plokstelé , L — fokusuojantis l¢sis,
YAG - itrio aliuminio granatas skirtas SC generacijai, AL — achromatinis lesis, ZnSe
— cinko selenido strypas skirtas OPCPA signalo GDD valdymui, M — HR1030 nm
veidrodziai, PFT — pluosto formavimo teleskopas, BiBO — netiesinis Kkristalas,
Suprasil 300 — prizmiy pora skirta i$vadiniy impulsy sptidai.

Kuriant §ig sistema, pirmiausia buvo istirta keletas skirtingy vienos pakopos
OPCPA konfigaracijy: SC generuojamas 15 mm ir 130 mm ilgio YAG
kristaluose, o sustiprinti impulsai atitinkamai spaudziami prieSingo Zenklo
GDD medziagose — Suprasil 300 ir ZnSe. Siuo atveju kai SC generuojamas
trumpesniame YAG kristale, ¢irpas buvo apver¢iamas 30 mm ZnSe prie$
OPCPA pakopa. Taigi naudojant ilgesnj YAG kristalg SC generuoti, dél
didesnio spektrinio intensyvumo SWIR srityje pastebétas geresnis
efektyvumas i§ kaupinimo | signalg keitimo ir ~20 % didesné iSvadiné
energija. Nepriklausomai nuo YAG kristalo ilgio, sustiprinty impulsy
spektriné juosta (FWHM lygyje) atitiko ~25 fs (<4 optiniy cikly) spektriskai
ribotg impulsy trukme, ties ~2.2 pm centriniu bangos ilgiu (2 Pav. a) dalis) .
Visgi dél likutinés tredios eilés dispersijos po spiidos abiem atvejais impulsy
trukmé buvo apie ~47 fs (2 pav. b) dalis).
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2 Pav. a) I§vadinis sustiprinto signalo spektras po vienos OPCPA pakopos, kai SC
generuojamas 130 mm YAG kristale (intarpe — pagal iSmatuotg spektrg apskai¢iuota
spektriskai ribota impulso trukmé). b) ISmatuotas su SHG-FROG sustiprinto signalo
impulso laikinis profilis (juoda kreivé), kai SC generuojamas 15 mm ilgio YAG
kristale ir palygintas su spektriSkai ribotu impulsu apskaiciuotu pagal iSmatuota
spektra (raudona kreivé). Intarpai — iSmatuoti (kairéje) ir atkurti (deSinéje) FROG
pédsakai su 1.3 % paklaida 512x512 pikseliy tinklelyje.

Atsizvelgiant j Siuos preliminarius rezultatus, siekiant sukurti efektyvia
didelés energijos OPCPA sistemg, buvo nuspresta sumazinti stiprinimo
juostos plotj. Siuo atveju tuomet OPCPA sukaupta bendra TOD turi maZesng
jtaka iSvadiniy impulsy formai bei kontrastui. Palaipsniui ribojant stiprinimo
juostos plotj taip, kad ji atitikty 20-40 fs spektriskai riboty impulsy plotj,
galima daugiau kaip 30 % pagerinti laikinj kontrastg ir generuoti trumpesnius
i8vadinius impulsus.

Taigi, didelés energijos OPCPA sistemoje (1 Pav), siekiant susiaurinti
stiprinimo dazniy juostos plotj, buvo iSderintas fazinis sinchronizmas visose
trijose OPCPA pakopose. Atitinkamai sustiprintas spektras apémé diapazona
nuo ~1.95um iki ~2.4 ym, o juostos plotis atitiko 35 fs spektro ribota
impulso trukme ir <5 optinius ciklus, ties centriniu 2.15 pum bangos ilgiu.
Remiantis miisy skai¢iavimais ir mazos energijos OPCPA tyrimu, spektrinés
juostos plotis buvo pakankamai siauras, kad likutinés aukStesnés eilés
dispersijos jtaka suspausto impulso laikinei formai biity Zenkliai mazesné.
Siuo atveju treg¢ioje OPCPA pakopoje panaudojus 9 mJ kaupinimo impulsy
energijos, keitimo efektyvumas sieké iki ~23%, o iSvadiné signalo impulso
energija iki 2.25 mJ (3 pav. a) dalis). Galiausiai sustiprinti impulsai Suprasil
300 stiklo bloke buvo suspausti iki 38 fs, o smailiné galia sieké ~47 GW (3
pav. b) dalis).
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3 Pav. a) I$vadinés impulso energijos priklausomybé nuo kaupinimo impulso
energijos paskutinéje OPCPA pakopoje (intarpe pavaizduotas tolimojo lauko pluosto
profilis esant centriniam 2.15 um bangos ilgiui ties maksimalia i§vadine signalo
energija). b) Atkurtas po SHG-FROG matavimo signalo impulsas po sptidos, esant
maksimaliai iSvadinei energijai, laikinis profilis (iStisiné linija) ir laikiné fazé
(briksniné linija) palyginus su spektriskai ribojamu impulsu (punktyriné linija). zr_ -
spektriskai ribojamas impulso plotis. Intarpai - iSmatuoti (kairéje) ir atkurti (desingje)
FROG pédsakai su 1.1 % paklaida 512x512 pikseliy tinklelyje.

Paskutingje skyriaus dalyje aprasomi rezultatai integravus j OPCPA
sistemg AOPDF (Dazzler WB45-1450-3000, Fastlite, Pranciizij). Tai leido
pagerinti sustiprinty ir suspausty impulsy laikinj kontrasta ir pasiekti
trumpesnius impulsus, kompensuojant likuting aukstesnés eilés dispersija.
Didziausia OPCPA stiprinimo juosta nuo 1.8 iki 2.4 pum nekolinearioje
konfigiiracijoje (4 pav. a) dalis), buvo pasiekta optimizavus kampg tarp SC
uzkrato ir kaupinimo spinduliuo¢iy, bei suderinus BiBO kristaly fazinio
sinchronizmo kampa.

Trecios (TOD) ir ketvirtos (FOD) eilés, taip pat grupiniy greiciy dispersijos
buvo preciziskai suderintos naudojant AOPDF, kad biity pasiekta maksimali
sustiprinty impulsy spiida pirmosios OPCPA pakopos i$¢jime. Atitinkamai,
buvo kompensuojama bendrai sukaupta dispersija 130 mm YAG, 45 mm
TeO, (AOPDF) ir 6 mm BiBO kristaluose: ~3.8 x 108 fs> GDD, ~3.2 x 10* fs®
TOD ir ~1.7 x 10° fs* FOD. Tai leido impulsus suspausti iki ~25 fs (4 pav. —
juoda linija) trukmés artimos spektro ribotai 20 fs trukmei (10 pav. — taskiné
linija), atitinkancCiai maziau nei tris optinius ciklus ties 2.1 pm centriniu
bangos ilgiu. Tiesa, atsizvelgiant | platy impulsy spektrinés juostos plotj ,
galutinis impulsy suspaudimas labai priklauso nuo GDD ir TOD
priklausomybés nuo bangos ilgio YAG ir BiBO kristaluose. Todél norint
pasiekti ribing impulsy sptda, butinas dar tikslesnis spektrinés fazés
apraSymas dispersiniame filtre.
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4 Pav. a) Sustiprinto signalo spektras po pirmosios OPCPA pakopos, kai yra j sistema
integruotas AOPDF. b) Atkurtas po SHG-FROG matavimo signalo impulsas po
sptdos laikinis profilis (iStisiné linija) ir laikiné fazé (briikSniné linija) palyginus su
spektriskai ribojamu impulsu (punktyriné linija). zr_ - spektriskai ribojamas impulso
plotis. Intarpai - iSmatuoti (deSin¢je) ir atkurti (kairéje) FROG pédsakai su 1%
paklaida 512x512 pikseliy tinklelyje.

Apibendrinus, pademonstruotoje OPCPA pirma karta SC impulsai SWIR
diapazone buvo sustiprinti tiesiogiai iki mJ lygio, o pasiektas paskutinés
OPCPA pakopos keitimo efektyvumas artéja prie ribinés vertés. Sios OPCPA
pagrindinis trikumas yra 100 Hz pasikartojimo daznis, kurj riboja Yb:YAG
CPA kaupinimo $altinis. Be to, suspausti impulsai nepasieké ribinés trukmés
del likutinés aukstesniy eiliy dispersijos. Galiausiai Siam OPCPA triiksta CEP
fazés stabilumo, palyginus su sistemomis kur naudojama DFG pakopa.
Nepaisant to, sukurta OPCPA jrodé¢, kad ji tinka lakiosioms medziagoms
aptikti. Be to, po pirmos OPCPA pakopos pasyviai CEP stabilus Salutinés
bangos impulsas gali bati stiprinami antroje ir tre¢ioje OPCPA pakopoje. Siuo
atveju spinduliuotés kamping dispersija galima kompensuoti prizmémis arba
pleistais. Tai atveria galimybe sukurti CEP stabiliy mJ lygio impulsy SWIR
lazering sistema, kurios i$vadiniy impulsy plotis mazesnis nei 25 fs.

Nenuostovioji priverstiné Ramano sklaida NIR spektriniame
diapazone

Tre¢iame disertacijos skyriuje yra apraSomi keli metodai, leidZiantys iSplésti
nenuostovios priverstinés Ramano sklaidos spektring juosta NIR spektriniame
diapazone. Pirmiausia pateikiami spektro sintezes rezultatai zadinant
pakoping rotacing priversting Ramano sklaida vandenilio dujose, kaupinimui
naudojant vienetiniy ps trukmés Yb:YAG lazerio impulsus. Siuo atveju,
ypatingas démesys buvo skiriamas SRRS slenks¢io sumazinimui, taip pat
rotaciniy Stokso mody spektrinés juostos iSplétimui. IStirta kaupinimo
spinduliuotés polarizacijos ir fokusavimo salygy, taip pat H. slégio jtaka
SRRS ir SVRS konversijos efektyvumui bei spektro gaubtinés kitimui.
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Apskritiminé kaupinimo poliarizacija ir superkontinuumas kaip uzkrato
Saltinis zenkliai sumaZzino vibraciniy Stokso mody generacija, kai tuo tarpu
didelis H, slégis uztikrino pakopinj aukstesniy eiliy rotaciniy Stoksy,
atitinkané¢iy 587 cm™ Ramano poslinkj, generavima.

AuldtoFlégio Pakopiné SRRS

TOVAC hzern) L2 LoF M2TFR' DM M4L  H, dujy kiuvete
1030 nm, ~1.3 ps |] \ |] \ / |] . — "
~7mlJ, 100 Hz =BD X 1 — 5 MPa ~1.1 - 1.4 pm

A LF
N s M

~1.1-14pm
5 Pav. Pakopinés priverstinés Ramano sklaidos suslégtame vandenilyje tyrimo
schema: A/2 — pusés bangos ilgio fazinés plokstelés, A/4 —ketvir¢io bangos ilgio
fazinés plokstelé, TFP — plonasluoksniai poliarizatoriai, A —apertiira, DM —dichroinis
veidrodis, L —fokusuojantys leSiai, F — spektrinis filtras, M — 45° plokstieji
veidrodziai.

Dalis kaupinimo lazerio energijos (~100 wJ) buvo panaudota generuoti
superkontinuumg YAG  kristale (5 pav.). Pirmasis plonasluoksnis
poliarizatorius (TFP) kartu su pusés bangos ilgio fazine plokstele (A/2) sudaré
kaupinimo impulso energijos ateniuatoriy, o diafragmos skersmuo parinktas
apriboti centring jvadinio pluosto dalj iki 6.4 mm skersmens. Siekiant
sugeneruoti stabily SC, i$plitusj iki ~1.4 um pasirinktas 10 mm Kristalo ilgis
ir lesis. Sugeneruoto SC spektras filtruojamas interferenciniu filtru (F)
FELH1050 (Thorlabs Inc.) ir kolimuojamas 400 mm zidinio nuotolio lg8iu.
Kolinearus SC uzkrato ir kaupinimo spinduliuo¢iy sklidimas realizuojamas
dichroiniu veidrodziu (DM), praleidzian¢iu 1030 nm ir atspindin¢iu 1100—
1400 nm bangos ilgiy spinduliuotes, o tiksli laikiné impulsy sanklota valdoma
vélinimo linija. Antrasis ateniuatorius, sudarytas i§ plonasluoksnio
poliarizatoriaus (TFP) ir pusés bangos ilgio fazinés plokstelés (A/2), buvo
naudojamas valdyti kaupinimo impulso energija. Ketvir¢io bangos ilgio faziné
plokstelé (A/4) uztikrino apskritiming kaupinimo spinduliuotés poliarizacija,
SVRS slopinimui. SC uzkrato ir kaupinimo spinduliuotés fokusuojamos j
SRS-kiuvetés centrg 750 mm zidinio nuotolio lgsiu. Tiek SVRS, tieck SRRS
buvo generuojama 1 m ilgio auksto slégio dujy kiuvetéje su S mm storio MgF.
optiniais langelias pripildytoje suslégto (1 MPa — 5 MPa) vandenilio dujy.

Pradiniy tyrimy etape, SC uzkratas SRS eksperimentuose nebuvo
naudojamas. Kadangi SRS keitimo efektyvumas ar Stokso spinduliuotés
spektro gaubtiné nepriklausé nuo naudojamo l¢Sio, todél 750 mm Zidinio
nuotolis pasirinktas kaip optimalus. Nors labiausiai iStirtas 4155 cm?
vandenilio vibracinis Ramano poslinkis ir dominuoja nenuostoviajame SRS
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rezime, tadiau eksperimentuose buvo tikétasi stebéti ir rotacinj 587 cm
Ramano poslinkj, kurio stiprinimg galima Zenkliai padidinti naudojant
apskritiming kaupinimo spinduliuotés poliarizacija. SRRS keitimo
efektyvumo priklausomybé nuo kaupinimo impulso energijos esant
skirtingoms spinduliuotés poliarizacijoms, kai vandenio slégis yra 3 MPa,
pateikta 6 peveikslo a) dalyje.

; . . : 1.0
—_ | Kaupinimo poliarizacija: hE .. Lo
30— Apsiciiming o s e
@ Tiesine E Tiesiné
520 £0.5
2 3 .
210 z \
“— L |
B ‘ S, gl A

0723 4 5 6 7 T10 12 14 16 1.8 20 22

a) Kaupinimo energija [mJ] b) Bangos ilgis [pum]

6 Pav. a) SRRS keitimo efektyvumo priklausomybé nuo kaupinimo impulso
energijos, esant apskritiminei (raudona istisiné linija) ir tiesinei (juoda briik$niné
linija) spinduliuotés poliarizacijai, kai vandenilio slégis 3 MPa; b) SRS spektro
gaubtinés, esant apskritiminei (raudona istisiné linija) ir tiesinei (juoda briksniné
linija) lazerio poliarizacijai, kai impulso energija 7 mJ.

Ketvir¢io bangos ilgio fazinés plokstelés (A/4, 5 pav.) asis pirmiausiai buvo
nustatyta 0° kampu, kad buty uztikrinta tiesiné lazerio spinduliuotés
poliarizacija. Kaupinimo impulso energija buvo apribota iki 7 mJ, siekiant
iSvengti MgF» langeliy optinés pazaidos. Su tiesine kaupinimo spinduliuotés
poliarizacija, SRRS keitimo efektyvumas palaipsniui jsisotina iki didZiausios
23% vertés. Tuo tarpu sugeneruota Stokso bangos spektra sudaré keletas
palaipsniui mazéjancio intensyvumo spektriniy smailiy ties ~1094 nm,
~1166 nm ir ~1251 nm (6 b) pav., juoda briik$niné linija), atitinkanciy
pakopinés SRRS vandenilyje pirmosios, antrosios ir treciosios eilés Stokso
bangas (587 cm* rotacinis Ramano poslinkis). Be to, spektruose stebimos ir
dar dvi linijos, kurios siejamos su SVRS ties ~1790 nm bangos ilgiu (4155
cm! vibracinis Ramano poslinkis) ir §ios spinduliuotés rotacinio Stokso banga
ties ~1993 nm bangos ilgiu. Pakeitus kaupinimo spinduliuotés poliarizacijg i$
tiesinés ] apskritiming, stebétas aiSkus 33% SRRS keitimo efektyvumo
maksimumas bei vibracinio Stokso mody slopinimas (6 b) pav., raudona
i§tisiné linija). Taigi nustatyta, kad apskritiminé kaupinimo poliarizacija
zenkliai pagerina SRRS generacija, todél jg nuspresta naudoti ir tolimesniuose
eksperimentuose, kas leido pasiekti SRRS keitimo efektyvumga iki 42% esant
5 MPa vandenilio slégio kiuvetéje.
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Tuo tarpu, naudojant SC kaip uzkratg buvo galima generuoti rotacinio
Stokso modas iki ketvirtos eilés placiame ~1.1-1.4 um bangos ilgio diapazone
ir keturis kartus sumazinti SRS slenkstj, o keitimo efektyvuma padidinti iki
52%. Placiausias SRRA spektras buvo gautas esant 5 MPa vandenilio slégiui
ir 7 mJ kaupinimo impulso energijai (7 pav a) dalis). Spektro smailiy padétys
ties 1096 nm, 1164 nm, 1252 nm ir 1351 nm centriniais bangos ilgiais
(pazymeétos kaip ,,RS1-4) buvo priskirtos atitinkamai pirmos, antros, trecios
ir ketvirtos eilés rotacinio Stokso modoms, atitinkan¢ioms 587 cm™Ramano
poslinkj vandenilyje. Spektre matomos ir dvi smailés ilgesniy bangy srityje
ties 1795 nm ir 1997 nm. Pirmoji smailé priskiriama vibracinio Stokso modai,
suzadintai kaupinimo spinduliuote, ir Zymima ,,VS®, o antroji — vibracinio
Stokso modai, suzadintai pirmos eilés rotacinio Stokso modos (,,RS1%), ir
Zymima ,,RS1-VS*
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7 Pav. a) Isvadinis SRRA spektras esant 5 MPa vandenilio slégiui ir 7 mJ kaupinimo
impulso energijai; b) apskaiciuota spektro riboto impulso laikiné gaubtiné pagal
iSmatuotg SRRA spektra 1-1.4 um bangos ilgiy ruoze.

Kaip ir kaupinimo spinduliuoté, iSvadiniai SRRA impulsai buvo
apskritiminés poliarizacijos. Susintezuotas SRRA spektras (jo plotis) atitiko
~14 fs spektro riboty impulsy trukme, ties 1.2 um centriniu bangos ilgiu
(7 pav b) dalis). Nors tokiai ekstremaliai spidai reikéty sudétingesniy metody,
naudojant SF11 prizmiy pora, pirmosios eilés rotaciniai Stokso impulsai buvo
suspausti iki 152 fs, t. y. mazdaug aStuonis kartus trumpiau nei kaupinimo
impulsai. Taigi, galime teigti, kad pakopiné SRRA turi nemaza potencialg
generuojant  didelés energijos femtosekundinius impulsus  sunkiai
realizuojamoje 1.1-1.4 um spektrinéje srityje.

Antroje skyriaus dalyje pristatomi rezultatai susij¢ su dviejy pakopy
TSRCPA kurio pagrindg sudaro KGW Kkristalai, kurie buvo orientuoti taip,
kad bty suzadinami skirtingose pakopose gretimi Stoksai (8 Pav)
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1030 nm, 1.3 ps,

Yb:YAG kaupinimo Saltini
~2.3 mlJ, 100 Hz

Prizminis
kompresorius

nekolineari 1060-1190 nm

SC generacija
YAG
5%5%15 mm’
1050-2400 nm

KGW (N,)
5x5x30 mm?3
Av=901 cm’’

5x5x15 mm?3
Av =767 cm’'

8 Pav. Principiné priverstinés Ramano sklaidos stiprintuvo schema. A/2 — pusés
bangos ilgio faziné plokstelé, TFP — plonasluoksnis poliarizatorius.

Gretimy Stokso linijy zadinimui pirmoji TSRCPA pakopa buvo suderinta
KGW kristalo 901 cm™ vibracinei modai, o pirmoji — 768 cm™ modai, kas
leido suformuoti itin pla¢ia ~38 nm spektring juosta (9 Pav. a) dalis),
atitinkanc¢ig 50 fs trukmés spektro ribotg impulsa (4.12 pav. b) — punktyriné
linija), ties 1120 nm centriniu bangos ilgiu. Siuo atveju pasiektas aukstas 35%
keitimo efektyvumas, su 1.4 mJ kaupinimo impulso energija, atitinkancia
30 GW/cm? smailinés galios tankj.

—10° : —l _ 4 _
= | > |—Atkurtas impulsas ]
% 3 2, (Toc = 135 £) ) &
210"} ; & FTL impulsas Q
g ! : g (T = 50 fs) s
I Al = 38 | L FIL 0«

3 1 - T S |- Atkurta laikiné b
107 | i ' = fazé 8=

= | ‘ i & 224
5 . : : 5 | g - =
= 10° 1 : ; g o Atkurtas 1$matuotas Al\ -4’_]

1080 1120 1160 1200 -5 4 -3 -2 -1 0 1
a) Bangos ilgis [nm] b) Laikas [ps]

9 Pav. a) Placiausias suformuotas spektras po dviejy TSRCPA pakopy. b) Sustiprinto
ir suspausto impulso laikinis profilis (iStisiné linija) ir jo laikiné fazé (punktyring)
atkurta i§ SHG-FROG matavimy. ApskaiCiuotas spektro riboto impulso laikinis
profilis (raudona linija).

Sustiprinti impulsai po TSRCPA buvo spaudziami prizminiame
kompresoriuje naudojant SF11 prizmes (8 pav). Siuo atveju optimalus ilgis
tarp prizmiy buvo nustatytas eksperimentiskai esant trumpiausiai sustiprinty
impulsy trukmei. Taigi, atlikus FROG matavimus ir atk@irus sustiprinto Stokso
impulso spektrg ir jo fazg, pastebéta , kad suformuotas impulsas turi teigiama
¢irpa, salygota superkontinuumo impulsy, kurj lydi reikSmingos spektrinés
fazés moduliacijos. Deja, sunku tiksliai pasakyti, kas salygojo ryskias fazés
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moduliacijas, taCiau galima daryti prielaidg, kad SPM sukelti kaupinimo
impulso fazés iSkraipymai yra perduodami signalui stiprinimo metu. Tuo
tarpu, ir pacio Stokso impulso savaiminé fazés moduliacija stiprinimo metu
galgjo turéti tam tikrg poveikj sustiprinto signalo spektrinés fazés
iSkraipymams. Nepaisant to, kad suformuotas impulsas turi nehomogeniska
spektring fazg, jis vis tiek yra sptudus (9 Pav. b) dalis).

Apibendrinus nenuostoviosios SRRS ir gretimy Stokso mody sintezés
rezultatai sudaro salygas generuoti ultratrumpuosius impulsus NIR bangos
ilgio diapazone. Be to, abu metodai gali buti pritaikyti ir SWIR-MIR
diapazone. Naudojant SWIR OPCPA kaip kaupinimo Saltin] galim iSplésti
impulsy spektra vir§ 3 um, suzadinant antrosios eilés rotacinj Stoksa auksto
slégio vandenilio kiuvetéje.

Kolinearios konfigiiracijos SWIR diapazono OPCPA kombinacija su
TSRCPA

Ketvirtame disertacijos skyriuje pristatomas naujas metodas efektyviai
signalo energijos pernasai j $alutinés bangos spinduliuote naudojant TSRCPA
KGW ir vandenilyje.

Energijos pernasa i§
signalo j $aluting banga

~50 fs
2.1-2.4 pm
i

Yb:YAG
kaupinimo Saltinis

1030 nm, 1.3 ps, OPCPA 1

) | BK7
~4 mJ, 100 Hz \ / BiBO |:| DM Signalas: Bangos ilgis

15 mm

DM (4x4x6 mm’ F 1.8-2 um ’
SC T 0.36 mJ .
generacija OPCPA2 | TSRCPA e
% 15 mm YAG BiBO St;“l”“"c KGW () [ | Sslu"ne
| 3 anga: & 3 anga:
1050-2400 nm 10x10x4 mm 2.1-2.4 jiin 7x7x45 mm 0.32 mJ
0.24 mJ

10 Pav. Eksperimentiné schema, skirta energijos pernasai i$ signalo j Salutinés bangos
spinduliuote naudojant nenuostovyjj priverstinés Ramano sklaidos ¢irpuoty impulsy
stiprinimg (TSRCPA): BS — pluosto daliklis, DM — dichroiniai veidrodziai, F —
placiajuoséiai filtrai.

Pirmiausia skyriuje pristatomi rezultatai kuomet TSRCPA pakopoje buvo
naudojamas KGW kristalas. 10 paveiksle pateikta eksperimentiné schema
signalo energijos pernasos ] Saluting banga, naudojant nenuostovyjj
priverstinés Ramano sklaidos &irpuoty impulsy stiprinima. Siuo atveju taip pat
tick SC generacijai, tick OPCPA kaupinimui naudojamas jau anksciau
minétas Yb:YAG lazeris. Pradiniai SC impulsai generuojami 15 mm ilgio
Y AG kristale ir stiprinami kolinearios konfigiiracijos dviejy pakopy OPCPA.
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Kolinearus signalo ir Salutinés bangos spinduliuoc¢iy sklidimas uZztikrinamas
dichroiniais veidrodziais (HR@1800-2400 nm, HT@1030 nm). Signalo
spinduliuote buvo pasirinkta atspindéti nuo veidrodziy, kad biity iSvengta
papildomos grupinés vélinimo dispersijos ir ypatingai treciosios eilés
dispersijos spinduliuotei sklindant stiklu. Abi sustiprintos signalo ir Salutinés
bangos spinduliuotés toliau nukreipiamos i TSRCPA pakopa, pagrista
neskaidrintu Ny-asies pjovimo 7x7x30 mm? arba 7x7x45 mm? dydzio KGW
kristalu. Jvadiniy impulsy energija buvo kei¢iama neutralaus optinio tankio
(ND) filtrais (Thorlabs), kuriy optinis tankis keic¢iamas nuo 0.1 iki 0.7. Signalo
ir Salutinés bangos spinduliuotés buvo orientuotos sklisti iSilgai kristalo Np
optinés asies, o jy poliarizacijos ir elektrinio lauko vektoriai E lygiagretiis
kristalo Ng a$iai, atitinkan¢iai 767 cm™ Stokso poslinkj. Po TSRCPA pakopos
signalo ir Salutinés bangos spinduliuotés spektriskai atskiriamos
placiajuosciais filtrais (Thorlabs FB2250-500 ir FB1900-200). Sustiprintas
Salutinés bangos impulsas spaudziamas BK7 stiklo bloke, kompensuojant
teigiama dispersija, lygia neigiamai dispersijai, susikaupusiai spinduliuotei
sklindant YAG ir BiBO Kkristalais. Sustiprinti ir suspausti Stokso impulsai
buvo charakterizuojami SHG-FROG matavimo prietaisu.

1 . :
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k= Spektras po OPCPA
= Spektras po TSRCPA
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Bangos ilgis [um]

11 Pav. Isvadiniai spektrai po dviejy OPCPA pakopy (raudona linija) ir po signalo
energijos pernaSos j Saluting bangg 45 mm ilgio KGW kristale (juoda linija). Intarpas
- apskaiciuoti spektro riboty impulsy laikiniai profiliai ties 2250 nm centriniu bangos
ilgiu pries (punktyriné linija) ir po (iStisiné linija) KGW kristalo. Rodyklé nurodo
767 cm® Stokso poslinkj.

Abiejy OPCPA pakopy fazinis sinchronizmas buvo suderintas taip, kad
Salutinés bangos ir signalo impulsy spektrai buty pakankamai atskirti.
Atitinkamai OPCPA veiké bangos ilgiy srityje nuo ~1800 nm iki ~2000 nm
signalui ir nuo ~2100 nm iki ~2400 nm S$alutinei bangai (11 pav. - punktyriné
linija), o spektry juostos plociai atitiko ~50 fs spektro ribotas impulsy trukmes.
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Po dviejy OPCPA pakopy Salutinés bangos impulso energija buvo 240 um ir
175 fs trukmés su neigiamu Cirpu.

Po TSRCPA pakopos stebétas zenklus Salutinés bangos impulso spektrinio
intensyvumo padidéjimas ir signalo impulso nuskurdinimas. Salutinés bangos
impulso centrinis bangos ilgis Siek tiek pasislinko j 2250 nm (11 Pav. — juoda
linija), kas atitiko 767 cm™? daznio Stokso poslinkj (11 Pav., pazyméta
rodykle). Siuo atveju OPCPA signalas veiké kaip kaupinimas priverstinés
Ramano sklaidos stiprinimo procese, o Salutinés bangos impulsas kaip didelés
energijos Stokso impulsas. TSRCPA procesas neturéjo reikSmingos jtakos
Salutinés bangos impulsos pektrinés juostos plociui, todél po KGW kristalo
zenklaus spektro susiauréjimo nepastebéta. Sustiprintas Salutinés bangos
impulsas iSlaiké dazniy juostos plotj, atitinkantj ~50 fs spektro riboto impulso
trukme, kaip ir OPCPA i$vade (11 Pav., intarpas).

Po TSRCPA pakopos, esant maksimaliai 0.36 mJ (18 GW/cm?) signalo
energijai, buvo pasiektos 0.3 mJ ir 0.32mJ Salutinés bangos impulso
energijos, atitinkamai 30 mm ir 45mm ilgio KGW kristaluose. Dél
pakankamos pradinés uzkrato (Salutinés bangos) impulso energijos Stokso
spinduliuotés bangos ilgyje ties ~2250 nm, energijos pernaSa | Salutinés
bangos spinduliuot¢ naudojant TSRCPA yra slenks¢io neturintis reiskinys,
priesingai nei SRS procesas. Net ir vienoje TSRCPA pakopoje galima pasiekti
didel; keitimo efektyvuma.

Visgi, norint pasiekti didelj kaupinimo (signalo) impulso nuskurdinima ir
efektyvig energijos pernasa i Saluting banga, svarbu, kad Ramano terpé biity
pakankamo ilgio. Tod¢l didziausias TRSCPA efektyvumas buvo pasiektas
14% ir 24%, atitinkamai 30 mm ir 45 mm ilgio KGW Kkristaluose, kai
didziausias jvadinio kaupinimo (signalo) smailinés galios tankis buvo
~18 GW/cm? (12 Pav. a) dalis). Tuo tarpu, didZiausias Stokso (3alutinés
bangos) impulso energijos prieaugis 30 mm ir 45 mm ilgio KGW kristaluose
atitinkamai 22% ir 33%. Nors aprasytos dviejy pakopy OPCPA bendras
kaupinimo j Saluting bangg keitimo efektyvumas padidéjo tik 3%, taCiau
naudojant papildomg OPCPA pakopa, bei uZtikrinant mJ eilés iSvading
energija, daugiau kaip 6% efektyvumo padidéjimas jmanomas panaudojant
didesnés apertiros KGW kristalg. TSRCPA pakopos efektyvuma taip pat
galima padidinti vélinant Salutinés bangos impulsg signalo atzvilgiu, nes
Stokso impulsas generuojasi galiniame kaupinimo impulso fronte.
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12 Pav. a) TSRCPA efektyvumo priklausomybé nuo jvadinés signalo impulso
energijos 30 mm (brtik$niné linija) ir 45 mm (istisiné linija) ilgio KGW kristaluose.
b) SHG-FROG atkurtas sustiprinto ir suspausto $alutinés bangos impulso laikinis
profilis (istisiné) ir laikiné fazé (punktyriné). Apskaiciuotas spektro riboto impulso
laikinis profilis (taskiné linija) ties 2250 nm centriniu bangos ilgiu.

Svarbu, kad dél didelés pradinés uzkrato (Salutinés bangos) impulso
energijos, didelis TSRCPA efektyvumas pasiekiamas dar iki
nepageidaujamos spektriskai persidengiancios SRS spinduliuotés suzadinimo
slenkscio, kuri atsiranda tik tada, kai kaupinimo (signalo) impulso smailinés
galios tankis virSija ~20 GW/cm?. Nepageidaujamas Stokso impulsas,
pasiekes SRS slenkstj, atkartoja kaupinimo (signalo) impulso €irpa, kuris yra
prieSingas Salutinés bangos impulsui, o tai trukdo tolesnei impulso spiidai.
Kitu atveju, norint erdviskai atskirti SRS spinduliuot¢ nuo sustiprinto
Salutinés bangos impulso, reikéty naudoti nekolinearia TSRCPA
konfigiiracijg. Taigi, optimaliose salygose, jokiy reikSmingy Salutinés bangos
impulso ¢irpo iSkraipymy po energijos pernasos 45 mm KGW Kkristale
nepastebéta. Impulsai 15 mm storio BK7 stikle suspausti iki 53 fs trukmés,
artimos spektro ribotai trukmei ties 2250 nm centriniu bangos ilgiu
(12 Pav. b) dalis). Taigi Sis metodas atveria kelig didelio naSumo hibridinéms
OPCPA/TSRCPA sistemoms, skirtoms efektyviai generuoti didelés energijos
CEP stabilius femtosekundinius impulsus SWIR spektro ruoze.

Taip pat priverstinés Ramano sklaidos tyrimai SWIR srityje kuomet
kaupinimui naudojami kolinearios konfigiiracijos OPCPA i$vadiniai impulsai
buvo atlikti auksto slégio vandenilio dujy kiuvetéje (13 Pav.).
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13 Pav. Eksperimentiné SRRS suslégtame vandenilyje tyrimo schema: DM -
dichroiniai veidrodziai; BS — spektro dalikliai; A/4 — ketvir¢io bangos ilgio faziné
plokstelée; F — fokusuojanti s leSis; AOPDF — akustooptinis programuojamasis
dispersinis filtras.

Siuo atveju, SC uzkrato impulsai buvo generuojami 130 mm ilgio YAG
kristale, kurie paskui stiprinami trijy pakopy kolinearios konfigiiracijos
OPCPA su BiBO kristalais. Po tre¢iosios OPCPA pakopos signalo ir Salutinés
bangos impulsai buvo fokusuojami 500 mm arba 750 mm Zidinio nuotolio
CaF; lesiais atitinkamai j 43 cm, 65 cm arba 110 cm ilgio Kiuvetes, pripildytas
vandenilio, kuriose slégis sieké 6 MPa. Kiuvetése buvo naudojami 1 colio
skersmens ir 5 mm storio CaF, optiniai langeliai. Siekiant pagerinti SRRS
efektyvuma, prie§ kameras buvo sumontuota achromatiné ketvir¢io bangos
ilgio (M4) faziné plokstele (HT@2000-2600 nm). Kad biity pasiektas
pakankamas Salutinés bangos ir signalo impulsy spektry atskyrimas, trijy
OPCPA pakopy BiBO kristaly fazinio sinchronizmo kampai buvo derinami O
iki 0.12° diapazone (0° atitinka 7.8° BiBO kristaly fazinio sinchronizmo
kampa). Priciziskai derinant BiBO kristaly kampa, centrinis signalo impulso
bangos ilgis pasislenka trumpesniy bangy link, o Salutinés bangos - ilgesniy
bangy link.

Tyrimo metu signalo impulsai, kuriy trukmé ~0.9 ps, buvo ¢irpuojami
teigiamai arba neigiamai, priklausomai nuo parenkamo GDD kiekio SC
impulsui AOPDF , atitinkamai 4x10* fs? arba -4x10* fs2. Esant optimaliam
spektro atskyrimui su neigiamu Cirpu, iSvadiné impulso energija, ties Salutinés
bangos ilgiais sieké ~440 pJ, kai tuo tarpu su teigiamu Cirpu, ji sumazéjo iki~
250 pJ, kai bendra jvadiné signalo ir Salutinés bangos impulsy energija buvo
~1.5mlJ. Tuo tarpu Stokso impulsas, generuojamas nuo Salutinés bangos,
pasieké maksimalig ~40 uJ impulso energija, kai OPCPA signalui buvo
pritaikytas teigiamas ¢irpas, o esant neigiamam ¢irpui, energija sumazéjo iki
~33 wl. Verta pazyméti, jog Stokso impulsai nebuvo stebimi, kai jvadinéje
spinduliuotéje j kiuvete spektriSkai nufiltruojama signalo arba Salutinés
bangos spinduliuote.
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14 Pav. Normuoti i$vadiniai spektrai prie§ (juodos linijos) ir po (raudonos linijos)
vandenilio kiuvetés su neigiamu a) ir teigiamu b) SC Cirpu. Rodyklémis parodytos
signalo—salutinés bangos ir $alutinés bangos-Stokso energijos pernasos, atitinkan¢ios
587 cm™ rotacinj Stokso poslinkj.

14 paveiksle pateikti normuoti spektrai spinduliuotés, krintancios ir
iSeinan¢ios i§ vandenilio kiuvetés su neigiamu (14 a) Pav.) ir teigiamu
(14 b) Pav.) SC ¢irpu. Aiskiai matoma, kaip Cirpas zenkliai jtakoja ir spektrinj
signalo, Salutinés bangos ir Stokso komponenty pasiskirstyma. Neigiamo
¢irpo atveju (14 a) Pav.) energijos pernasa i$ signalo, ~1.94 um centriniu
bangos ilgiu, i Salutinés bangos impulsg — ~2.22 pm, yra Zymiai rySkesné, nei
teigiamo ¢irpo atveju. Tuo tarpu, teigiamo (atvirkStinio signalui) Salutinés
bangos impulso ¢irpo atveju, Stokso spinduliuoté generuojama ties centriniu
~2.47 um bangos ilgiu. PrieSingai, esant teigiamam ¢irpui (14 a) Pav.),
energija efektyviau perduodama Stokso spinduliuotei, kurios spektras
pasislenka j ilgesniy bangos ilgiy sritj (~2.57 um). Taigi Cirpas, laikinis ir
spektrinis pasiskirstymas impulse yra esminiai veiksniai, lemiantys energijos
pernasos efektyvumg SRRS ¢irpuoty impulsy stiprinimo metu.

Galiausiai buvo tikétasi, kad SRRS keitimo efektyvuma dar labiau pavyks
padidinti panaudojus ilgesne dujy kiuvete. 15 a) paveiksle pateikta Stokso
impulso energijos priklausomybé nuo jvadinés Salutinés bangos impulso
energijos, kai SRRS generuojamas skirtingo ilgio vandenilio kiuvetése:
65 cm, 110 cm, taip pat dvi nuoseklios 65 cm ilgio kiuvetés.
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15 Pav. a) Stokso impulso energijos priklausomybé nuo jvadinés $alutinés bangos
impulso energijos, kai SRRS generuojamas 65 cm (raudona linija), 110 cm (mélyna
linija) ir dvejose 65 cm ilgio kiuvetése (juoda linija). b) 65 cmir 110 cm ilgio kiuvediy
optinio pralaidumo priklausomybés nuo vandenilio slégio.

Nors visy iSbandyty kiuveCiy energijy priklausomybiy kreivés rodo
kylancig tendencija, dviguba kiuveté pranoko kitas, pasiekiant ~70 pJ Stokso
impulso energijg. Verta pazyméti, kad nepaisant panasaus sgveikos ilgio,
vienos 110 cm ilgio kiuvetés atveju Stokso impulso energija vos sieké ~10 pJ.
Sj skirtuma galima paaiskinti tuo, kad sudétinéje kiuvetéje galimai pavyksta
efektyviau nuslopinti gretutinius netiesinius reiSkinius kaip SPM,
savifokusacija ar vibraciné SRS, kurios Stokso bangos ilgis $iuo atveju virsija
10 pum, t. y. uz CaF optiniy langy skaidrumo ribos. ISmatuotos 65 cm ir
110 cm ilgio kiuveciy optinio pralaidumo priklausomybés nuo vandenilio
slégio (15 b) pav.), kai jvadiné bendra signalo ir Salutinés bangos impulsy
(1.9-2.25 um bangos ilgiy ruozas) energija sieké 1.5 mJ. Stebimas Zymus
pralaidumo sumazéjimas (15 b) Pav. — istisiné linija), ypac¢ ilgoje kiuvetéje,
tikétina, dél sugerties sukeltos vandenilio molekuliy susidtrimy [11],
bei vibracinio Stokso indélio, kai slégis virSija 2 MPa. Taip pat, siekiant
pakopinés SRRS mody generacijos, buvo isbandyta techniskai trumpiausia
jmanoma ~40 cm ilgio vandenilio kiuveté. SRRS Zadinimui buvo panaudota
maksimali 1.5 mJ bendra impulsy energija bei 6 MPa vandenilio slégis. Tokiu
btudu pavyko sugeneruoti ir treCios eilés rotacing Stokso spinduliuote kurios
centrinis bangos ilgis ~3 um (16 pav.).
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16 Pav. Normuoti isvadinés spinduliuotés spektrai po 63 cm (raudona kreive) ir
40 cm (juoda kreivé) ilgio vandenilio 6 MPa slégio kiuvetés. Linijos nurodo rotacinj
Ramano poslinkj ties 587 cm™.,

Pagrindiniai rezultatai ir iSvados

1. Sukurta didelés energijos SWIR OPCPA sistema, pagrista BiBO

kristalais, kurios paskutinéje pakopoje pasiektas iSskirtinis — 25%
kaupinimo j signalg keitimo efektyvumas ir 2.1 mJ i$vadiné energija.
Dél santykinai mazo plétros-spiidos santykio, naudojant vienetiniy
pikosekundziy trukmés kaupinimo impulsus, sustiprintas signalas
suspaustas stikle iki ~38 fs trukmés, pasiekiant 47 GW smailine galig.
Tuo tarpu aktyvus spektro fazés valdymas leidzia spausti impulsus iki
maziau nei 25 fs, vir§ijant 80 GW smailine galig, kas parodo kad
placiajuostis SWIR superkontinuumas yra tinkamas uzkratas tokio
tipo sistemoje.

Apskritiminés poliarizacijos, NIR diapazono, 1,3 ps trukmés
kaupinimo impulsy panaudojimas leido slopinti vibracing SRS ir su
~42 % keitimo efektyvumu generuoti keleto eiliy rotacinius Stoksus
5 MPa slégio vandenilio dujy kiuvetéje.

Placiajuos¢io NIR superkontinuumo uzkrato panaudojimas leido
generuoti keturiy eiliy rotacinio Stokso spinduliuote, sunkiai
realizuojamame ~1.1-1.4 um bangos ilgiy diapazone, ir padidinti
SRRS keitimo efektyvuma iki 52% . Tuo tarpu maksimali rotaciniy
Stoksy spinduliuotés impulso energija vir§ijo 3 mJ, o spektrinis plotis
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yra pakankamas generuoti ~14 fs spektriskai ribotos trukmés
impulsus ties 1.2 um centriniu bangos ilgiu.

Gretimy vibraciniy Stokso mody sintezé dviejy pakopy TSRCPA,
KGW kristaly pagrindu, uztikrino 23 kartus platesng, nei kaupinimo
impulsy, spektring juosta, pakankama generuoti ~50 fs spektriskai
ribotus impulsus ties 1120 nm. Nepaisant spektro fazés moduliacijos,
sustiprinti Stokso impulsai suspausti iki 135 fs trukmeés.

Kolinearios konfigtracijos SWIR OPCPA kombinacija su TSRCPA
uztikrina efektyvy signalo energijos keitima j Saluting banga KGW
kristale. Tuo tarpu trecios eilés Stokso generacija leidzia iSplésti
iSvadinés spinduliuotés spektring juosta vir§ 3 um. optimizavus
signalo ir $alutinés bangos spektra, signalo impulso ¢irpg, vandenilio
dujy slégj ir kiuvetés ilgj.
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