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Abstract

In the last decades, intense carrier-envelope-phase-stable (CEP-stable) and near-
single-cycle, coherent mid-infrared sources have become charming for a variety of
applications in physics, chemistry and biology. In particular, those mid-infrared
sources are of tremendous interest for broadband spectroscopic applications, solid-
state light-matter studies, strong-field physics research, and attosecond science.
On the one hand, broadband coherent mid-infrared sources are capable of replacing
time-consuming scanning techniques to classify organic structures or detect haz-
ardous chemical compounds. On the other hand, high-energy, CEP-stable, near
single-cycle mid-infrared sources are key in strong-field physics and attoscience
due to the wavelength scaling nature of strong-field electron re-collision-based

processes.

Nevertheless, implementing such mid-infrared sources remains challenging due to
the lack of user-friendly temporal, spectral and spatial characterisation instru-
ments, efficient and affordable reflection/transmission coatings, and commercially
accessible low-loss dispersion compensation optics. Moreover, the absence of suit-
able laser gain materials reinforces nonlinear down conversion and amplification
methods.

One approach to overcoming the current limitations and developing intense ul-
trafast mid-infrared systems is to use a commercially available high-power near-
infrared laser combined with second-order nonlinear processes. The optical para-
metric amplification (OPA) process is a three-wave mixing nonlinear process that
transfers energy from an intense short-wavelength pump-pulse to a weak longer-
wavelength seed-pulse. In addition, in the optical parametric chirped-pulse ampli-
fication (OPCPA) process, the seed pulses are deliberately stretched beforehand
for amplification and then re-compressed. OPCPA can be essential to avoid dam-
age to the nonlinear crystals or tailor the amplified spectrum. OPCPAs are also

used when femtosecond pulses are required to be amplified using picosecond pump

v



lasers. As a result, OPCPA systems offer novel opportunities for producing high-

intensity, broadband mid-infrared femtosecond pulses.

The Attosecond and Ultrafast Optics (AUO) group at the Institute of Photonic
Sciences (ICFO) in Barcelona has been pioneering the development of mid-infrared
OPCPA systems since 2007. Since then, the group has gained valuable experience
in mid-infrared beam propagation, optical alignment, detection and characterisa-
tion, coating development etc. This thesis uses all the previously acquired knowl-
edge and presents our efforts to push further the performance of two mid-infrared

systems developed by the AUO group.

The 160 kHz high-power mid-infrared OPCPA system is designed to overcome
the existing limitations in the high-repetition-rate mid-infrared regime. Here is
demonstrated the generation of unique 3.2 um pulses with a single-cycle duration
and delivering up to 3.9 GW of peak power. The combination of the CEP sta-
bility with the single-cycle duration and the high energies demonstrated makes
this system suitable to produce ultrafast radiation in the kilo-electron-volt X-ray

regime.

Furthermore, a newly developed mid-infrared nonlinear crystal named BGGSe
is proposed for efficient broadband infrared radiation generation. The ultra-
broadband source is produced using the BGGSe crystal combined with a unique
anti-resonant-reflection photonic crystal fibre (ARR-PCF) that enables tailoring
the compression of our 3.2 pm pulses at 160 kHz. Using the BGGSe crystal and
the ARR-PCF, we demonstrate the generation of coherent light expanding up to

seven octaves, from UV to the THz regime.

The second mid-infrared system presented in this thesis is the high-energy 7 um
OPCPA operated at a 100 Hz repetition rate and developed to generate hard
X-rays in the multi-kilo-electron-volt regime. The development of this second
OPCPA centred at 7 pm overcomes the considerable challenges in the mid-infrared
regime. This thesis demonstrates the amplification of those mid-infrared pulses to
750 pJ and the efficient back-compression to 188 fs.

Moreover, high harmonic generation in solids driven by 7 pum pulses at 100 Hz
and 3.2 yum pulses at 160 kHz has been exploited for solid-state studies using the
developed OPCPA systems. This thesis highlights the results achieved in the high-
temperature YBCO superconductor, where exponential enhancement of harmonics

is demonstrated below the critical temperature.
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All these demonstrations make those systems a key-enabling technology for the
next generation of studies in solid-state physics, extreme nonlinear photonics,

strong-field physics and coherent X-ray science.
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Chapter 1

Introduction

The demonstration of light amplification by stimulated emission of radiation (LASER)
in 1960 [1] enabled a new era for the generation of coherent electromagnetic radi-
ation. High intensities can be achieved, in compact schemes, using the radiation
generated from a laser, enabling the modification of the optical properties of mat-
ter. In 1961, it was demonstrated for the first time the second harmonic generation
(SHG) by focusing down the radiation generated from a ruby laser into a crys-
talline quartz sample [2]. Since those discoveries, bright lasers combined with
nonlinear effects have been used to tailor light and develop compact systems emit-
ting coherent, high-intensity, ultrashort pulses [3, 4]. These systems are used for

the study of different time-dependent physical processes.

To extend the capabilities of lasers, extreme nonlinear processes, such as high
harmonic generation (HHG) in noble gases, are widely used to transform infrared
radiation into coherent X-ray radiation [5, 6]. The cut-off energy of the generated
HHG scales linearly with the peak intensity of the laser field and quadratically
with the centre wavelength. Thus, intense ultrashort infrared pulses are required
to exploit these processes successfully. Moreover, close to plasma generation peak
intensities (10> W/cm?) are required to trigger the electron recollision processes
that enable the HHG process, thus limiting the scalability in photon energy by
increasing the laser peak intensity. HHG driven by lasers centred at a longer
wavelength is a plausible option for the generation of coherent ultrashort X-ray
radiation with higher photon energies up to the kilo-electron-volt radiation regime
[7, 8]. Moreover, it is demonstrated the generation of reproducible attosecond-X-
ray pulses, using carrier-envelope phase (CEP) stable, single-cycle (see equation
3.2.1 for details), infrared pulses [7—10].
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The dynamics of different physical processes can be studied using ultrashort pulses
at different photon energy ranges. Figure 1.1 shows a summary of a few differ-
ent physical processes that can be investigated using electromagnetic radiation at
different photon energies. Hard X-rays (above 5 keV) are typically used amongst
other purposes for X-ray crystallography [11], medical radiography [12, 13] and
airport security. Photons in the range of hundreds to kilo-electron-volts are used
for X-ray diffraction or absorption spectroscopy. The specific K-edge transitions in
essential elements for nature such as oxygen (543 eV), nitrogen (410 eV), carbon
(284 €V) can be studied [14, 15] in this regime. Ultraviolet radiation can be used
to trigger chemical reactions or retrieve band structures using the angle-resolved
photoemission in solids. Visible light is typically used for charge transfer stud-
ies or to study intraband transitions or excitons. Coherent infrared radiation is
an exciting frequency regime showing a wide range of capabilities for solid-state
physical studies such as intraband and interband transitions, plasmons, phonons,
charge density waves and superconducting materials [16]. The fingerprint absorp-
tion region in the mid-infrared regime is used for studying fundamental biological
molecules such as proteins and carbohydrates in live cells in a non-invasive manner
[17, 18]. Moreover, THz radiation allows studies of low-frequency excitations like

molecular rotations, crystal lattice vibrations, and free carrier acceleration.

Thus, combining infrared and THz radiation with visible and ultraviolet light
opens a new area for 2D spectroscopy [19]. This technique enables the study
of temporal dynamics from sub-femtosecond to picosecond durations of electron-
electron, electron-phonon and phonon-phonon interactions. Therefore, the interest
in developing compact tabletop sources covering all the above frequency regimes
has risen in the last decades. These systems have shown unique capabilities to en-
able a wide range of studies with unprecedented temporal and spatial resolutions,

from quantum light-matter interactions to molecular and chemical dynamics.

This thesis aims to redesign and develop high-energy, bright, CEP-stable, mid-
infrared sources for quantum light-matter interaction studies with 2D spectroscopy
technic as well as for kilo-electron-volt range radiation generation. For this pur-
pose, frontends based on commercially available lasers are used. The pulses from
the frontend laser are then modified via a combination of different nonlinear pro-
cesses to generate high-energy pulses in the mid-infrared regime to fulfil the re-

quirements described above.
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FIGURE 1.1: Possible applications of ultrafast coherent radiation from hard-
X-rays to THz for solid-state, condensed phase and molecular phase research.

1.1 High-energy lasers sources

High-energy lasers are typically concluded by an oscillator frontend, where the
mode-locked pulses are generated, and a few amplifier stages for the generation
of high-energy pulses. Moreover, in the amplifier stages, a well-known technique
called chirped pulse amplification (CPA) is typically used to achieve high energies
by avoiding possible damages in the active materials [20]. In a CPA system, the
pulses are beforehand chirped and later introduced in the amplification stage.

After the final amplification stage, the pulses are back compressed.

The most advanced high power lasers are in the visible and near-infrared regime
due to the availability of known solid-state materials absorbing and emitting in
this regime. One of the most known laser is based on Nd: Y3Al;012 (Nd: YAG),
which was demonstrated in 1964 [21], just four years after the first laser was built.
Nowadays, high-energy lasers are available based on Nd: YAG [22]. Still, due to
the higher absorption and emission efficiency of the Nd: YVO4 (Nd: Vanadate)
active material, this can be a better choice for high power lasers. Moreover, the
emission bandwidth of Nd: YVOy, is more extensive and thus, enables shorter pulse
duration [23]. The typical emission frequency of Nd: YAG and Nd: YVO, is at
1064 nm, but a nonlinear crystal (BBO, KTP) can be introduced for frequency
doubling into 532 nm. Unfortunately, the emission bandwidth of Nd: YAG and
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Nd: YVOy, is not enough to generate directly single-cycle pulses at 1064 nm and
use the laser for straight strong-field physics studies or HHG.

Titanium sapphire (Ti: Sa) lasers were invented in 1982 and widely studied in the
following years [24]. They absorb efficiently around 530 nm and have an ultra-
broad emission bandwidth from 650 nm up to 1100 nm. Thus, it is typical to use
frequency-doubled, continuous wave (CW), Nd: YAG or Nd: YVO, high power
lasers to pump the Ti: Sa crystal and achieve the generation of high energy fem-
tosecond pulses around 800 nm. Unlike Neodymium based lasers, Ti: Sa lasers can
deliver mJ level few-cycle pulses making them suitable to drive directly strong-field

processes such us HHG for coherent extreme ultraviolet pulse generation [25].

Ti: Sa lasers are also used for wavelength scaling up to 2 um via OPA process,
enabling the generation of higher photon energies via HHG. The high-energy CEP-
stable 2 pm pulses driven by Ti: Sa lasers are demonstrated to be key enabling
tools for coherent attosecond Soft-X-ray generation up to 500 eV via HHG process
in noble gases [9, 10]. Unfortunately, limitations on phase-matching, quantum
efficiency and transmission window of the nonlinear crystals make it unpractical
to use Ti: Sa lasers for amplification of broadband high-energy mid-infrared pulses.
Instead, Neodymium based lasers emitting around 1 um are used for amplification
of mid-infrared pulses up to 4 pum [26]. As Neodymium based lasers are limited to
picosecond time scales, optical parametric chirped pulse amplification (OPCPA)
is used to amplify femtosecond mid-infrared pulses efficiently. Similarly to CPA
systems, the pulses are firstly stretched in time and then amplified using high

energy picosecond lasers.

In the last decades, new technology has been developed based on thin disc lasers.
Ytterbium (Yb) is an active material that is very suitable for thin disc lasers. Thin
disc lasers based on Yb emit around 1 pum, are able to generate pulse energies
higher than Nd based lasers and achieve sub-2-picosecond pulse durations [27]. As
the pulse duration of the pump is shorter, driving the OPCPA process for mid-
infrared amplification with those lasers make the stretching and compression of

the mid-infrared pulses simpler and the OPCPA system more efficient.

During the last years, the development of a new high-energy solid-state laser based
on Holmium (Ho), emitting around 2 pym and with picosecond duration, has been
demonstrated [28-30]. These new solid-state lasers have shown the capability to
drive OPCPAs with unprecedented energies for the amplification of mid-infrared

pulses above 5 pm wavelengths [29, 31, 32].
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One of the limiting parameters for the generation of high-energy lasers is the repe-
tition rate. Laser cost, space and heat (e.g. thermal lensing, misalignments) man-
agement limits the pump power of the solid-state laser, thus limiting the highest
repetition rates that are aspired to be used. On the other hand, at low repeti-
tion rates where heat is not the main problem, fluence or peak intensity induced
damages on mirrors, gratings and crystals, limit the maximum energy achieved in
the laser system. Thus, different repetition rates can be chosen depending on the

physical process to be studied.

In Figure 1.2 are shown some of the high-energy lasers over the world, with different
repetition rates from 10 Hz up to 160 kHz, which are based on Titanium sapphire
[32], Neodymium [22, 23], Ytterbium [27] and Holmium [28-30]. With a star in
Figure 1.2, the lasers developed in the Attosecond and ultrafast group at ICFO
are shown. These lasers are used to amplify pulses at short-infrared and mid-
infrared regimes via OPA and OPCPA processes. Among other results, this thesis
discusses the development of the 2052 nm, 100 Hz, high energy Ho: YLF laser and
the use of the Nd: YVO, high repetition rate laser for the development of high

power single-cycle 3.2 pym pulses.

\'\. \+ \\\~~\
1000- Ti:Sa \.l\\lc\i\CPg .Yl:l;\\
2 YoYLE® & e S YRCaF2
< 100+ ' Nd:YAG ~~¥_ @~ <1000 W
~o . S~ o
S <10W s
[} <1W Sl o .
£ 10- Ti:Saé\ ®_Yb:YAG
] HOZYAG\\< 100 V\V\\\wd: YVO4
I I I ! = [ -
0.001 0.01 0.1 1 10 100 1000
Repetition Rate (kHz)
FIGURE 1.2: Some of the high energy laser sources over the world based

on active materials such us Titanium sapphire, Neodymium, Ytterbium and
Holmium. With a star lasers developed in the Attosecond and ultrafast group
at ICFO are represented.

1.2 Mid-Infrared sources

Mid-infrared coherent radiation can be generated by using materials that absorb in
the near-infrared regime and emit in the mid-infrared regime or by using nonlinear
processes for frequency down-conversion. The number of active materials avail-

able that emit in the mid-infrared regime is limited to the lead salt compounds
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like PbSnTe and PbxEuSeTe or quantum cascade lasers [33]. Recently, the de-
velopment of broadband femtosecond radiation has been achieved using Cr: ZnSe
and Cr: ZnS around 2.5 pm [34-36]. Unfortunately, the lack of broadband efficient
laser materials emitting above 3 pm makes it unpractical to use those options for
ultrashort high-energy mid-infrared pulse generation. Thus, the development of
systems emitting high-energy broadband pulses above 3 pm still relies on nonlinear

processes.

Frequency down-conversion via nonlinear differential frequency generation (DFG)
by mixing two near-infrared pulses at different frequencies are typically used for
mid-infrared pulse generation. Mid-infrared pulses with direct passive CEP sta-
bility can be achieved when both input pulses have a fixed phase relation. When
both input pulses are generated from the same oscillator, those pulses show ran-
dom phase offset but equal pulse to pulse temporal phase fluctuations. During
the DFG process, the phase fluctuations are cancelled, achieving constant phase
offset.

White-light generation via filamentation in bulk and its side spectral component
amplification via OPA can be used to generate the second pulse for seeding the
DFG process while maintaining the phase relation [32]. Close to damage thresh-
old peak intensities and plasma generation are needed to generate a white-light
continuum, inducing possible power and phase instabilities into the generated
pulses. For higher stability, two-colour sources based on Erbium (Er), Thulium
(Tm) or Ho doped fibre oscillators can be used for DFG [26, 37-39]. Moreover,
ultra-broadband CEP-stable mid-infrared pulses can be achieved via intrapulse
DFG (IP-DFQG) using a single broadband pulse for frequency down-conversion in

a nonlinear crystal [40, 41].

The availability of nonlinear crystals transmitting in the mid-infrared regime that
can be pumped with visible or near-infrared lasers is also limited. They generally
show high refractive index values and, thus, tremendous losses due to Fresnel
reflections. A proper anti-resonant (AR) coating transmitting efficiently near-
infrared and mid-infrared pulses is required to keep the efficiencies as high as

possible.

In Figure 1.3 are shown the transmission window and the figure of merit of some of
the most efficient known mid-infrared nonlinear crystals used for nonlinear down
conversion. The figure of merit is calculated like dgf 7 /n3 and is used to predict
the conversion efficiency of the down-conversion nonlinear process [42, 43], see

the I" factor in equation 2.2.30 for details. The figure of merit, the transmission
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FIGURE 1.3: The figure of merit of some of the most efficient nonlinear crystals
in the mid-infrared regime transmitting above (red) and below (green) 5 pm.

window, and the nonlinear crystal’s damage threshold are necessary to consider to
find the most promising nonlinear crystal. The physical processes that can induce
damage are few and depend strongly on the pump wavelength, pulse duration and
fluence. Due to the difficulty of quantifying the damage threshold of the crystals,

this information is not shown in Figure 1.3.

Bulk and surface damages [44, 45] can be induced by different processes such as
peak intensity, peak-power, thermal refractive index changes, transient absorption,
multiphoton absorption and self-focusing. Some of these effects become crucial to
consider when the nonlinear refractive index values are enormous or when the
pump is close to a transmission edge. Thus, the availability and choice of non-
linear crystals in the mid-infrared regime above 4 ym become challenging, and
a proper choice is needed to avoid damage and achieve a relatively high genera-

tion/amplification efficiency.

For the generation or amplification of pulses in the mid-infrared regime up to
4 pm high power/energy 1 um lasers are typically used. Some of the most promis-
ing nonlinear crystals used for this purpose are Lithium niobate (LNbOj3), Potas-
sium niobate (KNbO3), Potassium Titanyl Arsenate (KTA) and periodically poled
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stoichiometric lithium tantalate (PPSLT) [46-49]. Magnesium oxide doped peri-
odically poled lithium niobate (MgO: PPLN) is typically used instead of LNbO3
thanks to the advantages of quasi-phase-matching (QPM). In general, PPLN shows
narrower phase-matching bandwidth than bulk KTA, LNbO3 or KNbOj3. Thus
aperiodically poled lithium niobate (aPPLN) samples are used instead, where the
phase-matched frequency is tuned over the propagation length through the crystal

to achieve broader phase-matching.

However, scaling the pulse energy in LNbOj is limited by the low damage threshold
due to the green radiation-induced infrared transient absorption, which in LNbOj
shows relaxation times of several seconds [50-52] when the crystal is pumped
with 1 gym pulses. This effect can be enhanced when using PPLN or aPPLN
if the phase-matching for SHG of 1 um pulses is favourable due to the QPM
periodicity. PPSLT has a larger damage threshold in the range of 80-180 GW cm?
and a higher nonlinear coefficient, but the crystal apertures are limited, which at
the same time limits the maximum pump energies that can be used. KTA can be
pumped with high power/energy 1 pm lasers enabling higher amplification factors,
but the phase-matching bandwidth is limited. KNbOj3 with a damage threshold
of up to 14.4 GWem? and a high nonlinear coefficient for broadband mid-infrared
generation shows a balanced compromise between the phase-matching acceptance

bandwidth and amplification efficiency.

Above 4 pm the most commonly used nonlinear crystals are non-oxide semicon-

ductors such as CdSe, GaSe, AgGaSe; (AGSe), AgGaS, (AGS), ZGP and CdSiP,
(CSP) [38, 53-55).

CdSe exhibits non-zero effective nonlinearity only for type 2 phase matching, which
restricts its applications. GaSe faces limitations for cleaving polishing and coating.
It can only be cleaved along the 001 plane (z-cut), it is extremely soft, and the AR
coating is not available. AGSe is chemically unstable in air, and as well as AGS
has one of the lowest damage thresholds. CSP has one of the highest figures of
merit values, but non-collinear geometry is required to achieve broadband phase-
matching, introducing spatial chirp to the generated mid-infrared beam. ZGP,
with one of the highest figures of merit and damage thresholds, is typically used
for mid-infrared pulse amplification. Unfortunately, the main limitation of ZGP is
the narrow transmission window which extends from 2 pym to 13 pm. Thus pump

lasers emitting above 2 um are needed.
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The newly developed BaGayGeSeg (BGGSe) shows a high figure of merit; it can be
AR coated and is expected to show similar damage thresholds as ZGP [42]. More-
over, BGGSe provides a flat dispersion relation through the mid-infrared regime,
implying ultra-broadband phase-matching properties. Moreover, its transmission

window expands from the visible regime up to ~20 pm.

1.3 Thesis outline and state of the art of mid-

infrared lasers

Figure 1.4 shows some of the state-of-the-art solid-state lasers emitting in 1-2 ym
regime and the mid-infrared systems developed by employing those systems via
OPCPA and IP-DFG process. Nd and Yb based solid-state lasers are used to
pump OPCPAs for amplification of mid-infrared lasers between 3 ym and 4 um
[56-58]. IP-DFG is typically generated using femtosecond 1.55 pum pulses from
an Er/Yb fibre amplifier. Still, efficiencies are higher when pumping the IP-DFG
nonlinear crystal at a longer wavelength for frequency down-conversion [40]. Thus,
Tm doped fibre amplifiers at 1.965 pum can be used to drive the same process more
efficiently [39]. Moreover, Ho based solid-state lasers are used to pump OPCPA
systems above 4 ym to achieve high-energy femtosecond mid-infrared radiation
[28-31].

1

4
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FIGURE 1.4: Summary of few ultrashort femtosecond mid-infrared sources

generated via OPCPA and IP-DFG, driven via high power solid-state lasers.

Each colour determines a different laser system. With a star are shown the
laser systems develop in the Attosecond and ultrafast group at ICFO.

This thesis focuses on developing and improving mid-infrared OPCPAs to achieve
high-energy, bright ultrashort femtosecond radiation. For this purpose, Nd: Vanadate
and Ho: YLF solid-state pump lasers have been used to develop two different
OPCPA systems.
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For this purpose, an enumerable amount of nonlinear processes are used in this
thesis, from second and third-order processes to high-order effects. Chapter 2
enumerates the most important effects and presents an analytic study of those

nonlinear processes.

In Chapter 3 is shown how a Nd: Vanadate laser delivering 1.1 mJ energy pulses at
160 kHz and 10 ps pulse duration is used to pump the high-power 3.2 ym OPCPA
achieving record powers at 3.2 pm with single-cycle duration. In this chapter is
shown the demonstration of 3.2 um pulse compression to the single-cycle regime
using a unique anti-resonant-reflection photonic crystal fibre (ARR-PCF) devel-
oped in collaboration with the group of Prof. Philip Russell in Max Planck Insti-
tute for the Science of Light (MPL). Thanks to the properties of this ARR-PCF,
the 3.2 pm pulses can be tailored easily in time and bandwidth, enabling efficient
and controllable IP-DFG. By using the newly developed BGGSe mid-infrared non-
linear crystal, an ultrabroad and efficient IP-DFG is demonstrated. The huge
transmission window of the crystal enables the generation of a spectrum expand-
ing up to 7 octaves, from UV to the THz regime. This chapter also demonstrates
that this kind of ARR-PCFs can be used for dispersive-wave (DW) generation in
the UV regime pumped by high-power femtosecond mid-infrared pulses.

Chapter 4 presents the development and upgrade of the femtosecond 7 pm high-
energy OPCPA. In this chapter is studied the generation of 7 um pulses via DFG
using GaSe and the newly developed BGGSe crystal. Moreover, here is shown the
upgrade of the Ho: YLF multi-pass booster amplifier delivering record energies of
260 mJ in a compact tabletop design and the development of the 7 pum OPCPA
system pumped by the high-energy Ho: YLF laser. The amplification of the 7 ym
pulses up to 750 uJ and compression down to 188 fs using around 10% of the
available energy of the Ho: YLF pump laser is demonstrated. Moreover, making
use of the femtosecond high-energy 7 pm pulses, solid harmonics are shown in

ZnSe achieving all the even and odd harmonics from 2"¢ to 12"

In the last decades, different explanations and simulations about high harmonics
in solids (HHS) have been studied. One of the conclusions all the studies agree
on is that the HHS depends on the crystallographic structure. Thus, informa-
tion on the band structure is expected to be encrypted on the measured HHS
spectrum. In Chapter 5 is presented the HHS process in one of the most known
high critical-temperature (Tc) superconductor YBayCuzO7 (YBCO), driven by
the 3.2 um few-cycle pulses. This chapter shows how the HHS generation changes
when the temperature of the YBCO is tuned from room temperature to 80 K with
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T, = 90 K. A significant exponential enhancement is measured when the sample

reaches the superconducting state.

Finally, in Chapter 6 the summary and future outlook of the presented results are

discussed.






Chapter 2

Background in ultrashort pulse

propagation

A well-studied use of linear and nonlinear effects is required to generate intense,
near-single-cycle, CEP-stable pulses. For instance, a high-energy pulse can be
compressed /stretched in time due to nonlinear effects during the propagation in
a medium. Moreover, proper dispersion management is required to maintain an

ultrashort pulse compressed.

Thus, this chapter aims to describe the basics of linear and nonlinear ultrashort
pulse propagation exploited in different experiments mentioned in the following
chapters. Moreover, this chapter explains various numerical models vitals for

precisely estimating the ultrashort pulse propagation in a nonlinear media.

The propagation of an electromagnetic wave in a medium is described combining

the Maxwell-Faraday equation V x E = —%—1? with the Ampere-Maxwell law
\Y ><H=J+%—I?, for D=¢)E+ P and H = iB as follows:

O°E (r,t)  0°P(r,1) N J (r,t)

2
E - _
VIE(r,1) — poso——7.3 o543 o~

(2.1)
where o and ¢ are the permeability and permittivity in vacuum, respectively,
E (r,t) is the electric field, P (r,?) the induced polarisation and J(r,t) is the
electron-current density. The polarisation term is responsible for dispersion, diver-
gence and nonlinear processes. The electron-current density describes the electron
dynamics such as plasma generation, multiphoton absorption and high harmonic

generation.

13
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Moreover, when those intense ultrashort pulses are focused into a nonlinear medium,
effects such as sum-frequency, difference frequency, parametric amplification, spec-
tral broadening [59, 60] or generation of hundreds of harmonics can be produced
5, 6].

The induced polarisation P can be expressed in nonlinear optics as a power series
of the electric field E in the time domain. Generally, this expression is written in
the frequency domain by assuming an instantaneous response of the medium to

the electromagnetic wave:

P (w) = g0 [YVE (w) + XVE? (w) + XYE?* (w) + ...] (2.2)

where (! is the first-order electric susceptibility, which describes the linear po-
larisation response of the material. Assuming a uniaxial crystal (or in 1D), the
refractive index can be calculated directly from the linear susceptibility through
n = /14 xM. The quantities x® and x® are known as the second and third-
order nonlinear optical susceptibilities, respectively. The estimation of the values
for x® and x® is widely discussed in the Nonlinear Optics book from Robert W.
Boyd [59].

The solutions for the equation 2.1 can be written in plane waves for E (r, ), P (r,?)
and J (r,t) as follows:

E (r,t) = Eg (r,t) ekor—«ot) (2.3)
P (r,t) = Py (r, t) e/kor—ot) (2.4)
J(r,t) = Jo (r, t) ¢lkor—wot) (2.5)

where kg and wy are the wave-vector and centre frequency in vacuum, respectively.
Moreover, by assuming that the envelope of the electromagnetic pulse varies slowly
in time compared to the field oscillations and replacing the plane waves in equation
2.1, the wave-equation is reduced from a second-order differential equation in
space and time to a first-order differential equation. This approximation is known

as the slowly varying envelope approximation (SVEA) |V?Ey| < |koVEq| and
)BQEO OEq

e | < }w07|. By assuming an electromagnetic wave propagating in z with
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radial symmetry in the transversal directions (x and y), and computing a Fourier
transformation from the time domain to the frequency domain, the wave-equation

can be simplified to a first-order differential equation:

0Fy (w,2) | o w? w
G DE) By (w,2) = i Py (10, 2) — o
0z ik Ep (w, 2) ZQeoszQ b (W, 2) 2eok.c?

Jo (w, 2) (2.6)
where k, is the wave-vector in the propagation direction. The above equation is
also known as the unidirectional pulse propagation equation (UPPE), which is
widely used for pulse propagation in nonlinear media for the study of second and

third-order processes as well as higher-order nonlinear processes [61].

While effects that involve absorption and emission of light need extra care due to
the strong heating effects of the medium, nonlinear effects are typically carried in
the spectral regime where the medium highly transmits the involved pulses. Thus,
the equations presented in this chapter are deduced by neglecting the absorption

effects in the medium.

2.1 Linear propagation of ultrashort pulses

The linear propagation of ultrashort pulses can be described from the general wave
equation in the frequency domain and simplified by taking J = 0 and P (w, z) =
80X(1) (W) E (wa Z):

O?F (w, z n2w?
822 ):— 2 E(w,z) (2.1.1)

being the plane wave solution the following expression:

E(w,2) = Ey (w,0) e ™*)> (2.1.2)

where k (w) = kon (w) = @ is the wave-vector in the medium defined by the
refractive index n (w). When broadband ultrashort pulses are propagated in a
medium, the frequency dependency of the refractive index, as well as its higher-
order terms, need to be taken into account. Thus, a Taylor expansion of the
wave-vector is performed to calculate group velocity and dispersion effects on the
broadband ultrashort pulses [60].
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k(@) = k (wo) + d’fjf:") w—wo)+ %dif;”) (= w)?
1d%k (w) 3
6 A e (w—wo)” +... (2.1.3)

where wy is the centre frequency of the ultrashort pulse. While the first derivative
introduces a phase shift in the electric field, the second derivative defines the group
velocity (GV) in the medium at wy. If the GV varies significantly inside the same
pulse, there will be frequencies delayed in time at the end of the propagation, and
the pulse will be stretched. This variation is defined by the third derivative, also
known as the group velocity dispersion (GVD).

The compression or stretching effect that a medium with a length L produces
in an ultrashort pulse can be estimated typically by calculating the group delay
dispersion (GDD) and third-order dispersion (TOD) induced by the medium.

A%k (w) dn (w) d?*n (w) L

GDD (u}o, L) = dojz wOL = (2 dw " wWo de wo) Z (214)
A3k (w) d*n (w) d3n (w) L

TOD (CL)O, L) = A’ WOL = (3 dw? o WOW wo) z (215)

where n (w) is the refractive index in the frequency domain. Implementing the
quantities of GDD and TOD in the equation 2.1.2 we can predict with reasonable
accuracy how the envelope of an ultrashort pulse varies at the output of a bulk

medium with thickness L:

E(w,L) x Ey (w,0) ¢~ (2GPD(w—w0)* +5TOD(w—w0)°) (2.1.6)

While in the near-infrared and mid-infrared frequencies, materials with positive
and negative GDD can be found, all the bulk materials introduce positive TOD.
Thus, while GDD can be compensated using different materials, TOD keeps accu-
mulating. Consequently, TOD can become the limiting factor for pulse compres-

sion for ultrabroad pulses when GDD is minimised.
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2.2 Second-order nonlinear processes

Sum frequency generation (SFG), DFG, OPA and electro-optic effect are known
to be second-order nonlinear effects that can be achieved by focusing intense light
into a non-centrosymmetric medium. Second-order nonlinear processes involve the

interaction of three electromagnetic waves in a nonlinear medium.

O?F (w;, 2 n2w?
8(22 ) = 2 E (wi’ Z) - MOUJ?P@) (Wi,z) (2.2.1)

where the second-order nonlinear polarisation can be described as follows:

P@ (wy, 2) = eoXPE (wy, 2) E (W, 2) (2.2.2)

where wy, = |w; £ w;|. Thus, if we drive the nonlinear crystal with two waves with

frequencies w;, and wy, the polarisation induced can be described as follows:

P(2) <W3) = P(z) ((A)l + CL)Q) + P(Q) (w1 - (,UQ) (223)

where the first term describes the SFG effect, and the second term represents the
DFG process. SHG and electro-optic rectification processes will be generated, if
w; = wy, instead of SFG and DFG, respectively. While all these processes are
allowed in the nonlinear interaction, generally, the crystal orientation determines

the enhanced process due to phase-matching conditions.

In SFG, the input pulses’ frequencies and phases are summed to generate the third
wave. On the other hand, in DFG, the frequencies and the phases are subtracted.
If the two input pulses for the DFG are generated from the same oscillator, then
the phases of the input pulses are expected to be related (¢ (t) = ¢ (t) + 9).
Thus, the time dependency of the generated pulse phase will be cancelled in the
DFG process, and it will be CEP-stable [66]:

P3(t) =1 (t) — P (t) =0 (2.2.4)

where ¢§ is just a constant phase produced due to the difference in propagation
length of the two input pulses. The phase of the DFG field will not vary from
pulse to pulse, achieving a frequency comb with no offset A¢ (t) = 0 [60, 62].
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Moreover, the CEP value §, can be easily altered by slightly changing the path
lengths between the two input pulses in the DFG process. Unfortunately, any
mechanical or optical AC perturbation that destroys the reproducibility of the

pulse train can introduce degradation of the frequency comb or CEP stability.

Any second nonlinear process assuming the SVEA can be calculated using the

following three-wave coupled equations:

dE w ,Z (A) de * 7 z
<d; ) _ o 1L 5 (o, 2) B (e, 2) 8 (2.2.5)

dE (w , % .wad, * iAkz
Ei; ) =2 22Cff E? (w1, 2) Es (ws, 2) e2F (2.2.6)
dFE d, ,
E;:” ?) = QiMZSCff By (w1, 2) By (wy, z) e 710k (2.2.7)
Ve

where Ak = k’3 — k‘l — k’g and deff = S5

2

2.2.1 Sum frequency generation

The first-order differential equations described above can be easily solved by as-
suming that driving fields do not vary during the propagation E s (2) = E12(0),
also called the undepleted approximation. This approximation is valid when the
nonlinear process is generated gently, without achieving the nonlinear process’s
saturation and when the material’s dispersion can be neglected. Then, the three
first-order differential equations are reduced to the following single first-order dif-

ferential equation:

dE W3, 2 W de —iAkz
fi; ) _ o 11 By (01,0) Ba wn,0) €4 (2.2.8)

and the solution for a propagation length of L can be written as:

wgdeff eiiAkL —1
E (CU3, L) = 2n—3cE1 (wl, 0) EQ ((UQ, 0) T (229)
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“ARL 1) T sine (M) iS5 If we neglect the frequency-dependency

where <e =% 5
of Ak and d.yy, the total electric-field radiated can be obtained by calculating the

convolution of £ (wy,0) and Ey (ws,0) as follows:

ESFG’ (w, L) =2

wdeff e—iAkL —1
nc

Ak )/:O Ey(w) Bz (W —wi)dwr  (22.10)

The time-average intensity in a medium can be calculated by I = 2neoc|E|” [59).
Thus, the SFG intensity in the undepleted approximation can be estimated from

the following equation:

2d? AkL
I 11,17 sinc? (—> (2.2.11)

w
I L)=38
sra (L) €0 e 9

Furthermore, if we assume a perfect phase-matching condition (Ak = 0), the
intensity of the SFG increases parabolically with the propagation length in the
nonlinear medium.

2 72
wd;

T I, (2.2.12)

I L)=38
sra (L) €0 e

If the process is not phase-matched Ak = 7, then a nonlinear signal that varies
with a sinusoidal function is achieved Ispg (L) o< sinc® (22). In Figure 2.1 (c) are
shown the SFG processes for Ak = 0 (red) and Ak = 7 (shadowed grey).

2.2.2 Phase-matching

From the above calculation, we can deduce that when the phases of the three
waves inside the medium propagate together, phase-matching is achieved, and

second-order processes can be efficiently generated.

This condition can be fulfilled using birefringent crystals. In those crystals, waves
with the same frequency but different polarisations are propagated inside the
medium with different refractive index values. Similarly, birefringent crystals en-
able different frequencies to be propagated at the same speed for a given crystal
orientation. The most used birefringent crystals for phase-matching are the uni-

axial crystals.
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Figure 2.1 (a) and (b) show the phase matching diagram representation of a hypo-
thetical uniaxial crystal in the real and reciprocal spaces, respectively. In uniaxial
crystals, we can find a direction where all the perpendicular directions are opti-
cally equivalent. This direction is called the optical axis. Light propagating in
the optical axis direction, 6 = 0°, is propagated with the ordinary refractive index
no. On the other hand, light polarised parallel to the optical axis, § = 90°, is

propagated with the extraordinary refractive index n..
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FIGURE 2.1: Phase matching diagram a) in real space and b) in the reciprocal
space. ¢) Normalized intensity propagation for Ak = 0 (in red), Ak = 7 (in

grey) and the quasi-phase-matching calculations for m = 1 (blue) and m = 3
(green).

The refractive index of linear light propagating in a different angle than parallel

or perpendicular to the optical axis can be calculated as follows:

(i) - () ()

or by solving the equation for n, (A, 0):




Background in ultrashort pulse propagation 21

1+ (tan )’

ne (A, 0) =n, (N) A 5
1+ (ZZE/\; tan@)

(2.2.14)

In some very well known nonlinear crystals like BBO, LNbO3 or GaSe the ordinary
refractive index is higher than the extraordinary refractive index (n, (\) > n. (\)).
Those crystals are called negative uniaxial crystals. On the other hand, crystals
such as BGGSe and ZGP are positive uniaxial crystals and show higher values

of the extraordinary refractive index than the ordinary refractive index (n, (A) <

ne (X))

For phase-matching, type 1 or type 2 phase-matching conditions are distinguished
depending on the chosen polarisations for the different waves interacting in the
nonlinear process. For consistency, in this thesis, the three interacting-wave in
the second-order nonlinear process are called pump-wave, signal-wave and idler-

wave. The pump-wavelength is the shortest and the idler-wavelength the longest

()\pump < )\signal < )‘idler)-

For type 1 phase-matching in a negative uniaxial crystal, the signal- and idler-
waves must propagate with the ordinary refractive index. On the other hand,
the pump-wave is required to be perpendicularly polarised, propagating in the

extraordinary direction at 6 angle with respect to the optical axis (e < o + o).

1 1 1
Mrte O 8) A O) Nty ()

(2.2.15)

where \,, \; and \; are the centre wavelength of the pump, signal and idler waves,

respectively.

For type 2 phase-matching in a negative uniaxial crystal, the pump wave is po-
larised in the extraordinary direction as well as one of the other two waves. More-
over, the third wave is polarised in the ordinary direction (e < e4o0 or e <— o+e).
Typically, the nonlinearity of the medium, at the phase-matching 6 angle, deter-
mines which wave, signal or idler, is preferable to be polarised in the extraordinary

direction.

| 1 |
_ 2.2.16
Mrte O 0)  dore (o 0) N O0) (22.16)

or,



Background in ultrashort pulse propagation 22

1 1 1

_ 22.1
e O @) Aot ) Nt (i, 0) (22.17)

2.2.3 Quasi phase-matching

Another way of achieving phase-matching is via quasi-phase-matching (QPM).
In QPM, the phases of the three waves interacting in the second-order nonlinear
processes are not matched by using the directional properties of a birefringent
crystal but periodically modulating a highly nonlinear crystal. Thus the three
waves can have the same polarisation simplifying the optical design. In this case,
electro-optic crystals such as LiNbOj3 are typically used to grow periodically poled

or oriented patterned samples.

From Figure 2.1 (c) we can deduce that when the thickness of the nonlinear crystal

is [, = (where m = 1,3,5...), the generated nonlinear signal has a local

AR
maximum independent of Ak. This length is called the coherence length.

The signs of ) and d. 7¢ are flipped by rotating the nonlinear crystal axis by .
Thus, phase-matching can be achieved by rotating the nonlinear crystal axis every
ml.. The amplification achieved in the undepleted approximation for the QPM

case can be estimated by solving the equation 2.2.8:

N-1

wgdeff 2 Alnt1) i Ak
E(wg,L):2—El(w1,O)E2(w2,0)Z(—1)/ et dz (2.2.18)
A

nsc —0 n

3

where A is the spacing in the periodically poled nonlinear crystal. Replacing A by
the coherence length, we achieve a similar propagation dependent relation obtained

in equation 2.2.9, but with an attenuation factor (%)2

w2d2 2 2
Ispe (L) = 8eg—L 1 1,1 (—> (2.2.19)
nc ™m

Thus, to achieve the maximum nonlinear signal from a quasi-phase-matched pro-

cess, it is desirable to pole the crystal periodically every [. = For instance,

A
the phase-mismatch between the 3.2 ym and 1064 nm pulses in LiNbOj3 can be
calculated as Ak = k, — ks — k; = 27 (;l—i — B "—f), where A\, = 1064 nm,
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As = 1600 nm and A\; = 3200 nm. Thus, the required QPM period in PPLN is

~ 30 pm, with an estimated coherence length of [. = {7 ~ 15 um.

2.2.4 Broadband phase-matching in non-collinear angle

Until now we have assumed Ak = 27 (Z—Z -3 - A—) neglecting the possible vari-
ations of k over a given Aw bandwidth. This condition is fulfilled for narrowband
pulses, but generally not when broadband pulses are involved in the nonlinear
process. Similarly to the Taylor expansion conducted for broadband pulse wave-
vectors in equation 2.1.3, we can determine the wave-vector mismatch for broad-

band pulses as follows:

OAk (w) 1 9?Ak (w) 9
where 8’;—(5) = v;ol and % = gu, are the GV and GVD respectively centred
wo wo

at wg.

For broadband phase-matching not only the first term in equation 2.2.20 has to
be fulfilled but also higher-order terms. In collinear geometry, the second-order
term would be only close to zero when v, ~ v; = v; or for narrowband pumps
when v, &~ v;. In general, it is challenging to find a nonlinear material that fulfils
this condition [42]. Only in type 1 degenerative case (ws = w;) can be achieved

Vs = Vj.

FIGURE 2.2: Non-collinear geometry diagram of the three interacting wave-
vectors in the nonlinear process.

Another option to achieve broadband phase-matching is to use non-collinear ge-

ometry. In Figure 2.2 is shown the diagram for non-collinear geometry. The new
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phase-matching conditions can be deduced from the diagram and re-write the

equations as follows:

Ak =k, — kscosa — k; cos 8 (2.2.21)

kssina = k;sin (2.2.22)

The pump-wave is generally narrowband in OPCPA processes. Therefore, we can

neglect the frequency dependency of k, and achieve broadband phase-matching

by assuming Ak (wp) = 0 and %f’)‘ = 0, which can be fulfilled using the right

non-collinear angle. Typically, the rea[ilired «a and [ angles for broadband phase-

matching are small [63]. Thus the equation 2.2.22 can be further simplified to
k;

o~ T+

ksl
Ak (wy) = kp (wp) — ks (ws) cosa — k; (w;) cos f =0 (2.2.23)
Ak 1 1
0 = — (2.2.24)
Ows;  viscos(a+ )  vsy
where v; L= %(5) are the GVs at the centre wavelength of the idler and signal

Wi, s

waves respectively. Thus, if equation 2.2.23 and 2.2.24 are fulfilled, the phase-
matching bandwidth will be limited by the next term 6;?2'“ #0.

D?Ak 1

2 pr—
&u&i

tan (o + B) tan 3 ( As + A ) — s — G (2.2.25)

Vg.i 2mnvs  2mn;v;

where g; and g; are the GVDs at the centre wavelength of idler and signal waves,
respectively. If we assume that the accumulated phase-mismatch over the crystal
length L is not greater than m, then by solving Ak =~ <%Aw2> L = m, we

can estimate the maximum phase-matching bandwidth allowed by the nonlinear

crystal:

(2.2.26)
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The phase-matching acceptance bandwidth is higher at thinner crystals. This
effect is widely exploited in ultrafast broadband pulse characterisation techniques
such as SHG Frequency resolved optical gating (SHG-FROG). Consequently, ultra-
thin L < 30 pm nonlinear crystals are used to characterise the ultra-broadband

pulses.

The equation 2.2.26 can be used together with the nonlinear crystal’s figure-of-
merit value (see Figure 1.3) to choose the optimum nonlinear crystals for the
second-order nonlinear process. For instance, if we compare the phase-matching
bandwidths of LNbO3 and KNbOj3, for our 3.2 um OPCPA, the expected accep-
tance bandwidths for 2 mm long crystals are A)\; = 524 nm (6, = 50.98° and
a =298 ) and A\, = 609 nm (A, = 41.6° and a = 2.58°), respectively. Con-
sidering that the figure-of-merit value is also higher in KNbOj3 (see Figure 1.3),
KNbOj is a good candidate for efficient pulse amplification of the 3.2 um idler
waves [49, 64, 65].

2.2.5 OPA

In the first part of this section, equations for the SFG process have been deduced
fulfilling the wy = ws + wy.frequency relation. Similarly, frequency relations for
DFG and OPA processes can be defined as wy; = w3 — we where wy < wy < ws , or
using the pump/signal/idler notation w; = w, — ws. To avoid confusions, we will
re-define also the coupled three-wave equations for w,, ws and w;:

=2 mcfEs (2) B, (2) e'aF (2.2.27)
dEs (z) wsdepy . iAkz
5= B () By () e (2.2.28)
dE, (2) wpdesy N
-9 E, (2) E; Lanz 2.2.2
= i e (2) Ei (2)e ( 9)

An analytical equation can be deduced for the OPA process, assuming that the
pump remains constant (undepleted) during the amplification process. The unde-
pleted approximation reduces, in this case, the equation system from three differ-

ential equations to two equations:
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LE,, dE,,
8,1 (2) +iAk S,? (2) — QFQEsﬂ. (Z) (2230)

dz? dz

wswid2 . . .
where T2 = 2@desy being I, the undepleted pump intensity. The figure-of-

npngn;egcs ~P?
merit is determined from I'?> and includes all the terms in I'? that depend on the
d2
ets

nonlinear crystal properties: figure-of-merit T AT RTIAR

Moreover, suppose we assume that the signal-wave is zero at the beginning of the
nonlinear process. In that case, we can solve the second-order differential equation
for the following initial conditions: E; (0) = E;, d%z(o) =0 and E; (0) = 0.

E;(z) = E; (0) <cosh (g2) + 2% sinh (gz)> e i (2.2.31)

- Ak

Eg(z) = —2¢;sinh (gz)e "2 7 (2.2.32)

where g% = I'? — (%)2 and c; is a constant that can be calculated, introducing

back the solutions in the coupled-wave-equation:

s 1 1 w,I'? [g?cosh(gz) + Ak%sinh (g2)
o =——22 , (2.2.33)
2ngeocw; g% \ 4¢? cosh (gz) Ak?sinh (g2)
The solutions can be simplified further assuming ¢2, I'2 > Ak?:
I; (2) = I; (0) cosh? (T'2) (2.2.34)
I, (2) = 221, (0) sinh? (') (2.2.35)
Wi

where the relation #* determines how much of one wave is amplified with respect
to the other. This relation is also defined by the Manley-Rowe relations [66], which
can be deduced from the coupled three-wave equations assuming that the sum of

the involved wave intensities needs to be conserved I (z) = I, (2) + I, (2) + L; (2).
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One implication for OPA systems is that higher pump frequencies imply a larger
difference in the amplification ratio between the signal and idler waves. Thus,
pump lasers with longer wavelengths are required to amplify long-wavelength mid-

infrared idler waves efficiently.

From equation 2.2.36 and assuming I ; (0) < I, (0) and I, (0) = 0 we can achieve

the following relations:

Pi(2) = F (B (0) = By (2) (2.2.37)
P (z) = %Pi (2) (2.2.38)

where P,; (%) are the pump, signal and idler powers in the OPA respectively
andP, (0) is the input pump power. For instance, one of our 3.2 pum OPCPA
stages is pumped with 100 W at 1064 nm. Thus, if we assume that the pump
power is fully converted into the idler and signal waves, a maximum amplification
of 33 W would be transferred to the idler at 3.2 um (33% of the pump power).
The results are less favourable in our 7 pm OPCPA pumped with the 2052 nm

pulses, with a maximum pump to the idler efficiency of ~ 29%.

Typically, pump to signal 4 idler conversion efficiency is limited to around 50% due
to mode matching (beam size difference), temporal amplitude matching (mainly in
OPCPAs), phase-matching and temporal/spatial walk-off (the second one in non-
collinear geometries). Extra constraints such as limited peak intensities to avoid
damage, self-focusing, SPM or beam/phase deterioration need to be considered.
For instance, in our 3.2 yum OPCPA, the last two OPA stages deliver a maximum
signal + idler conversion efficiency of 30% to 35%, while in our 7 um OPCPA

these values are around 15% to 20%.

The DFG process is described by the equation 2.2.30 using £; (0) = 0 and £, (0), (0)
as the initial conditions. When a single-broad pulse is used to drive the DFG pro-
cess, the pump and signal waves are comprised of the same broad pulse. Thus,
the frequencies inside the pulse are combined to generate the idler wave. This
process is called intrapulse-DFG (IP-DFG) [40, 67, 68]. In general, the narrower
the input pulse longer is the centre wavelength of the generated idler pulse. When
ultra-broadband pulses are used, the generated idler-wave is shifted to bluer fre-

quencies. When the phase-matching of the IP-DFG process is described by the
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equation 2.2.15 or equation 2.2.17, pump and signal waves need to be perpendicu-

larly polarised to each other. Thus, to fulfil this condition, the polarisation of the

input pulse is rotated to 45°.
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FIGURE 2.3: The efficiency of OPA in log scale a) and in linear scale b) of
the coupled three-wave for Ak = 0. The dashed lines show the solution of the
undepleted pump analytical solution, while the solid lines show the depleted
pump numerical solution. ¢) Amplitude efficiency (shadowed curves) and phase
propagation (dashed lines) for Ak = 0. d) Amplitude efficiency (shadowed
curves) and idler phase propagation (dashed line) for Ak > 0, by shifting 6 =
0.25° from the perfect phase-matching angle. The black lines represent the
propagation behaviour of the pump wave (1064 nm), in blue is shown the signal
wave (1600 nm) and in red the idler wave (3200 nm). The grey dashed line
shows the maximum amplification expected for signal and idler when Ak = 0
in b) and Ak > 0 in d).

Among the undesired effects when driving the OPA process, we need to take spe-

cial care to avoid the optical parametric generation (OPG), or parametric super-

fluorescence [69-71]. This effect can be produced when the temporal and spatial

miss-matches are significant or when the nonlinear crystal is over-pumped. In the

OPG process, the amplification process is carried out in the absence of the seed

wave. Instead of amplifying the seed wave, quantum fluctuations or the back-

ground noise is amplified. At the nonlinear crystal output, a wave with similar
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frequency, direction, and power as our seed wave is generated. Unfortunately,
these waves are unstable and do not conserve phase or coherence from the seed

wave.

Figure 2.3 shows the limitations of the analytical models described above. The
amplification efficiency is calculated for a 3.2 pm idler beam, pumped by 1064 nm
pulses, through a KNbO3 nonlinear crystal and for type 1 phase-matching. KNbO3
is a biaxial crystal with n, > n, > n, and maximum d.s; in zz plane [64, 65].
Thus, by cutting the KNbO3 nonlinear crystal at ¢ = 0° and 6 = 40°, the required
phase-matching is achieved. The ordinary refractive index is defined perpendicular
to the xz plane n, (A\) = n, (\). Moreover, Moreover, the extraordinary refractive
index at ¢ = 0° is determined by the = direction n. () = n, ().

In Figure 2.3 (a), is presented with solid lines, the pump depleted numerical so-
lution of the coupled three-wave equation. Moreover, the analytical solution in
the undepleted pump approximation is shown with dashed lines. In both cases,
we have assumed Ak = 0 (6 = 39.07° and ¢ = 0°) and a perfect temporal and
spatial matching. The analytical and numerical solutions agree for the propaga-
tion distances where pump-power is maintained constant. The agreement breaks
down when amplification efficiencies are higher than 5—10%, and the pump-power
starts decreasing. Figure 2.3 (b) in linear scale shows the fulfilled Manley-Rowe

relations mentioned above.

Figure 2.3 (c) and (d) show the OPA efficiency and phase for a perfect phase-
matching wave propagation (c¢) and when a small phase-mismatch is introduced
(d). For the phase-mismatch simulation, the 6 angle is varied 0.25° from the
perfect phase-matching angle. The idler phase stays constant for Ak = 0, and
the pump is fully converted. For Ak > 0, only around 50% of the pump is
converted, the nonlinear process is delayed, and the idler phase varies during the
amplification. Thus, the analytical solutions mentioned above can be useful when
the OPA process’s efficiency is low. This condition is fulfilled to some degree in
the first OPA stages but unfortunately is not valid for the last stages where the

decrease in the pump power is significant.

The high prices and low damage threshold of mid-infrared nonlinear crystals make
challenging the design of a mid-infrared OPCPA and encourage the need for a 3D
numerical model that counts all the physical processes and mismatches. Effects
such as the deterioration of the beam profile, OPG, broadband phase-mismatch
and temporal-mismatch are required to be taken into account to choose the right

nonlinear crystal and pulse parameters.
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The mid-infrared DFG, IP-DFG and OPCPA processes shown in this thesis are
pre-simulated using a code developed at Forsvarets Forsknings Institutt called
Sisyfos. Sisyfos is a program library for the simulation of optical parametric fre-

quency conversion, lasers, and beam propagation in nonlinear or turbulent media

7).

2.2.6 Linear electro-optic effect

Another interesting nonlinear effect is the electro-optic effect, which is a particular
case of the DFG process where w, = w, and w; = 0. Thus from equation 2.2, we

can define the induced polarisation as follows:

P (w,) = PY (w,) + PP (w,) = (ng + 20X P E(0)) E (wp) (2.2.39)

where n = ng + gox? E (0) is the effective refractive index that changes in the
direction of £ (0). When a DC electric field, in a given direction, is applied to
a nonlinear crystal (perpendicular to the propagation direction), a change in the
refractive index is induced in that direction, and birefringence in the nonlinear
crystal is introduced. The polarisation of the E (w,) is rotated during the propa-
gation in the medium due to the induced birefringence. This effect is also known
as the Pockels effect. It is widely used in electro-optic modulators for pulse pickers
(to reduce the repetition rate) or regenerative amplifiers (to control the number

of passes).

The same effect is also used widely in THz spectroscopy to directly measure the
THz single-cycle fields using the so-called electro-optics sampling (EOS) technique.
In this case, the THz field is the quasi-DC field that introduces the birefringence
in the nonlinear medium P® o egx P E (Qrg.) [73, 74].

The change in the polarisation of a sampling pulse induced by the E (Q7p,) field
can be measured using a pump-probe scheme. The temporal trace is directly
retrieved from the EOS measurement as the change in polarisation is linearly
dependent on the THz field F (Qrp.). For this purpose, much shorter in time and

higher frequency sampling pulses are in general required to fulfil: Wsgmpring > Q-

and WEOS = WSampling-

The frequency-dependent response function of the EOS signal can be estimated by

assuming Epos (W) = Esampling (w) and solving the coupled three-wave equation
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for DFG. Really thin nonlinear crystals are typically used for EOS to achieve
broadband phase-matching. Consequently, we may neglect losses inside the EOS
crystal and use the non-depleted solution to achieve the following response function

equation:

R(Q) = /OO Q—wdeff (&) ESpmviing (W) Esampling (w — ) dw  (2.2.40)
q nc Ak ampnng g
where Eggmpiing (w) is the complex field of the used sampling pulse [74]. Thus we
can easily estimate the THz frequencies where the EOS is sensitive by character-
ising the ultrashort visible/near-infrared sampling pulse. The EOS signal in the
frequency domain will be given by the product between the THz field and the
response function Sgos (2) = Erg. () R (). Moreover, the EOS temporal trace

measured in the pump-probe scheme will be the Fourier transform of Sgog (£2):

—00

If Ak = 0 and Eggmpiing (w) spectrally super-broad and temporally compressed,
then the response function R (£2) will be constant over the THz frequencies and
thus Sgos (t) = Erg. (t). These last conditions might be fulfilled for THz fields

but not directly for mid-infrared pulses.

In the last decade, EOS technique has been extended to retrieve mid-infrared
and down to 2 um fields [40, 41, 68, 75, 76]. As the generation of ultrashort
pulses in the ultraviolet is limited due to the absence of suitable sources and the
high dispersion of materials in that frequency range, near-infrared pulses are still
used as a sampling pulse of those mid-infrared fields. In this case, the conditions
described above are not fulfilled as wgos # Wsampling and thus Erpos # Esampling-
If the sampling pulse is broad enough and a frequency overlap exists between the
sampling spectrum and the EOS spectrum (SFG spectrum), then Egpos (w) =
F (w) Esampling (w), where F' (w) can be a spectral filter that filters the frequencies
that do not overlap between Egros (w) and Esgmpiing (w). Then we can re-write

the new response function as follows:

R (Q) = /Q r (CU) Egampling (CU) ESampling (w - Q) dw (2242)
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FIGURE 2.4: a) Normalised spectral density of the measured sampling pulses
centred at 1550 nm (shadowed black curve) and different short-pass spectral
filters. The cut-off frequency of a typical InGaAs detector is shown In dashed
grey. Short-pass filters with cut-off frequencies at 1550 nm and 1350 nm are
presented in red and blue, respectively. b) Normalised response function for the
sampling spectral bandwidth (black curve). In dashed grey is shown the R (2)
taking into account the spectral sensitivity of an InGaAs detector. Moreover,
in red and blue are shown the response functions when short-pass filters at
1550 nm and 1350 nm are used, respectively.

nc Ak
frequency-dependent detection responses, absorption and phase-mismatches that

where r(w) = 2% (67ka_1> F(w). The function r (w) can include all the

can be significant in the EOS measurement [76].

Figure 2.4 compares the EOS response function R (€2) when no-filter is added
7 (w) = 1 (solid black line) and different short-pass filters are included. A short-
pass filter’s proper choice is desirable to shift the EOS detection frequency from
THz to the mid-infrared regime when relatively long (21 fs) 1550 nm near-infrared
probe pulses are used. When r (w) = 1, the maximum sensitivity of the EOS sig-
nal is centred at 2 = 0,. When a short-pass filter is inserted, the EOS maximum
sensitivity frequency is shifted to higher frequencies. For instance, inserting a
short-pass filter with cut-off frequency at A = 1350 nm the EOS maximum sensi-

tivity frequency is moved to A = 3000 nm (blue curve in Figure 2.4).

Experimentally, the spectral dependency of the detector is enough to shift the
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EOS response to shorter wavelengths. For instance, while the solid black line in
Figure 2.4 (b) shows the EOS response for r (w) = 1, the dashed grey curve is

calculated by taking into account the InGaAs detector sensitivity range.

2.3 Third-order nonlinear processes

Third-harmonic generation (THG), SPM or self-focusing are some of the third-
order nonlinear effects produced in some of the following experiments. Third-
order nonlinear processes can be generated both in centrosymmetric and non-
centrosymmetric crystals. Thus, any medium with a high nonlinear index can be

used to generate those effects.

The induced polarisation in the nonlinear medium for THG, SPM or self-focusing

effects can be written as follows:

P® () = eox® E? (1) (2.3.1)

or in the frequency domain, if a single-wave with w; frequency is used to drive the

nonlinear process:

p®) (W) = P® (3wy) + P® (wy) (2.3.2)

The first term describes the THG with P®) (3w;) = gox® F (wy) E (w1) E (w1),
while the second term is related to the Kerr effect P®) (w;) = eox® E (w;) E* (w1) E (w1).
x® and describe the

We can define the nonlinear refractive index as ny = Teoe

third-order Kerr effects as:

P® (w1) = nol (wy) E (w1) (2.3.3)

In high-power lasers, it is desirable to avoid third-order nonlinear processes, as
phase deteriorations or damages in the nonlinear crystals can be induced. The
peak intensity threshold to trigger these effects can be estimated from the so-
called Bjytegrar, which describes the total nonlinear phase accumulated during the

beam propagation:
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92 00
Bintegral - Tﬂ-/ HQI (Z) dz (234)
0

Thus, the value of the Bjjiegrar keeps accumulating over all the optics in the beam
path. When Bjeqra > , it is likely to produce the Kerr effect, inducing the
generation of SPM and self-focusing processes. In high-energy lasers, where these
effects must be avoided, the Bijptegrqi 1s advised to maintain it below 0.17w. In
general, most of the optics in the beam path can be neglected for calculating the
Bintegrar- Only optics where ny is high, the peak-intensity considerable, or medium
length significant are considered. Moreover, typically the peak intensity inside the
crystal is assumed to be constant. Thus, a simplified version of equation 2.3.4 can

be re-written as follows:

N
21
zntegral T Z i % (235)

where N is the amount of optics in the beam path that contribute significantly to
the Bintegral ng) is the nonlinear refractive index, I; is the intensity, and L; is the
length.

2.3.1 Self-phase modulation

The Kerr effect induces an intensity-dependent refractive index change which is

responsible for SPM and self-focusing processes. From equation

n=mng+ ngl (2.3.6)

If the refractive index’s change is instantaneous and induced by an ultrashort pulse,
the pulse itself will be affected by the refractive index change. From equation 2.3
the overall accumulated phase by the electric-field due to the Kerr effect can be

re-defined as follows:

ot 2) = i—: (o + nal (£)] = — wot (2.3.7)
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2
(-t
If we assume a Gaussian envelope for our ultrashort pulses I (t) = lpe () where
T, is the pulse width, a clear time-dependent frequency shift induced by a second-

order temporal phase is achieved.

do (t 4mns 1, _(+\?
wityt= 20y oy Amalo e () (2.3.8)
d )\oTp2

where w (t) is also known as instantaneous frequency, L is the propagation length,

and Iy is the peak intensity of the pulses.

While the linear dispersion is defined analytically in the frequency domain as the
.GDD(z)

second-order phase E (w, z) x Ey (w)e™" " 2 (@=w0)’ " the SPM process is defined

-dmngly 90

in the time domain as a second-order phase E (t,z) o< Eq(t)e 7% . Thus,
the linear dispersion and SPM phase are correlated by a Fourier transformation.
The pulse broadening and the accumulated overall (linear + nonlinear) dispersion
can be estimated as follows: i) introduce chirp in the frequency domain defined
by equations 2.1.2 and 2.1.3, ii) calculate the Fourier Transform and introduce the
SPM phase in the time domain as described in equation 2.3.7, and iii) compute
the inverse Fourier Transform. While numerically, this procedure is repeated every
small propagation step, analytically, we can estimate in a single step the broadened

bandwidth and overall chirp as follows:

(2.3.9)

where Awyg is the initial pulse bandwidth, and GDDy is the dispersion. If we

calculate the Fourier transform, we get the stretched pulse in the time domain:

12 1 .GDDq(L) -1
ezt 2

E (t) o< Ege~®0ote *\ 245 (2.3.10)

where the real part of the second exponential is related to the temporal pulse

-1
duration At (z) = 4/ Re {(A%ug + z'GDDTO(L)> } , and the imaginary part describes
0

the nonlinear phase contribution induced by the medium dispersion. Now, we can
add the nonlinear SPM phase defined in equation 2.3.8.

-1
. GDDg(L dmngl
N’ 20( )) +2mn2lo Z} 2

E(t,2) oc Epe “0te MA“@ Yo7 (2.3.11)
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and implementing the Fourier transformation, we can calculate the new propagated

field in the frequency domain to estimate the final bandwidth and chirp:

%Hc(z)) (wo—w0)?

E(w,z) x Eoe_(A““l(z) (2.3.12)

where Aw; (2) = Awy \/1 + 4Kz [GDDO (L) + K (GDD% (L) + ﬁ) z] is the band-
width generated from SPM and being K = %. Figure 2.5 shows the broadening
estimated for a hypothetical 100 fs 3.2 ym pulse after being pre-chirped by dif-
ferent materials. While a positively pre-chirped pulse (through a 1 mm Silicon
wafer with GDDy = 486 fs?) induces a continuously broadening effect (see solid
red line), a negatively pre-chirped pulse (through a 1 mm YAG wafer in blue
GDDy = —460 fs?) causes a narrowing effect at the initial states of the SPM pro-
cess. Therefore, the broadening is delayed for the negatively pre-chirped scenario
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FIGURE 2.5: SPM induced evolution of the spectral bandwidth of a hypotheti-
cal 3.2 pm 100 fs pulse with negatively pre-chirped input pulse (blue), positively
chirped input pulse (red) and no chirped (thin grey line).

4
GDD, (L) +2K (GDD% (L) + 4) 2
Awy

Moreover, C (z) = +GDD (z)

2+ 8Kz [GDDO (L) + K (GDDg (L) + ﬁ) z}
0

is the accumulated chirp from the dispersive medium and the SPM process.

If the dispersion introduced by the material is negative, this dispersion can coun-
teract the chirp introduced by the SPM process. Proper management of the crys-
tal and pulse parameters can cancel the two dispersion terms. Consequently, the
pulse gets broadened in the frequency domain and compressed in the time do-
main. Therefore, SPM in an anomalous dispersive medium (negative GDD) can

be exploited to generate self-compressed pulses.
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2.3.2 Filamentation

A non-uniform beam distribution in space introduces an inhomogeneous varying
refractive index in the nonlinear medium. For instance, if we assume a Gaussian
beam in space, the intensity in the middle of the beam will be higher. Thus,
the refractive index change will be higher in the middle of the beam than in
the surrounding areas. The non-uniform refractive index induced in the medium
produces the self-focusing effect making the beam collapse. Luckily, before the
beam entirely collapses, plasma is generated due to the high intensities achieved,
and a defocusing effect is produced. The beam fluctuates between self-focusing
and plasma defocusing effects achieving a quasi-static filament. Consequently, the
beam is maintained focused through longer distances than estimated in the linear

beam propagation by the Rayleigh length:

TTWo
Ly = 2.3.1
VY (2:3.13)

where Z,. is the Rayleigh length, wy is the laser beam waist radius, and M2 is the

factor that approximates a real beam to a Gaussian beam [78-82].

The threshold to generate the self-focusing effects is determined by the critical
peak-power. The critical-peak-power can be estimated assuming that the diver-

gence induced by the linear beam propagation 0y ~ \/aﬁ, and the self-
focusing convergence 6,5 ~ ,/%, are comparable [60]:

2 2
Twyler A

Pcr = ~
2 4mngng

(2.3.14)

where o ~ 1.86 for a Gaussian beam [83]. The self-focusing effect depends not
only on the intensity of the pulse but also on the beam size [59, 60, 83]. Thus,
the critical-peak-power parameter is more suitable than the critical-peak-intensity

value to estimate the self-focusing threshold.

In the filamentation process, plasma-induced defocusing effects and multiphoton
photon absorption (MPA) effects must be considered. These effects can be esti-

mated using the equation 2.6 and defining the current-density as follows:

e CLICE Oy (23.15)
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where 7, is the electron collision time and p (¢) is the electron-density. The UPPE
equation given in 2.6 can be solved together with equation 2.3.15 and the following

kinetic equation for plasma concentration:

0 o o
—p——Ip+ ®

= I — ap? 2.3.1
ot U, " Khwy (2.3.16)

To solve the above differential equations, we may assume J (0) = 0 and p = py;

where p,; is the initial valence ban electron-density.

The first term in equation 2.3.16 describes the avalanche ionisation with ¢ =
2¢2 1/7c
menogoc (1/7c)*+wd
the electron mass, e the electron charge, wy is the centre frequency of the pulse, U,

being the cross-section for the inverse bremsstrahlung [84], m.

the bandgap energy in solids (or ionisation potential for gases) and I the laser pulse
intensity. The second term is related to the MPA, where K is the multiphoton
ionisation (MPI) order and o the MPI cross-section. In general, the cross-section
decreases while the multiphoton order increases. Thus, in general, only the first
multiphoton order that can be induced at a given laser frequency is taken into
account. For instance, if we pump silicon (U, = 1.12 V) with 3.2 pum pulses
(E = 0.39 €V), then the three-photon absorption will be the most pronounced
multiphoton process. Consequently, the second term in equation 2.3.16 will be

written as 751 3,
hwo

The third term in 2.3.16 describes the electron-hole recombination process, being
a the recombination rate. The recombination rate is inversely proportional to the
recombination time 7,, generally much longer than 7.. Thus, the third term can
be neglected if a femtosecond pulse induces the ionisation process instantaneously.
This assumption can be valid with kHz repetition rate lasers but problematic for

lasers with MHz repetition rates where the time between pulses is < 10 us.

Moreover, due to the high nonlinearity required to measure these parameters, the
uncertainty of the values found in the literature can be significant. Parameters such
as the nonlinear refractive index ny and multiphoton cross-sections can vary from
literature to literature. These parameters can be used to predict the filamentation
process qualitatively. Still, a fine-tuning of these parameters are typically required

to achieve a quantitative match between simulations and experiments.
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UPPE for solids

A UPPE-based numerical modelling code called gUPPEIab is used to choose the
right material and thickness for the filamentation process, or ultrashort pulse
broadening in a solid core fibre [61, 85-87]. The code for the numerical modelling

is a generalisation of equation 2.6, where the current-density has been replaced by

_ oP.
J =5

0Lk, k, (W, 2) w? 10
o

92 = iszkz,ky (w, Z) —+ ZW —> sz,ky ((,LJ, Z) (2317)

where k, = \/ M — k2 — k2 is the longitudinal wave-vector, k, and k, are the
c Yy
transversal wave-vectors, and P is the nonlinear polarisation described by the

following equation:

1 _
Pkw,ky (t> = |:27’LQI + Xpl (p) + Zk—ﬁKIK 1 Ek%ky (2318)
where X, (p) = me2€0 ﬁp is the plasma-induced susceptibility and g% =
e (JJO wwo/Te

Khwyog is the MPA cross-section. In the literature, we may find the MPI cross-

section [ox] = 1 (m?K3 /W) or the MPA cross-section [8g] = (m?% =3 /WE-1).

T s

While the first term describes the Kerr effect, the second term introduces the
plasma defocusing effect. Moreover, the third term is responsible for MPI induced
losses. The equation 2.3.17 can be solved together with equation 2.3.16 and 2.3.18

to estimate filamentation in transparent bulk media.

Table 2.1 shows some of the parameters found in the literature to simulate fil-
amentation in some of the most commonly used bulk materials such as YAG,
Silicon, Sapphire and Fused silica. While Sapphire has a low nonlinear coefficient
and high bandgap, Silicon has an extremely high nonlinear coefficient and low
bandgap energy. The generated SPM and self-focusing effects are stronger at a
larger nonlinear coefficient. Moreover, the generated plasma defocusing effects and
MPI losses are weaker at higher bandgap values. Thus, we expect to achieve the

weakest filamentation effects in Sapphire and the strongest effects in Silicon.

The features of the UPPE equations described above are shown in full 3D radial

simulations in Figure 2.6. Filamentation in Sapphire, YAG, and Silicon has been
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TABLE 2.1: Nonlinear and electron dynamic parameters for simulation of a
filament and SPM in YAG, Si, Sapphire and fused silica.

o U, Te Pat oK K | Source
(10720 m2 /W) | (eV) | (fs) | (1028 m=3) (l (m2K*3/WK))
YAG 6.2 65 | 3 7 410788 5 [88]
(@ 0.8 pum)
YAG 6.2 65 | 3 7 3 10154 11| [89]
(@ 2.3 pm)
YAG 6.2 6.5 3 7 210181 11 *
(@ 3.2 pm)
Si 150 112 | 33 5 31077 3| [90]
(Q 2 pm)
Si 150 1.12 | 3.3 5 910737 3 *
(@ 3.2 pm)
Sapphire 3.2 9.9 | 1.2 28 61074 8 [91]
(@1 pm)
Sapphire 3.2 9.9 | 1.2 28 2 10-245 15| *
(@ 3.2 pm)
Fused Silica 2.3 89 | 04 32 110-% 5 [88]
(@ 0.8 ym)

* MPI coefficient values used in our simulations at 3.2 pum.

simulated using the parameters from Table 2.1 and pumped by 100 fs 3.2 ym

intense pulses.

The cleanest process is predicted using the Sapphire medium. The filamentation

process is weak, and the medium thickness’s choice becomes not crucial.

YAG’s nonlinear coefficient is double of Sapphire’s, and the bandgap is still far
from 3.2 pm. Thus, more substantial broadening and shorter pulse durations
than in Sapphire are achieved. On the other hand, the proper crystal thickness
choice becomes more crucial as the filamentation process is more sensitive than in

Sapphire.

The zero-dispersion of Sapphire and YAG is at \y = 1.3 um and A\g = 1.6 um,
respectively. Thus, the filamentation process in Sapphire and YAG is carried out
in the anomalous dispersion regime, where self-compression can occur. On the

other hand, the zero-dispersion of Silicon is around A\g = 19 um. Consequently,
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the SPM process is carried out in the normal dispersion regime, inducing a pulse

stretching effect.
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FiGurE 2.6: Complete 3D radial SPM and filamentation simulations for Sap-

phire (a), YAG (b) and Silicon (¢) pumped by 3.22 ym 100 fs pulses. On the

left side is shown the spectral evolution up to 10 mm of propagation distances

through the filament. On the right side is shown the temporal evolution through
the filament for the same propagation distances.

In Figure 2.7 is plotted the estimation of plasma generation during the filament
(a), peak intensity variation (b), the pulse energy and transmission efficiency loss
due to MPT effects (c), and the beam size through the medium (d).

In Silicon, the strong three-photon absorption effect compensates for the nonlin-
ear effect from the beginning of the process, reducing the driving pulse’s energy
quickly. Only when the peak intensity is reduced significantly is the third-order

nonlinear process triggered and filament generated.
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The simulations on Sapphire are carried out for a few different MPI coefficients
to simulate the variability on plasma generation, pulse peak-intensity predictions,

energy loss and beam size during the filamentation process.
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FIGURE 2.7: Nonlinear propagation predictions on plasma generation (a), pulse
peak intensity (b), pulse energy (c¢) and beam waist radius (d) for Sapphire (blue
line), YAG (red line) and Silicon (black line).

In conclusion, low bandgap and high peak intensities can induce transmission
losses of up to 90% in the filament. Moreover, using a medium with negative
dispersion can enable direct self-compression of the ultrashort pulses. Therefore,
a medium with high bandgap energy and negative dispersion is required to achieve

ultrashort pulses.

UPPE for gas-filled hollow-core fibre

Noble gases fulfil most of the requirements mentioned above to achieve intense
ultrashort pulses. They show high ionisation potentials, the nonlinear coefficient
varies with the pressure, and in the case of hollow-core fibres, the length can
be tuned by tuning the fibre length. Moreover, while gases introduce positive
dispersion in the visible and infrared regime, a proper design of the photonic

crystals can tune the sign of the introduced effective dispersion [58, 92, 93].
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The simulations for the nonlinear dynamics inside a noble gas-filled hollow-core
fibre that are shown and used in this thesis were developed and compiled by our

collaborators from MPL in Erlangen.

The nonlinear dynamics of an ultrashort mid-infrared pulse propagating in an
ARR-PCF filled with a monatomic gas is simulated using the single-mode, UPPE
(87, 94].

a-EO (W, Z)

w
— P 2.3.19
RN (w,2) ( )

where /3 (w) is the propagation constant of the fundamental L Ppy;-like core mode
[95], v, is the group velocity of the pump pulse and « is the frequency-dependent

linear attenuation coefficient [96].

In equation 2.3.19 it has been taken into account % = J, introducing the plasma
generation effects inside the Py term. Thus, without any further assumption,

the nonlinear polarisation in the time domain can be defined as:

I, Op(zt) € [
— (3) 2 p 1Y ) v / / /
Pyi (z,t) = eox"™” | E (2,1)| E(z’t)+E(z,t) Y —l—me/ p(z,t)E(z,t)dt
(2.3.20)

—00

where chi® is a pressure-dependent third-order susceptibility [97], 1, is the ion-
ization potential of the corresponding gas, and p is the free electron density [98].
While the first term accounts for any instantaneous third-order nonlinear process,
the second and third terms describe the contribution from MPI and plasma gener-
ation. In general, plasma effects driven by mid-infrared pulses can be weaker than
in near-infrared or visible, thus being able to neglect plasma-related attenuation

effects.

2.4 High harmonic generation in solids

Theory and experiments in high harmonics in solids (HHS) are still an exciting
area of investigation due to the strong dependence on the crystallographic structure

and the energy band structure [99-102]. This section introduces a classical and
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quantum description of the HHS process to understand better the HHS results
presented in Chapter 6.

The anharmonicity of the band enables generating harmonics in a solid. The
electrons in the band oscillate with an anharmonic behaviour radiating at various
harmonic orders of the fundamental frequency. In semiconductors, it is typical
that when the sample is pumped with mid-infrared pulses, the electrons oscil-
late directly in the valence band via intra-band transitions or within the band.
When shorter-wavelengths are used, inter-band transitions are more probable via

multiphoton absorption and HHS produced between bands.

In the classical picture, we have assumed that HHS is generated only via intra-band
transitions. Moreover, for simplification, the calculations assume a 1D periodic

structure.

2.4.1 Classical view

The electron momentum in a crystal can be defined as P = hk where k is the
position-independent electron wave-vector [103]. From a classical point of view,
the electron acceleration and force can be described as a(t) = — e (t) and
P (t) = —eE (t) respectively. Within the acceleration theorem [104], we assume
that the electrons inside the crystal follow the momentum restricted by the crystal.
Therefore, we can combine the electron momentum defined by the crystal with the

electron acceleration induced by the electric field as follows:

hk = —e / T B@d (2.4.1)

o

where £ is the crystal momentum. Suppose we assume a monochromatic electric-
field such as E (t) = Ejcos (wpt) being Ey the amplitude of the field and wy the
frequency. In that case, the wave-vector can be calculated for the initial condition

k(0) = 0 as follows:

k(t)=—— /00 E(t)dt = %EE sin (wot) (2.4.2)

Moreover, the radiation generated can be described as I aq (t) o |agroup ()| or in

, 2
the frequency domain as I, (w) o ’ ffooo Agroup (t) €7™dt| . The equation can be
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simplified using the integration by parts theorem (assuming vg,oup (£) — 0 when

t — +o0):

e} 2
Iaq (W) iw/ Vgroup (1) €74t = |iwvgroup (w)|? (2.4.3)
where vg,oyp (k) = d‘z(,f) is the electron group velocity and ¢ (k) the crystal energy

band which describes the electron dispersion.

Cosine type energy bands

The energy band can be described as the sum of cosine bands if the electron

contribution only from the s-level (in the tight-binding model) is considered [103].

e(k)=c,—B—Y 7 (R)cos(kR) (2.4.4)

where ¢, is the energy of the s-level, § is a constant and v (R) is the coupling
between an atom and its nearest atom. In 1D, the band structure could be further
simplified to € (k) = €5 — 8 — A cos (ka) where A is the amplitude of the bandgap
and a the periodic distance between different atoms in the crystal. Thus, the

electron group velocity can be directly defined as:

Vgroup (k) = % sin (ka) (2.4.5)

The wave-vector in equation 2.4.5 can be replaced by equation 2.4.2 to define the

electron group velocity dependent on the driving electric-field:

A Q
Vgroup (t) = “Lsin (—B sin (wot)) (2.4.6)
h Wo
where Q0 = eb;)f’“ can be defined as the Bloch frequency, which indicates the

frequency of the electron oscillations. Thus, the generated radiation in the time

domain acquires the following type of expression:

Q
sin (—B sin (wot))
Wo

2

Lrad (t) o (2.4.7)
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When the electric field is small g—g < 1, the first sin function can be approximated
to %—f, achieving the expected harmonic oscillation at the wg centre frequency

2
Traq () %—f sin (wot)’ . When the amplitude of the electric field is increased such

2
that %—f ~ 1, then the expression |sin <g—f sin (wmﬁ)) ‘ can not be approximated but

can be re-written as the sum of Bessel functions >~ Jon 41 (g—f) sin ((2n + 1) wot).
Thus, the possibility to generate even harmonics gets lost as we have chosen sym-
metric cosine type of bands. By replacing equation 2.4.6 in 2.4.3, the maximum

radiated intensity of the odd harmonics |sin ((2n + 1) wot)| = 1 can be described

as follows:
Qg |?
]Tad (NWQ) X NWOJN I (248)
Wo
Finally, when g—f > 1, the second sin function, in equation 2.4.7, can be ap-

proximated to sin (wpt) ~ wpt and thus, harmonic radiation emitted at the Bloch

frequency is achieved I,qq (t) o |sin (Qpt)|* [104].

2.4.2 Quantum view

From a quantum point of view, the first step is to find the Hamiltonian that

describes the coupling between crystal momentum and electromagnetic-field.

The periodic potential in the crystal can be expressed as the sum of exponentials

as follows:

Vi(r)= i Ve E” (2.4.9)

where K is the vector of the reciprocal crystal lattice, r is the vector in the real
crystalographic space and Vi is the coefficient that defines the periodic potential.
In 1D, the equation 2.4.9 can be simplified toV (z) = >°;° Vie'1* where K; = 2%
being a the distance between atoms in the 1D periodic structure. Moreover, the
momentum induced by the periodic structure and the laser field can be written as

follows:

P(z) = —ihidz + SA (t) (2.4.10)
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where A (t) is the vector-potential of the laser field. Thus, the Hamiltonian for the
HHS process can be written by taking into account the periodic potential induced

by the ions in the crystal (described in equation 2.4.9) and the total momentum
described in 2.4.10:

P? V() = (—ihoz + €A (1))

H(x,t) =
(z,1) 2m. 2m.

+V () (2.4.11)

Furthermore, the same Hamiltonian can be written in the reciprocal space:

h2 ol 2
HU/ (]{, t) = 2m€ k +— ] + hTA( ) + ‘/Ll/ (2412)
which can be divided into two terms:
h? 27l
Hy = k+ — 5l,l’ + %,l’ (2413)
2m,

h ol
H = A()(k+i>5l,,,+

MeC

e (t) (2.4.14)
2

While Hjy describes the field free crystal energies, H; describes the coupling be-
tween the laser field and the crystal momentum. The first term of the Hamiltonian
Hy can be written as a matrix. The eigenvalues E} ; and eigenvectors ¥} ;; can
be estimated diagonalising the Hy = Hj; matrix. Then, the time-dependent
wave-functions can be calculated from Ep; and W} ., using the time-dependent

perturbative theory:

Uy, (¢, 2) Zak (1) e (B t/hZ\IIO, S e (k) (2.4.15)

k/,]/

where ozk, , can be calculated numerically by solving the following differential

equation:
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o0 o
Gy () =Y D> (g [ L ) kg (8)
j// l

(W9,) W), e (7

LB (2.4 16)

and by substituting H; by the Hamiltonian described in equation 2.4.14:

o0

) e? 2ml
Gy (1) =) ot & )05 +Zm At ( a )]

1

J

EO

g (1) (PR 00)” \Ifg,j/,,lefi( bR U (2.4.17)

where j is the index for different bands and [ is the contribution of (1) neigh-
bouring atoms. The induced electron-current can be calculated in the following

way:

o0

(t,x)|0x| Wy ; (£, 2)) (2.4.18)

Thus, by combining equations 2.4.10 and 2.4.12, the expression for the electron-

current density is achieved based on the static eigenvalues and eigenvectors:

o eh o0
=T > (g () g (1)
k,j

o meff 3.
oo i l
Z (\IIZJ’J) \Dg,j”,l (k + l) (2.4.19)
1

The static energy bands (Ey ;) and wave-functions (W7 ;) can be calculated by us-
ing codes, like QuantumEspresso [105], that uses density functional theory (DFT).
The energy bands and wave-functions of semiconductors (ZnSe, Si, Ge etc.) can be
calculated with high precision using more straightforward methods such as Tight-
Binding, Orthogonalized Plane-wave method (OPW), or Pseudopotential theory
[103].
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FIGURE 2.8: Band structure for ZnSe a) and Si b) for 100 (I'X) in solid lines

and 111 (I'L) dashed lines. ¢) The simulated harmonic generation in ZnSe (red

lines) and Si (blue lines) assuming a linearly polarised 100 fs mid-infrared pulse

for 100 (solid lines) and 111 (dashed lines) cuts. The shadowed grey curve is

the fundamental signal. d) Simulation of the high harmonic spectrogram for
100-cut ZnSe samples.

Finally, the harmonic spectrum generated driven by a laser field can be estimated

using the following relation:

2

S (w) x (2.4.20)

w/ J(t) e ™'dt

[e.9]

These equations enable the calculation of the high harmonics starting from a time-
independent analysis for the energy bands and wave-functions in a laser field-free
environment. The reason is that the DFT can be a time-consuming calculation

for complicated solids.

Figure 2.8 shows the simulation of the high harmonics in ZnSe and Si pumped

by a hypothetical 3.2 pm 100 fs pulses. The energy bands, displayed in (a) and
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(b), and wave-functions are estimated using the pseudopotential theory, while the

harmonics are calculated using the equations 2.4.19 and 2.4.20.

These simulations compare the HHS process in ZnSe and Si, for 100 (solid lines)
and 111 (dashed lines) orientations, see Figure 2.8 (¢). Even harmonics are shown
to be enhanced by breaking the crystal symmetry using 111 orientation or rotating
theta angle in 100-cut ZnSe (see appendix C) [106]. Moreover, the HHS spectro-
gram in (d) illustrates how the highest harmonics are generated only where the

highest driving field amplitude is.

While for a qualitative understanding of harmonics, the equations above should
be enough, for a quantitative calculation and propagation of the harmonics, the
calculated electron-current density in equation 2.4.19 should be introduced in the

wave propagation equation such as the one defined in equation 2.6.






Chapter 3

High-repetition-rate, bright,

mid-infrared CEP-stable source

One of the coherent CEP-stable, broadband light sources developed during this
thesis is the few-GW, near single-cycle, high-repetition-rate, mid-infrared OPCPA
centred at 3.2 pm. The first version of the 3.2 pm high repetition rate OPCPA was
published in 2009 [107] with specs reaching microjoule level energies (12.5 MW) at
100 kHz. The OPCPA was designed to be pumped by a 9 ps Nd: YVO, laser from
Coherent, Inc. delivering 10 W at 100 kHz. Moreover, the system was sketched to
be seeded by 3 pum pulses at 100 MHz generated via DFG from an electronically
synchronised two-colour Erbium-doped fibre laser (Toptica Photonics AG) [26].

With the upgrade of the pump laser to 160 kHz and 60 W [108], and later to
100 W [23, 109], more OPCPA stages were added. Hundreds of MW peak powers
were achieved, enabling filamentation in bulk [110] and strong-field studies [111,
112] driven by the mid-infrared laser. The first ultra-broadband mid-infrared
supercontinuum generation [110] and self-compression [113] were achieved thanks
to this upgrade. The broadband continuum generated via filamentation was also
used to demonstrate the CEP stability of the OPCPA output. The visible part of
the continuum was used via f — 2f interferometric measurement to characterise
the fluctuations of the CEP [108].

Compared with standard high-energy systems running at ~ 1 kHz, this system
was built to counteract the unfavourable probability of the electron recombination
process at long-wavelengths, required in most of the strong-field experiments. A

clear example is the laser-induced electron diffraction (LIED) [114] which was

52
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demonstrated to enable imaging of bond breaking in a single polyatomic molecule
with 6 pm spatial and 0.6 fs temporal resolution [115], using this OPCPA.

When I started the PhD in 2016, my colleague and co-worker Matthias Baud-
isch had developed the last version of this OPCPA [116]. In this version, they
had boosted the output energy up to 20 pJ (360 MW) at 160 kHz. Successful
experiments in strong-field physics were demonstrated focusing the ~ 100 MW

mid-infrared pulses tightly.

On the other hand, higher peak powers were still required for coherent X-ray gen-
eration, and mid-infrared single-cycle generation for efficient isolated attosecond
pulse generation remained unresolved. While filamentation was proved to enable
self-compression in the mid-infrared regime, the reduced flexibility provided by
the compression method limited to achieve shorter mid-infrared pulses. Further-
more, the generated plasma in the filamentation process induces above 50% losses,

restricting the final pulse energy available for the experiments again.

At the beginning of my PhD, the main two unresolved requirements were the low
efficiency of the OPCPA and the challenge to achieve an efficient generation of
near-single cycle mid-infrared pulses. The OPCPA efficiency was mainly limited by
the high losses the compression scheme at the system’s back-end was introducing.
The grating compressor used for the back-compression of the amplified pulses had
an overall efficiency of ~ 50%. The low efficiency of the gratings in the mid-infrared
regime is due to the difficulty to find dielectric coatings providing broadband high
transmissions/reflections with high damage thresholds in this regime. Thus, gold
or aluminium coated gratings are generally used in the mid-infrared regime. The
second limitation for an efficient OPCPA development was the low pump to idler
conversion efficiency provided by the typically used PPLN crystal in this frequency

range.

In this chapter, I expose how we overcame the limitations induced by the final
compression grating, increased the conversion efficiency of the OPCPA stages and
achieved efficient mid-infrared pulse compression to the single-cycle durations. The
chapter is divided into three sections. In the first section, I expose my first year of
PhD where Mathias Baudisch, Hugo Pires and I rebuilt the 3.2 um OPCPA which
was redesigned by Mathias and Hugo. The goal of the new design was to over-
come the power limitations making use of the knowledge acquired in mid-infrared
systems and nonlinear crystals during the last years [17, 49]. One of the main
improvements we introduced was the implementation of a reflection-grating-based
chirp-inverter in the middle of the OPCPA. The chirp-inverter enabled 1) back
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compression in bulk with > 90% efficiency, 2) complete control on the stretching

factor of the seed pulses.

The second improvement we implemented was to exchange PPLN based collinear
OPA stages by bulk nonlinear crystals with non-collinear geometries in the last
booster stages. For the first tentative, one of the previous booster stages was
replaced by a bulk KNbOj crystal. This replacement reduced the green light
generation and allowed the OPCPA stage to be pumped with higher pump peak
intensities, achieving compressed powers up to 7 W (44 wJ) and 540 MW [117]. We
also tried to compress the achieved high-power 3.2 pum pulses via the filamentation
process using different nonlinear materials. Unfortunately, the best results were
achieved using < 10 pJ pulse energies, losses above 70% were experienced, and
pulse durations below 3-cycles were found to be inaccessible (or challenging). For
more details, the investigations carried out in bulk self-compression are shown in

the appendix B.

Later, following the results from [49], we replaced both final high-power stages by
KNbO3 bulk nonlinear crystals, increasing the efficiency of the last stages from
6.2% to 18.2% and achieving peak powers up to 1.35 GW [58].

In the second section, I show our results on efficient mid-infrared pulse compres-
sion to the single-cycle durations [58]. Firstly, I explain the properties of the novel
ARR-PCF developed by the group of Prof. Dr Philip Russell in MPL. An ex-
haustive study of pulse compression in the ARR-PCF was conducted due to the
lack of accurate mid-infrared medium parameters. This section shows the tests we
tried to compress the pulses by filling the ARR-PCF with Helium, Neon and Ar-
gon. Thanks to the extremely high guiding properties provided by the ARR-PCF,
we managed to overcome the second requirement to generate isolated attosecond

pulses.

In the last section, I show the capabilities of the new soliton self-compression
scheme using an optimised ARR-PCF at the output of the OPCPA. Here is demon-
strated the generation of a dispersive wave (DW) in the UV range produced from
the 3.2 um pulses inside the ARR-PCF. Moreover, thanks to the tunability pro-
vided by the soliton generation scheme, here is shown an efficient generation of
pulses with spectral content from 5 pm to 40 um achieved via intra-pulse DFG
(IP-DFG). The generation and characterisation of those pulses are shown for dif-

ferent mid-infrared nonlinear crystals, with a particular interest in the results
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achieved in the newly developed BGGSe. Finally, I expose in this section a com-
pact and straightforward scheme I have developed to generate a coherent multi-

octave source expanding from 340 nm to 40 pm.

3.1 High-repetition-rate 3.2-ym OPCPA

PPL 1064 nm ComeJﬁ(ssor
Eﬂ Nd:YVO4 1md
m
& 160 kHz . K\ =
Sl Y
¥ Nk — OPCPA 3.25 pm,
Q B Booster amplifier 118 HJ, 97 fs
.L: DFG  OPCPA OPCPA Bulk KNbO3
I, PPLN Pre-amplifier _ Booster amplifier
PPLN Chirp PPLN
inversion

FicUre 3.1: High power 3.2 um OPCPA scheme. The mid-infrared pulses
are generated from a two-colour fibre front-end combined with a DFG stage.
The seed is synchronised with the pump via an electronic PPL system. After-
wards, the mid-infrared pulses are stretched and consecutively amplified in a
pre-amplifier and booster amplifiers with an intermediate chirp-inversion stage.
Finally, the 3.2 pym pulses are compressed in an AR-coated bulk sapphire rod.

Figure 3.1 shows the conceptual layout of the 3.2 um OPCPA. Moreover, Table 3.1
shows the list of the nonlinear crystals used in the amplification stages. The CEP-
stable mid-infrared pulses are generated from a two-colour Erbium-doped fibre
laser via DFG process in a 1-mm-thin periodically poled lithium niobate (PPLN)
crystal. Afterwards, the mid-infrared pulses are propagated through a 50-mm-long
sapphire rod, stretching the pulses to 3 ps (negatively chirped), and pre-amplified
in a chain of three consecutive PPLN based OPCPA stages up to 2.6 uJ. The pre-
amplification stage has an overall pump to the idler conversion efficiency of 2.8%.
A chirp-inverter is implemented to swap the direction of the chirp from negative
to positive and further stretch the 3.2 ym pulses up to 7 ps. Longer seed pulses
imply better temporal overlap between 3.2 um pulses and the 1064 nm pump
pulses, enabling higher amplification efficiencies in the booster amplifier. The
first two amplification stages in the booster are again based on PPLN crystals
achieving amplifications up to 18 pJ. The overall conversion efficiency is increased
from 2.8% to 7.2% by increasing the seed pulse durations from 3 ps to 7 ps. The
efficiency is still more remarkable in the final double non-collinear stage, which is
based on KNbOj3 nonlinear crystals and exhibits a pump to the idler conversion

efficiencies to 18.2% are achieved. Thus, the final power produced from the chain of
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TABLE 3.1: Characteristics of the nonlinear crystals used in the OPCPA stages.

Crystal Coating Length | Cutting | Aperture | Output | gain Efficiency
(mm) angle (mm?) | energy (%)
*MgO: | AR: (1064 +
DFG | Fan-out | 1600 +3200) 1 - 8.8x1 7 pJ
PPLN nm
*MgO: | AR: (1064 +
OPA 1 | Fan-out | 1600 +3200) 1.4 - 8.8x1 25n) | >103 0.08
PPLN nm
AR: (1064 +
OPA 2 | *MgO: | 1600 +3200) 5 - 3x2 500 nJ 20 1.5/1.6%*
aPPLN nm
AR: (1064 +
OPA 3 | *MgO: | 1600 +3200) 5 - 4x2 2.6 uJ 5.2 3.4/2.8%*
aPPLN nm
Chirp- 1.3 puJ
inverter
*MgO: | AR: (1064 +
OPA 4 | Fan-out | 1600 4+3200) 1.4 - 8.8x2 10 pJ 7.7 2.8/2.5%*
PPLN nm
*MgO: | AR: (1064 +
OPA 5 | Fan-out | 1600 +3200) 2 - 8.8x2 18 uJ 1.8 2.8/4.4%*
PPLN nm
AR: (1064 +
OPA 6 Bulk 1600 +3200) 1.82 40.5° 5x5 77 4.3 9.4/7.5%*
KNbO3 nm
AR: (1064 +
OPA 7 Bulk 1600 +3200) 2.33 40.5° 5x5 131 pJ 1.7 12.3/12.7%*
KNbO3 nm

* 5% magnesium oxide doped.

** The accumulative efficiency is calculated from the overall amplification and all the pump

power used.

these seven stages is of 21 W (131 pJ). Moreover, the 3.2 um pulses are efficiently
compressed to 97 fs with compressed powers of 18.9 W (118 pJ) thanks to the high

transmission efficiency of the anti-resonant (AR) coated 100 mm sapphire rod.

Table 3.1 shows the characteristics of the nonlinear crystals used in the OPCPA.
The pump to the idler conversion efficiency in the OPCPA stages is conducted to
compare the achieved efficiency using PPLN (around 3%) with the much higher
efficiencies achieved using the nonlinear bulk KNbOj crystals. Moreover, with a
star is shown the accumulative efficiency, which gives a view of the effectiveness of
the stage. In general, the goal would be that the accumulative efficiency increases
from stage to stage, ensuring that the pump is efficiently used. In our case, this

is not fulfilled in OPCPA 4 due to the losses in the chirp-inversion scheme.
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In the following subsections, I give a more detailed view of each part of the
OPCPA: pump and seed lasers, synchronisation between both lasers, the pre-
amplifier OPCPA, chirp-inverter, booster amplifier and the final compression and

characterisation of the 3.2 ym pulses.

3.1.1 Erbium two-colour fibre seed laser

The two-colour Erbium fibre system is based on an Erbium-doped oscillator and
a few Erbium and Ytterbium-doped fibre amplifiers running at 100 MHz from
Toptica Photonics AG. After the 1550 nm pulses are generated and amplified,
the pulses are split inside the system. While one arm is further amplified, the
second arm is coupled to a solid-core photonic crystal fibre where a dispersive
wave (DW) centred at 1050 nm is generated. The DW is compressed in a pair
of prisms and separated from its supercontinuum in the Fourier plane. Finally,
the 1050 nm pulses are further amplified in a ytterbium-doped fibre. The system
delivers 220 mW at 1550 nm and few-milliWatts at 1050 nm with sub-100 fs pulse
durations. Therefore, the phase of both colours is related and can be described
using the equation 2.2.4. Thus, the CEP of the pulses generated via DFG between

those two pulses is stable.

3.1.2 Nd: YVOy4, 160 kHz pump laser

The Nd: YVO, pump laser runs at 50 MHz. After the oscillator, the repetition
rate of the 1064 nm pulses is reduced to 160 kHz using a Pockels cell and further
amplified up to 40 W using three Nd: YVO, power amplifiers. The output is di-
vided into three lines, one with 15 W and two with 12.5 W. The 15 W pump pulses
are used to amplify the first three OPCPA stages in the pre-amplification section.
One of the other two lines is further amplified to 50 W in a single Nd: YVO, power
amplifier, and the last line is boosted up to 110 W in a chain of consecutive three
Nd: YVO4 power amplifiers. The second line delivering 50 W is used to amplify
the first two OPCPA stages after the chirp-inverter, and the last line is used to
pump the bulk non-collinear OPCPA stages based on the KNbOgj crystals. Thus
the overall available pump power for amplification reaches the 175 W (1.1 mJ).

At these power levels, proper management of heat is required. Thus, the pump
laser is included in a water-cooled housing, ensuring high stability and low long

term beam pointing drifts. This way, the power pump fluctuations are measured
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to be around 0.3%, which later will enable high pulse-to-pulse stabilities for the
3.2 pm pulses.

3.1.3 Synchronisation of the pump and seed lasers

The temporal overlap between the 160 kHz pump pulses and the 100 MHz seed
pulses is ensured via electronic phase-lock loop (PPL) synchronisation [118]. The
pump laser is used as the master oscillator (f; = 50 MHz), and the cavity length
of the Erbium oscillator (fs = 100 MHz) is tuned continuously to keep the fre-
quency offset between both lasers close to zero (Af = fo —2f1). For this purpose,
the signal from the pump laser at 50 MHz is measured using a standard silicon
photodiode. The electronic signal from the photodiode is frequency-doubled to
100 MHz. The f; signal is synchronised with the 2f; signal using the electronic
PPL synchronisation device. Thus, all the pulses from both laser oscillators are
generated almost simultaneously, achieving temporal jitters between pump and
seed pulses below 300 fs. As the pulse duration of the pump is 9 ps, these tempo-

ral fluctuations are around 3%.

While around 3% of temporal jitter was enough to keep the power fluctuations at
the output of the OPCPA around 1%, for the most sensitive experiments ( HHG,
strong-field ionisation, multidimensional spectroscopy), better stability would be
desirable. Thus, an optical synchronisation loop was inserted at the end of the
pre-amplification stage. We monitor the temporal jitters translated in the OPCPA
to the spectral fluctuations by exploiting the residual 1.6 um signal taken from
the third OPCPA stage and via SHG in 1 mm thick BBO. The spectrum of the
1.6 pm second harmonic is measured using a fast silicon-based grating spectrom-
eter. While the spectrum shifts left or right, the seed pulses shift forward or
backwards with respect to the pump pulses. As well as the signal spectrum fluctu-
ates, the idler (3.2 pum seed) spectrum also fluctuates similarly but in the opposite
spectral direction. The improvement of the spectral fluctuations of the signal via
optical synchronisation improves the spectral fluctuations, and thus temporal, and
power fluctuations of our CEP-stable 3.2 pum idler pulses are also improved. The
optical synchronisation is possible thanks to the chirp introduced into the seed
pulses for amplification in the OPCPA stages. The frequencies inside the seed
pulses are spread in time; thus, depending on the temporal overlap between seed
and pump pulses, different regions of the spectrum are amplified in the OPCPA
process. This optical synchronisation enables reducing the pulse-to-pulse fluctua-
tions down to 0.33% (see Figure 3.5 (c)).
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3.1.4 Pre-amplifier OPCPA

The stretched (negative chirp) seed pulses are amplified in the pre-amplification
section pumped by the mentioned 15 W coming out from the first pump line. The
pre-amplification is carried out in three OPCPA stages. The first stage consists of
an AR-coated 1.4-mm-long PPLN, and the rest are based on 5-mm-long AR-coated
aPPLN crystals (HC Photonics). In the first amplification stage, the repetition
rate of the 3.2 pm pulses is reduced from 100 MHz to 160 kHz as only one from
625 mid-infrared pulses is amplified. This stage is pumped by 5 W and provides
a gain of 3.6 - 10® achieving powers up to 4 mW (25 nJ) at 3.2 ym.

As explained in chapter two and from Manley-Rowe relations, we can estimate that
the power generated at the signal wavelength (1.6 pum) will be double. Thus, the
output power of the pump after the first OPCPA stage is predicted to be around
4.988 W. In this first stage, the power of the pump pulses remain unvaried, and it is
expected that they stay undeteriorated. Therefore, the pump pulses are recycled
from the first OPA stage for the second stage. While building more OPCPA
stages could suggest that a more complicated system is developed, the reality is
that the recycling stages can compensate for the possible mismatches produced
in the previous sections. Recycling the pump can improve the system’s stability,

allow gradual amplification and enable tailoring of the amplified spectrum.

The second stage is based on a 5 mm long aPPLN crystal, which is much longer
than the 1.4 mm PPLN crystal used in the first stage. While the second stage
gain (~ 20) is much lower than in the first stage, the pump to the idler conver-
sion efficiency is higher (1.6%). Following the equation 2.2.26 the phase-matching
bandwidth allowed by a 5 mm PPLN would be ~ 1.9 times lower than the band-
width allowed by the 1.4 mm PPLN used in the first OPCPA stage. Thus, an
aPPLN crystal is used to achieve higher amplification efficiencies and maintain

the phase-matching bandwidth.

The third OPCPA stage in the pre-amplification section is pumped with the re-
maining 10 W from the first pump line. The power of the 3.2 pm pulses is amplified
up to 415 mW (2.6 pJ) using a second aPPLN crystal. While the OPCPA gain
is now four times lower than in the second OPCPA, the conversion efficiency is

~ 2.6 times higher.

The spectral evolution throughout the pre-amplification section is shown in Fig-
ure 3.2 The generated mid-infrared spectrum via DFG (shadowed grey) spans

from 2.9 yum to 3.8 yum. The maximum peak of the DFG spectrum is around
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FIGURE 3.2: Spectral density of the generated 3.2 pym pulses via DFG and its

evolution through the pre-amplification stages. In shadowed grey is shown the

DFG spectrum. In dashed light-red is the OPA 1 spectrum. In solid curves are
shown the spectrum from OPA 2 (red), and OPA 3 (dark-red).

3.28 pm and has a Voigt-type shape due to the interaction between the 1050 nm
DW (Gaussian-shape) and the 1550 nm pulses (Lorentzian-shape). In the pre-
amplification process, the bandwidth of the amplified spectrum is narrowed, and a
more gaussian shape of the mid-infrared spectrum is achieved. Although aPPLN
crystals are used for broader pulse amplification, the Gaussian temporal profile
of the pump and the required chirp introduced to the seed pulses narrows the

spectrum close to the maximum seed peak frequency.

3.1.5 Chirp-inverter

The efficiency of ~ 2.8% achieved in the pre-amplification section can be im-
proved by increasing the seed pulse duration. Historically, tunning the stretching
factor of the seed pulses has been performed, replacing the length of the bulk rod.
Unfortunately, longer are the seed pulses in the pre-amplifier, more are the fre-
quencies inside the seed pulses separated; thus, narrower are the amplified pulses.
The chirp-inverter installed after the pre-amplifier enables tuning the seed dura-
tion gradually while optimising the ratio between amplified power and spectral
bandwidth. We optimised the seed duration to achieve the highest peak powers
by comparing the amplified 3.2 um energy at the end of the OPCPA with the
transform-limited (TL) duration of the amplified pulses (see Figure 3.3).

The chirp-inversion stage is based on a Martinez-type stretcher with four passes

in an aluminium coated reflection grating with 200 lines/mm and 17.5° of blaze
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angle. An aluminium-coated cylindrical mirror with f = 200 mm is used for
the imaging system on the Martinez stretcher. The cylindrical mirror is used
instead of a typical spherical mirror to reduce the high-order phase distortions
[119]. A flat gold-coated mirror is placed in the focal plane of the spatially chirped
beam for back reflection to the cylindrical mirror and the grating. A dielectric
high-reflection (HR) mirror with a D shape is used to make a second pass in the
Martinez (to remove the spatial chirp). The Martinez stretcher has an overall
efficiency of ~ 48%, which reduces the available seed power for the next OPCPA
stage to ~ 200 mW.
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FIGURE 3.3: Amplified pulse energy (red) and achievable peak powers (black)

as a function of the 3.2 um stretched pulse duration after the OPA 7. The seed

duration is tuned in the chirp-inverter. The top axis estimates the required
sapphire rod length for back 3.2 um compression.

Figure 3.3 shows the performed study to find optimum chirp-inverter settings.
While the amplified energy increases continuously with the seed stretching factor,
the peak power is optimised when the 3.2 um pulses are stretched to ~ 6 ps.
The final pulse duration chosen in the chirp-inverter was determined by the round
trips in the 50 mm long or 100 mm long sapphire rod, which was required for
back compressing the 3.2 um pulses. The top axis of Figure 3.3 shows the needed
sapphire rod length to back compress the 3.2 ym pulses. The blue line represents

the stretching factor of the 3.2 pum pulses chosen for our booster amplifier.

3.1.6 Booster-amplifier OPCPA

After the chirp-inverter, the ~ 6 ps, 3.2 um, 200 mW pulses are further amplified
in a chain of four extra OPCPA stages. The first two stages are based on AR-
coated PPLN crystals and pumped by the second pump line (50 W). While the

pump is recycled from one stage to the other, these two stages increase the 3.2 ym
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energy to 10 pJ and 18 pJ, respectively. Moreover, a slight non-collinear angle is
introduced in these stages to avoid using mid-infrared dichroic optics and reduce

the losses in the OPCPA system to the maximum.
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FIGURE 3.4: The spectrum measured of the mid-infrared seed for the booster-

amplifier in shadowed grey together with the spectra from each booster OPCPA

stages. With dashed lines are shown the stages pumped with undeteriorated

pump pulses and in solid curves the spectrum measured from the recycling
stages.

The last two booster stages are based on KNbOj3 bulk nonlinear crystals, and
the third 100 W pump line pumps them. For broadband phase-matching, a non-
collinear internal angle 8 between the pump and the idler of ~ 5.2° is used (see
“Broadband phase-matching in non-collinear angle” for details). The external non-
collinear angle can be calculated using Snell’s law: 0., = sinh [npy sin (0;,:.)].
Thus, the external non-collinear angle used in the OPCPA system for the last two
booster stages is ~ 10.7°. The exceptional properties of KNbOj3 enable unprece-
dented amplifications to 77 pJ in the first OPCPA stage and to 131 uJ in the last

stage.

The booster stages are designed such that thinner nonlinear crystals are used
where the pump is undeteriorated (OPA 4 and OPA 6), and thicker crystals are
used in the pump recycling stages (OPA 5 and OPA 7). This way, possible pump
deteriorations are compensated using slightly longer nonlinear crystals. Conse-
quently, 1.4 mm thick AR-coated PPLN is used in the OPA 4 and a 2 mm thick
AR-coated sample in the following stage. For the AR-coated KNbOj3 based last
OPCPA stages, a 1.82 mm thick nonlinear crystal is used in the OPA 6 stage, and
a thicker 2.33 mm KNbOj is used in the final stage.
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FIGURE 3.5: a) Output power from the OPCPA as a function of the seed

power for OPA 6 (red dots). The overall efficiency of these last two stages is

shown in dashed black lines. b) The saturation curve of OPA 6 + OPA 7 in

linear scale. ¢) The pulse-to-pulse stability measurement over 30 minutes of the
OPCPA output.

Figure 3.4 shows the amplified spectrum, stage by stage. In shadowed grey is
presented the seed spectrum used for the booster amplifier generated in the third
OPCPA stage. With dashed lines are shown the amplified spectra of the OPCPA
stages where undeteriorated pumps are used (OPA 4 and OPA 6). With solid lines
are displayed the spectra achieved from the recycling stages (OPA 5 and OPA 7).
Moreover, as those stages are run in saturation, a broader amplified spectrum is
achieved in every subsequent stage. That is why the spectral shape of the 3.2 um

pulses is converted from Gaussian to super-Gaussian.

Figure 3.5 shows the saturation of the last two KNbO3 based booster stages. As
it is shown in Figure 3.5 (a) above 5 W of mid-infrared amplification is achieved
by seeding the last stages with 100 mW of power (with less power than what is
delivered from OPA 3). As it is shown in Figure 3.5 (b), above 1-2 W seed powers,
the power saturation is achieved, and the rise of the output power is slowed down.
In conclusion, more power than what is achieved in OPA 3 is required to make the
best use of the pump power, which translates in extra stages (OPA 4 and OPA 5).
Moreover, the saturation achieved in the booster stages enables the exceptional

stabilities shown in Figure 3.5 (c).
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FIGURE 3.6: Beam quality measurement from the high power 21 W, 3.2 yum
beam. The inset shows the output beam profile and the M? value for the vertical
and horizontal directions.

Thanks to the high saturation provided by the last two booster stages, the 3.2 ym
seed pulse fluctuation becomes negligible. Thus, the main contributions to the
mid-infrared pulse instabilities are the pump variations (~ 0.3%) and the tem-
poral jitter induced by the synchronisation between pump and seed lasers. The
second effect is minimised by adding an optical synchronisation loop to the already
existing electronic PPL synchronisation. Consequently, at full OPCPA power, the

pulse-to-pulse fluctuations are reduced to 0.33%, measured over 30 minutes.

In Figure 3.6 is displayed the beam quality measurement of the 21 W, 3.2 ym
beam at the output of the OPCPA. To focus the mid-infrared beam using an
f =100 mm off-axis gold-coated parabolic mirror is used. In the previous version,
the last two stages were based on KNBO3 + PPLN and had a beam quality of
M? ~ 1.28 [117]. The huge saturation level achieved converts the beam profile
from Gaussian to super-Gaussian in this high power OPCPA version. Depending
on the order of the super-Gaussian shape, the M? value also increases [82]. Thus,
this mid-infrared OPCPA delivers super-Gaussian beam profiles with M? a 2.20.

3.1.7 Pulse compression in bulk

Thanks to the chirp-inversion stage, the amplified 3.2 ym pulses at the output
of the OPCPA are back compressed in bulk. While the Martinez compressor has
losses of 52% in bulk, the losses are reduced to the Fresnel reflections determined
by the material. For instance, a Sapphire crystal shows Fresnel reflections of
6.8% per surface at 3.2 ym wavelength. Accordingly, in the case of a double pass

scheme in an uncoated Sapphire rod, the losses would be reduced from 52% to
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25%. To achieve efficient compression of our amplified 3.2 pm pulses, a 100 mm
long Sapphire rod with AR-coating is used in a double-pass scheme. The silicon-
based AR-coating reduces the losses per surface to 1.3%. Moreover, a concave
f = 1000 mm aluminium mirror is used to collimate the 3.2 ym beam after the
OPCPA and between the first and second pass of the Sapphire rod, achieving a

final compression with an overall efficiency of 90%.
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FIGURE 3.7: a) Measured SHG-FROG of the compressed 3.2 pm pulses. b)
Retrieved SHG-FROG trace from which (c¢) spectral amplitude and phase and
(d) temporal amplitude and instantaneous frequency are retrieved.

Figure 3.7 shows the pulse characterisation of the compressed 3.2 pm pulses. Pulse
compression down to 97 fs is demonstrated being 95 fs the TL duration allowed by
the amplified spectrum. The pulse characterisation is carried out using an SHG-
FROG set-up using a 400 pm thick AGS nonlinear crystal (see appendix A for
details). The FROG traces in Figure 3.7 (a) and (b) describe a pulse with a neg-
ligible amount of second-order chirp and a residual third-order chirp (cross-shape
of the SHG-FROG trace). The compression bulk rod introduces the remaining
third-order chirp, which could be only reduced by tuning the grating angle in the
chirp-inversion stage. While third-order chirp could be reduced, the efficiency in
the chirp-inversion stage would also decrease. Thus, the minimal third-order chirp

is left in the 3.2 pm pulses.
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3.2 Single-cycle mid-infrared pulse generation

As mentioned in the introduction chapter, near single-cycle pulses are required to
achieve isolated attosecond pulses via HHG, instead of an X-ray burst every around
0.75 optical-cycles [7, 8]. Moreover, it is generally assumed that the strong-field
processes are triggered only by field amplitudes above half of the maximum pulse
intensities. Thus, the number of optical cycles is typically calculated for electric-

field oscillations with amplitudes above half of the maximum pulse intensities:

At pwam .

# optical-cycles = )

(3.2.1)
where Aty s is the pulse duration of the pulses at A, A. is the centre frequency
of the ultrafast pulses, and c is the speed of light in vacuum. While the number
of optical cycles of a propagating electric field is required to be more than one-
optical-cycle, the above definition enables the generation of soliton transients with
sub-cycle durations [68, 120]. This section demonstrates the generation of near-

single-cycle pulses via soliton self-compression in a novel ARR-PCF.
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FIGURE 3.8: Schematic set-up of the soliton pulse compression in the ARR-

PCF. The high-power mid-infrared beam is firstly introduced in a spatial filter

and afterwards free-space-coupled into the ARR-PCF. The ARR-PCF is placed

inside the high-pressure gas cell and clamped by two aluminium roof pieces. The

input and output windows are based on 3 mm thick uncoated CaFy windows.

The broadband compressed mid-infrared beam is collimated using an off-axis
parabolic mirror.

Figure 3.8 shows the schematic design of the gas-cell, where the ARR-PCF sits
and where the 3.2 ym, 97 fs pulses are coupled with coupling efficiencies above
90%. In the first design, a diamond based spatial filter was used as we did not
know whether the ARR-PCF could be damaged due to possible spatial fluctuations
and the high mid-infrared power. While spatial fluctuations were characterised to

be minimal, the spatial filter was still maintained as the ARR-PCF is made of
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fused silica thin rings with high absorptions above 2.7 um. The spatial filter was
based on an imaging system with plano-convex AR-coated lenses. The diamond
pinhole was introduced in the focal plane to clean the 3.2 ym beam from possible
imperfections. This scheme reduced the available mid-infrared power to 12 W
(75 pJ) but prevented possible damages on the PCF surface. Afterwards, the
beam in the pinhole plane was imaged into the input ARR-PCF surface. In the
newer version shown in the following section “Tunable bright multi-octave CEP-
stable coherent source”; the spatial filter is removed to increase the efficiency of
the system, as both the pointing stability and beam quality of the OPCPA are
excellent to couple without any risk the mid-infrared beam directly into the ARR-
PCF.

The 3.2 um beam is free-space coupled in the ARR-PCF using an AR-coated CaFs
f = 75 mm plano-convex lens. The entrance and output windows of the gas-cell
are based on 3 mm thick uncoated CaFy windows with an aperture size in the
gas-cell of 10 mm. While the dispersion introduced by the plano-convex lenses
and the input window can be neglected, the dispersion introduced by the output
window GDD((?;%J;L) ~ —400fs?, is enough to stretch the generated single-cycle
pulses. Thus, a thin 0.5 mm silicon wafer GDD(S()i.Smm) ~ 250fs? at Brewster
angle is used. A second silicon wafer could be used to reduce further the second-
order dispersion. Still, due to the high third-order dispersion introduced by the

silicon wafer, the final pulse duration would not be shortened.

Finally, the single-cycle mid-infrared pulses are collimated using an f = 100 mm

gold-coated off-axis parabolic mirror.

3.2.1 ARR-PCF properties

The loss of a conventional gas-filled capillary scales as A\*/a®, where a is the fibre
core radius. On the other hand, the characteristic length for SPM scales as Lgpy =
A/ (2mngly) (shown in equation 2.3.4). Thus, the longer the centre wavelength of
the pulse, the longer the capillary length required to achieve broadband pulses via
SPM, but also larger the losses. Instead of increasing the fibre length, higher peak
intensities can be used to achieve similar broadenings, obtained by decreasing the
core size. Unfortunately, using smaller core sizes increases the losses again inside
the capillary [121, 122]. Moreover, typically the capillaries are made from fused
silica rods, which show high absorptions above 2.7 um. Thus, until now, the use

of a gas-filled hollow-core waveguide was not an option in the mid-infrared regime.
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Figure 3.9 (a) shows a new type of ARR-PCF [122-125] developed to overcome
the limitations mentioned above. The ARR-PCF consists of a single-ring based
anti-resonant capillaries with ~ 1.2 ym wall thickness, surrounded by an 88-pum
central hollow core. In Figure 3.9 (b) in red is shown the measured losses of the
new ARR-PCF in the mid-infrared regime. As can be seeing the newly designed
ARR-PCF provides a loss-free window around 3.2 pm.

a) b)
E 15] -
s S
2 10 - @
S 5] o

20 25 3.0 35 4.0
Wavelength (um)

FIGURE 3.9: a) Scanning electron microscope image of the ARR-PCF fibre

cleaved surface. b) Measured transmission loss in red together with the disper-

sion obtained via the Marcatili [126] model (grey) and fitting FEM calculations
(blue) for an 88 pm core with 1.2 pum centre wall thickness, in vacuum.

Noble gases introduce positive dispersion in the visible and infrared regimes in
free space. Still, proper management of the PCF design can change the sign of
the dispersion. In Figure 3.9 (b) in grey is shown the curve of the dispersion
estimated for this ARR-PCF using the Marcatili model [126]. This model does
not take into account the effect of the anti-crossing resonance that appears around
2.4 um. More precise calculations using the finite element method (FEM) are
shown in blue [127, 128]. As can be seen, close to the resonance around 2.4 um,

the dispersion changes from negative to positive and goes exponentially to infinity.

Soliton self-compression is achieved when soliton-orders higher than one N =
La/Lspyr > 1 are propagated inside the medium, where Ly = T¢ /B, is the dis-
persion length, Ty the input pulse duration (in our case 97 fs) and f, is the GVD
(77, 129, 130]. For a given propagation distance L ~ Ly/N, the self-compression
factor of the pulse increases with N. The required propagation distance to achieve
a similar compression factor increases when higher-order dispersion terms become
considerable. Thus, while pulse compression estimations using the Marcatili model
would predict optimum compressions at shorter fibres, the more realistic dispersion

calculations based on FEM would require longer fibres.

The sharp resonance around 2.4 pym was not only delaying the compression pro-

cess but also required a medium with a higher nonlinear-coefficient. This effect
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increased the challenge of achieving any significant compression in the ARR-PCF
and pushed us to study the self-compression process in different noble gases. More-
over, the information available for the ionisation rates in noble gases were for the
near-infrared regime (missing in the mid-infrared). As described in chapter 2 fila-
mentation section, the ionisation-rate decreases with the multi-photon order. For
instance, in Argon (£, = 15.8 eV) the first MPI order at 1 ym would be 13
(similar to YAG for 3.2 pum), while at 3.2 ym the MPI order would be > 40. Con-
sequently, the available ionisation rates were estimating strong plasma effects in

Argon, forcing us to start our experiments using lighter gases like Neon or Helium.

3.2.2 Soliton generation in different noble gases

While the soliton-order increases and higher pulse compressions are achieved,
higher-order dispersion terms become considerable. Since these higher-order terms
can not be cancelled in the soliton generation process, the created frequencies close
to the resonance are shifted in time to the pulse pedestal. Thus, the highest peak
powers that can be achieved in the process are limited by the generation of a
pedestal. To conclude, small values of the soliton-order (N < 5) and waveguides
without resonances close to the input frequency are preferable to achieve a clean

self-compression [130, 131].

To find the best compression using the gas-filled ARR-PCF, we studied the soliton
generation and mid-infrared pulse self-compression in Helium (E, = 24.6 V),
Neon (E, = 21.6 V) and Argon (E, = 15.8 eV).
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FIGURE 3.10: Measured soliton self-compression of mid-infrared pulses in the
ARR-PCF, for Helium, Neon and Argon, in the function of the gas pressure
inside the gas-cell.

In Figure 3.10 is shown the soliton generation of the 12 W, 97 fs; 3.2 pym pulses for
Helium (nZfém (1bar) ~ 2-10~2m?2 /W), Neon (nd¢"(1bar) ~ 3-10~23m?2 /W) and
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Argon (n5 """ (1bar) ~ 9-10~2m2/W) [97]. While the n, values were measured for
1 pm pulses, the uncertainty of these values is typically higher than the frequency
dependency of ngy [132, 133]. Moreover, the ny values at 1 bar of those noble-
YAG
2

~

gases are three orders of magnitude lower than, for instance in YAG (n
6-1072°m?/W). Thus, to achieve efficient soliton generation higher pressures than
1 bar and longer propagation distances than in bulk-filamentation are used. While
the nonlinear refractive index of the medium is expected to increase linear with
the pressure in the gas-cell, the slope varies from one noble-gas to the other. For
instance, the response to the pressure variations of Helium is much weaker than
in Neon or Argon [134, 135].

As it is shown in Figure 3.10, pressures from 40 bars to 70 bars were required in
Helium to achieve some manifestation of compression. As a result, pulse compres-
sions down to 6 cycles (from 9 cycles) were achieved in Helium. Compression
effects at higher pressures were not studied as this was the limit allowed by the
CaFy windows before they could get damaged. In Neon, the compression started
to manifest around 20 bars ( 7.2 cycles), but doubling the pressure did not improve
excessively the final compression ( 5.5 cycles). For both gases, an ARR-PCF of

12 ¢m length was used.

In Argon, the first tests were carried out using a shorter fibre as high-ionisation
effects were estimated. Pulse compressions down to 3-cycles were achieved using a
7.75 cm long ARR-PCF and pressures not higher than 20 bars. As can be seen in
Figure 3.10, the compression dependency on Argon pressure is quite linear. Thus,
we demonstrated using Argon that easy tuning and characterisation of the soliton
process by just varying the Argon static pressure in the gas-cell can be achieved.
While for some experiments, pulses as short as possible are required, to study the
pulse duration dependency of some physical processes, it can be interesting to be

able to tune the compression progressively.

Different fibre lengths were tested in Argon to achieve the optimum compression
of our 3.2 ym pulses and at the highest powers. Firstly, to generate a broad
enough spectrum, to enable single-cycle pulse durations, the ARR-PCF length
was extended to 14.9 cm. With this fibre length, spectral broadening allowing
single-cycle durations were achieved. Unfortunately, the soliton coming out from
the fibre had residual second-order chirp, and thus, pulses not shorter than 1.8-

cycle duration were measured (at 15 bar).

In Figure 3.11 can be seen how the soliton generation behaves when Argon pressure

is varied in a 14.9 cm long ARR-PCF. As expected, the input pulse spectrum is
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broadened when the pressure in the gas cell is increased. Moreover, the second-
order dispersion is compensated in the soliton generation process. Thus close to
TL durations are maintained while the spectrum broadens. At low soliton-orders
(around 10-12 bar), the solitons are clean, but for higher pressures, a pedestal
starts growing due to the uncompressed higher-order terms (14-15 bars). The
clean pulses at 12 bars have a full-width half maximum (FWHM) duration of
sub-3 cycles ( 30 fs), while sub-2 cycle ( 20 fs) pulse durations are achieved at
15 bars.
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FiGure 3.11: Evolution of the soliton compression at the output of a 14.9 cm

long ARR-PCF as functions of the Argon pressure. (a) Measured spectra and

(b) the corresponding temporal profile retrieved from the SHG-FROG measure-
ments.

Once the SPM process is strong enough to generate single-cycle pulses, power-
pressure tuning can vary the soliton dynamics and enable the required soliton
at the output surface of the ARR-PCF. In our case, we wanted to achieve the
optimum compression at the highest OPCPA powers; thus, instead of proceeding
with a power-pressure tuning, the fibre length was again varied to reach the best

compressions.

The best compression was achieved at 12 bars of Argon in a 16.9 cm long ARR-
PCF pumped by 12 W of 3.2 ym pulses. From the 12 W, the actual mid-infrared
power coupled and propagated inside the ARR-PCF was 10.1 W, due to the
6% loss in the uncoated input CaF,; window, and 10% loss in the coupling pro-
cess. After the output uncoated CaFy window 9.6 W and 14.5 fs duration mid-
infrared pulses were measured using an all-reflective optics-based SHG-FROG (see

appendix A for details).

Figure 3.11 shows the measured and retrieved SHG-FROG traces where the gen-
erated sum-frequency spectrum expanse from < 1.3 pym to > 2 pm. The broad
sum-frequency measured was achieved thanks to the very thin 30 pm GaSe nonlin-

ear crystal used for frequency doubling of the single-cycle 3.2 pm pulses. Moreover,
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FIGURE 3.12: (a) Measured and (b) retrieved SHG-FROG traces of the single-

cycle mid-infrared pulses. (c) Measured spectral density (shaded profile), spec-

tral profile (red) and spectral phase (green) retrieved from the SHG-FROG

trace. (d) Retrieved temporal profile (blue) and retrieved instantaneous fre-
quency (red).

the small non-collinear geometry used in the SHG-FROG reduced the wavefront
tilt of the broadband pulses in the nonlinear crystal enabling the precise charac-

terisation of the single-cycle 3.2 um pulses.

The retrieved spectrum (Figure 3.12 (c¢) red) matches quite well with the mea-
sured mid-infrared supercontinuum (Figure 3.12 (c¢) shadowed grey) expanding
from 2.5 pm to 4.3 pm. Moreover, the front part of the pulse shows a pedestal in-
duced by the uncompressed high-order dispersion terms and a post pulse generated

typically from a high-order soliton break up.

This compression scheme is remarkably efficient, introducing only a 20% loss,
which only 10% are induced by the coupling and guiding of the pulses through
the ARR-PCF. The remaining losses are caused by Fresnel reflections in uncoated
optics, which we decided to keep due to the difficulty to find broadband disper-

sion compensated AR/HR coatings in the mid-infrared regime. Nevertheless, we
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demonstrated peak powers up to 3.9 GW using this scheme, which is a signifi-
cant improvement compared with the maximum peak powers (0.36-GW) that the
system could deliver before the OPCPA upgrade started in 2016.

3.3 Tunable, bright, multi-octave CEP-stable co-

herent source

In the previous section, we have demonstrated single-cycle pulse compression of the
mid-infrared pulses at OPCPA full-power. In this section, new experiments using
improved ARR-PCF are shown. As mentioned before, the ARR-PCF presented
above presents a resonance around 2.4 pym. Thus, to achieve cleaner pulses or
broader supercontinuum spectrum, a new ARR-PCF with a slightly larger hollow-
core size (92 pm) and a new single-ring pattern was designed by our collaborators
from MPL (see Figure 3.13 (a)). Interestingly, one of the characteristics of the
anti-resonant-reflection PCF is how the resonance and the transmission window
can be tuned by varying the wall thickness of the anti-resonant rings in the PCF.
Thus, slightly changing the wall thickness, the collaborators from MPL managed

to move the resonance from 2.4 ym to around 1.8 pm.

In this section are exposed our efforts to achieve ultra-broadband compressed
pulses from UV to the THz regime, generated to be used for different multi-
dimensional pump-probe spectroscopic studies (see Fig 1.1 for possible studies).
For pump-probe experiments, it is typical to require a few optically synchronised
beams [116]. Thus, a reduced amount of power is coupled into the ARR-PCF to
achieve the soliton compressed ultra-broadband pulses and save power from the

OPCPA for extra beams that the experiment could require.

In Figure 3.13 (b) is shown the soliton compression process using a 20-cm-long
ARR-PCF and driven by only 2.8 W of 3.2 um power from the OPCPA. Thanks
to the resonance being shifted to shorter wavelengths, the required power to achieve
significant compression is reduced, and more freedom in the pulse compression is
achieved. In this fibre, coupling and guiding efficiencies up to 93% are achieved.
Moreover, the spatial filter is removed from the set-up thanks to the excellent

beam quality of the 3.2 pum pulses.

As can be seen in Figure 3.13 (b) and (c), while the first broadband short pulses
are achieved at 25 bars of Argon pressure in the gas-cell, the pulses keep broad-

ening and solitons propagating at higher pressures. The simulations shown in
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the “ High-brightness seven-octave carrier-envelope phase-stable light source” Na-
ture Photonics publication [68] corroborate that the maximum peak powers inside
the ARR-PCF are achieved around 30 bars of Argon pressures in the gas-cell.
However, such a broadband pulse achieved at 30 bars is so sensitive from any dis-
persion, collimation and characterisation scheme that some frequencies are lost in

space or time (see Figure 3.13 (c)).
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FIGURE 3.13: a) Scanning electron microscope image of the new ARR-PCF. b)

Retrieved pulse durations of the compressed 3.2 ym pulses at different Argon

pressures inside the gas-cell. c¢) Pressure scan of the measured SHG-FROG
traces at the output of the gas cell.

In the following two sections are presented two results based on the prospects
provided by the ARR-PCF. From one side, an ultraviolet DW generation in the
soliton compression process, which is only generated when the highest-peak-powers
are achieved inside the PCF. From the other side, we have used these broadband

compressed pulses to drive the IP-DFG process to generate pulses above 10 pm.

While for the DW generation pulses as short as possible are required inside the

ARR-PCF, for the IP-DFG process, clean ultrashort and broadband pulses that
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can be propagated in dispersive media are needed. The shown SHG-FROG traces
in Figure 3.13 (c) give an overview of the temporal-spectral disposition provided

by the compressed mid-infrared pulses.

In the standard DFG process driven by two independent pulses, the generated
DFG depends on the frequency separation between the pump and signal pulses.
DFG centred at shorter wavelengths will be achieved when larger is the separation
of the pump and signal centre wavelength. Similarly, in IP-DFG, higher frequen-
cies will be generated when the driving pulse is broader. While at 20 bars or
35 bars, only long wavelengths can be generated via IP-DFG, around 25 bars, a
really broad spectrum with few different spectral peaks is achieved from the ARR-
PCF output. At this regime difference frequency mixing between 2.7 pum, 2.9 pm,
3.2 pm, 3.5 pym, and 3.7 pm peaks can be efficiently produced in the IP-DFG
process. Thus, it is expected that using the pulses compressed around 25 bars,

ultra-broadband pulses from IP-DFG are generated.

3.3.1 Dispersive wave in the UV

100 =

-
o
(|

Spectral density (dBm)
(|

200

35
32.5

30 800 (o
0
PreSSUre (Bar) 27.5 25 1000 \Na\je\eﬂg

F1GURE 3.14: Evolution of the UV DW generation in the ARR-PCF driven

by the 2.8 W, 3.2 um pulses. The inset shows the gas-cell where the ARR-PCF

sits, and all the generated scattered white light in the SPM + DW process. Also
shown in the inset the beam profile of DW and the visible SPM part.

The DW can be generated in the soliton compression process when high peak
powers are achieved in the process [136]. During the last years, a particular interest

in generating few-femtosecond UV pulses grew. A proof of this is the different
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publications where they have tried to optimise the DW generation using gas-filled
hollow-core fibres [137], or PCFs [138, 139]. Until now, the DW in the UV range
was generated by driving the process with 800 nm to 1.6 ym high energy pulses,
achieving conversion efficiencies up to 5% [138]. As we knew that high-peak powers
were produced inside our ARR-PCF, we decided to study the DW generation in
the UV regime driven by our 3.2 um pulses to expand the radiation down to the

ultraviolet regime.

Moreover, these DW pulses are typically generated at the fibre’s end. Thus, the
UV pulses are generally compressed, providing pulse durations at FWHM down to
a few femtoseconds. Therefore, this technique of expanding the spectrum to the
UV provides spectral content in this regime and produces coherent pulses that can
later be used in a pump-probe scheme for pumping different physical processes.
As have been mentioned in the introduction chapter, some of these processes can
be the ionisation of molecules like trans-azobenzene [140] pumped around 340 nm
or the study of excitons in hexagonal boron nitrate (HBN) pumped by 200 nm
pulses [141].

Figure 3.14 shows the emergence of the DW starting around 27 bars and raising
with the Argon pressure in the gas-cell up to 35 bars. The maximum DW power
achieved is at 35 bars, at a bit higher pressures than where the 3.2 ym pulses are
maximally compressed inside the ARR-PCF (around 30 bars). At 35 bars up to
4 mW (25 nJ) of average power are achieved with conversion efficiencies up to
0.17%.

One of the possible reasons for the low conversion efficiency of the DW generation
is the possible higher-order resonances that the ARR-PCF presents. As can be
seen in Figure 3.15, the first resonance of the ARR-PCF is around 1.8 gym. When
the supercontinuum reaches the resonance wavelength, that part of the spectrum
is absorbed (Figure 3.15 red arrow) and emitted (Figure 3.15 green arrow). It is
expected that at lower wavelengths, higher-order resonances of this first resonance
around 1.8 pum appear. Thus, few resonances in the UV regime would absorb the

generated DW and limit achieving higher conversion efficiencies.

The dispersion of the typical Kagome PCF driven by near-infrared pulses can be
easily tuned by varying the pressure inside the gas cell and, thus, tailoring the
centre wavelength of the generated DW. Unfortunately, the dispersion introduced
by our ARR-PCF is much flatter, and the pressure dependency of the DW centre
wavelength is much weaker. Thus, it is much more challenging to tailor the DW
and avoid the ARR-PCF resonances.
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FIGURE 3.15: Measured normalised spectral intensity of the ARR-PCF output
at 25 bars, 30 bars and 35 bars.

The beam profile of the DW after a MgF, prism is shown in the inset of Figure
3.14, where a clear gap between the generated SPM form 3.2 ym and the DW is
visible in the picture. This gap is the fingerprint of a clean DW generation without
spectral overlap with the main SPM. Moreover, as the divergence of the DW is
almost an order of magnitude smaller than the fundamental 3.2 ym pulses, the
DW can be propagated for long distances without the need of using a collimating

mirror.

In Figure 3.15 is shown the measured ultra-broadband spectrum generated inside
the ARR-PCF and concluded by an SPM expanding from 0.5 ym to 5 ym and a



High-repetition rate, bright, mid-infrared CEP-stable source 78

TABLE 3.2: Estimated pulse duration of a UV pulse at the output of the gas-cell
for different DW centre wavelengths and TL durations.

Centre TL FWHM
Wavelength | Duration | Bandwidth | GDD | duration
(nm) (£s) mm) | (fs3) | ()
10 23 57
400 202
2 117 280
10 18 68
350 202
2 90 338
10 13 87
300 202
2 66 430
10 9 120
250 202
2 46 600
10 6 200
200 202
2 30 1000

DW generated between 340 nm to 450 nm.

The pulse duration dependency in Argon pressure of the 3.2 yum SPM has been
shown in Figure 3.13. While outside of the gas-cell, the FWHM duration of the
mid-infrared pulses is limited to the single-cycle duration regime, the simulations
carried out by our collaborators from MPL, estimated 3.2 ym pulse durations
inside the ARR-PCF down to 3.5 fs [68, 120]. The simulations show extreme ul-
trafast nonlinear dynamics where an optical-shock-wave couples with the soliton,
steepening the tail of the pulse so strongly that soliton transients with optical
cycles at FWHM down to 0.32 are generated (see Figure 2 (c¢) in [68]). Unfor-
tunately, these soliton transients stretch so quickly that only in vacuum could
they be measured and used. For instance, an output-window-free gas-cell with
differential-pressure-pumping connected to a vacuum chamber would be required
to propagate the soliton transients. Moreover, the streaking technique could be

used to measure the dispersion-free pulses [142].
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Similarly, while it is expected that the DW should also be compressed close to its
TL duration of 7 fs (4.8 optical-cycles), we did not have the chance to characterise
the pulses. With the compression of the UV pulses, extra care is required as those
pulses are generally more sensitive to the dispersion introduced by the propagating
medium. Moreover, the shorter the DW pulses’ TL duration (or shorter the centre
wavelength), the higher the temporal stretching introduced by any dispersive optic.
In Table 3.2 is shown how the 3 mm CaFy window would stretch the UV pulses
with different TL durations.

Table 3.2 shows how challenging it can be to keep an ultrafast UV pulse compressed
when it is propagated through different dispersive optics. In the extreme case of
200 nm UV pulses, any small dispersion is enough to stretch the pulses to the
picosecond regime. Luckily, in our case, with a centre wavelength around 415 nm
and 7 fs TL duration, the generated DW pulses would be expected to be still
compressed below 80 fs at the output of the gas-cell.

3.3.2 Intra-pulse differential frequency generation

In this section is demonstrated the expansion of the 3.2 ym compressed pulses up
to 40 pm. For this purpose, IP-DFG in different nonlinear mid-infrared crystals
is studied. In general, while some nonlinear crystals like GaSe show broadband
phase-matching and transmission window, the conversion efficiency can be mod-
erate. On the other hand, in nonlinear crystals like ZGP or CSP with a strong
figure of merit (see Figure 1.3), high conversion efficiencies can be achieved. Still,
in ZGP, the bandwidth is limited due to the transmission window restricted above
12 pym. In the case of CSP, the transmission window is even more restrictive, ab-
sorbing above 9 pym. Different nonlinear crystals are generally swapped to tune
the IP-DFG depending on the power required by the experiment or the demanded
wavelength range. Switching between various nonlinear crystals can be tedious as
all the following will be misaligned, and a from-scratch alignment and temporal-
spatial characterisation will be required. The IP-DFG driven by our 3.2 pm soli-
tons, generated in the ARR-PCF, have been tested in GaSe, ZGP and a new
mid-infrared nonlinear crystal called BGGSe. BGGSe is acquired from our collab-
orator Dr Valentin Petrov and shows a high figure of merit (like ZGP). BGGSe
can be AR coated, unlike GaSe, and unlike most of the mid-infrared nonlinear

crystals, its transmission window expands from the visible regime to > 20 um
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(see Figure 3.18). Finally, BGGSe provides a flat dispersion relation in the mid-
infrared regime (v, ~ v, ~ v;), implying that ultra-broadband phase-matchings
should be achieved.
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FIGURE 3.16: Schematic layout of the tuneable multi-octave source. 15% of the

OPCPA output power is coupled into the ARR-PCF to generate a coherent and

compressed supercontinuum from 340 nm to 5 pm. Afterwards, from the ARR-

PCF output,1.35 W are used to extend the radiation to 40 pm via IP-DFG in

different mid-infrared nonlinear crystals. The IP-DFG pulses are characterised

via EOS using sampling pulses generated from the ARR-PCF. The sampling
pulses are achieved via SHG in AGS.

Figure 3.16 shows the schematic set-up of the 3.2 um compression, DW generation,
and IP-DFG wave generation and characterisation. As can be seen, all the beams
involved in the compact scheme are optically-synchronised and generated from the
ARR-PCF. Thus, any possible temporal or beam pointing jitters are minimised
to enable the most sensitive experiments via EOS. The EOS is a powerful method
to characterise the mid-infrared/THz pulses. Still, it is also an excellent tool
for transmission /absorption measurements to study different physical processes in
gases or solids due to the enormous sensitivity provided by the technique. Thus,
this scheme based on the output of the ARR-PCF enables the generation of an
ultrafast wave expanding from UV to 40 um where the UV part can be used for
excitation processes and the IP-DFG to probe the process via EOS.

For this purpose, the soliton compressed 3.2 pm pulses are collimated like in the

first version using an f = 100 mm gold-coated off-axis parabola. A pair of thin
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TABLE 3.3: Phase-matching polarisations and angles for IP-DFG in ZGP, BG-
GSe and GaSe.

Theta Deyy. Deyy.
cutting Type 1 Type 1 | Type 1 Type 2 Type 2 | Type 2
angle | polarisations® | angle | (pm/V) | polarisations®™ | angle | (pm/V)

7GP 52.9° o—e—e 49° 80 o—€e—o0 62° 70
BGGSe 25° o—e—e 22° - o—e—o 26° -
GaSe 0° e—0—o0 11° 55.3 e—o0—e 13° 52.5

* The equation for phase-matching is defined as pump + signal — idler.

CaFy wedges are used to split the compressed 3.2 ym pulses into two separated
beams. The output of the ARR-PCF is polarised in S (vertically); thus, the
first surface of the first CaFy wedge inserted at 45° will reflect around 7% of the
high-power mid-infrared beam. This amount is enough to produce an SHG in
a 400 um thin AGS nonlinear crystal to generate broadband 1.6 pm pulses that
can be used as sampling pulses for the later EOS scheme. Unfortunately, the
dispersion introduced by the thin AGS is enough to stretch the broadband 1.6 um
pulses. Thus a 12 mm thick BK7 AR-coated window is used to compensate the
extra dispersion and keep the 1.6 um pulses compressed to 21 fs for the EOS. The
second CaFy wedge is used to clean back the tilted wavefronts from the 3.2 um
pulses and maintain a spatial-chirp-free beam for the IP-DFG process. Note that
commercially available high-quality beam splitters can be found in the visible and
near-infrared regimes. Still, for our near single-cycle 3.2 um pulses, such optics
need to be customised, and in general, they are not as good as in the near-infrared
regime. Thus, more primitive optical designs were chosen to ensure that all the
generated pulses are propagated without uncontrolled deterioration. Therefore,
gold-coated mirrors have replaced HR mirrors with higher losses (5% per optic)

but negligible dispersion effects and broader reflection properties.

After the 3.2 um beam is split, an off-axis parabolic mirror focuses the high-
power 3.2 um beam into a focal spot of 200 um waist-radius where the ultra-
broadband IP-DFG is produced. For the IP-DFG process phase-matching in bulk,
the polarisation of the input pulse has to be rotated to ~ 45°. Then type 1
phase-matching or type 2 phase-matching will be only determined by the nonlinear
crystal angle. Table 3.3 shows the estimated theta angles for type 1 and type 2
phase-matching of the IP-DFG in GaSe, ZGP and BGGSe. While in general
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FIGURE 3.17: Power, temporal and spectral IP-DFG comparison at 25 bars of

Argon pressure generated in 2-mm AR-coated ZGP (blue), 2.6-mm AR-coated

BGGSe (red) and 1-mm uncoated GaSe (green). a) Conversion efficiency in

function of the input 3.2 um power. b) Measured electric-fields via EOS. ¢)

Normalized temporal intensities of the generated IP-DFG. d) Retrieved spectral
densities.

type 1 phase-matching provides higher conversion efficiencies than type 2, in the
second one, broader phase-matchings are typically achieved. Thus, for our tunable

broadband IP-DFG generation type 2 phase-matching is used.

Moreover, the polarisation of the IP-DFG will be determined by the orientation
of the nonlinear crystal. Thus, by flipping the nonlinear crystal 90 degrees, the

polarisation of the output IP-DFG can be rotated. This condition is necessary
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TABLE 3.4: Comparison of the IP-DFG pulse characteristics for ZGP, BGGSe

and GaSe at 25 bars Argon pressure.

Centre FWHM FWHM Pulse TL

wavelength | pulse-duration | TL-duration | optical-cycles | optical-cycles
(nm) (fs) (fs) (#) (#)
7ZGP 10.2 76 53 2.25 1.55
BGGSe 10.0 86 40 2.6 1.2
GaSe 13.0 96 61 2.2 1.45

to exploit in our experiment as GaSe is a negative uniaxial crystal, while ZGP
and BGGSe are positive uniaxial crystals. Thus, the output IP-DFG polarisation
in GaSe would be perpendicular and would not be phase-matched in the EOS

nonlinear crystal.

Figure 3.17 shows the temporal, spectral and power-conversions that have been
achieved exploiting the IP-DFG process in 2-mm AR-coated ZGP, 2.6-mm AR-
coated BGGSe and 1-mm uncoated GaSe. Using 1.35 W (8.45 pJ) of self-compressed
3.2 pm pulses we demonstrated IP-DFG generation up to 70 mW (0.45 pnJ) in
ZGP, up to 25 mW (0.16 uJ) using BGGSe and up to 1.8 mW (11.25 nJ) using
GaSe. Thus, both ZGP and BGGSe show more than an order of magnitude higher

conversion efficiencies than GaSe.

The spectral and temporal information of the IP-DFG pulses is compiled in the
electric-field traces shown in Figure 3.17 (b). From those traces, spectral and tem-
poral amplitudes are retrieved. While the spectrum generated from ZGP (Figure
3.17 (d)) is limited to below 12 pm, GaSe enables generating broader pulses centred
at longer wavelengths. Moreover, despite the long length of the used BGGSe, it
produces the broadest spectrum, spanning over 2 octaves. Thus, we demonstrated
that BGGSe combines the properties of GaSe and ZGP, enabling ultra-broadband
and high-power IP-DFG generation.

In the time domain (Figure 3.17 (c)) sub-3 cycle waveforms at FWHM intensity
were generated by each crystal, close to their TL durations. ZGP produces the
shortest pulse as it has narrower spectral content and thus is less sensitive to
residual second-order dispersions. GaSe shows the cleanest field shape, centred at

a longer wavelength. Therefore the cycle duration is longer, and the dispersion
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effect is again lower. In our case, the generated IP-DFG bandwidth in GaSe, ZGP
and BGGSe allows compression of pulses down to a single-cycle regime. Still,
the dispersion introduced by the nonlinear crystal itself stretches the mid-infrared

pulses to 2-2.5 cycles. Table 3.4 summarises the temporal characteristics as well as
the centre wavelength of the generated IP-DFG pulses in ZGP, GaSe and BGGSe.

In conclusion, to achieve bright ultra-broadband mid-infrared pulses, BGGSe is
demonstrated to be an excellent nonlinear crystal. On the other hand, if high-
peak-power pulses around 10 pum are required (for instance, for nonlinear studies),
then ZGP provides higher powers with lower pulse durations. Finally, GaSe can
be useful when clean electric-field traces are required for high sensitive absorp-

tion/transmission experiments.

3.3.3 Multi-octave ultrafast source from ARR-PCF and
BGGSe

As shown in Figure 3.13, the spectral and temporal evolution of the compressed
3.2 pm pulses depends on the argon pressure inside the gas-cell. As a result, both
the DW generation and the IP-DFG can also be tailored by pressure tuning. Figure
3.18 shows pressure-dependent high-brightness multi-octave spectrum generation
that has been achieved using the combination of the optimised mid-infrared ARR-

PCF and the new BGGSe mid-infrared high-transmission nonlinear crystal.

In Figure 3.18, in blue, the different spectral densities achieved at the output of
the ARR-PCF are shown, while in red is displayed the combined radiation between
ARR-PCF and the IP-DFG spectrum in BGGSe. As can be seen in the figure, the
transmission window of the BGGSe crystal cuts the radiation below 600 nm, DW
included. That is why a silicon wafer is used to split that part of the radiation
before the IP-DFG generation.

The maximum DW intensity is achieved at 35 bars, while the longest wavelengths
in the IP-DFG process are generated at lower pressures between 20 bars and
25 bars. Moreover, it is shown that the spectral density in the mid-infrared can be
tailored while maintaining the high brightness across the spectral range through

pressure tuning.

Figure 3.19 shows the envelope peak-power variations of the 3.2 um solitons (a)
and the generated IP-DFG pulses (b) for the different Argon pressures where
the high-brightness multi-octave radiation is achieved. While the pedestal in the
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FIGURE 3.18: The measured spectrum of the high-brightness, few-cycle, co-

herent radiation source for different pressures inside the gas-cell. In different
colour-tones of blue is shown the output spectrum from ARR-PCF for 25 bars
(light-blue), 30 bars (medium-blue) and 35 bars (dark-blue). In red is shown
the combination of ARR-PCF output and IP-DFG spectra in BGGSe at 20 bars
(light-red), 25 bars (medium-red) and 30 bars (dark-red).

3.2 pm soliton varies with the pressure introduced in the gas-cell, the main peak
of the 3.2 pum pulse remains compressed. The IP-DFG pulses are also compressed

to sub-3 optical-cycles across all the pressure range.
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FIGURE 3.19: Evolution of the temporal envelope peak-powers in the function
of the Argon pressure inside the gas-cell a) of the 3.2 pm solitons, and b) of the
generated mid-infrared IP-DFG in BGGSe.

While the DW duration was not directly measured, we estimated that the DW

pulses should also be compressed below 80 fs in all the scanned pressure ranges.
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Thus, a simple pressure-tuning enables the generation of optimised spectral con-
tent required for the investigation of different molecular processes or light-matter

interactions with sub-100 fs duration.

3.4 Conclusions

In summary, we have demonstrated a CEP-stable mid-infrared OPCPA with a
chirp-inversion scheme enabling pulse amplification up to 131 uJ energy, at 160 kHz
repetition rate and 21 W average power. Pulse compression to 97 fs (sub-9 optical-
cycles) with 90% transmission efficiency and excellent pulse-to-pulse stability of
0.33% RMS over 30 mins is shown. Further compression of the mid-infrared pulses
in a novel silica capillary-based ARR-PCF down to 1.35 cycles with 80% efficiency
is proved via soliton generation. The developed ARR-PCF has been a key tool to
boost the peak powers of the mid-infrared OPCPA output to 3.9 GW. This sys-
tem presents a significant step forward for generating coherent kilo-electron-volt

X-rays in table-top systems.

Not only interested in high-photon-energy X-ray generation but also looking for-
ward to enabling multidimensional spectroscopy studies, it has been demonstrated
the generation of a high-brightness, tunable, ultra-broadband CEP-stable source
with sub-100 fs temporal resolutions. This source has been achieved thanks to an
optimised ARR-PCF and the novel mid-infrared BGGSe nonlinear crystal, which
together have allowed the soliton self-compression of the 3.2 ym pulses with simul-

taneous DW generation and the combined bright and broad IP-DFG generation.

In conclusion, while pump lasers nowadays deliver higher energies at shorter pulse
duration, the efficient design of the proposed system offers the opportunity to gen-
erate kilo-electron-volt X-ray radiation. Moreover, it enables light-matter ultrafast
investigations in all the spectral ranges from 340 nm (5.16 eV) and up to 40 ym
(31 meV).






Chapter 4

High-energy 7 ym OPCPA

The development of the high-energy mid-infrared OPCPA started around 2012
with the implementation of a three-colour frequency comb source at 100 MHz from
Menlo Systems GmbH [39] The three outputs from the fibre laser were conceived
to build a full-optically-synchronised system. A pump laser-centred around 2 pum
was developed using one of the three outputs from the fibre laser and amplified in
a CPA scheme to hundreds of millijoules. The other two outputs from the fibre
laser were mixed in a mid-infrared nonlinear crystal via DFG to generate mid-
infrared pulses above 6 pm. The mid-infrared pulses were afterwards amplified in
an OPCPA design to the millijoule energy levels pumped by the high-energy 2 pum

pulses.

The absence of commercially available high-energy lasers above 1 pum highlighted
the uniqueness of this 2 um + 7 pm high-energy laser system, which was designed
in collaboration with THALES Group in France. The CPA + OPCPA system
was developed to enable tabletop coherent hard-X-rays generation exploiting the

wavelength scaling on the strong-field electron recollision process.

In 2015 was demonstrated the generation of 39 mJ of 2052 nm pulses at 100 Hz
using the narrowband picosecond output from the fibre laser [143]. In 2016 my
colleague and co-worker Daniel Sanchez presented the first design of the OPCPA
system delivering 200 pJ and 180 fs pulse durations at 7 um [144] The OPCPA was
comprised of three stages based on ZGP in non-collinear geometry and pumped
by 12.2 mJ of 2052 nm energy. While the maximum amplification achieved in the
OPCPA was 550 pJ, the final aluminium-grating-based compressor had an overall
efficiency of 35% reducing the final available pulse energy significantly.

88
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Just before I started working in the high energy 7 pm OPCPA, Daniel Sanchez
began to upgrade the system to overcome the limitations of the OPCPA and
increase the 7 pym output energy above the millijoule level. The first goal of
the upgrade was to reach pump energies above 200 mJ, which was an intrinsic
requirement to later produce pulse energies at 7 pum towards the 10 mJ energy
levels (assuming above 5% pump-to-idler conversion efficiencies). Pulse energies
in the 2052 nm line up to 260 mJ were achieved in a three-pass cryo-cooled booster
CPA using a 50-mm-long Ho: YLF [29]. The cryo-cooled CPA was pumped by a
CW 130 W from a Thulium fibre laser at 1940 nm using loose focusing geometry.
Unfortunately, cryo-cooling based CPA was driven close to the damage of the
Ho: YLF, which was increasing the amplitude fluctuations of the pump pulses up
to 0.8%. To achieve higher reliability, I started working on the second upgrade of
the 2052 nm pump cryo-cooled CPA. The beam sizes of the 1940 nm and 2052 nm

pulses were increased, and an extra-pass was added.

The main limitations on the 7 um OPCPA were a) the low efficiency of the final
compression scheme and b) the maximum pump energies that could be used in a
single OPCPA stage. The pump energy in the OCPPA stage was limited by the
ZGP aperture and its damage threshold.

Moreover, in the previous design, the 7 yum OPCPA was seeded by a spatial-chirp
mid-infrared beam, which was induced by the non-collinear geometry of the DFG.
Spatial-chirp, also known as angular-chirp, is introduced when two broadband
pulses are combined with a non-collinear geometry in the second-order nonlinear
process. In the non-collinear geometry, to match the wave-vectors, a and [ angles
vary for each frequency inside the generated pulse (see Figure 2.2), thus induc-
ing angular chirp to the generated third-wave. While it is already challenging
to correct the spatial chirp in the visible/near-infrared regime [145, 146], in the
mid-infrared regime becomes more difficult due to the absence of sensitive beam

characterisation devices.

With the previous experience on the 3 um OPCPA, we decided to implement a
collinear geometry-based DFG stage firstly and secondly to replicate the 3 um
OPCPA design with a chirp-inversion stage in the middle. Moreover, both the
pulse duration of the 2052 nm pump and 7 um seed pulses were further stretched

to be able to drive the 828 mm? ZGP crystals with more pump energy.

In the following sections, I give a more detailed view of each part of the high-
energy system and present the measurements and results that I achieved during

the development of the different evolving aspects of the system.
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Erbium-Thulium-Holmium three-colour fibre laser

The three-colour Erbium-Thulium-Holmium fibre system from Menlo Systems
GmbH is based on an Erbium-doped fibre oscillator and a few Erbium doped
amplifiers where nanojoule level 1.55 pym pulses are achieved at 100 MHz. After-
wards, the pulses are split inside the system, and one arm is coupled to a solid-core
highly nonlinear fibre (HNLF). In the HNLF supercontinuum from 1 gm and up
to 2.4 pm is generated via SPM. Later, the 2 ym part of the supercontinuum
is amplified in a polarisation-maintaining (PM) Tm/Ho gain fibre via the self-
amplification process [147]. The amplified spectrum from the PM Tm/Ho gain
fibre expands from 1.9 yum to 2.16 yum. This beam is again split. One arm is
amplified in a second PM Tm/Ho gain fibre and externally compressed down to
135 fs in a Martinez type gold-coated compressor. The second arm is filtered to
narrow the bandwidth of the 2 ym pulses. With ~ 2 ps duration, the 2052 nm
narrowband pulses are efficiently amplified in a high-power PM Tm/Ho gain fibre
up to 0.5 W.

The Erbium-Thulium-Holmium fibre system delivers 300 mW (3 nJ) at 1550 nm
with 70 fs durations, 100 mW (1 nJ) 2025 nm with 135 fs pulse duration, and the
narrowband 2052 nm with ~ 2 ps and 0.5 W.

As the 2-um broadband pulses are generated via SPM of the 1550 nm pulses, the
phase of both colours is related and can be described using the equation 2.2.4.
Therefore, the CEP of the mid-infrared 7 pm pulses generated via DFG between
those two pulses is expected to be stable. The CEP stability of the 7 pm 100 MHz
pulses is proved by measuring the electric field via EOS.

4.1 Development of the high-energy 2 um Ho:

YLF picosecond pump laser

Figure 4.1 shows the design of the CPA where the 2052 nm nanojoule level pulses
are amplified up to 260 mJ. The peak intensity through the CPA is maintained
below 5 GW/cm? to avoid damages in optics. For this purpose, the 2 ps pulses
from the Erbium-Thulium-Holmium fibre are stretched up to 340 ps using an AR-
coated chirp-volume Bragg grating (CVBG) from (OptiGrate Corp.). The CVBG
introduces a dispersion of 150 ps/nm around 2052 nm and has an aperture of

5x8 mm?. The bandwidth of our picosecond 2 pm pulses is around 2 nm, which
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implies that four passes would be required through the CVBG to stretch the pulses
to ~ 300 ps. While in the first 40 mJ CPA design [143] the pulses were stretched
up to 170 ps in a double-pass scheme, in the newer version to achieve higher

energies, the pulses were stretched to 340 ps.

For the four-pass CVBG configuration, the narrowband 2052 nm vertically po-
larised beam is sent through an optical isolator. Afterwards, the transmitted
beam is reflected in a thin-film polariser (TFP) at 45° and again reflected in the
CVBG at a slight angle towards a quarter-wave plate (QWP). Afterwards, The
beam is back-reflected towards the CVBG using a mirror at normal incidence.
Note that if the CVBG is used at an angle different from normal incidence, like in
this case, the reflected beam is spatially chirped and a second pass is required to
clean back the wavefronts [148]. The QWP is chosen to rotate the polarisation of
the 2052 nm beam from vertical to horizontal after two passes through it. After
the second reflection in the CVBG goes through the TFP, and using a second
mirror at normal incidence, the beam is sent back towards the CVBG for another
two passes. Finally, after four reflections in the CVBG, the again vertically po-
larised beam is reflected in the TFP, and it goes towards the optical isolator, which
reflects the beam at 45° towards the CPA scheme.

A Rubidium Titanyl Phosphate (RTP) Pockels cell (PC) from Bergmann Mess-
geraete Entwicklung KG is used as a pulse picker at the output of the stretcher to
reduce the repetition rate from 100 MHz to 100 Hz before introducing the pulses
into the regenerative CPA. The PC uses the basics of the linear electro-optic
effect described in section “Linear electro-optic effect”. By applying a periodic
voltage to the RTP, the polarisation of the 2052 nm pulses can be tunned peri-
odically. The voltage is chosen to flip the polarisation from vertical to horizontal
once every 10° pulses. Thus, the pulses that remain vertically polarised after the
PC are rejected from the beam path using a TFP, and only the 100 Hz pulses are
transmitted through the TEFP.

The Ho: YLF crystal shows an upper-level lifetime of around 14 ms, which limits
the repetition rates that can be used in the regenerative CPAs. While in the
literature, higher repetition rates have been demonstrated, chaotic amplifications
with pulse bifurcations can be produced when higher repetition rates than 100 Hz
are used [149-151]. In this chaotic regime, deteriorated beams with high pulse-
to-pulse fluctuations can be generated, affecting the overall system’s performance.
The chaotic performance of the regenerative CPA can be overcome by pumping

the active material over the chaotic regime [28].
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FIGURE 4.1: Schematic design of the high-energy CPA driven by the 2052 nm

picosecond pulses. The nanojoule level 2052 nm pulses are stretched to 340 ps

in a CVBG to introduce them in the regenerative CPA afterwards. Millijoule

level 2052 nm pulses out from the regenerative CPA are presented in the cryo-

cooled multi-pass booster CPA to increase the 2052 nm energy up to 260 mJ.

The high-energy 2052 nm pulses are back-compressed down to 16 ps in an HR-
coated dielectric reflection grating compressor.

The regenerative CPA is based on a water-cooled 3.5-cm-long, 0.5% doped Ho: YLF
driven by a 30 W CW Thulium fibre (Tm: fibre) laser centred at 1940 nm from
IPG Photonics. A second PC sandwiched between two TFP is used to control the
number of passes in the regenerative CPA. A half-waveplate inserted after the PC
rotates the polarisation of the 2052 nm pulses from vertical to horizontal. Thus,
if no voltage is applied to the PC, the 2052 nm pulses make a single-pass through
the CPA and go out reflected in the output TFP. The regenerative CPA used for
the amplification of the 2052 nm pulses was designed and built by Dr. Michael
Hemmer [143]. The Ho: YLF is pumped by 9.6 W from the Tm: fibre laser at
m-polarization [152]. After 36 passes through the regenerative CPA up to 4 mJ of
2052 nm pulses are achieved (gain of ~ 10%) [143].

The advantage of using a CPA design is that the amplification depends only on
the fluence of the involving pulses and not on the peak intensity. Thus, CW
pump lasers can be used to amplify the picosecond pulses. Moreover, the seed
pulse duration does not affect the amplification efficiencies, which can be varied to
avoid damages in optics. Therefore, for the new version where the 2052 nm pulses

were stretched from 170 ps to 340 ps, the regenerative CPA stayed un-affected.

The Ho: YLF is a birefringent crystal. Thus, absorption and emission coefficients
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depend on the input beam polarisation. Moreover, the Ho: YLF energy levels di-
vide from a quasi-three-level system to a four-level system at liquid-nitrogen tem-
peratures (80 K) [153]. Thus, while in-room temperatures, the -direction shows
high absorption and emission coefficients for both 1940 nm and 2052 nm [152, 153],
at cryo-cooled temperatures, the absorption around 2052 nm decreases signifi-
cantly [143]. Therefore, to boost the energy of the 2052 nm pulses in a compact
scheme and with the highest efficiencies, the booster CPA is based in cryo-cooled
25-mm-long 0.5% doped Ho: YLF crystal. The following sections show the results
I achieved in the newly designed four-pass booster CPA.

Moreover, notice that all the 2 pum system is purged with dry air at zero humidity
which makes the alignment more challenging. The reason is that water absorption
lines are present around 2 pm. In the case of the CW 1940 nm beam, the absorp-
tion lines cannot stretch the pulses but introduce huge fluctuations on the beam
pointing as well as deteriorate the beam profile of the pump. Thus, it is crucial to

align the system at < 1% humidity.

4.1.1 Multi-pass CPA

The bow-tie type four-pass cryo-cooled CPA is pumped in single-pass using a
randomly polarised 130 W CW Thulium fibre laser from IPG Photonics. A cryo-
refrigerator from CryoSpectra with a cooling capacity of 100 W at 90 K is used
to cool the 25-cm-long Ho: YLF crystal. While the pump power is 130 W, the
actual power that is absorbed by the Ho: YLF crystal is around 82% (107 W) and
pump to seed conversion efficiency ~ 20%, thus below 90 W are required to be
cooled by the cryo-refrigerator. Moreover, both the seed (2052 nm) and the pump
(1940 nm) beams were collimated to 2.1 mm of waist radius to maintain the peak
intensity in the booster below 10 GW/cm? (above 200 mJ). The reduced peak
intensity in the cryo-cooled crystal improves the performance of the system and

lowers the pulse-to-pulse fluctuations of the high-energy 2052 nm pulses.

In Figure 4.2 are shown the measured and simulated results from the four-pass
high-energy CPA. Unfortunately, the 130 W IPG got damaged before the fourth-
pass was aligned, and therefore, in this thesis, only the experimental results in a
four-pass scheme pumped by a 100 W IPG system are shown. The four-pass CPA
was pumped with 100 W from the Tm: fibre from which 82 W were absorbed in
the Ho: YLF crystal. In the multipass collimated-beam geometry, energies up to

77.4 mJ were achieved, concluding on 9.4% power conversion efficiency. As can be
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seen in Figure 4.2 (a) and (b), the power dependence of the amplification process in
the CPA is exponential. Thus, as shown in the simulations, it is expected to reach
energies above 200 mJ when pumping the booster CPA with 130 W. Moreover,
thanks to the new design with reduced peak intensity, pulse-to-pulse fluctuations
decreased to 0.26%, compared to the previous 0.8%. Thus, this design produces
robust 2052 nm high-energy pulses with excellent features for pumping the 7 ym
OPCPA system. Note that pulse-to-pulse fluctuations of 0.26% are close to the
pump features in the 3 um OPCPA with 0.3% fluctuations.
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FIGURE 4.2: Characterisation of the four-pass CPA booster. a) Measured
(black dots) and simulated (black lines) output energy of the fourth pass in the
function of the input 1940 nm pump power. b) Measured first (light-red stars),
second (red triangle) and third (dark-red square) pass in the cryo-cooled booster
CPA. With light-red dashed lines, normal-red dashed lines, dark-red dashed
lines, and black dashed lines are shown the simulated results for the first, second,
third and fourth passes, respectively. ¢) Shows the pulse to pulses fluctuations
measured over 30 thousand pulses. The inset shows the beam profile measured
at the output of the CPA.

The beam profile of the 2052 nm amplified pulses is shown in the inset of Figure
4.2 (c). The 2052 nm beam, as well as the 7 um beam in the OPCPA, is measured
using a Vanadium oxide-based microbolometer from DataRay Inc. with a pixel
size of 17 pm. While this camera is essential for beam profile checkings, the low
dynamic range provided and the big pixel size of the camera makes it unsuitable

for focal spot determinations. Instead, a home-built knife-edge method was used
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to ensure the beam sizes of the 2 ym and 7 ym beams in critical planes such us
Ho: YLF crystal position or ZGP position planes. Moreover, while in the 160 kHz
OPCPA commercially available fast knife-edge devices could be used to retrieve the
beam sizes (Pyroelectric Scanning Slit Profiler NanoScan from Ophir Optronics),

those devices are un-suited for lower repetition rates like 100 Hz.

4.1.2 Compression in high-reflection gratings

In the first version of the 2052 nm CPA, a big aperture CVBG was used to com-
press the high energy output from the CPA. Unfortunately, the maximum energy
that could be compressed was limited by the aperture of the CVBG and the third-
order processes generated at such high energies. Thus, for the booster upgrade,
the compression of the high energy 2052 nm pulses is carried out using a pair of

HR-~coated reflection gratings from Fraunhofer IOF.

The HR-coated gratings have a grating period of 900 lines/mm. The Littrow angle
of the grating used can be calculated from 6, = arcsin (%) where d is the grating
period inversely proportional to the grating line density. Therefore, the maximum
grating line density allowed is limited to the Littrow angle, which is required to
be below 90°. At the Littrow configuration, the diffracted beam is reflected in the
direction of the incident beam. At larger incident angles, the beam is diffracted at
shorter angles and vice-versa. Thus, the maximum line density that can be used
at a given frequency is limited by the beam size and the aperture of the effective
area of the grating that decreases at larger incident/diffracted angles. For the
back compression of the high-energy 2052 nm pulses, at a Littrow angle of 67.4°,
the incident angle is kept around 65° to be diffracted at 70°.

For the compression of the 340 ps 2052 nm pulses, a grating distance close to 2.5 m
is used with a folded footprint of 140 cm by 25 cm. The estimated laser-induced
damage threshold (LIDT) is > 300 m.J/cm2, thus to avoid damages in the grating
surface, a beam size close to 10 mm waist radius is used in the HR-coated grating

with 65 mm x 100 mm aperture size.

The characterisation of the 2052 nm high-energy pulses is carried out using an
SHG intensity autocorrelation (AC) technique (see appendix A for details). The
SHG-AC can be described by the convolution of the pulse with itself:

A7) :/_Ool(t)f(t—r)dt (4.1.1)

o0
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TABLE 4.1: The relation between SHG-AC with a FWHM value of At4¢ and
the original pulse with FWHM of At,,.

() A7) Atac/At,
_ (2vInz 2 _( 2v/Ln2 2
Gaussian Ipe (2 = t) Age ( V2atp > V2~ 141
. 1 1
Lorentzian I(]W Aom 2.0

2.72t Coth( 2.72t )_1]

Sech? | IpSech? (L) e ALy 1.54
v Sech (1.54Atp)

where I (t) is the pulse intensity and A (7) is the measured SHG-AC. Thus, the
FWHM duration of the characterised pulses can be estimated by approximating
the shape of the measured AC to a known trace like Gaussian, Lorentzian or Sech?.

In Table 4.1, are shown the conversion factors for those pulse shapes.

In figure 4.3 is shown the characterisation of the high-energy 2052 nm pulses.
The pulse shape is sensitive to the dispersion introduced by the water absorption
lines present in the air. In red is shown the intensity AC measured at 20% of
ambient humidity, and it is well fitted to a Lorentzian shape (in dashed red lines).
In blue is shown the same autocorrelation after the pump line is purged with
dry air (< 1% humidity), and with blue dashed lines, it is shown the fitting
with a Gaussian shape. The FWHM duration of the AC when the line is purged
is around 23 ps, while at 20% humidity, the AC value is approximately 33 ps.
While the conversion factor for an AC of Gaussian shape is 1.41, the conversion
factor between a Lorentzian pulse and its AC is 2.0. Thus, the FWHM duration
calculated from both ACs is approximated to 16 ps.

In conclusion, the FWHM durations are similar, but the power content above 50%
of the maximum intensity is much lower when the humidity is higher. The am-
plification in the CPA is independent of the temporal distribution of the 2052 nm
pulses; in contrast, the OPCPA amplification dependence on the peak intensity,
which reduces the OPCPA efficiency at higher ambient humidities. Therefore,
keeping the pump line close to zero humidity is crucial to achieving higher ampli-

fication efficiencies.
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FIGURE 4.3: Autocorrelation of the compressed 2052 nm pulses in the HR-

coated dielectric gratings. In blue is shown the shape measured when the full

2052 nm line was purged to < 1% humidity and its Gaussian fitting with dashed

blue lines. In red is shown the SHG autocorrelation measured at 20% humidity
in the 2052 nm line and its Lorentzian fitting in dashed red lines.

4.2 Bright 7 ym generation at 100 MHz

In the first OPCPA version, the DFG was carried out using a CSP mid-infrared
nonlinear crystal at non-collinear geometries [38]. Pulse energies up to 150 pJ
(15 mW) were generated, but due to the non-collinear geometry used for broad-
band phase-matching, the generated mid-infrared pulses were spatially chirped.
The spatial chirp on the seed mid-infrared pulses increased the challenge to prop-
agate and characterise the mid-infrared pulses limiting the OPCPA design to three
stages. Thus, to remove the spatial chirp, the non-collinear CSP-based DFG stage

was swapped by a collinear GaSe-based stage.

Figure 4.4 shows the generated mid-infrared spectrum from the GaSe nonlinear
crystal (in red) and the newly developed BGGSe crystal. Moreover, with dashed
lines are illustrated the simulations of the spectral density from type 1 collinear
DFG in 1 mm GaSe (red), 1.5 mm CSP (black) and 2.6 mm BGGSe (blue). The
estimated figure-of-merit values for type 1 collinear phase-matching in CSP, GaSe
and BGGSe are ~ 70 pm?/V?, ~ 120 pm?/V? and ~ 140 pm?/V? respectively.
Notice that CSP has the highest figures of merit values (> 200 pm?/V?) in type 2
but not in type 1, where our collinear DFG can be phase-matched. Unfortunately,
the high Fresnel reflection loss in the uncoated GaSe gives worse spectral brightness
results than in CSP.
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FIGURE 4.4: Measured (solid lines) and simulated (dashed lines) spectral

density from the collinear-DFG process in 1 mm uncoated GaSe (red), 1.5-mm-
long AR~coated CSP (black) and 2.6-mm-long AR-coated BGGSe (blue).

Taking advantage of that, unlike GaSe, BGGSe can be AR coated; we recycled
the 1.55 pum pulses to generate short sampling pulses for the EOS measurements
[75]. The 7 pm pulses were separated from the pump (1.55 pm) and signal (2 pm)
pulses using a dichroic mid-infrared separator from Edmund Optics. We managed
to save 100 mW (1 nJ) from the input 300 mW of the 1.55 ym pulses. After-
wards, the 1.55 um pulses were coupled into a 20-cm-long solid-core all-normal-
dispersion PCF (ANDi-PCF). The broadening in an ANDi-PCF enables pure SPM
based spectral expansion, which can be post-compressed using a Fused silica pair
of wedges. Pulse compressions from 59 fs to 21 fs were achieved using the recy-
cled 1.55 um pulses (see appendix A for more details). While compression of the
1.55 pm pulses via soliton generation could be more efficient, pure broadening
via SPM was chosen to minimise temporal jitters between the sampling pulses

(1.55 pm) and the 7 pm pulses.

From the EOS measurement, we managed to characterise the mid-infrared pulses
generated from the DFG stage with such a high sensitivity that we could retrieve
the phase jumps induced by the water absorption lines. In Figure 4.5 is shown the
characterisation of the 7 ym pulses at 100 MHz and after 2.5 m of propagation
in free space at 40% humidity. As can be seen in the absorption lines visible in
the spectrum and phase, a substantial amount of water absorption peaks exist
below 7 um. Above 7 pum, the absorption lines disappear, and a cleaner spectrum

is achieved. The absorption lines and their effects in the phase of the mid-infrared
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FIGURE 4.5: Characterization of the 7 ym sub-10 pJ 100 MHz pulses. a)

Electric field (blue) and intensity (black) of the 7 pum pulses retrieved from the

EOS measurement. b) Normalized spectral density of the mid-infrared pulses

in shadowed blue and the spectral phase in red. ¢) Spectral phase (red) and
water transmission from the Hitran database (shadowed blue).

pulses shown in Figure 4.5 highlight the importance of developing an OPCPA

above 6.7 pm to avoid the main absorption lines between 6.4 pym and 6.7 pm.

The BGGSe sample was acquired after I built the 7 um OPCPA with the chirp-
inverter stage in the middle. Thus GaSe was used in collinear geometry for the

generation of the free-angular-chirp 7 pm seed pulses.

4.3 7 ym OPCPA at 100 Hz

Figure 4.6 shows the schematic design of the 7 um OPCPA. The two femtosecond
outputs from the Erbium-Thulium-Holmium fibre front-end are combined in type 1
phase-matching for the DFG process in the GaSe crystal described above. The
7 pm pulses are stretched to 4 ps in a three-pass scheme through a 6-mm-long
uncoated BaF2 rod.
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All the OPCPA stages are based on ZGP nonlinear crystals from BAE Systems.
Type 1 phase-matching configuration in non-collinear geometry with an internal
angle between the pump and seed beams of 2.1° (0,,; = 6.6°) were used in all the
stages. The pump peak intensity in the OPCPA stages was set to be between 2
and 4 GWem? to avoid damages on the ZGP crystals. Thus, while the pump pulse
duration was increased to 16 ps, the overall pump energy used in the OPCPA was
still limited to 21.7 mJ due to the reduced ZGP aperture size of 88 mm?.

Similar to the 3 pm system, the 7 um OPCPA consists of a pre-amplification
and a booster amplification section, with an intermediate chirp inversion stage.
Moreover, the final compression is carried out similarly in an efficient three-pass

scheme through a 16-cm-long uncoated BaF2 rod.

Three-colour Ho:YLF pump laser, 220 mJ, 16 ps, 2052 nm, 100 Hz
Fibre Laser
Er:fiber Tm,Ho:fiber 2 pm, p i
ps J— [}
HNLF
DFG Stretcher i
> 9 >
Fiber comp. 1.5 um, fs 7 pm, fs Pre-amp. OPCPA

Booster OPCPA

7 Jm
0.70 mJ, 188 fs ( .\‘ l\‘ l\‘

Compressor
Chirp 75-1
inversion < >

FIGURE 4.6: High energy 7 um OPCPA scheme. A three-colour fibre front-end

drives all system. The mid-infrared pulses generated via DFG are stretched in

BaF2 uncoated rod and consecutively amplified in a preamplifier and booster

amplifiers with an intermediate chirp-inversion stage. Finally, the 7 pm pulses
are compressed in a second uncoated BaF2 rod.

While the initial idea was to build four OPA stages before the chirp-inverter and
another four in the booster amplifier, the lack of suitable ZGP crystals reduced
the design of the OPCPA to a maximum of five stages. Table 4.2 shows the
characteristics of the OPCPA stages and the nonlinear crystals used in each stage.
Notice that the first three ZGP crystals are uncoated. The losses induced by
Fresnel reflection in ZGP are significant as 27.5% of the pump is reflected on the
first surface of the crystal. Therefore, the actual energy used for the amplification
is ~ 25% lower. The reflection losses cannot be compensated using higher pump
energies, as the damages on the ZGP surface are limiting. Moreover, another 26.7%

of the 7 um energy is lost reflected in the output surface of the ZGP. Nevertheless,
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TABLE 4.2: Characteristics of the nonlinear crystals used in the 7 pm OPCPA

stages.
Crystal Coating Length | Cutting | Aperture | Output | gain | Efficiency
(mm) angle (mm?) | energy (%)
DFG GaSe uncoated 1 0° a7 7pJ
OPA 1 7ZGP uncoated 3 56.8° 6x8 100 nJ | > 10% 0.05
OPA 2 ZGP uncoated 3 52.9° 8x8 20 puJ 200 | 1.3/1.18*
Chirp- 2 ud
inverter
OPA 3 ZGP uncoated 5 56.8° 5x5 50 uJ 25 3.3/1.6*
AR: (2052 +
OPA 4 7ZGP 2900 +-7000) 2 56.8° 6x8 250 puJ b) 5.7/3.7*
nm
AR: (2052 +
OPA 5 ZGP | 2900 +7000) 2 52.9° 8x8 750 pd 3 3.3/3.5%
nm

* The accumulative efficiency is calculated from the overall amplification and all the pump power
used.

the amplification efficiencies achieved in the uncoated ZGP crystals are comparable
or even better than the efficiencies achieved in the 3 ym OPCPA based on the
PPLN crystals.

Another distinctive signature of these OPCPA is the use of ZGP crystals cut at
different angles. From one side, we have used ZGP crystals cut close to the OPA
phase-matching angle for non-collinear geometry (at 56.8°). In contrast, few are
cut at the phase-matching angle for collinear OPA phase-matching (at 52.9°).
However, due to the absence of commercially available required dichroic combin-
ers and separators at 7 um, all the OPCPA stages are aligned for non-collinear
geometries. Consequently, a slight front tilt in the 7 um pulses is induced where

ZGP crystals cut at 52.9° are used, which explains the low conversion efficiency
achieved in OPCPA 5.

Even with all these challenges and limitations, amplification powers up to 750 uJ
are achieved in this mid-infrared high-energy system [29]. While for higher ampli-
fication efficiencies, higher aperture AR-coated ZGP crystals would be required,
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we demonstrated that a similar design as in the 3 pum OPCPA could be helpful to
bust the overall efficiency of the high-energy OPCPA. In the following sections is
described in detail each section of the high-energy mid-infrared OPCPA.

4.3.1 Pre-amplifier OPCPA

The pre-amplification section is based on two OPCPA stages based on 3-mm-
thick uncoated ZGP crystals pumped by 200 pJ and 1.5 mJ 2052 nm pulses and
achieving 7 pm amplification to 0.1 and 20 uJ energies, respectively. Figure 4.7
shows the comparison between the generated spectrum from the DFG process and

the amplified spectrum after the pre-amplification section.

The spectrum of the DFG output at 100 MHz is measured using a highly sensitive
Fourier-transform infrared (FTIR) spectrometer. Unfortunately, at 100 Hz, the
typical FTIR spectrometers cannot be used. Thus, a standard monochromator
from Newport together with a nitrogen-cooled mercury cadmium telluride (MCT)
detector is used to measure the spectrum of the 7 um 100 Hz pulses. After the
first OPCPA stage, the signal of the 7 ym 100 Hz pulse is too weak for the spec-
tral characterisation using the monochromator + MCT scheme. Thus, spectral

characterisation is only carried out after the second OPCPA stage.
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FIGURE 4.7: Spectral density of the generated 7 ym pulses via DFG at
100 MHz (shadowed grey) and measured amplified spectrum after OPA 2 (solid
red) at 100 Hz.
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4.3.2 Chirp-inverter

One of the challenges of building an OPCPA with such low seed energies is the
difficulty characterising the seed pulses’ stretched duration. In a system based on
a high-energy femtosecond front-end, cross-correlation can be used driven by the
femtosecond intense pump pulses. In our case, the only strong enough pulse is
the 2052 nm 16 ps duration pump, which is too long to characterise pulses with
few picosecond durations. Thus, we rely on simulations for the estimation of the
stretched 7 pm duration, which can vary significantly depending on the spectral

bandwidth of the mid-infrared pulses.

O Pump: 16 ps
O Pre-Amp: 4.5 ps

O Booster: 11 ps

Autocorrelation

0 _______.--I-"'- I"', ._"' : \\.‘\. I I
-60 -40 -20 0 20 40
Time (ps)

FIGURE 4.8: Comparison of the SHG-AC of the 7 um pulses in the pre-

amplification OPCPA (shadowed blue), booster OPCPA (shadowed red), and

the compressed 2052 nm pump pulses (shadowed grey). The respective FWHM
durations are shown in the inset.

The mid-infrared energies achieved after the pre-amplification section enable the
characterisation of the stretched mid-infrared pulses via SHG-AC. In Figure 4.8 is
shown SHG-AC traces of the stretched 7 pm pulses in the pre-amplification section
and after the chirp-inverter. The stretching factor of the mid-infrared pulses in the
pre-amplifier is around 0.28. Initial calculations estimated stretched mid-infrared
duration of approximately 6 ps, which would imply a stretching factor of about
0.37% similar to the one achieved in the pre-amplification section of the 3.2 pum
OPCPA. Unfortunately, the spectral narrowing produced in OPA 1 and OPA 2
reduced the effect of the dispersion introduced in the bulk stretcher.

The chirp-inverter is based on an Aluminum-coated reflection grating with 150 lines/mm
and a gold-coated 2-inch size curved mirror with f = 200 mm. The distance be-
tween the grating and the curve mirror was set to around 190 mm to compensate
for the initial negative chirp and add extra positive chirp. The overall efficiency

of the chirp-inverter was concluded to be only 10%.
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Using the advantages of having a chirp-inverter in the middle of the OPCPA, we
stretched the mid-infrared pulses up to 11 ps to optimise the amplification in the

booster amplifier.

Due to the low sensitivity of the monochromator + MCT, we ruled out following
a similar procedure like in the 3 um OPCPA to choose the stretching factor by
continuously tunning the chirp-inverter and estimating the peak power that the
OPCPA could deliver. For instance, while using the FTIR dynamic ranges above
four orders are suitable to achieve (see Figure 3.15 or Figure 3.18), using the
combination of monochromator + MCT, we were limited to dynamic ranges below
3 dB. The chirp-inverter was set from the beginning to introduce a dispersion that
could be compensated at the end of the OPCPA using a 48-cm-long BaF2 rod.

4.3.3 Booster-amplifier OPCPA

The booster amplifier is based on three consecutive OPCPA stages. The first
stage is based on a 5-mm-thick uncoated ZGP crystal, which is mainly used to
compensate for the losses induced by the chirp-inverter. The last two stages are
composed of 2-mm-thick AR~coated ZGP crystals. The 2052 nm pulses drive these
final two stages with 3.5 and 15 mJ energies, boosting the 7 pm pulse amplification

to 0.25 and 0.75 mJ, respectively.

For the temporal overlap between the 7 um pulses at the output of the chirp-
inverter and the pump pulses, a significant extra beam path (~ 3 m) of the pump
2052 nm beam is required. HR curved mirrors are used to keep the beam size of
the 2052 nm pulses collimated. We found that in the high energy beam path, dust
particles were attracted towards the beam, producing damage on various HR mir-
rors. This problem was solved by implementing a dust-free dry air compartment,
which was also required to avoid the creation of the pedestal induced by water

absorption lines.

Figure 4.9 shows the evolution of the amplified 7 um spectrum after the mid-
infrared pulses are further stretched up to 11 ps. While in the pre-amplification
section, the efficiency is limited to 2%, above 5% efficiencies are achieved in the
booster. Moreover, the strong chirp introduced in the chirp-inverter produces a
spectral narrowing effect in the OPCPA stages, increasing the TL durations from
126 fs (OPA 2) to 155 fs (OPA 5).
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FIGURE 4.9: The spectrum measured of the mid-infrared pulses out of the
chirp-inverter in shadowed grey together with the amplified spectra from each
booster OPCPA stages.

Figure 4.10 shows the characteristics of the five 7 um OPCPA stage. The satura-

tion of the stage ensures that the pulse-to-pulse fluctuations of the mid-infrared

output are minimised.
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FIGURE 4.10: a) Output energy from the OPCPA as a function of the seed

energy for the last stage (red dots). In blue is shown the pump to idler efficiency

of the stage. b) The gain curve of the final OPCPA stage (black dots) and the
pump to idler efficiency (blue) in function of the seed energy.
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4.3.4 Pulse compression in bulk

Thanks to the chirp-inverter, the amplified pulses with positive chirp are back
compressed after 3-passes in a 16-cm-long uncoated BaF2 rod. Initially, an SHG-
AC was used based on a 1-mm-thick ZGP crystal. However, the enormous back-
ground signal detected in the photodiode induced by the mid-infrared high-energy
pulses made challenging a clean characterisation of the compressed pulses. Thus, a
grating-based InGaAs extended spectrometer was used to reduce the background
signal. The extended InGaAs detector is limited to 2.5 pm. Therefore, the char-
acterisation of the 7 um pulses was carried out using a third harmonic generation
(THG) FROG based on a thin ZnSe sample (see appendix A for details). In the
spectrometer, we also measured higher harmonics, which were easily subtracted to
retrieve the THG-FROG. In Figure 4.11 are shown the harmonics 37¢, 4" 5t gt
and 7" measured in the expanded InGaAs spectrometer generated from a poly-
crystalline ZnSe sample. Moreover, higher harmonics from 7% to 13" were also

detected using a silicon detector-based spectrometer.

Harmonic order
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FIGURE 4.11: Measured high-harmonics in a polycrystalline ZnSe crystal (red

shadowed line). The dashed blue lines show the harmonic orders of 7 ym and

the black thick dashed line refers to the bandgap of the crystal around 467 nm.

The inset shows the measured beam profile of the 7 um pulses at the HHG focal
plane.

The compressed high-energy 7 pm pulses out from the OPCPA are focused using
a gold-coated f = 75 mm off-axis parabolic mirror, and back collimated with an
f =75 mm fused plano-convex silica lens. The fused silica lens is used to absorb

all the 7 pm beam to protect the detectors and reduce the background noise.
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Figure 4.12 shows the measured THG-FROG trace and the retrieved temporal and
spectral mid-infrared pulse characteristics. A clear pedestal that expands over the
picosecond range can be seen in the measured THG-FROG trace induced by the
water absorption lines. The trace was measured at 20% humidity in the pulse
characterisation compartment, but the rest of the OPCPA system was purged
with dry air. While the absorption lines do not affect the final FWHM duration

of the pulses, similar to the 2052 nm pulses, a pedestal is created.
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FIGURE 4.12: Characterisation of the 7 um compressed pulses at the output of

the OPCPA. a) measured THG-FROG trace. b) Retrieved temporal intensity

shape of the 7 um pulses. c¢) Measured (shadowed grey), retrieved spectrum
(red) and retrieved spectral phase (green).

The difficulty of compressing the mid-infrared pulses was mitigated by moving
the mid-infrared centre frequency from 6.5 pm towards 7 pum, avoiding deepest
water absorption lines, as mentioned in the section “Bright 7 um generation at
100 MHz,”

4.4 Conclusions

The new design for the booster CPA with collimated multi-pass geometry and the
free-angular-chirp OPCPA with chirp-inverter included enables the development of
a tabletop high-energy two-colour system with excellent performance. Moreover,
the bright and broadband 7 pum pulses generated via DFG in BGGSe developed in
combination with the optically-synchronised EOS set-up enables highly sensitive

absorption spectroscopy measurements in the 7 ym mid-infrared regime.

Those results can be used to develop a new system with boosted energies for both

2052 nm and 7 pm pulses. From one side, the energy of the 2052 nm pulses is
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expected to increase above 200 mJ using the 130 W 1940 nm Tm: fibre version.
Regarding the OPCPA, extra variations are enabled. The high brightness mid-
infrared generated in BGGSe enables moving the chirp-inverter to the front-end
of the OPCPA. This way, the 7 um stretched pulse duration can be set from the
beginning of the OPCPA, enabling an optimised temporal overlap between the
2052 nm pump pulses and 7 um pulses. Fewer OPCPA stages would be required,
and the required beam path of the 2052 nm beam through the OPCPA would be
significantly reduced. This newer design would simplify the mid-infrared 100 Hz
OPCPA.

Moreover, BGGSe could be an excellent new candidate for a nonlinear crystal in
the OPCPA stages. While ZGP has a much higher figure-of-merit ~ 206 pm?/V?
than BGGSe ~ 160 pm?/V?2, the bandgap of the BGGSe is at a much lower
wavelength. In general, crystals with higher bandgap energies afford higher peak
intensities as the cross-section to achieve MPI is much weaker [154]. Therefore, the
OPCPA stages could be pumped with much higher peak intensities. It is estimated
that the damage threshold of BGGSe is similar to the damage threshold of GaSe
~ 10° GW/cm? [155]. Thus, the damage threshold of BGGSe is estimated to
be more than a hundred times higher than in ZGP, which would decrease the
required maximum OPA crystal aperture size and increase the efficiency of the
OPA stages significantly (see equation 2.2.34). An OPCPA built with BGGSe
crystal could enable the required improvement in amplification efficiency, which
using ZGP crystal is limited due to the low damage threshold of the nonlinear

crystal.






Chapter 5

High harmonics in the high-T

superconducting phase

Thanks to the high-brightness harmonic spectrum produced by the 7 pym pulses
shown in Figure 4.11, we decided to exploit the advantages of studying high har-
monics in solids (HHS) pumped by mid-infrared source. Driving the HHS process
with mid-infrared sources enables using a single standard Si-based grating spec-
trometer to detect multiple harmonics. For instance, harmonics from third to 17t
can be detected in a Si-based spectrometer pumped by 3.2 pm pulses. Therefore,

sensitive compact schemes can be developed for the investigation of HHS.

Several harmonics can present different intra- and inter-band transition contri-
butions when driven by mid-infrared pulses in materials with bandgaps of few
electronvolts. By studying the ratios between intra- and inter-band contributions,
charge dynamics inside the medium can be investigated. In the appendix C is
shown some of the studies carried out during the PhD to understand more in
detail the HHS process. The enhancement of even harmonics dependent on the
sample orientation or pump-probe experiments to retrieve the electron-phonon

scattering times is shown in this appendix.

In this chapter are shown the investigation on surface harmonics generated in a
high-critical-temperature (high-T.) superconducting YBCO sample. By tunning
the YBCO sample temperature from 300 K (room-temperature) down to liquid-
nitrogen temperatures, we have studied the harmonic yield behaviour when the
superconducting phase is achieved. These studies highlight the HHS yield en-

hancement when the superconducting phase is reached.

110
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Figure 5.1 shows the schematic design used to generate and detect the studied
HHS process. For the cleanest measurements, the HHS was driven by vertically
polarised 3.2 pum pulses, and the sample rotated at 45° to detect only the harmonics
generated at the YBCO sample’s surface. The system is designed to study power-

dependent harmonic generation with motorised 3.2 ym pump power control.

The polarisation of the vertically polarised 3.2 ym beam from the output of the
OPCPA is varied using a MgFs half-waveplate. Afterwards, a wire-grid polariser
with extinction ratios higher than 10000 : 1 is used to reduce the 3.2 ym pump
power when the motorised half-waveplate is rotated. The wire-grid polariser is
set to transmit vertically polarised light. This power-control scheme enables a
precise 3.2 ym energy tunning without varying other pulse parameters such as

pulse duration or beam size.

The mid-infrared beam is focused to 115 pm waist radius using an f = 75 mm
gold-coated off-axis parabolic mirror. The mid-infrared beam transmitted through
a 400 pm thin uncoated CaFy window is focused into the YBCO placed inside the
vacuum chamber. The generated harmonics and the mid-infrared beam are re-
flected in the YBCO surface and ejected from the vacuum chamber at 45° through
a second 400 pym uncoated CaFy window. Then, the output beam is collimated
using an f = 75 mm lens and back focused employing an f = 150 mm lens.
Plano-convex fused silica lenses are used to absorb frequencies above 2.7 ym and
thus, block the 3.2 ym beam. The high harmonics generated in YBCO are free-
space coupled into the custom-configured Maya2000 Pro spectrometer from Ocean

Optics, Inc.

A home built imaging system combined with a digital USB microscope is used
to monitor the possible degradation of the YBCO sample. The maximum peak
intensity used was kept below 100 GW/cm?, where we did not experience any
degradation or damage in the sample. The imaging system ensures the alignment
of the 3.2 um beam reflecting on the YBCO sample and not on the Copper grid,
where the sample was glued. In set-ups where the sample is set at normal inci-
dence (usually for transmission experiments), the integrated light source of the
digital USB microscope is enough to image the sample’s surface. In our case,
as the sample was inserted at 45° for the reflection measurements, a different
white light source propagating in the same direction as the mid-infrared beam
was required. Therefore, mirrors in foldable mounts were used to propagate the

white-light collinear to the 3.2 ym beam when demanded.
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FIGURE 5.1: Schematic set-up for generating and detecting the surface harmon-
ics in the high-Tc YBCO superconductor. The mid-infrared beam is transmitted
through a CaFs thin window and is focused into the YBCO sample inside the
vacuum chamber. A Joule-Thomson micro refrigerator cools the YBCO sample.
The generated harmonics ejected from the YBCO at 45° transmitted through
a second CaFs thin window in the vacuum chamber. The output beam is col-
limated and back focused into the Si-based grating spectrometer. An imaging
system is used to cross-check the YBCO sample status.

The cooling of the YBCO sample is carried out using a Joule-Thomson micro-
refrigerator from MMR Technologies, Inc. The micro-refrigerator is based on
micro-crystal-fibres, where nitrogen at high pressure is conducted. Therefore,
the small aperture size of the crystal fibres drives the compression of the high-
pressure nitrogen gas, and liquid nitrogen is produced locally. For this purpose,
around 130 bars of nitrogen gas with high purity were required. After the nitrogen
flows through the crystal fibres, the nitrogen gas is evacuated from the refriger-
ator’s output. While this method enables a compact cooling system, the cooling
capacity is limited to < 300 mW. Therefore, the reduced cooling capacity limited

the maximum power allowed to drive harmonics in the YBCO crystal.

Moreover, thanks to the high sensitivity of the Maya2000 Pro spectrometer, quick
measurements were acquired, which was required to ensure stable temperatures in
the YBCO sample. All the harmonics were measured at once and using integration
times of 500 ms. For this purpose, the third harmonic was attenuated using a
BG39 Schott Glass Colored Filter. Thus, the third harmonic was filtered to the
fiftth harmonic signal levels. Thanks to the high dynamic range of the Si-based

spectrometer, the seventh harmonic was measured simultaneously.
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TABLE 5.1: Temperature-dependent optical properties of YBCO for S polarised
3.2 pum pulses.

Reflectance | Reflectance | Skin | Scattering

Temperature Dielectric at 0° at 45° depth time

(K) value (%) (%) (nm) (fs)

300 —18.3+14-14.6 76.9 81.0 1186 18

200 —20.1474-14.3 78.9 82.6 1197 20.2

100 —21.5+414-14.3 80.3 83.6 1200 23

85 —26.741-19.2 81.2 85.0 1034 -

70 —26.7+14-102.9 79.0 84.5 446 -

50 —30.5 414 -118.7 80.2 85.5 416 -

5.1 Properties of high-T. YBCO

The high-T. YBCO was grown and provided by our collaborator Dr. Anna Palau
from ICMAB-CSIC [156]. A 2.5 mm x 2.5 mm size and 40 gm thin YBCO sample
was glued on top of a 3 mm aperture Copper grid with the measured Tc value
around 90 K. The superconducting properties of Y;BayC307. are sensitive to the
value of . While the Y,Bay;C304 has a tetragonal form and is insulating, increas-
ing the oxygen content slightly causes the reduction of the a-axis and elongates
the b-axis. Thus, the structure of YBCO becomes orthorhombic with lattice pa-
rameters of ¢ = 3.82 A, b = 3.89 A , and ¢ = 11.7 A [157]. The orthorhombic
YBCO becomes superconducting at the liquid-nitrogen temperatures. The highest
T, values in YBCO can be achieved when x ~ 0.07, becoming superconductor at
95 K.

To estimate the high harmonic generation in the sample, firstly, the field strength
in the sample is required to be calculated, which varies with the sample’s tem-
perature. In Table 5.1 are shown the optical properties of YBCO found in the
literature for frequencies close to our driving field at 3.2 pum [158, 159].

In Figure 5.2 (a) and (b) are shown the electrical properties of the orthorhombic

Y,BayC307 crystal calculated at T'= 0 K using the Quantum Espresso software,
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based on the density-functional theory (DFT). In Figure 5.2 (c) is shown the
structure of the YBCO used in the DFT code for the calculation of the energy

bands and the dipole moments.
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FIGURE 5.2: Structural and electrical properties of the YBCO crystal. a) Band
structure for the high-symmetry directions and b) the density of states (DOS)
per unit-cell calculated using DFT for the YBCO structure shown in ¢). In d) is
shown the high-symmetry directions of a body-centred orthorhombic structure.

At temperatures above the superconducting regime, band structures and the dipole
moments calculated from the DFT can be used in combination with the theory
described in section “Quantum view” to predict the high harmonic behaviour.
Moreover, the temperature variations can be estimated by varying the scatter-
ing time in equation 2.3.15. The calculations can be reduced to a single valence
band and a single conduction band for simplification purposes. The inter-band
transitions from the valance band to the conduction band can be easily calcu-
lated using the dipole moments calculated from the DFT code. Moreover, the

induced currents inside the crystal (intra-band transitions) can be simplified to
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hole-charge currents induced in the valance band and electron currents generated

in the conduction band:

J<t> =-2 {fevc+fhvv} (511)

where f,; is the electron/hole density in the conduction/valance band calculated
from inter-band transitions, and v, is the group velocity calculated from the

derivative of the energy bands.

At temperature values lower than the T, the superconductivity is reached, and
band splitting close to the Fermi level is produced. The critical current J. de-
scribes the maximum current that a superconductor can sustain before developing
resistance. The superconductivity state will be broken if the J. value in the su-
perconducting band is exceeded. In general, there can be two contributions to
the current flowing on the surface of a superconductor. From one side, there is
the contribution of the electron charges transported through the superconducting
surface. From the other side, we have the screening currents induced by applied

magnetic fields:

Jr=Jr+Jg (5.1.2)

where J; is the current related to intra-band transitions, and Jy is related to
the currents induced by magnetic fields. The superconductivity would be lost if
Jr > J..

Figure 5.3 shows the J. value for different temperatures measured and provided
by our collaborator Dr. Anna Palau. At Jr = 0 the critical temperature is de-
termined to be around 90 K, while at higher applied currents, lower temperatures

are necessary to reach the superconducting state.

The estimated current density induced in the conduction band from equation 5.1.1,
is ~ 0.2 TA/m?. While this value is an order of magnitude higher than the .J, value
around 80-90 K, the current density value is estimated from the original conduction
band above T.. The value of the current induced in the superconducting splitted
band is unknown. Therefore, a complete simulation of electron dynamics in the
superconducting phase would be required to estimate Jp appropriately. Moreover,
based on the dipole moment approximation, the current screening induced by the

mid-infrared magnetic field is neglected in those calculations [160].
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FIGURE 5.3: Measured critical current-density dependency (J;) on the critical
temperature of the YBCO sample. In the inset is shown zoom-in the regime
our superconductivity measurements were carried out.

In any case, comparing the 7T, ~ 90 K shown in Figure 5.3 with the high harmonic
results in Figure 5.5 with T, ~ 85 K, it could be that we already were generating
currents in the superconducting phase that were shifting slightly the T. value. The
lack of a theory for light-matter interaction in high-T. superconducting states has
encouraged us, in collaboration with the group of Prof. Dr. Maciej Lewenstein at
ICFO, to find a theory based on the experimental results shown in the following

sections.

5.2 High harmonics in YBCO

In the last decade, numerous experiments have been carried out in nanostructured
mediums to enhance the HHS process and generate higher photon fluxes close
to the UV regime. The absence of any theoretical model that could predict the
HHS process in high-T. superconductors encouraged us to study the process to
look for new approaches that could enhance the HHS process. Therefore, we have
investigated the power and temperature dependencies of the produced harmonics
at the surface of the high-T, YBCO.

5.2.1 Power dependency of the harmonics

The power dependency of the surface harmonics generated in the YBCO sample

at room temperatures and in the superconducting phase (at 80 K) is studied in
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this section. Figure 5.4 shows the 3.2 ym pump peak intensity dependency on
the generated 3", 5" and 7' harmonic intensities. While the third harmonic rises
quicker at room temperatures, the fifth and seventh harmonics are boosted quicker
when the superconducting phase is reached. Moreover, the seventh harmonic gen-
erated at room temperature reaches the saturation of the maximum yield around
600 TW/m?, while at the superconducting phase, the same harmonic keeps rising
at 900 TW/m? pump intensities. This effect is weaker in the fifth harmonic, but as
can be seen in Figure 5.4, also this harmonic reaches the saturation point around

850 TW/m? at room temperatures.

1.0

0.8

0.6

0.4 1

0.2

Harmonic intensity (GW/m?2)

0.0

0 200 400 600 800
Pump peak intensity (TW/m?2)

FIGURE 5.4: Power dependency of 3" (red curve), 5" (green curve) and

7" (blue) harmonic generated at the surface of the YBCO sample at room

temperature (light colours) and when the superconductivity state is reached at

80 K (dark colours). With dashed lines are shown the Bessel function fittings
using the equation 2.4.8.

In Figure 5.4 with dashed lines are shown the fitted curves using the equation 2.4.8
deduced from the classical HHS point of view. The YBCO sample is rotated at 45°,
and the 3.2 pum driving field is vertically polarised to avoid HHS dependency on the
YBCO angle. Thus, the harmonics are generated in the a/b plane. Table 5.2 shows
the fitted values of the first-kind Bessel orders (Jy) and the lattice-parameter
retrieved from the curves shown in Figure 5.4. As the harmonics are generated
in the a/b plane, the lattice parameter retrieved should be close to a = 3.82 A
or b = 3.89 A distances in the YBCO orthorhombic structure. Unfortunately,
the Bessel function fitting error is larger than the difference between the values of

a-axis, b-axis and c-axis in the YBCO orthorhombic sample.

In principle, from the classical point of view, the Bessel order should be an integer

number and should match the harmonic order. Experimentally the results achieved
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TABLE 5.2: Bessel function fitting coefficients extracted from the power depen-
dency measurements at 300 K and 80 K.

Temperature (K) | Harmonic (#) | Bessel (#) | Lattice parameter | Power

(4) (#)
300 3 3.6 3.29 3.4
80 3 3.6 3.13 3.3
300 5 3.6 3.97 3.7
80 5 4.4 4.13 4.6
300 7 4.4 3.90 4.8
80 7 5.5 4.20 6.5

show that a real Bessel number is required to fit the measured power dependency of
the harmonics. Moreover, while the calculated Bessel order for the 3"¢ harmonics
is higher than 3, for fifth and seventh harmonics, the Bessel order is lower than

the harmonic order.

The typically used fitting expression I (Nwy) o< IV is an approximation of the
Bessel functions. This expression can be achieved by expanding the Bessel func-

tions into the powers of the driving electric fields as follows:

o (%) - i mIT (7(71_3; ) Gﬁi)mw (5.2.1)

m=0

If we approximate the expansion to the first order of the summation, we get
2
Iy (g—g) x IN. Thus, the

generally used power relation to predicting the harmonic signals in the function

that the harmonic yield increases with Iy (Nwyg) o

of the driving pump intensity is recovered from weak pump intensities.

In the last column of Table 5.2 is shown the fitting power coefficients retrieved from
the measurements shown in Figure 5.4. The N coefficient retrieved from the Bessel

function fitting and power relation fitting agree qualitatively on the behaviour of
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the harmonics generated in the YBCO sample, at room temperatures, as well as

in the superconducting phase.

5.2.2 Temperature dependency of the harmonics

In Figure 5.5 is shown the temperature dependency of the HHS generated at
the surface of the YBCO at the maximum driving mid-infrared field allowed by
the cryo-micro-refrigerator and the critical current-density (I = 900 TW/m? or
E = 0.083 V/A in vacuum). While the driving field signal does not vary sub-
stantially with temperature, the signals of the third, fifth and seventh harmonics
vary significantly. Those variations increase with the harmonic order. The highest
variations are measured below the T, value, where all the harmonics are enhanced.
For instance, at the seventh harmonic, an enhancement of more than an order of

magnitude is achieved.

14| wmoeee oM o o o o 0 0 00 o0)Xeooooocee)X

S

o X . iggéffffﬂﬁﬁ

S5y 58 8 !!!§!§§§§§§§§g

S
1 IIIIIIII //I

/7

/7

Peak intensity (W/m?2)
o

: ()
] Nage s X = = ® e
g | (] s = 8 8 s 883
10 =3 e = X . i!!!'l.
E "
.
10 T T 1 T T
80 90 100 200 300

Temperature (K)

FIGURE 5.5: Measured temperature-dependent harmonic intensity for 1%
(black dots), 3™ (red dots), 5" (green dots) and 7" (blue dots) harmonics.
With crosses are shown the predicted harmonic intensities above the super-
conducting state for fundamental (black-crosses), third (dark-red cross), fifth
(dark-green cross) and seventh (dark-blue cross) harmonics.

Above the T value, the real part of the dielectric function and the scattering time
increase while temperature decreases (see Table 5.1). Higher scattering times
promote higher efficiencies for higher harmonics, while lower harmonic signals are
slightly attenuated. Therefore, the signal of the third and fifth harmonics decrease

from 300 K to 100 K, while the 7** harmonic signal increases.
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In Figure 5.5, with crosses, the estimated harmonic intensities are represented,
taking into account intra- and inter-band transitions. The harmonic signal depen-
dent on temperature was successfully estimated by considering the temperature-
dependent variations of the dielectric function and the scattering time. Moreover,
from the simulations, we could conclude that the intra-band transition contribu-

tion to the fifth and seventh harmonic was minor.

At lower temperatures than the T. value, when the superconductivity phase is
achieved, the scattering time and the imaginary part of the dielectric function rise
exponentially. Moreover, the real part of the dielectric value stays unvaried. As
shown in Figure 5.5 below T. (~ 85 K), all the harmonics grow exponentially.
Unfortunately, we could only measure down to 78 K as we were limited by the

liquid-nitrogen temperatures achieved in the micro-refrigerator.

5.2.3 Harmonic centre frequency blue-shift

The harmonic centre frequency shift is a footprint of the strong electron dynam-
ics induced by the mid-infrared pulses inside the medium during the harmon-
ics generation process [100]. In Figure 5.6 is shown the characterisation of the
harmonic centre frequency blue-shift, which increases with the pump intensity.
The pump mid-infrared spectrum is centred at A. = 3195 nm (F = 388 meV).
Thus, the centre frequencies expected for the 37, 5" and 7** harmonics would be
A3 =1065 nm (E = 1164 meV), A2 = 639 nm (E = 1940 meV) and A7 = 457 nm
(E = 2713 meV) respectively.

As shown in Figure 5.6 (a), at weak enough pump intensities, it would be expected
that the measured harmonics’ centre frequency would converge to the estimated
centre frequencies shown with dashed lines. Moreover, the maximum frequency
shifts measured are still inside each harmonic’s estimated FWHM spectral band-
width. For instance, while the FWHM spectral bandwidth estimated for the third
harmonic expanse from 1120 meV to 1200 meV, the maximum centre frequency
shift measured is of 1190 meV (AE ~ 28 meV). The FWHM bandwidth of the
fifth-harmonic expanse from 1880 meV to 2000 meV with the maximum frequency
shift of AE ~ 28 meV. Moreover, the FWHM bandwidth of the seventh-harmonic
expanse from 2620 meV to 2800 meV and the maximum frequency shift measured
is AE ~ 50 meV. Therefore, while frequency shifts are generated, the new centre
frequency remains inside the initially estimated harmonic FWHM spectral band-
width.
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FIGURE 5.6: a) Measured centre frequency shift dependence on the pump
intensity for third, fifth and seventh harmonics. Blue dots and red dots indicate
the centre frequency values measured at 80 K and 300 K, respectively. The black
dotted lines show the centre frequency calculated as w. = Nwy. b) Measured
temperature dependency of the harmonic centre frequency.

Figure 5.6 (b) shows the harmonic centre-frequency variation in function of the
temperature in the YBCO sample. Interestingly, the blue-shit is weaker at the
superconducting state than at room temperatures. However, the centre frequencies
of the harmonics are still blue-shifted at the lowest temperatures. The production
of weaker blue shifts at lower temperatures could be related to reducing electron-
electron scattering processes, which would agree with the larger scattering times

expected in the superconducting phase.
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5.3 Discussion

One of the limitations of harmonic amplification from nanostructures is the en-
hancement decrease experienced at the highest peak intensities [161]. While nanos-
tructures can enhance the fields to achieve higher efficiencies in the HHS process,

they are limited by the low scattering times.
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FIGURE 5.7: Power and temperature dependency of the a) third, b) fifth and

c¢) seventh harmonics in the surface of the high-Tc YBCO. The temperature

dependency is presented from room temperatures down to 78 K crossing the
phase-change from insulating to the superconducting state.

In high-T. superconductors, we have demonstrated that the electron-electron scat-
tering is significantly reduced below T.. Therefore, harmonic saturation is avoided,
and weaker blue shifts are generated in the superconducting phase. In this chap-
ter, we have demonstrated the exponential rise of the harmonics generated in the
superconducting phase of a high-T superconductor. We have shown that the high-
est amplifications are promoted at the highest harmonics, where yields at seventh

harmonic as high as third and fifth harmonic yields have been measured.

Figure 5.7 shows the power and temperature dependency behaviour of the third,
fiftth and seventh harmonics generated in the surface of our YBCO sample. As
shown in Figure 5.7, the power range used for pumping the YBCO sample does not

vary the T, value, which implies that the current generated in the superconducting
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state is lower than the J,. value. While the harmonic yields show an exponential ris-
ing from 85 K to 78 K remains open the question of at which temperatures would
saturate the harmonic amplification, or if the harmonic yield would exponentially
grow down to the liquid-Helium temperatures (4 K). The efficiency of the harmon-
ics generated in bulk surfaces used to be especially weak (107*%), but if the rising
trend measured in the superconductivity phase would keep rising exponentially,
remarkable efficiencies could be enabled. The theory developed by the group of
Prof. Dr. Maciej Lewenstein at ICFO attempts to illustrate the HHS process in
the high-T. superconducting phase and predict harmonic amplification at lower

temperatures than the temperatures achieved experimentally in this chapter.

Experimentally, pump-probe measurements can be used to characterise electron-
electron, electron-phonon and phonon-phonon scattering time variations with tem-
perature (see appendix C). Moreover, new experiments could be carried out to
analyse possible T, shifts at higher pump peak intensities and study the phase
change region more in detail. Finally, retrieving Berry curvatures [162] or energy-
bands close to the Fermi energy [163, 164] are features that high harmonics have

encrypted in their generation process and could be retrieved from the HHS signal.






Chapter 6
Summary and Outlook

This thesis shows the generation of intense, few-cycle, mid-infrared pulses based
on extreme nonlinear processes. The main results can be summarised as follows:
(i) the development of a mid-infrared OPCPA delivering single-cycle few-GW-level
pulses at 160 kHz, (ii) the generation of bright, multi-octave, CEP-stable source
expanding from 340 nm to 40 pm at 160 kHz, (iii) the development of a mid-
infrared OPCPA delivering 700 pJ of ultrafast 7 um pulses at 100 Hz, and (iv)

harmonic enhancement in high-7, YBCO superconductor.

6.1 Single-cycle 3.9-GW mid-infrared pulses at
160 kHz

We have demonstrated a novel architecture for efficient OPCPA development that
produces GW-level 3.2 um pulses. Although nowadays there are more powerful
pump lasers with shorter pulse durations commercially available, the novel design
of the OPCPA has enabled the amplification of 3.2 um seed pulses with excep-
tional efficiencies, achieving record powers of ultrashort 3.2 um pulses. Moreover,
we have proved the strength of the novel mid-infrared ARR-PCF by achieving
near-single-cycle mid-infrared pulse compression and triplicating the peak pow-
ers delivered from the OPCPA. This system combines the highest average power
with a single-cycle duration in the mid-infrared regime. Furthermore, it presents
a significant step forward for generating coherent X-rays in the kilo-electron-volt

regime via HHG in noble gases.
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The HHG in noble gases requires peak intensities typically in the 10'4—10' GW/cm?
range. Moreover, the low ionisation cross-sections of the noble gases in the mid-
infrared regime and the unfavourable wavelength scaling nature of the harmonic

generation demand peak intensities close to 10 GW/cm?

. Therefore, the gen-
erated single-cycle mid-infrared pulses should be focused down to a 15 pum waist
radius to achieve the expected petawatt peak intensities, which at the same time
increases the technological challenge of creating X-rays in the kilo-electron-volt

regime.

Simulations carried out to predict soliton compression and DW generation high-
light the extreme peak intensities that can be achieved inside the ARR-PCF. These
simulations estimate peak intensities of up to 60 TW/cm? inside the 92 um core
ARR-PCF driven by less than 20% of the full OPCPA output [68]. Therefore, ta-
pering our ARR-PCF [165] can enable us to achieve petawatt intensities at larger
mid-infrared beam sizes, thus easing the technological challenges for the generation

of kilo-electron-volt X-rays driven by mid-infrared pulses.

6.2 Bright multi-octave CEP-stable sources at
160 kHz

The ultra-broadband spectrum and ultraviolet DW generation have been demon-
strated by driving extreme soliton dynamics inside the mid-infrared ARR-PCF. By
tuning the gas pressure inside the gas cell, the soliton compression is regulated for
DW generation in the ultraviolet regime, expanding the ARR-PCF output from
340 nm to 6 pm.

Simultaneously, the generated mid-infrared soliton is employed to drive the IP-
DFG process in the newly developed BGGSe mid-infrared nonlinear crystal. The
high efficiency provided by the BGGSe crystal combined with the considerable
acceptance bandwidth provided has enabled us to produce CEP-stable, sub-3-

cycle, mid-infrared pulses expanding from 6 um to 40 pum.

The combination of the ultraviolet DW, ultra-broadband near-single-cycle mid-
infrared supercontinuum, and the sub-3-cycle mid-infrared pulses from the IP-
DFG creates a sub-100 fs seven-octave expanded CEP-stable source at 160 kHz.
The ultra-broadband source leads to multidimensional spectroscopy experiments
such as light-matter interaction studies in solid-state physics or absorption peak

characterisation for chemical identification.
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6.3 High-energy 7 ym OPCPA at 100 Hz

We have demonstrated the development of the 7 ym OPCPA at 100 Hz based
on the previously developed 3.2 yum OPCPA architecture. This thesis shows the
energy scaling of the mid-infrared pulses, achieving compressed 7 pm pulse energies
up to 700 pJ pumped by 21.7 mJ of optically synchronised homebuilt 2052 nm
pulses. For OPCPA optimisation purposes, the chirp of the stretched 7 um pulse

is tailored and back-compressed efficiently using a BaF, dielectric bulk rod.

Even with the upgraded system, the 7 pum pulse energies are still limited for coher-
ent X-ray generation due to the harmonic generation’s unfavourable wavelength
scaling nature. On the other hand, the 2.9 pym signal wave generated in the 7 ym
OPCPA reaches uncompressed energies of 1.5 mJ. These energies are ten times
higher than those obtained in the 3.2 yum OPCPA at 160 kHz. Thus, the 2.9 um
pulses generated in the 7 um OPCPA have the potential to generate kilo-electron-

volt radiation at moderate noble gas pressures.

Moreover, the newly studied mid-infrared BGGSe nonlinear crystal enables new
opportunities to develop the 7 um OPCPA with optimised efficiencies. The intense
7 pm pulses generated via DFG in the BGGSe crystal can be directly aligned in
the Martinez stretcher. Thus, the losses induced by the Martinez are reduced, and

the 2052 nm pump propagation is minimised.

Furthermore, BGGSe could be a new candidate to boost the efficiencies in the
OPCPA stages, which are nowadays limited by the low damage threshold of the
ZGP crystals. While BGGSe provides a slightly lower figure-of-merit value (see
Figure 1.3), it is expected to afford higher damage thresholds. Therefore, BGGSe
can boost the final OPCPA stage’s efficiency, increasing the final mid-infrared pulse
energy. For instance, efficiencies of up to 10% in the last booster stage pumped
by 2052 nm 100 mJ pulses would enable 7 um amplifications up to 10 mJ. While
ZGP’s low damage threshold prevents it from pumping the final stage with such
high energies, higher damage thresholds in BGGSe may allow it to use the entire

available 2052 nm pump energy.

6.4 Enhancement of harmonics in high-7. YBCO

We have demonstrated the harmonic enhancement at the surface of the high-T,

YBCO superconducting state. The saturation of the harmonic intensity and the
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blue-shift of the harmonic centre frequency are both reduced below 7T,.. Moreover,
the full intra-band and inter-band simulations conducted show that the 5" and 7
harmonics are produced mainly from inter-band transitions. Therefore, the Bessel
orders retrieved for the 5% and 7" harmonics are expected not to match the har-
monic order. These results match the Bessel order fittings shown in appendix C,
where the Bessel order of the 9" harmonic generated above bandgap in ZnSe does
not match the harmonic order. On the other hand, the harmonics generated below
the bandgap in ZnSe, expected to be produced from intra-band transitions, give

a good match between the Bessel order and the harmonic order.

Furthermore, it has been shown that higher harmonics are more sensitive to the
favourable properties of the superconducting state, showing an exponential in-
crease in the harmonic intensity on the YBCO surface. The exponential rise is
proven from 90 K to 80 K, but harmonic behaviour at lower temperatures is not
yet certain. A Liquid-Helium-based cryo-cooling system could enable studying the
harmonics’ enhancement down to 4 K and clarify the behaviour at lower temper-
atures. Moreover, pump-probe experiments could be carried out to learn more
about those high-T, superconductors and their behaviour through phase transi-

tions.






Appendix A

Pulse characterisation

This appendix describes the pulse characterisation techniques used to characterise
pulses with different frequencies, bandwidths, and durations developed during the
PhD. Various autocorrelation schemes have been used depending on the pulse
characteristics. While narrowband picosecond pulses are insensitive to the disper-
sion introduced by possible transmission optics in the characterisation set-up, they
require stable beam pointings during long temporal delays (up to 25 mm). On the
other hand, near-single-cycle pulse characterisation can be carried out at shorter
temporal delays, but transmission optics should be avoided. Therefore, for long
pulses, a Michelson interferometer with a transmission beam splitter and a corner
cube for highly stable temporal delays is typically used. For single-cycle broad-
band pulses, an all-reflective-optics based characterisation scheme is crucial to be

used, even if the beam pointing is limited to stage travels of a few millimetres.

For SHG-intensity autocorrelation, SHG-FROG or THG-FROG, two identical
pulses are required to be temporally and spatially overlap in a nonlinear crystal
where SHG or THG is generated. A second harmonic beam propagating together
with its fundamental beam is generated from each replicated pulse. Moreover, a
sum-frequency beam is also generated with the two replicated pulse contributions.
The nonlinear process is generated in non-collinear geometry to avoid interferences
between the three waves at the SHG frequency. Thus, the SFG beam is propagated
in the middle between the two SHG beams that can be filtered using an iris or
slit. In the THG-FROG, four waves at the THG frequency are generated, two of
them propagating collinearly with the fundamental pulses and two more between
the fundamental beams. The THG-FROG trace can be measured by recording

one of the middle THG signals using the corresponding spectrometer.

130



Pulse characterisation 131

A Michelson interferometer type scheme is typically used for the generation of two
identical pulses. The fundamental beam is generally split into two beams using
a pellicle type beam-splitter or cutting the beam in two using D-shape reflection
optics or prisms. Afterwards, one arm is back-reflected towards the beam splitter
in a fixed mirror. In contrast, the other arm is back-reflected using a movable
mirror built in a translation stage. The temporal delay between the replicated
pulses is varied by changing the length of the Michelson moveable arm. For high
pointing stabilities, the back-reflection of the movable arm is carried out using a

corner cube.

Once the nonlinear process is generated and the unnecessary beams are filtered,
the nonlinear signal is back focused on the detector entrance. A photodiode can
be used to measure SHG-intensity autocorrelations. Moreover, a spectrometer is

used for FROG measurements.

The SHG-intensity traces are required to be symmetric in time as the convolution
of replicated pulses is measured. Therefore, while the THG-FROG provides com-
plete temporal information, the SHG-autocorrelation or SHG-FROG is required
to be symmetric, and thus, the temporal direction becomes ambiguous. The sym-
metry of the SHG traces can be used to ensure that the pulse characterisation
measurement has been taken correctly. Spatial overlap variations induced by the
translation stage, generation of extra pulses (with different propagation directions)
in one of Michelson’s arms or spatially chirp pulses can introduce asymmetric
traces. Wavefront tilts or spatial chirps can be produced inside the nonlinear
crystal when the non-collinear geometry is too large. The wavefront tilt effects
increase with broader pulses. Therefore, it is crucial to minimise the non-collinear

angle in the characterisation set-up to characterise ultra-broadband pulses.

Figure A.1 shows the different autocorrelation schemes used during the PhD for
SHG-FROG (a) and (b), SHG-intensity autocorrelation (c¢) and (d), and THG-
FROG (d). The scheme shown in (a) is typically used in ultrafast pulse character-
isation. It is based on a Michelson interferometer with one arm spatially shifted to
generate the non-collinear geometry. The two parallel arms are reflected towards
the off-axis parabolic mirror, and the spatial overlap is only achieved at the focal
plane, where the nonlinear crystal is placed. The pellicle beam-splitter is based
on a thin membrane with one of the surfaces coated to ensure 50/50 beam split-
ting. If an inappropriate pellicle is used, the coating fails, and the reflections in

the coating become comparable to the Fresnel reflections in the uncoated surface.
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More than a single pulse is propagated in one of the arms, and asymmetric FROG

or autocorrelations are measured.

Figure A.1 (a) type schemes provide robust SHG-FROG measurements for few-
cycle pulse characterisation. The 97 fs 3.2 pum pulses out of the 160 kHz OPCPA
are measured using this set-up (see Figure 3.7). For broader and shorter pulse
characterisation, non-collinear angles introduced by the corner cube in (a) can be
too large, inducing significant wavefront tilts resulting in an asymmetric SHG-

FROG trace.
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FIGURE A.1: Pulse characterisation schemes optimised for different pulse pa-

rameters. a) SHG-FROG set-up for few-cycle pulse characterisation. b) SHG-

FROG layout for ultra-broadband single-cycle pulse characterisation with re-

duced non-collinear angles. ¢) Autocorrelation set-up for characterisation of nar-

rowband picosecond pulses. d) THG-FROG scheme for few-cycle mid-infrared
pulse characterisation.

A new SHG-FROG set-up was built to characterise the near-single-cycle 3.2 um
pulses. Figure A.1 (b) layout minimises the wavefront tilts generated in the non-
linear crystal and avoids using pellicles. Thus, the second layout is suitable for
ultra-broadband single-cycle pulse characterisation (see Figure 3.12). Unfortu-
nately, in this scheme, D-shape flat mirrors are used for the delay line instead of
corner cubes limiting the travelling distance with stable beam pointings to a few

millimetres.

Figure A.1 (c) shows the SHG-intensity autocorrelation set-up used to characterise
the 2052 nm pulses (see Figure 4.3). While the layout is similar to (a), the off-

axis parabolic mirror is replaced by a simpler plano-convex lens. The achromatic
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dispersion and chirp introduced by the plano-convex lens are negligible for the

narrowband 2052 nm pulses.

The characterisation of the stretched 7 um pulses via SHG-intensity autocorre-
lation (see Figure 4.8) or the characterisation of the compressed ultrafast 7 pm
pulses via THG-FROG (see Figure 4.12) is carried out using the layout shown in
Figure A.1 (d). Pellicles are not typically available at long wavelengths. Thus
the beam is spatially split using gold-coated prisms. While the scheme in (b) also
uses all-reflecting optics, it is not suited to characterise picosecond pulses. As the
bandwidth of the compressed 7 um pulse is narrow enough to neglect wavefront

tilts, larger non-collinear angles than in (b) can be used.

In all these schemes, it is necessary to ensure that the split beams are propagated
parallel to the focusing optics. Then, both beams are focused in the same plane,

and the highest nonlinear signals are achieved.

The spectral characterisation is conducted using different instruments depending
on the spectral region required to be measured. The visible/near-infrared spectrum
from 180 nm to 1100 nm is measured using an HR4000 or MayaPro spectrometers
from Ocean Optics Inc. The near-infrared regime from 900 nm to 2550 nm is
measured using the extended InGaAs NIR256 spectrometer from Ocean Optics
Inc. An FTIR from Newport is used to characterise the spectral content from
1.6 pm up to 16 um of waves with repetition rates higher than 10 kHz. The
scanning stage frequency limits typically the lowest repetition rates retrieved with
the FTIR. Thus, for the spectral characterisation of the 100 Hz 2052 nm and
7 pm pulses, a monochromator from Newport is used. While visible spectrometers
and the FTIR provide sub-nanometric frequency resolution and present incredible
sensitivities, the extended InGaAs spectrometer and the monochromator specs are

more restricted.

The EOS technic is used for direct measurement of the mid-infrared electric fields.
The EOS set-up used to characterise the 7 pm pulses at 100 MHz (see Figure
4.5), and mid-infrared pulses generated via IP-DFG at 160 kHz (see Figure 3.17)
is shown in Figure 3.16. A linear piezo stage with nanometric resolutions and
12 mm travelling distance from SmarAct GmbH is used to vary the temporal
overlap between pump and probe pulses. A half-inch corner cube is employed to

ensure a stable pointing during the mid-infrared electric field measurement.
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The main challenge in developing an EOS set-up is the generation of optically
synchronised probe near-infrared sub-20 fs pulses. The probe pulses for the char-
acterisation of the 7 um pulses are generated from the recycled 70 fs, 1.55 ym
pulses through BGGSe. The broadening of the 1.55 um is generated using the
NL-1550-NEG1 PCF from NKT photonics. The NL-1550-NEG1 PCF is an all-
normal dispersion PCF with a 3 pum solid-core diameter and designed to be used
with 1.55 pum pulses. The broadening of the 1.55 pum pulses is produced in a 20 cm
long fibre where powers of 22 mW at 100 MHz are coupled with 25% coupling ef-
ficiencies. The broadened 1.55 um pulses are then compressed down to 21 fs using

a pair of fused silica wedges.

The probe pulses used for the characterisation of the IP-DFG pulses at 160 kHz
are generated by frequency doubling the ARR-PCF output 30 fs, 3.2 pm pulses.
The SHG is produced in a 400 ym thin AR coated AGS crystal. The dispersion
introduced by the AGS crystal is post compensated by adding an extra 12 mm
thick BK7 window achieving pulse durations of 22 fs at the 1.6 ym. The same
3.2 pm pulses are used for the IP-DFG, thus minimising the optical beam path

from mid-infrared pulse generation to its characterisation via EOS.

In both set-ups, the pump and probe pulses are combined collinearly using a
0.5 mm thin silicon wafer and focused in a 30 um GaSe crystal using a gold-
coated off-axis parabolic mirror. The mid-infrared pulses change the GaSe crys-
tal’s birefringence, which simultaneously changes the probe pulse’s polarisation.
The polarisation variations induced in the probe pulse are linearly proportional to
the mid-infrared field strength. An ellipsometry measurement based on a quarter-
waveplate, Wollaston prism and a balanced detector is used to measure the polari-
sation changes with exceptional sensitivities. The EOS technique provides unique
resolutions to measure absorption peaks induced by the medium where the mid-
infrared beam is propagated. Thus, the method can be used to recognise unknown

elements present in the medium.
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Filamentation driven by 3.2 um

ultrafast pulses

Before the soliton compression in the ARR-PCF was developed, the 3.2 yum ultra-
fast pulses were compressed via filamentation. As was shown by Michaél Hemmer
and co-workers in 2013 [113], microjoule level 3.1 pum pulses could be compressed
below 3-cycles via filamentation in a YAG crystal. They demonstrated 3 pJ pulse
self-compression from 70 fs down to 32 fs (factor ~ 2.2). After the 3.2 pm OPCPA
was upgraded (see section 3.1), our goal became to compress efficiently the 118 p.J

energies delivered from the OPCPA to achieve the highest peak powers.

As described in equation 2.3.14, the self-focusing effect will be triggered once the
critical power is overcome. The self-focusing effects become stronger at higher

pulse energies, and higher losses from plasma generation are induced. Moreover,

TABLE B.1: Optical parameters of BaFs, Sapphire and YAG.

no no GDD Bandgap | Critical power*
(10729 m2 /W) | (fs?/mm) (eV) (MW)
BaFy 1.46 1.99 -57 11.1 49.62
Sapphire | 1.71 4.23 -696 9.9 16.66
YAG 1.78 8.3 -408 7 9.76

* Critical power for self-focusing calculated using equation 2.3.14 for our 3.2 pum pulses.
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TABLE B.2: 3.2 pm pulse parameters used for the filamentation process in
BaFs, Sapphire and YAG.

Maximum | Peak | Beam | Rayleigh | Crystal | Max. Peak
energy power | waist length Length intensity | B integral
() | (MW) | (um) | (mm) | (MW) | (TW/em?)
BaF, 6 60 64 4 15 0.9 14
Sapphire 30 300 44 2 10 9.9 16
YAG 10 100 83 6.8 3 3.3 37

* Bintegral calculated from equation 2.3.5. The estimated Rayleigh length is used for L.

powerful self-focusing effects combined with weak plasma generations can promote
possible damages in the medium. Therefore, we studied various nonlinear materials
with different optical properties to find the most suitable medium to generate the
self-compression 3.2 um pulses at higher pulse energies than investigated so far.
In Table B.1 are shown the optical properties of BaFs, YAG and Sapphire crystals
used for the filamentation experiments. While YAG has the highest n, value and
lowest critical power, even in BaF, with a relatively low ns value, the critical power

for self-focusing is overcome above 5 pJ.

Each material requires the optimisation of the focal size and crystal length to
achieve the optimum compression of the 3.2 um pulses. Moreover, the maximum
energy allowed by each nonlinear material to generate a clean filamentation process
is different. In Table B.2 are shown the 3.2 ym pulse parameters optimised for each
medium. In BaF,, the peak power value used is close to its critical power value
and the B integral just slightly above 1. On the other hand, in YAG and Sapphire,
the peak powers used are an order of magnitude higher than their critical powers,
and higher B integrals are used. Therefore, BaFy provides higher control on the
filamentation and compression process than YAG and Sapphire. Using a 15 mm
long BaFy pumped by 6 pJ mid-infrared pulse energies compression down to 40
fs was achieved in this medium (factor ~ 2.5). While the compression factor was
relatively high, we found that the BaF,; damage threshold was around an order
of magnitude lower than in Sapphire and YAG, restricting the mid-infrared pulse

self-compression to energies below 6 puJ.

YAG with higher damage thresholds enabled pumping the nonlinear medium with

higher pulse energies. Unfortunately, multi-filamentation processes were triggered
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due to the high B integral values achieved already at 10 uJ pulse energies. The
multi-filamentation process produces unstable beam parameters and enhanced
power fluctuations. Moreover, the high positive nonlinear dispersion introduced
(due to the high B integral value) was not compensated with the negative chirp
introduced by the medium. Thus, the mid-infrared pulse stretching up to 160 fs

was measured.

Sapphire showed the highest damage threshold values enabling the filamentation
stage to pump up to 10 TW/em?. Moreover, more conservative B integrals avoided
the generation of multi-filamentation processes. Figure B.1 shows the schematic
design for the generation of self-compressed mid-infrared pulses via filamentation
in Sapphire. The pulse energy of the high-power 3.22 ym beam out from the
OPCPA (see Figure 3.1) is controlled using a half-waveplate and the wire-grid high
extension-ratio polariser. Due to the high dispersion introduced by the sapphire
rod (see Table B.1), the 3.22 pum pulses were pre-positively chirped using a 6 mm
thick AR coated Silicon window. While in principle, we could post-compensate
the pulses inserting the 6 mm AR coated after the filamentation process, it is
preferable to pre-compensate and reduce the effect of the huge TOD introduced
by the Silicon window to the 3.22 um pulses. The mid-infrared beam is focused
in the 10 mm sapphire crystal using an uncoated f = 75 mm plano-convex fused
silica lens and back collimated using an Aluminium coated curved mirror with
f =75 mm. The metallic curved mirror is used to collimate the broadened pulses

avoiding possible achromatic aberrations induced by lenses.

Polariser Lens Sapphire
3.25 um, Curved
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FiGURE B.1: Conceptual design of the self-compression set-up via the fila-

mentation process. The energy of the mid-infrared pulses is controlled using a

half-waveplate and a mid-infrared polariser. A 6 mm long AR coated Silicon

window is used to pre-compensated the Sapphire chirp. The 3.2 pm pulses are

focused in the 10 mm sapphire crystal using an uncoated f = 75 mm plano-

convex fused silica lens and back collimated using an Aluminium coated curved
mirror with f = 75 mm.

Figure B.2 shows the compressed pulse duration dependency on the input driving
pulse energies in the 10 mm thick Sapphire rod. While the pulse duration decreases
with higher pump energies, the efficiency of the process drops significantly at higher

intensities. For instance, at 152 uJ input energies, the achieved efficiency is around
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40%. When the input energy is double (302 pJ), the output efficiency is half (22%).
Thus, while input peak powers of 300 MW were used for the filamentation process,

around 135-150 MW peak powers were measured at the output.
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FIGURE B.2: Input pulse energy dependency of the compressed 3.2 pym pulses
in the filamentation process (red dots), and transmission efficiency through the
Sapphire rod (black line).

Thanks to the simplicity of this compression scheme, it can be interesting to
exploit in experiments that require few microjoules and close to 3-cycle durations.
On the other hand, compression techniques with higher efficiencies are required

for strong-field processes, which demand higher peak powers.

Nowadays, more intricate bulk compression schemes are developed to compress
high energy pulses using multi-pass geometries. In those schemes, the filamenta-
tion process is avoided, and higher efficiencies are maintained by compressing the
pulses exploiting pure SPM [166-168].
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HHS in ZnSe driven by

mid-infrared ultrafast pulses

During the PhD, HHS was studied driven by 3.2 um pulses and 7 um pulses.
Two different spectrometers are required to measure the harmonics generated from
7 pm pulses. Third, five and seventh harmonic can be measured using an extended
InGaAs spectrometer (900 nm to 2500 nm). Moreover, the harmonics generated
from 7" to 35 silicon-based spectrometers can be used. The low dynamic range,
sensitivity, and wavelength resolution of the standard extended InGaAs spectrome-
ters limit the measurement of the harmonics generated in the near-infrared regime.
Therefore, HHS produced driven by 7 pum pulses can be attractive when harmon-
ics above Tth are required to be studied. Unfortunately, the low repetition rate of
our 7 um OPCPA and the unfavourable wavelength scaling behaviour of the HHS
process demands thick mediums or high peak intensities. Moreover, transmission
HHS experiments in thick materials or driven at high peak intensities can obscure
the interpretation of the measurement. Thus, while the first harmonic generation
experiments in ZnSe were conducted driven by 7 pm pulses, more in-depth inves-
tigations were carried out driven by 3.2 um high-repetition-rate pulses, in thin

samples and driven with < 100 GW/cm? intensities.

Figure C.1 shows the comparison between the harmonics driven by 7 pym and
3.2 pm pulses. While a broad harmonic spectrum was measured driven the process
with 7 gm pulses in a 3 mm thick polycrystalline ZnSe piece (see Figure 4.11),
only the third and fourth harmonics could be measured using a six times thinner
sample. For instance, the fourth harmonic intensity is ten times lower than the

harmonic intensity achieved driven by 3.2 pum pulses.
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Normalized harmonic signal

Harmonic order (#)

FiGURE C.1: Generated harmonics through a 400 pm thin ZnSe sample cut in

100 plane driven by horizontally polarised 7 pum (red curves) and 3.2 pm (blue

curves) pulses. The shadowed curves correspond to the HHS process generated

at normal incident angle (6 = 0°). The dotted lines correspond to the harmonics
generated with the ZnSe sample at 6 = 25°.

TABLE C.1: Mid-infrared pulse parameters used for the HHS experiments.

Centre Pulse Pulse Beam Peak
wavelength | energy | duration | waist intensity
m) | @) | () | (um) | (GW/em?)
3195 1.875 97 115 93
7100 25 188 150 375

Table C.1 shows the pulse parameters used for the HHS process driven by 3.2 yum
and 7 pm pulses. Even using much higher 7 ym peak intensities, the efficiency
in generating the highest harmonics drops significantly. The highest harmonics
are expected to be generated from the inter-band process, which is less efficient
at a longer driving wavelength. In contrast, the third harmonic is produced from
the intra-band transitions, thus expecting weaker dependencies on the driving fre-
quency. Therefore, the 400 pm thin ZnSe sample could still be used to characterise
the 7 pm pulses via THG-FROG measurements.

Figure C.2 shows the layout of the set-up used for the HHS investigations driven
by 3.2 pm pulses. The power of the 3.2 yum beam is controlled by a MgF, half-
waveplate implemented in a motorised stage and a wire-grid polariser set to trans-

mit horizontally polarised light. Afterwards, the mid-infrared beam is focused
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using an f = 75 mm gold-coated off-axis parabolic mirror and generated harmon-
ics free-space coupled in the Si-based spectrometer using an f = 75 mm uncoated
fused silica plano-convex lens. The ZnSe sample is implemented in a rotational

motorised stage for the angular-dependency measurements.
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Ficure C.2: Conceptual design for the investigation of the HHS process.
Vertically polarised 3.2 um pulses go through an attenuation stage based on a
half-wave plate the wire-grid polariser. The polariser is set to transmit hori-
zontally polarised light. The mid-infrared beam is focused in the ZnSe sample
using an f = 75 mm gold-coated off-axis parabolic mirror and back imaged in
the Si-based spectrometer using an f = 75 mm fused silica plano-convex lens.
For the pump-probe experiments, a 400 nm pulse is focused on the back surface
of the ZnSe sample using an f = 100 mm aluminium-coated curved mirror.
The temporal delay between both pulses is varied using a corner cube built in
a translation stage.

The bandgap of the ZnSe is around 459 nm. To excite electrons from the valance
band to the conduction band, a 400 nm pump line was developed. From the
3.2 pm pulses out of the OPCPA, a 1 mm thick AR coated AGS nonlinear crystal
(cut at § = 34°) was employed to double the frequency of the 3.2 um pulses.
After reflecting the generated 1.6 um pulses in a dichroic, the 3.2 um pulses were
transmitted towards the HHS set-up. The 1.6 pm pulses were again doubled in
a 2 mm thick AR coated BBO nonlinear crystal (cut at § = 21°), and once more
in a second 1 mm thick AR coated BBO (cut at § = 29.2°) for the generation
of the 400 nm pulses with 15 mW and 200 fs pulse duration. Peak intensities at
the focus of 1.3 GW/em? were achieved by focusing the 400 nm pulses using an
f =100 mm aluminium coated curved mirror. An aluminium-coated corner cube
was implemented on top of a motorised translation stage to ensure stable beam
pointing during the pump-probe experiment. The developed HHS set-up enables

3-dimensional HHS study, including power-, angular- and temporal-dependencies.



HHS in ZnSe driven by mid-infrared ultrafast pulses 142

Angular-dependency of the harmonics
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FicURE C.3: Angular-dependency study of the HHS process in a 400 ym
thin ZnSe sample. a) Spectral evolution of the generated harmonics and b)
polar representation of the normalised harmonic intensities from a ZnSe cut
at 100 plane. c¢) Spectral evolution of the generated harmonics and d) polar
representation of the normalised harmonic intensities from a ZnSe cut at 111
plane. Dashed lines represent odd harmonics: 3"¢ (dashed red), 5" (dashed
green) and 7" (dashed blue). With solid lines are shown even harmonics: 274
(solid red), 4*" (solid green) and 6 (solid blue). e) ZnSe crystallographic
structure and main directions.

In Figure C.3 is shown the HHS angular-dependency studied in 400 pgm thin 100
and 111-cut ZnSe monocrystalline samples. In the 100-cut ZnSe sample, only
odd harmonics are produced at # = 0° due to the high-symmetry introduced
by the cubic structure (see Figure C.3 (e)). When the crystal is rotated, its
centrosymmetric nature is hacked, and even harmonics are produced. As shown in
Figure C.3 (b), the even harmonic signal increases at higher theta angles, while the
odd harmonic signal decreases. Harmonics generated in the 111-cut ZnSe sample,
both even and odd harmonics generation is demonstrated for all the measured
theta angles. As shown in Figure C.3 (d), the second and third harmonic intensity

decreases from —15° to 15° while the intensity of the higher harmonics (both even

and odd) increases.
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Power-dependency of the harmonics

The harmonics generated from the intra-band transitions depend on the medium’s
lattice distance, which can be estimated fitting equation 2.4.8 to the measured
pump-field dependent harmonic intensities. Figure C.4 shows HHS’s power-dependency

measurement carried out at normal incidence, in the 400 gm thin 100-cut ZnSe.
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FIGURE C.4: Pump peak intensity dependency on the 3"¢ (red), 5" (green),
7" (blue) and 9" (purple) harmonic intensity. In dashed lines are shown with
the corresponding colours the fittings based on equation 2.4.8.

ZnSe has a zinc blende type crystallographic structure with a lattice constant of
a = 566.8 pm. Table C.2 shows the achieved Bessel orders and lattice parameters
retrieved from fitting the power-dependency curves shown in Figure C.4. The
third and five harmonics are generated below the bandgap energy. Thus, those
harmonics are expected to be generated from intra-band transitions described in
section 2.4.1. The seventh harmonic is generated across the ZnSe bandgap energy.
As shown in Table C.2, the Bessel orders required for fitting the measured 3¢, 5

and 7" curves match with the harmonic orders.

On the other hand, the Bessel order retrieved from the ninth harmonic generated
above bandgap, and thus, in the output surface of the ZnSe sample, does not
match with the harmonic order. The inter-band transitions are not described
by equation 2.4.8 used for the fitting. Thus, assuming that the ninth harmonic
is generated from inter-band transitions, the mismatch between the fitted Bessel

order and harmonic order could be explained.
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TABLE C.2: Bessel function fitting coefficients extracted from the power de-
pendency measurements shown in Figure C.4.

Centre Lattice
Harmonic (#) | wavelength | Bessel (#) | Parameter
(nm) (pm)
3rd 1065 2.97 618
5th 639 4.99 584

Bandgap at 459 nm

Tth 456 6.94 663

gth 355 6.99 589

Pump-probe harmonic decay measurements

Electron-electron, electron-phonon and phonon-phonon scattering processes can be
studied by measuring the generated harmonic intensities in a pump-probe scheme.
The pump field pre-excites the electrons from the valance band to the conduction
band, and the probe pulse generates the harmonics. A 400 nm field with 200 fs
duration is used to excite electrons across de bandgap, and the 3200 nm 97 fs
pulses generate the harmonics through the 111-cut ZnSe sample. For this experi-
ment, 111-oriented ZnSe is used to study the pump dependency in even and odd

harmonics.

Figure C.5 shows the harmonic intensity variations measured when a pump field
pre-excites the electrons from the valance band to the conduction band. Interest-
ingly, five and sixth harmonics are enhanced when electrons are pumped to the
conduction band, while the intensity of the 7", 9" and 11*" decreases. Moreover,
while the third harmonic variation is almost imperceptible, a slight reduction in

the third harmonic intensity is measured.

The harmonic decays are related to the medium’s relaxation times. The rising
edge should be a convolution between the pump Gaussian pulses, probe Gaussian
pulse and the absorption (usually described by Lorentzian shapes). Moreover, the
long temporal decay can be expressed with an exponential. The Gaussian traces’

convolution is defined in equation 4.1.1 and maintains the Gaussian profile. The
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FiGure C.5: Pump-probe measurement and the retrieved harmonic decay

curves from the 111-cut ZnSe sample. Normalised integrated intensities from

37 (solid green), 5 (solid red), 6™ (solid yellow), 7" (solid blue), 9" (solid

purple) and 11" (solid light-blue) harmonics. With dashed lines are shown the
fitting curves achieved from equation C.2.

convolution of the Gaussian shape with a Lorentzian function is the Voigt profile.
Thus, the function required to fit the measured harmonic curves would be the
convolution between Voigt and exponential decay. For this purpose, a numeri-
cally described fitting function is required, interfering with the fitting algorithm’s
convergence. Therefore, we have neglected the absorption Lorentzian profile and
proceed to fit the curves with the convolution of the Gaussian profile with the

exponential decay:

f(t) _ /O»oo 6_(%>26_(t’—t)/7'dt/ _ 0\/%6‘7275# |:1 + ETf (M)} (C]_)

20T

where 7 is the scattering time of the decaying channel. The equation C.1 is
extended to retrieve two different decay times from the curves shown in Figure
C.5:

IW=1+3Ce 7 {1 + Erf (ﬂﬂ (C.2)

' 20T;
=1

where C; is the weight of each scattering process.
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While decay processes above 500 fs are retrieved with our scheme, typical electron-
electron scattering times with few femtosecond time scales are is unaffordable to
detect due to the long pump and probe pulse durations. Table C.3 shows the
decay times retrieved from the fitting equation C.1 and C.2 to the curves shown

in Figure C.5.

TABLE C.3: Retrieved decay times from pump-probe HHS measurement. The
second column shows the decay rate retrieved from a single decay function (equa-
tion C.1). Third and fourth columns show the extracted decay rates assuming
two different decay rates contributing to the harmonic intensity variations (equa-

tion C.2).
Decay time | Decay time | Decay time
Harmonic T 5 To
(#) (ps) (ps) (ps)

3rd 1834£1.15 | 206+1.3 -

5th 33.96 £0.33 | 33.6£0.3 | 0.65+0.06

6th 72.38+1.24 | 72.3+1.3 | 0.51+0.19
Tth 4.05 + 1.66 - 34+1.6
gth 23.05+0.15 | 28.9+0.2 | 2.93+0.20

11th 24.544+1.64 | 242+1.1 | 2.09+1.76

The second column of Table C.3 shows the retrieved phonon-phonon scattering
times extracted from a single decay term. The second decay term is required to
retrieve electron-phonon relaxation times (or optical phonons) in the few picosec-
ond durations [169-171].

Phonon-phonon and electron-phonon scattering times vary with the bands where
electron transitions are induced [172]. Thus, the retrieved scattering times from
different harmonics correspond to various band transitions. Electron-phonon re-
laxation times from (0.51 £ 0.19) ps [173] to (3.4 £ 1.6) ps [169] depending on the
analysed harmonics are achieved. Only a single relaxation channel is extracted
from the third and seventh harmonic due to the low harmonic signal variations

measured in the pump-probe experiment.
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In conclusion, while ab-initio calculations can be carried out to estimate those
parameters in semiconductors such as ZnSe [172], medium characterisation based
on HHS measurements, shown here, can help to analyse more complex materials
such as YBCO.
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