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Abstract

Ultrashort pulse light sources in the near- to mid-wavelength infrared spectral region are in
high demand for strong field physics in atoms, molecules and condensed matter. According
to the three step model [1], the energy cut off of generated high harmonics scales as Ix A2,
which favors longer driving wavelengths in order to generate more energetic XUV photons,
and potentially shorter attosecond, soft X-ray pulses. Unfortunately, photon energy extension
is at the cost of an efficiency drop scaling as A = [2]. The availability of a high-repetition-
rate laser system is paramount to mitigate the efficiency issues and still produce high photon
fluxes. Even though there are only a few laser gain media suitable for intense femtosecond
pulse generation in the mid-IR spectral region, the overall scalability of the pulse repetition
rate, the duration and power are still a challenge [3, 4]. Thus, parametric systems based on a
nonlinear three wave-mixing, are an attractive alternative to generate the required ultrashort
pulses for those experiments. Currently high power middle infrared parametric systems
can’t reach the required intensities to reliably drive high harmonic generation (HHG) in
gas. However, these sources are attractive drivers for HHG in solids, which requires lower
intensities on the target. On the other hand, high energy, but lower repetition rate systems are
capable of generating energetic pulses for HHG experiments in gas. However, the overall
efficiency of those drivers is still low. Depending on the required harmonics energy, the XUV

could be efficiently generated by post-compressed NIR lasers.

This thesis describes the development of MWIR sources and their applications in strong
field physics. We have chosen to investigate parametric sources driven by high average power
fiber CPA pump laser and by high energy Yb:CaF, bulk laser system. The generated MWIR
few cycle pulses are then used to probe laser material interaction through HHG in solids and
gases.






Abstract

Les sources lasers a impulsions ultracourtes de forte puissance dans la région spectrale du
proche a moyen infrarouge sont trées demandées pour la physique des champs forts dans les
atomes, les molécules et la matiere condensée. D’apres le modele en trois étapes [1], I’énergie
coupée des harmoniques élevées générées varie comme IxA2. Cela favorise les longueurs
d’onde plus longues pour générer des photons XUV plus énergétiques, et potentiellement
des impulsions attosecondes plus courtes. Malheureusement, I’extension de I’énergie des
photons se fait au prix d’une diminution de I’efficacité en A >~ [2]. La disponibilité d’un
systeme laser a haute cadence est un atout majeur pour palier aux problemes d’efficacité
et produire des flux de photons élevés. Méme s’il existe quelques matérieux de gain laser
adaptés a la génération d’impulsions femtoseconde intense dans la région spectrale infrarouge
intermédiaire, I’amélioration globale du taux de répétition, de la durée et de la puissance
des impulsions sont encore des défis [3, 4]. Ainsi, les systemes paramétriques basés sur
un mélange non linéaire a trois ondes sont une alternative intéressante pour générer les
impulsions ultracourtes requises pour ce type d’expériences. Actuellement, les systémes
paramétriques a haute puissance dans I’infrarouge moyen ne peuvent pas atteindre les inten-
sités requises pour génerer des harmoniques dans le gaz. Cependant, ces sources sont des
moteurs intéressants pour la genération d’harmonique (HHG) dans les solides, qui nécessitent
des intensités sur cible plus faibles. Par ailleurs, les systemes a haute énergie, mais a taux
de répétition plus bas, sont capables de générer des impulsions suffisamment énergétiques
pour les expériences HHG dans le gaz. Cependant, 1’efficacité globale de ces sources est
encore faible. En fonction de I’énergie harmonique requise, le rayonnement peut étre généré

efficacement par des lasers NIR post-comprimés.

Cette these décrit le développement des sources MWIR et leurs applications en physique
des champs forts. Nous avons choisi d’étudier des sources paramétriques pilotées par un
laser a pompe CPA de puissance moyenne €levée et par un systeme laser a grande énergie
Yb: CaF,. Les impulsions MWIR générées sont ensuite utilisées pour sonder 1’interaction du
matériau laser a travers HHG dans les solides et les gaz.
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Notes

Subdivision of Infrared spectrum

The following subdivision scheme [18] of infrared spectrum will be used in this thesis:

Table 1 Subdivision of Infrared spectrum.

Division name Abbreviation Wavelength, um
Near-infrared NIR 0.75-1.4
Short-wavelength infrared SWIR 1.4-3
Mid-wavelength infrared MWIR 3-8
Long-wavelength infrared LWIR 8-15
Abbreviations

BBO — Beta Barium Borate

CEP - Carrier Envelope Phase

DFG - Difference Frequency Generation
FCPA - Fiber Chirped Pulse Amplifier
FROG - Frequency Resolved Optical Gating
FWHM - Full Width Half Maximum
GRIIRA — Green Induced Infrared Absorption
GVM - Group Velocity Mismatch

HCF - Hollow Core fiber

HHG - High Harmonics Generation

IAP — Isolated Attosecond Pulse

IP — Ionization Potential

KTA - Potassium Titanyle Arsenate

LIDT - Laser Induced Damage Threshold



Notes

LN — Lithium Niobate

OPA - Optical Parametric Amplifier

OPCPA - Optical Parametric Chirped Pulse Amplifier
PPLN - Periodically Poled Lithium Niobate

SF — Sum Frequency

SHG — Second Harmonic Generation

WLC — White Light Continuum

XUV — Extreme ultraviolet radiation

YAG - Yttrium Aluminum Garnet

Yb:FCPA — Ytterbium doped Fiber Chirped Pulse Amplifier



Introduction

Starting this year, UNESCO declared May 16 to be the International Day of Light. The day is
chosen to commemorate the demonstration of the first laser — ruby laser by Theodore Maiman
on May 16, 1960 [19]. This also notes the time when, the photonics era started. Shortly after
the demonstration of the first laser in 1961, the first parametric process — second harmonic
generation — was demonstrated [5]. The efficiency of the process was very low at the order
of 1078, In fact, the efficiency was so low, that the technician of the journal removed the
second harmonic signal thinking that it was just some dust or another unimportant signal

noise and the arrow pointed to nothing [20].

VoLuME 7, NUMBER 4 PHYSICAL REVIEW LETTERS August 15, 1961
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FIG. 1. A direct reproduction of the first plate in which there was an indication of second harmonic. The
wavelength scale is in units of 100 A, The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation.

Figure 1 First demonstration of SHG generation. (Picture from [5]).

However it did not take long to define the phase-matching conditions and demonstrate
the birefringence phase-matching in KDP crystal [21, 22]. A few years later, the optical
parametric amplification was demonstrated by a few groups at the same time: Bell Telephone
Laboratories [23] and Moscow State University [24]. In [24] a Nd:Glass laser was used
and the fundamental signal at 1.06 pm was amplified by the second harmonic beam, while in
[23] signal was at 0.63 um. However, back then pump lasers featured long pulse durations
and the ultrafast phenomena started a few decades later in the 90’s after the demonstration of
Ti:Sapphire (Ti:Sa) laser [25]. Ti:Sa lasers feature broandband spectra, thus ultrashort pulses

could be generated with pulse energies of mJ level at kHz repetition rate. Although one could



4 Introduction

argue that dye lasers were successfully used to generate femtosecond pulses from the 80’s,
they required constant maintenance, which involved handling poisonous and carcinogenic
materials. Dye lasers emit radiation mostly in the visible and near infrared spectral region,
and are attractive laser sources due to their wavelength tunability. Thus, Ti:Sa lasers became
very common sources to pump fs OPAs. One of the reasons why Ti:Sa lasers were able to
develop so successfully, was that MIT did not claim a patent. Many companies contributed
into the development and helped to build the technology [26]. This provided solid products.
After almost 30 years, these lasers are one of the most commonly used laser sources for
pumping ultrashort OPAs.

OPA NOPA

X2

"

|:>
|:>

OPCPA

/\Stretcher»A\OPA Compressor

FOPA

Figure 2 Different schemes for optical parametric amplification: Collinear OPA (top left),
Non-collinear OPA(top right), OPCPA (middle), FOPA (bottom) (Figure for FOPA taken
from from [6]).



Modified OPA techniques such as non-collinear OPA (NOPA) (Fig.2 top right), optical
parametric chirp pulse amplification (OPCPA) (Fig.2 middle) or Fourier-domain optical
parametric amplification (FOPA) (Fig.2 bottom) could be used to produce broadband amplifi-
cation and result in shorter pulses or increased amplified pulse energy. The only difference
between the OPA and NOPA is that in the case of NOPA, there is an angle between the
signal and pump beams, which allows it to match the group velocities of the two pulses and
broaden the amplification bandwidth. However, NOPA results in an angularly chirped idler
beam, which limits the use of both beams in this configuration. OPCPA was developed in
1992 by Dubietis et al. [27] and this method is based on the same principle as the CPA, just
adapted for the parametric amplifiers. In order to avoid nonlinear crystal damage during
the amplification process, a short seed pulse is stretched in time, then after the pulse is
amplified it is compressed back to the minimal duration, supported by the spectrum. The
main advantage of OPCPA versus CPA is the capability to amplify broader spectra with
the potential of tuning the central wavelength. FOPA was inspired by spatially dispersed
amplifiers [28] and adapted for the OPAs by Francois Légaré group at INRS [6]. It uses
a similar principle: the seed is dispersed by a grating and the nonlinear crystal is placed
in the fourier plane. Then the pulse is reconstructed back to the initial pulse by another
symmetrically placed grating, which recollects the spectrum. Furthermore, in the case of
FOPA, multiple crystals with slightly detuned phase-matching angles could be placed in
the Fourier plane, thus using one pump beam, an ultra-broadband amplification could be
achieved.

Another method to achieve intense ultrashort pulses is to use multiple-beam pumping
schemes. Here, a single signal is pumped with multiple pump beams, where each of them
satisfies the phase-matching conditions. This was studied by a few groups: Smilgevicius at
Vilnius University [29-31] and Mennerat [32] at CEA. It seemed to be a very promising
technique for a few reasons. At the time, when experiments started, commercially available
lasers featured low repetition rates for higher energy pulses, thus multiple beam pumping
would increase the intensity on the crystal, which results in higher energy amplified pulses at
a higher repetition rate. By adjusting the direction of the pump beam, the phase-matching
conditions could be tuned and a broader spectrum could be amplified. Despite these benefits,
this method’s disadvantages outweigh the advantages. Firstly, parametric diffraction reduces
the efficiency of the amplification process, as the diffracted beams contains a significant
amount of energy. Parametric diffraction could be reduced by using small angles [30], but
then the phase of pump beams should be stabilized. After the quick development of high
power fiber lasers [33-35] and thin disk lasers [36, 37], the need of high repetition rate
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pump lasers was solved. Bulk Yb amplifiers also provide excellent trade off between pulse

energy and repetition rate [38].

Most of the applications concerning the laser sources described in this thesis require
ultrashort — few-cycle, intense laser pulses in the short-wavelength infrared (SWIR) or mid-
wavelength infrared (MWIR). Despite the post-compressed amplified Ti:Sa lasers [39] and
Yb-based [40, 41] or Tm:FCPA [42] sources, it is hard to achieve few-cycle pulses directly
from the laser gain media. Thus, different types of three-wave nonlinear interactions in the
nonlinear crystal are used: OPA, DFG between two pulses, or intra-pulse DFG [43]. After

demonstrating excellent performance, high power lasers were applied to pump OPAs.

One of the main advantages of optical parametric amplifiers is the tunability. Not only
is the broadband spectrum generated, but it also can be tuned within the phase-matching
conditions within the crystal’s transparency range. This makes OPAs an attractive source for
multidimensional spectroscopy [44], ultrafast surface dynamics [45] and other strong field

physics experiments.

The high harmonic generation (HHG) experiment generating harmonics at the keV range
could be called the holy grail experiment of the first 10 or 15 years of the new millennium.
2018 marks the 25th anniversary of the Three-Step model introduced by Paul Corkum in
1993 [1]. The three steps in the model are: tunnel ionization of an atom, acceleration of
the electron and photo-recombination of the electron with its parent ion. The energy cut-off
for the HHG depends on the driving laser intensity, which is limited by the ionization of
the generation media and the wavelength of the laser. The cut-off energy scales as I x A2,
which means that higher energy photons could be generated by driving the process with laser

sources featuring longer wavelengths.



Three Step Model:

1. lonization 2. Acceleration 3. Recombination

Figure 3 Three-Step model.

The mid-wavelength infrared OPA development faced the problem of a lack of suitable
optics. The commonly-used fused silica (FS) is transparent up to 2.5 um, but also features a
strong absorption at 2.2 um. A good replacement of FS is CaF,, MgF,, Ge or ZnSe, however
optics made from these materials are more expensive and require coating, which adds costs
to the overall set-up. It is even more tricky to manufacture polarization optics and diffraction
gratings. Not to mention that commonly used nonlinear crystals with well developed growing
techniques and good optical quality used in the near infrared OPAs are not suitable anymore,
and new nonlinear crystals should be found. The lack of good quality optical elements in the
short wavelength and middle wavelength infrared didn’t prevent the development of systems

at those wavelengths, however, the efficiency of high power OPAs was limited to 5% [46, 47].

The low efficiency limits HHG generation in gas with MWIR sources. A few experiments
were done by the Kapteyn and Murnane group [48, 49] and the Baltuska group [50] and
within the collaboration between both groups they have generated soft X-rays reaching keV
region [51]. The HHG dependence on the wavelength was experimentally confirmed and
the laser source requirements were estimated for different gases in a series of publications by

the Kapteyn-Murnane group [48].

At the time where mid-wavelength infrared driven HHG was facing efficiency issues, the
development of HHG sources took another direction — compact, reliable and user-friendly
high harmonic sources featuring high flux for everyday use in experiments. Here HHG is
driven by post-compressed Ti:Sa or Yb:FCPA lasers and harmonic signal could reach power
level of sub-mW [52]. Furthermore, these sources at sub-100eV photon energies are already
commercially available [53, 54].
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Even though HHG in gas experiments attracted most attention first, lately more and more
groups have started studying the high harmonic generation in solids, which is not the same as
previously-mentioned HHG from solid targets. These experiments require lower intensities,
thus high power OPAs are very attractive sources to drive them. Comparing with the HHG in
gas, the cut-off in solids scales linearly with the electric field, while it scales linearly with the
intensity for the dilute gas [55]. Also the emergence of the secondary plateau and different
ellipticity dependence shows, that the electron dynamics is different from the Three-Step
model, widely used to describe the HHG in gas. In the case of solids, tWwo mechanisms, based
on inter-band polarization and intra-band current, are being considered. Both of them rely on
Bloch theorem [56].

But the progress in the mid-wavelength infrared OPAs side is also moving fast. Recently,
a 150 uJ OPA at 3 um was delivered to the Extreme Light Infrastructure (ELI) facilities
by Fastlite [57] and the first results are to be reported soon. Another interesting switch
happened with another ELI system — SYLOS, where initially a Ti:Sa based system was
expected, but the Nd: YAG pumped OPA won the project call. This system works at 1 kHz
repetition rate and generates CEP stable 45 mJ pulses with the duration shorter than 10 fs [57].
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Figure 4 Sources covering MWIR spectral region. Picture taken from [7].

Even though this thesis focuses on parametric sources and their development, the SWIR
and MWIR spectral regions could also be covered by semiconductor sources, solid state

and fiber lasers as well as supercontinuum sources (See Fig.4). Unfortunately, the direct



intense femtosecond pulse generation from the laser gain medium in the SWIR and MWIR
is still a challenge [3, 4]. However, a well developed Yb:FCPA technique (CPA adapted
to fiber amplifiers) was successfully transferred to Tm:FCPAs. Current state of the art Tm
doped FCPA laser systems [42] could be post-compressed in gas-filled-hollow core fibers

and successfully used for high harmonics generation.

While the direct ultrashort pulses are on the way, one could still exploit the advantages of
parametric sources: wavelength tunability and higher pulse energies, while pumping with
high energy, lower repetition rate near infrared lasers. Therefore, this thesis will discuss the
sophisticated beauty of the parametric source development. Also, a small part of this work is
dedicated to an alternative solution for driving HHG in gas. When suitable, post-compressed

diode pumped solid state lasers at 1 um could be used.

The results provided in this thesis cover the development of the OPA sources in SWIR
and MWIR and high harmonic generation experiments in gas and solids. There were a few
important experiments conducted. Two main laser sources were used: high repetition rate
ytterbium doped fiber CPA (Yb:FCPA) and high energy diode pumped solid state Yb lasers.
In the first part of the thesis (chapter 2 and 3), experiments done with the high power system

are described. This system is based in Bordeaux, CELIA laboratory and consists of:
* 2 um OPA and its applications for testing new nonlinear crystal;
* 3 um OPA and its applications for HHG in solids.

The high energy bulk Yb regenerative amplifier is located at Photononics Institute at
Vienna University of Technology, where a few joint experimental campaigns within the
collaboration with the Andrius Baltuska group were performed. Experiments done with this

laser system are described in chapter 4:

* 2.4 um high energy OPA;

DFG in the middle infrared, tunable in the 5-10 um range;

HHG driven by short wave infrared;

HHG driven by post-compressed Yb source.






Chapter 1
Optical parametric amplifiers

The process of optical parametric amplification (OPA) in nonlinear crystals is well known
and described in [9, 58]. In this chapter, a short overview of the most important and relevant
topics, necessary for successful development of the OPA systems in the SWIR and MWIR
regions will be provided.

_____ X(Z)

Figure 1.2 The process of optical paramet-
ric amplification in a non-centrosymmetric

Figure 1.1 The energy levels for the pro- media exhibiting the second order nonlin-
cess of optical parametric amplification; earity (nonlinear crystal): a weak signal is
oy, 05, and @; are pump, signal and idler amplified and idler generated at the cost
frequencies of pump depletion.

The optical parametric amplification is a nonlinear process, which takes place in a non-
linear crystal. A nonlinear crystal is a non-centrosymmetric media exhibiting the second
order nonlinearity. Fig.1.1 depicts the scheme of energy levels of the optical parametric
generation process. There ®),, @, and @; are pump, signal and idler photon frequencies. It is
a three-wave or three-photon interaction, where a strong pump photon disappears leading to
the instantaneous creation of a signal and an idler photon. Figure 1.2 is a schematic of optical
parametric amplification. The only difference between the generation and amplification is
that in the case of optical parametric amplification, the signal photon is already present at the

input of the nonlinear crystal, thus the signal gets amplified. The common designation for
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pump, signal and idler photons is that the highest energy photon is a pump, the medium is a
signal and the lowest energy photon is called an idler. Unfortunately, sometimes especially
when the amplification of the difference frequency signal takes place, the designation of
signal and idler interchange. So the idler beam could be also the one, which was additionally

generated during the amplification process.

As OPA is a parametric process, there is no energy loss in the system. The energy is

conserved and the process is instantaneous. Energy conservation law is written as:
Wy = 0 + ;. (1.1)

Momentum conservation sets an indispensable condition for the process to take place,

which is known as the phase-matching condition:

np®p = ngWs + n; O;
Ak =0;

Here, n is the refractive index, where p, s and i idexes denotes pump, signal and idler
waves. k is the wave vector and in order to obtain an effective nonlinear interaction between
the three waves the phase mismatch (Ak) should be zero or very close to zero. In Fig.1.3 are
sketched three main configurations for three wave mixing: non-collinear, not phase-matched
(a); non-collinear, phase-matched (b); and collinear, phase-matched (c).

| AK |

(a) (b) (c)

Figure 1.3 Wave vectors for non-collinear not phase-matched three-wave process (a), non-
collinear, phase-matched three-wave process (b), and collinear three-wave process (c) in a
nonlinear crystal.

Nonlinear coefficient

The nonlinear coefficient d, s shows the effective nonlinearity of the crystal. d, s depends on
the crystal’s symmetry and polarization of interacting waves. The coefficient is a simplified

expression of the nonlinear susceptibility tensor, which is a 3 x 6 matrix with 10 independent
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elements.

The d. sy calculations for all non-centro-symmetrical uniaxial crystal classes are discussed
in [59]. For example, authors show, that for a negative uniaxial crystal of crystal class 3m
(such as LN) the d, s value for the type I phase-matching conditions is written by:

0 0 0 0 d31 —dnx
diy=|—dyp dp 0 d3 O 0
dyy d31 dsz 0 O 0

defr = d315in® — drrcosOsin3 ¢ (1.3)

Here, O is the angle between the propagation vector and the optical axis, and ¢ is the
azimuthal angle between the propagation vector and the xz crystalline plane (see Fig.1.5).
The units for d,rr are pm/V and values for the specific three wave mixing interactions
could be found in the literature, for example in [60] or taken from programs, calculating
phase-matching conditions, such as SNLO [61]. For better performance of the amplification,

crystals with higher d, s for the selected process are preferred.

Nonlinear crystals in the MWIR

The choice of the right nonlinear crystal is important for attaining successful performance
at the OPA stage. The most common, commercially available nonlinear crystals are: BBO,
KTA, LBO, LiNbOj3 (bulk and periodically poled), AGS, AGSE, ZGP. The oxide crystals
are limited for use in the near and short wave infrared and the longer wavelengths demand
non-oxide crystals (see Fig.1.4). These crystals are more complicated to grow, thus the
commercial availability and crystal quality might be lower than the conventionally used
oxides in the short wave infrared [7]. As half of the crystals listed before were used in
the experiments described in this thesis, it might be interesting to compare and discuss the

particular interest to use one or another in a particular case.
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Figure 1.4 Transparency of nonlinear crystals in the MWIR.

BBO crystal is transparent in the region between 185 — 2600 nm, thus it is broadly used in
the short wave infrared OPAs, but not suitable for longer wavelengths. Featuring a high dam-
age threshold, well developed growing technique and reasonable d, rr (around 2 pm/V), it is
the most commonly used crystal for the near infrared and short wavelength infrared systems
which are also commercially available: OPA TOPAS [62] or OPCPA Venteon OPCPAS [63].
The non-collinear configuration at the magic angle provides ultrabroadband amplification at
800 nm, which is the key point of the OPCPA systems working in this region. As the crystal
was well applied for the systems in the near infrared, when the demand of ultrashort pulses
in the longer wavelengths appeared it was successfully adapted for short-wavelength infrared
OPAs [64].

LBO crystal is similar to the BBO and is mostly used for the NIR OPAs [65, 66], as its
transparency range is also limited at 2600 nm. Comparing with the BBO, it features broader
phase-matching in the case of collinear amplification, thus a broadband-generated idler beam

does not acquire the angular chirp and can be amplified in the following stages.

KTA transparency window extends further into the mid-wavelength infrared, the crystal
is transparent up to 4000 nm, so it is an attractive alternative for the BBO crystal for use in a
longer wavelength OPAs. The crystal features a high damage threshold, the d, s is compara-
ble to the BBO and is also about 2 pm/V. However, there are still challenges to overcome
with the crystal growing technique — large aperture crystals feature strong inhomogeneities,
which is a huge drawback for high intensity systems as it makes it difficult to maintain the

good quality of the beam profile, as well as to reach reasonable amplification efficiencies.
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LiNbO3 — these crystals come in bulk or periodically poled as well as aperiodically or
with a chirped period or fan out grating, in order to achieve the quasi-phasematching and
increase the d,rr. These crystals are commonly doped with MgO in order to reduce the
effects of photorefraction and blue-and-green-light induced infrared absorption (GRIIRA)
[67] and significantly increase the optical damage threshold [68]. Due to the enhanced
parasitic phase-matching, which is stronger in the PPLN, the GRIIRA effect induces beam
distortions, which limits the power scaling in PPLN OPAs. Also the limited aperture size of
the periodically poled crystals could prevent the use of PPLN for the booster amplifier stages
and instead the bulk crystals are implemented for the last stage of the OPA set-up [69]. The

transparency is extended up to 5500 nm.

AGS crystal is transparent up to 11 000 nm, which means that it is an attractive material
to generate wavelengths in the long wavelength infrared (LWIR) region. The d, s is also high
and depending on the configuration could reach 8-15 pm/V. However, it is a semiconductor
with the bandgap of 2.7 eV, which is a disadvantage for pumping the system with the near
infrared pump lasers (Ti:Sapphire or lasers emitting closer to 1 um). Multiphoton absorption
could result in beam distortions and reduced efficiency of the amplification stage. The crystal
also features a high nonlinear refractive index (n, = 1.5 1014 cm? /W) [70], which reduces
the critical power needed for the self focusing process to take place, but the critical power
could be increased by using longer pump wavelengths. So there are a few reasons to favor
the longer wavelengths for the parametric interactions in this crystal. And indeed the AGS
crystal is commonly used for the difference frequency generation between the signal and
idler beams coming out of the short wave infrared OPAs, pumped with the near infrared
lasers [71, 72].

AGSe - the crystal is similar to the AGS, but features a lower bandgap of 1.8 eV, thus
the three photon absorption would influence the performance up to 2.07 um, which makes 1
um pump lasers more favorable to pump the OPAs for the DFG mixing in the AGSe. Also
the crystal is transparent up to 18 um and the d, 77 is almost two times higher than in the AGS.

ZGP crystal features a very high nonlinear coefficient with a d.sy around 75 pm/V.
However, the crystal is not transparent for wavelengths shorter than 2 um. Thus, the crystal
is usually used in the 2 um laser pumped OPAs [73-75]. The ZGP crystal also features high
damage threshold.
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Choosing the right crystal for nonlinear interactions

As the key factor for the OPA stage is the nonlinear crystal, it is crucial to make the right
choice of which crystal to use for the particular applications. First of all, the crystal must be
transparent for all the interacting wavelengths - the absorption of the idler in the short wave
infrared would prevent the amplification of the signal in the visible [8]. Then the crystal
should have a high nonlinear coefficient d, ¢, which allows us to achieve a high efficiency
using shorter crystals. In order to evaluate the efficiency of nonlinear media, a figure of
merit (FOM) could be used. FOM is expressed as d? / n3; refractive indices vary for different
nonlinear crystals so they must also be taken into account in order to accurately evaluate
the materials nonlinear response. Values for the most common crystals could be found
in Table.1.1. If the OPA is operating in the femtosecond regime, then the group velocity
mismatch (GVM) also plays an important role and could limit the interaction length between
the three beams. It might cause problems if the non-collinear configuration is not feasible
or the d, ¢y of the crystal is not sufficient to use short crystals. Also, in order to amplify
or generate ultrashort pulses the crystal should support a broadband phase-matching. The
damage threshold is one of the parameters limiting the achievable intensities, thus if one is
aiming at amplification of intense ultrashort pulses, the crystal of choice should feature the
high optical damage resistance. Even though, the laser induced damage threshold (LIDT) of
the crystal could be high, it is equally important to pay attention to the LIDT of the coatings
as usually it is lower than the crystal itself. A table, summarizing these parameters for the
crystals discussed in the previous section, is provided below. Unfortunately, LIDT data is

only available for long pulse durations and is expected to be higher for femtosecond pulses.
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Table 1.1 Nonlinear crystal properties. d. sy is for interaction between 1030 nm pump and 3
pum signal, LIDT data for 1064 nm.

Crystal | Transparency, um derr, pm/V LIDT MW/cm? (f%ﬁ)
BBO 0.185-2.6 1.8 (type 1) 50 000 (1 ps) 0.7
LBO 0.16-2.6 no phasematching at 3 um | 19 000 (1.3 ns) 0.1
KTA 0.35-4 2 (type T0) 500 (10 ns) 0.7
LiNbO3 0.33-5.5 4 (type 1) 10 000 (6 ps) 1.4
AGS 0.5-13 14 (type 1) 10 (20 ns) 13
1800 nm + 2400 nm

AGSe 0.71-18 28 (type 1) 25 (50 ns) 40
1800 nm + 2400 nm

7ZGP 0.74-12 78 (type 1) 60 (100 ns) 170
2000 nm + 6000 nm

1.1 Ciritical Phase-matching

Phase-matching is an important parameter, which determines the efficiency of the amplifica-
tion stage. The energy flow from the pump to signal and idler is optimized, when the Ak = 0.

In the case of collinear configuration, the phase-matching condition could be written as [8]:
npwp—nsa)s—n,-a)izo (1.4)

Because ®, = oy + j;, thus @; = ), — ®; the phase-matching condition could be rewritten

to:
n,®, = n;w; +ng(w, — ;) (1.5)

wp(np — ny) = @;(n; —ny) '

Here w; < oy < @, and if we assume that the process takes place in the isotropic medium
with positive dispersion, or n; < ny < n, (or n; > ng > n,, in the case of negative dispersion),
which means, that in these cases the phase-matching condition cannot be satisfied, because
np —ng > 0 and n; —ng < 0. The solution for this would be the use of anisotropic materials,
such as birefringent crystals. The birefringent crystals are crystals in which the refractive
index depends on the polarization and propagation direction. There are two propagating
modes — ordinary and extraordinary. For the ordinary beam the refractive index is a constant
and does not depend on the propagation direction in the crystal. For the extraordinary beam,

on the contrary, the refractive index depends on the propagation direction in the crystal. To
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be more precise, the angle between the beam propagation direction and the crystal optical
axis. This angle is called the phase-matching angle and could be found from the refractive
index ellipsoid:
1 cos’(®)  sin’(®)
CIE 2

The graphical scheme of the index ellipsoid together with the ordinary and extraordinary

(1.6)

directions are depicted in Fig.1.5 [8]. Here, the case of the positive uniaxial crystal is depicted.
The crystal is called positive if n, < n, and if n, < n, it is negative. Depending on the pump
beam polarization and it’s relation with the other two waves the phase-matching could be
divided into two types: type I and type II (see the summary of polarizations in Table 1.2).

Ordinary
direction

Extracrdinary
direction

(a) (b)
Figure 1.5 (a) ordinary and extraordinary directions in uniaxial birefringent crystals. (b)

section of the index ellipsoid and graphical meaning of the extraordinary refractive index for
a positive uniaxial crystal. The optical axis is in the z-direction. (Figure taken from [8])

Table 1.2 Summary of polarization configurations for positive and negative uniaxial crystals.

Phase—matching type Positive Uniaxial, Negative Uniaxial,
ny < ne ne < np
Type I o eee_o e e OCO)_e o
”pwp = n; @; +ng Wy ”pwp = n; 0; +ng Wy
Type 0 0€e-0 €0-€

ngwp = n? @; +ng s nf,a)p = nf ; +nJ Wy

The phase-matching angles for different interactions can be found in [76].
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Usually, a Sellmeier formula is used to calculate the wavelength-dependent refractive

index. The general form of the formula is:

AjA? A7)
2_B_] :

2
n“(A)=1+
() =1+
Here, wavelength in the formula is in micrometers. The coefficients A; and B; are ob-
tained from experimentally measured refractive indexes in the wavelength range of interest.

Sellmeier expressions and coefficients for all commonly used crystals could be found in
Nonlinear Optical Crystals: A Complete Survey by D. Nikogosyan [60].

There are different programs developed to calculate phase-matching such as spdcalc
online calculator [77], NIST Phasematch [78] or SNLO [61]. However, one of the most
popular ones is SNLO. It is a free software, which has a variety of functions helping us to
choose the crystal for nonlinear interactions and simulating the performance. One of the
features is the calculation of the phase-matching angle. In a table below, you can see the
summary of parametric processes carried out in experiments described in this thesis, the

corresponding crystals and phase-matching angles.

Table 1.3 Phase-matching angles for interactions experimentally done during thesis.

Crystal Interaction 0, deg
BBO 515 nm + 700 nm —> 1950 nm 217
type 1
BBO 1030 nm + 2100 nm —> 2020 nm 213
type |
KTA 1030 nm + 1570 nm —> 3000 nm 42
type II
KTA 1030 nm + 1800 nm —> 2400 nm 45
type II
AGS 1800 nm + 2400 nm —> 7140 nm 39
type 11
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1.2 Non-critical phase-matching

Temperature Phase-matching

Phase-matching could be also achieved by changing the temperature of the nonlinear crystal.
This is because the refractive index always has some temperature dependence. In the case,
when the three interacting beams are aligned on a certain axis of the crystal phase-matching
could be adjusted in such a way that phase velocities of the interacting beams are equal.
The adjustment is done by changing the temperature in the crystal. Only crystals with a
very strong temperature dependence are used to achieve this type of the phase-matching, for
example Lithium Niobate (LN) or Lithium Triborate (LBO). One of the advantages of this
type of phase-matching is that there is no walk off between the waves of different polarization
(o and e), so smaller beams could be used to reach higher intensities. Also, interacting beams
could be focused more tightly, because non-critical phase-matching is less impacted by the
beam divergence. However, the drawback of using the temperature phase-matching is that
the temperatures needed to fulfill the phase-matching conditions are much higher than the
ambient temperature in the laboratory, which means that an oven must be used and measures
to ensure careful and gradual warming up and cooling down should be taken. On the other
hand, when the required temperature is achieved, the process is stable and not impacted by

the room temperature fluctuations.

Quasi-phase-matching

It is not always possible to achieve efficient phase-matching based on a material’s bire-
fringence. This is the case in the shorter wavelength region where the refractive index is
changing fast with the wavelength, but the birefringence (the difference between ordinary
and extraordinary refractive indexes) stays nearly constant. Thus the birefringence is not
sufficient to compensate for the dispersion of the refractive indexes. Another example,
where the critical phase-matching cannot be achieved is when a particular index of nonlinear
coefficient d, r¢ needs to be accessed, for example d33. It requires all three beams to have the
same polarization, thus the critical phase-matching conditions cannot be satisfied. However,
there is a way to achieve phase-matching in the materials, where the phase mismatch is too
high to operate in the critical phase-matching regime.

The parametric process is considered to be efficient as long as the phase mismatch is
smaller than 7 /2. The crystal length, where the process is efficient is called the coherence
length and is defined as:
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Leon = ﬁ (1.8)

If the mismatch is high, then the coherent length could be as short as 10 ym. If one
could obtain the mismatch at a distance longer than the L., then the parametric process could
take place and phase-matching could be achieved. This is possible and the method is called
quasi-phase-matching. Quasi-phase-matching is based on the periodic inversion of the optical
axis along the crystal length. The schematic view of the homogenous and periodically poled
crystals as shown in Fig.1.6. The crystal axis is inverted by 180 degrees, with the inversion
period equal to the doubled coherence length. And the phase-matching condition, where A is
the period of crystal axis inversion is written as:

2
Ak:k1+k2—k3—mT” (1.9)

The axis inversion results in the inversion of the sign of the nonlinear coefficient and
compensates for the vector mismatch. The amplitude of the generated wave grows at the
distance L., then the optical axis reverses and the phase of the wave continues to change,
but in the other direction. Thus, the process continues and the amplitude of the generated
wave grows (Fig.1.7 (b)). In the case of perfect phase-matching (Fig.1.7 (a)), the amplitude
of the generated wave grows linearly with the propagation distance in the nonlinear crystal.
When the wave vector mismatch is high (Fig.1.7 (c)), then the amplitude of the generated
wave is periodically oscillating between the generation and the back-conversion modes.
And finally, in the case of quasi-phase-matching the amplitude of the generated wave is
growing with the propagation distance, but slower than in the perfect phase-matching process.
So, if the d, s is the same for perfect phase-matching and quasi-phase-matching, then the
efficiency of the quasi-phase-matched process will be lower by the factor of 2 /7. But usually
quasi-phase-matching allows us to use the higher d, sr, which could significantly increase
the efficiency. The birefringence phase-matched interaction in bulk LN crystal has the d, ¢
value of ~ 4 pm/V, while the periodically poled LN has the d, /s of ~ 25 pm/V. Signals
generated in the PPLN crystal are expected to be 40 times stronger than in the same length of
bulk-LN.
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Figure 1.6 Schematic view of bulk (a) and pe- Figure 1.7 Field amplitude growth

riodically poled (b) crystals. In (b) the crystal as a function of propagation

axis is inverted with the period A. (Figure is distance in the case of perfect phase-

taken from [9].) matching, quasi-phase-matching
and the vector mismatch. Figure is
taken from [9].
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Figure 1.8 The schematic view of an aperiodically poled crystal with the negative poling
chirp (left) and fan-out crystal (right). (Picture is taken from [10].)

The amplification bandwidth at 3.6 um is 300 nm in the PPLN crystal [79]. However, it
could be improved if the poling period is aperiodic (chirped). The chirped period allows us
to phase-match all the wavelengths of interest and the spectral gain is inversely proportional
to the chirp rate. Furthermore, if the fan out structure (see the bottom figure of Fig. 1.8) is
applied, phase-matching can be adjusted by translating the crystal through different chirp
zones. However, at the output of the crystal, the amplified beam acquires spatial chirp as
the phase-matching is different along the beam profile. On the other hand, fan out structure
has advantages to be used in FOPA, where beam is spatially dispersed and thus different
wavelengths are amplified at different spots in the crystal. Initially, FOPA set up was based
on multiple nonlinear crystals [6], but later a fan-out PPLN was introduced [80]. The use of
fan out PPLN solves a few drawbacks initially present in the multi-crystal set up: optical
path introduced in each crystal should be precisely matched, which becomes more and more
complicated with the increase of the number of crystals used. Also there could be pre-pulses
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generated due to the diffraction on the edges of the crystals.

To sum up, the main advantages of the quasi-phase-matching are [67]:

* The crystal could be designed to feature phase-matching for a certain process all over

the crystal’s transmission range;

e It is possible to employ the highest nonlinear coefficient (d,y), which might lie on the
diagonal of the susceptibility tensor and need to have all the interacting waves of the
same polarization, thus impossible to use in critical phase-matching;

* The Poynting vector walk-off could be eliminated and the angular acceptance increased
by propagating all the three beams along the optical axis of the crystal.

* the amplification bandwidth could be improved by implementing an aperiodic poling
period, where the amplification takes place for each spectral component as long as the
phase mismatch is not too high, or the pump beam will get depleted [79]. Furthermore,

if the poling featured the fan out structure, the broadband spectrum could be tuned.

Amplification of ultrashort pulses: non-collinear phase-matching

In the case of ultrashort pulse amplification, the approximation of monochromatic waves
cannot be applied anymore. We should take into account the spectral bandwidth, spectral

phase, group velocity, and other concepts of short pulses.

In order to generate short pulses, the spectral bandwidth of our pulses should be larger, the
relationship between these two parameters for Gaussian transform limited pulses is expressed

as:
AV x At, = 0.44 (1.10)

Here 1, is pulse duration and Vv is spectral bandwidth in frequency range. Thus, the broader

pulse spectrum is the potentially shorter pulses could be generated.

Because pulses are propagating in the nonlinear crystal with different group velocities
(the velocities at which the envelope of a pulse propagates in the medium), after a certain
distance the pulses will not overlap in the crystal anymore. This distance could be expressed
as:

b
T 1

Ver  Va(s/i)

L = (1.11)
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Here 1), is the pulse duration and vy is the group velocity of pump, signal or idler pulses. Thus
the interaction length for shorter pulses is shorter and could limit the amplification efficiency
of the amplification stage.

The amplification bandwidth is defined as [11]:

Av = (1.12)

T \L

2(In2)/2 (r) 2
|
Here vgs and vy, is the group velocity of signal and idler waves, I is a nonlinear coefficient
and L is the crystal length. The amplification bandwidth is maximized when the group
velocity mismatch (GVM) is minimized between the signal and idler pulses.

ra AQ
a) b)
i
c) d)

Figure 1.9 (a) Schematic k vectors of a collinear interaction geometry; (b) schematic k vectors
of a non-collinear interaction geometry; (c) representation of signal and idler pulses in the
case of collinear interaction; and (d) representation of signal and idler pulses in the case of
non-collinear interaction. Here k denotes k vectors and v, is group velocity; indices p, s, and
1 are for pump, singal, and idler (Picture adapted from [11].)

It is important to note that the GVM between the pump and amplified signal pulses
limits the interaction length and the GVM between the signal and idler pulses limits the
amplification bandwidth. Nevertheless, these limitations can be overcome by applying the
non-collinear configuration to intersect the three beams in the crystal. In the case of collinear
geometry, the signal and idler pulses get quickly separated in time, but in the case of the

non-collinear geometry, pulses stay overlapped in time and are just transversely shifted and
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not perfectly overlapping in space. The schematic geometry is depicted in Fig.1.9. In this

case the phase-matching condition becomes vectorial and can be written as:

Ak = kpcos(a) — ks — kicos(Q) =0

(1.13)
Ak, = kpsin(o) —k;sin(Q) =0

« is the angle between the pump and signal vectors and € is the angle between the signal
and idler vectors. In order to obtain a broadband phase-matching, both Ak and Ak, should
be equal to 0. After taking into the consideration the fact that the angle between signal and
idler is not fixed and depends on the signal wavelength (if the signal increases by A®, then
the idler decreases by Aw) we get:

Vgs = Vgic0s(Q) (1.14)

Thus, the broadband phase-matching can be achieved at a certain angle Q between the
signal and idler beams, where the signal group velocity projection is equal to the idler
group velocity projection along the signal direction. Equation 1.14 could be satisfied just
when vg; > v, which is the case for all negative uniaxial crystals for the type I interactions.
However, practically it is difficult to operate the angle between the generated idler and signal
beams; it is much more convenient to know the angle between the input signal and pump

beams. This angle is sometimes called the magic angle and could be written as:

£ 1/2
o = arcsin ( » sns)lfg = ) (1.15)
L+ 2k 15

Vgini/ls

1.3 Seed generation: white light continuum

White light continuum (WLC) is a third order nonlinear process, where the spectrum of
narrowband ultrashort intense pulse gets broadened hundreds or thousands of times, while
propagating in a dielectric medium. It is a key process for generating the seed for ultrashort
optical parametric amplifiers. The supercontinuum generation was first observed in the 70’s
and because the process is complex it is still being investigated [81, 82]. The main factors
contributing to the WLC generation are self phase modulation, cross-phase modulation,
4-wave mixing, Raman scattering, filamentation, self-focusing, and self-defocusing. The
process can take place in different media, but bulk materials are the most suitable for stable
everyday performance and provide smooth spectrum characteristics as well as high temporal
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and spatial coherence [83].

The threshold for WLC generation is defined the same way as the critical power for self-
focusing as this is the required process, which leads to different nonlinear effects stimulated
by the increased intensity. When a intense pulse propagates trough a material it can change
it’s properties in a way that it acts as a lens. The sign of a formed lens depends on the
nonlinear refractive index (n7) of the material. In order to get the self-focusing, the (n7) must
be >0. The critical power is given by [84]:

_0.1543
N nyny

P, (1.16)
here Ay is the wavelength of the pump laser, n,, — linear refractive index and n, — nonlinear
refractive index, which is a parameter quantifying the nonlinearity of the medium. One could
note that the process does not depend on the beam intensity, but the peak power. A critical
power of self-focusing for some of the most commonly used materials for 800 nm and 1030

nm pump wavelengths is depicted in Fig.1.10 [12] and is in the range of few MW.

—— P_ (% = 800 nm)
- = = P, (3= 1030 nm)

o P.(for various dielectrics)

0.3 = KTA

\
g 0.2 \
a” \\

b ~ o \ LNE

BBO™ « N

~ S
~ 0.
YAG -~ 0 80 100 150 200 250 300
™y - 5 i
- nn (10" e’/

0.5 KGW e

0 | éll | é | 1|2 | 1|6 | 20 | 24 | 28 32
neN, (10™° cm?/W)
Figure 1.10 Calculated critical power for 800 nm and 1030 nm pump wavelengths. The

circles show the values for different materials pumped with 800 nm laser. (Figure adapted
from [12].)
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Spectral broadening was also studied in [85] and the results showed that broadening to
the blue wavelengths side is much stronger than into the red side. Furthermore, the continuum
generation depends on the material band gap energy (E,) and the strongest broadening into
the shorter wavelengths is observed in materials with the highest E,. Materials with the
highest band gap energy are also the materials with the lowest nonlinear refractive index,
as the relationship between these two parameters is inversely proportional to the E; [86].
The WLC generation under different conditions in YAG and sapphire was done in [82], and
the study reveals that YAG crystal is a better material for WLC generation, while pumped
with a NIR laser, as it provides smoother, more stable and more energetic spectrum in both
sides of the broadening. Also, a longer crystal further improves the stability and robustness
of the system. The latter was also observed in our experiments, as shifting from a 4 mm
YAG plate to a 15 mm rod significantly improved the stability, generated more energetic
spectrum and the most importantly, the red side of the continuum spectrum spread up to 2-2.4
um, which simplifies the set up of the OPAs in the MWIR. As it is shown in Fig.1.11, the
continuum spectrum extends up to 2.4 um (the detection of longer wavelengths was limited
by the spectrometer (Nirquest 256 from Ocean Optics). The amplified signal is provided
in Fig.1.12 and shows the tunability over the whole range of interest (up to 2 um, where
the degeneracy takes place). The efficiency and the spectrum width here depend on the
crystal and the phase-matching conditions used in the particular configuration, thus could be

optimized for the targeted spectral region.
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Figure 1.11 Spectrum of WLC generated Figure 1.12 Amplified WLC spectrum
in 15 mm YAG. Parameters of the driv- from Fig.1.11, by tuning the phasematch-
ing laser: 1030nm, 380 fs, 220 mW, 100 ing angle, we reach amplification at
kHz. the degeneracy wavelengths. Amplified
spectra are individually normalized.
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1.4 Dispersion and pulse compression in the mid-wavelength

infrared

After the pulse has been amplified in the crystal and passed through all the optical compo-
nents in the system, it accumulates the spectral phase, which has to be compensated for to
achieve the shortest possible pulse duration — preferably the transform-limited pulse duration.
As for most of the ultrashort OPAs, the seed signal is generated via white light continuum
generation. The broadband output usually corresponds to positively chirped pulses. The spec-
tral phase for the signal pulses should be compensated for by using materials with negative
dispersion. However, in the SWIR and MWIR regions, the negatively chirped idler pulses are
the main output. The pulses with the negative chirp should be compressed with the materials
featuring a positive dispersion. Additionally, it could occur that even the idler pulses exit
with a positive chirp due to the propagation through different optical elements with the posi-

tive dispersion in the system or the signal was purposely stretched to obtain the negative chirp.

The common methods for pulse compression are the use of grating pairs, prism pairs,
chirped mirrors, bulk materials and adaptive optical systems. For the compression of pulses
in the mid-wavelength infrared, the most common way is just to simply use the bulk materials
[87] as the method is cost effective and the implementation is simple. However, there are
some systems with grating compressors [88] and acousto-optic modulators to correct the
accumulated spectral phase [89]. The grating compressors feature negative dispersion, so as
in the case of OPCPA in [88], the signal was also stretched by a grating pair which induced
positive dispersion to the generated idler beam. It was then possible to use the grating pair
for the idler compression. Also, high efficiency gratings have a very high cost and potentially
lead to the loss of up to 20% of the signal at the end of the system. The technology of chirped
mirrors is well matured in the near infrared spectral region. However, there is still a lack
of commercially available products for the spectral range around 3 um (at the moment of
the writing the manuscript just one company (Ultrafast Innovations) was found providing
chirped mirrors at this spectral region). Thus, as aforementioned, bulk materials are mostly
considered for the pulse compression in the mid-wavelength infrared. Nevertheless, even if it
looks simple, a few considerations should be addressed:

* Semiconductor materials, such as germanium or silica feature a high nonlinear co-

efficient, which results into the low input threshold for the self focusing and beam
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distortions. So one has to be careful, when choosing the right material for the post-

compression of intense MWIR pulses.

* Bulk materials can not compensate for the third order dispersion, which is always
positive in the transmission range of the glasses [87]. Thus it could be the limiting

factor in achieving the transform-limited pulse durations.

The summary of commonly used materials and their group delay dispersion (GDD)
at different wavelengths, which were used during experiments described in this thesis, is
provided in the Table 1.4.

Table 1.4 GVD and TOD of commonly used materials for the pulse compression in the
mid-wavelength infrared. Data is provided for 1.03 pm, 1.5 pm, 2 um and 3 pm.

Material | VD fs2/mm | TOD fs’/mm | GVD, fs*/mm | TOD fs*/mm
1.03 um 1.03 um 1.5 pm 1.5 um
YAG 65 65 15 145
Ge - - - -
ZnSe 660 545 400 390
CaF, 20 20 45 20
BBO 45 60 -1 150
KTA -5 25 -30 90
LiNbO; 290 255 125 365
Sapphire 30 60 -25 175
Si - - 1175 1225
. . | GVD, fs?*/mm | TOD fs’>/mm | GVD, fs*/mm | TOD fs*/mm
Material
2 um 2 ym 3 um 3 um
YAG -60 385 -360 2180
Ge - - 1525 3170
ZnSe 280 365 160 440
CaF, 20 120 -105 585
BBO -110 825 - -
KTA -80 275 -290 1445
LiNbO; -35 790 -595 3875
Sapphire -120 530 -550 3160
Si 810 840 520 820

1.5 Carrier envelope offset stabilization

The stability of the carrier envelope offset (CEP) has a high importance for the experiments

requiring ultrashort pulses with few cycle pulse duration. CEP is the offset between the opti-
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cal phase and the maximum of the wave envelope of an optical pulse. As was demonstrated
in [90], the generated high harmonic signal changes by tuning the CEP. The CEP tuning
corresponding to the envelope phase is depicted in Fig. 1.13: the initial pulse has the carrier
envelope offset equal to zero, afterwards the CEP is shifted to 7z/2 and lastly to 7.

o le o e

E(t)

Figure 1.13 The CEP tuning from A¢ = 0 to A¢ = 7. (Modified figure from [13] )

CEP could be actively or passively stabilized. Active stabilization includes different con-
figurations and implementations of feedback loops. Passive CEP stabilization is achieved in
the OPA by generating the idler beam from the same laser-frequency-driven seed generation

and pump beams.

In the Table 1.5 [91] a summary of the phase properties in three different OPA config-
urations is provided. For A and C configurations, the OPA pump and the white light are
sharing the same frequency. In the case of A, it is the fundamental frequency, and in the case
of C it is the generated second harmonic. In both cases the passive stabilization of the idler
pulses is achieved. However, in B configuration the white light continuum generated from
the fundamental frequency of the pump laser is amplified by the second harmonic pump,
which leads to un-stabilized idler pulses. Thus, at least one additional parametric stage is
needed to achieve the passive CEP stabilization. This could be done by amplifying the idler
beam with the fundamental beam and generating the passively stabilized idler, as it was done
in [65].
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Table 1.5 Phase properties of various OPA designs.

OPA configuration A B C
Pump frequency, @, ay 209 2a
Central frequency of the white light, ), wy o 2y
Phase offset of pump,®,, D 20+m/2 20+m/2
Phase offset of signal,®; e+rn/2 d+rm/2 20+7
Phase offset of idler,®; -7 b—1n/2 -7
Self stabilization? Yes No Yes

The CEP stability could be measured by recording the spectral interference between the

white light continuum and the generated second harmonic signal [92]:
[(®) < I (0) + Isg () +2[IF (0) sz (0)]* cos(0T, + @+ 1/2)  (1.17)

Here I(®) is the spectral interference signal and Ir is the signal of the fundamental
frequency and Isy of the second harmonics, the @7, is the delay between the two pulses
and ® the phase, thus the spectral interference signal is a function of ® at the constant
w7,. The signal does not depend on the intensity fluctuations, because it is the position of
the interference fringes, which holds the information about the CEP. In fact, this is not true
for the real experimental conditions. When the OPA is unstable, the filament is generated at
different longitudinal positions in the media, which introduces an additional phase noise. If
the pump laser or OPA is very unstable, a reliable f-2f CEP stability measurement cannot be
performed [65].

The CEP shift after propagating in the dispersive media of the thickness d depends on
the difference between the phase and group refractive indexes [93]:

ACE=§(ng—n)d (1.18)

Here ny is the group refractive index. Afterwards one can estimate the material length to be
inserted to change the CEP by 27 and thus control the CEP position.

The classical experimental set up of the f-2f interferometer is depicted in Fig.1.14. Firstly,
the white light continuum is generated. Usually it is done in a piece of YAG, Sapphire or an
other common bulk material. However, the spectral broadening could also be achieved in a
hollow core fiber filled with gas [92, 94], where broadening can be controlled by changing

the gas pressure. Then, the second harmonic of the signal is generated in a nonlinear crystal.
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ﬂ
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WLC SHG Polarizer To spectrometer

Figure 1.14 The f-2f interferometer. WLC- white light continuum, SHG - second harmonic
generation stage; arrows indicate the polarization direction. (Modified figure from [14] )

Since type I phase-matching is realized, the continuum pulses and the second harmonic
pulses hold perpendicular polarizations. In order to have interference between the two signals,
they should go through the polarizer set at 45 degrees, so a fraction of both beams with the
same polarization is selected and sent to the spectrometer. It is important to note that this
is an inline configuration and the delay between the two pulses arriving at the spectrometer
should not be longer that the coherence length:

o
‘T Av
Here Av is the bandwidth of the pulse spectrum. In such a configuration, the delay

(1.19)

between the two pulses and the inter-fringe period can be adjusted by inserting additional
material in the beam path between the white light continuum generation and the second har-
monic generation stages. If this is not feasible, a classical interferometer with two branches
and a delay line should be implemented.

For the successful implementation of this method it is important to generate an octave
spanning white light continuum and use a spectrometer with a resolution compatible with
the inter-fringe period. However, when the WLC generation is driven by a MWIR source,
this is a challenging task. The signal tends to drop significantly in the region covering the
SH wavelength region. One of the solutions would be to phase-match the second harmonic
generation of the generated supercontinuum for the regions, where the WLC signal is suf-
ficient to measure the interference [95, 14]. It is also possible to generate the SH signal
first and then use it as a pump for the f-2f interferometer, in this case, the measured CEP

instabilities would be twice as high as from the original pulses in the mid-wavelength infrared.
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1.6 High power systems: thermal effects and damage thresh-
old

Parametric sources, contrary to laser sources, do not require population inversion (and thus
the energy storage) which significantly reduces the crystal heat load. This is important,
when operating high power systems. If, at high average power, the crystal has absorption
for one of the three wavelengths, the temperature of the crystal would increase. The non-
homogenous heating would result in a spatial temperature gradient as well as the refractive
index changes. Even at a relatively low OPA output power of 2 W, the temperature in the
crystal increases by 50 K [96] and the temperature difference reaches 150 K, when the
repetition rate is increased from 150 kHz to 1 MHz with the output of the OPA of 14 W.
The varying refractive index induces varying phase-matching conditions and this limits
the achievable amplification gain as well as inducing the gain narrowing and beam profile

distortions. Furthermore, the crystal may break due to thermally induced stress (see Fig.1.16).

Thermal properties of borate crystals were investigated in [97]. As most of the high
power pump lasers are based on Yb doped laser technologies, pump wavelengths are either
1030 nm, or the second harmonic wavelength at 515 nm. If the broadband OPA is operating
at 800 nm, then the process is pumped by the SH beam and this would make the most impact
to the thermal heat load in the crystal. However, as mentioned earlier, one has to be careful
while choosing the signal and idler wavelengths. If the OPA is based on borate crystals, then
the signal wavelengths must be limited to be higher than 700 nm, otherwise the generated
idler beam will be longer than 1950 nm and will get absorbed. The same applies for the
generated parametric superfluorescence, which lies within the same wavelength range as
signal and idler beams, thus stronger signal and lower pump intensities as well as both pulses
well matched in time and space are recommended. The input of the pump absorption in the
protective coating also plays a significant role: by removing the coating the temperature
increase could be reduced by 25 % [96], but in that case the Fresnel reflection should be
taken into account, or the crystal should be cut at the Brewster angle. However, in the type I
phase-matching configuration, the signal beam featuring perpendicular polarization to the

pump would still experience losses.

One of the parameters that determines the amplification gain in the nonlinear crystal is
the intensity of the pump beam, which is limited by the laser-induced damage threshold of
the crystal, or more commonly by the damage threshold of the coatings of the crystal, which

usually feature a lower damage threshold. Sometimes, if the losses due to the reflections are
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significantly over-compensated by the amplification, it could be preferable to use uncoated
crystals, which, as mentioned before, also improves the crystal’s ability to handle the high
average power. However, this applies only to the crystals with a small refractive index,
otherwise the transmission of the crystal without the antireflective coatings for the pump
could be just 50% [98]. Commonly, crystals transparent in the mid-wavelength infrared
region have a high reflective index and good quality coatings are important for the successful
implementation of the crystal.

The mechanism for the LIDT process depends on the laser wavelength and pulse duration.
The damage threshold scales with the pulse duration as a squared root of the ratio between
the actual pulse length over the pulse length of the known value of the LIDT [99]. However
this is valid only for pulse durations longer than 10 ps. For the ultrashort pulses, the damage
mechanism is more complicated and the scaling law in the femtosecond regime was suggested
to depend on the pulse duration with the power of factor k (F;, ~ t*), which is not dependent
on the material or pulse duration and is equal to 0.30+0.03[100].

Technology of ultrashort pulse OPAs in the near and short wave infrared has already
matured, but the crystal providers still provide the damaged threshold mostly in the ns
regimes. Even though sometimes publications include the beam intensities in the crystals
the reported numbers could be impressively high or not measured using the certified ISO
standards. A BBO crystal was reported to be able to handle 1.9 TW/cm? of the pump beam
at 1030 nm and the pulse duration of 580 fs [64]. The reported values of LIDT for longer
pulses at 1064 nm in BBO crystals are: 0.5 GW/cm? at 10 ns and 50 GW/cm? at 1 ps [101].
Different types (blank LN, doped with 5% MgO, PPLN) of lithium niobate crystals were
tested in [102]. R-on-1 method was used for the laser pulses with a pulse duration of 1
ps at 1030 nm at two different repetition rates of 10 kHz and 100 kHz. R-on-1 method
is performed as following [103]: the surface is divided into a number of sites and each
site is irradiated with a number of laser pulses with the same fluence. The laser fluence
on site is increased until the damage of the site is reached. The damage probability is
determined from one site, however multiple sites are used for statistical evaluations. The
results show that the damage threshold is indeed slightly higher for uncoated samples and
lower repetition rates. The crystal doping with Mg:O slightly increases the damage threshold
and the PPLN samples feature 1.7 times lower LIDT compared to the bulk Mg:O doped
crystals at the lower repetition rate. At 100 kHz the difference is smaller — 1.5 times, but
still could be a limiting factor for the power scaling in PPLN OPAs in the high power regimes.
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It could be hard to estimate the LIDT for ultrashort pulses, because there is no complete
study for the ultrashort pulse regime and the wavelength and pulse duration scaling is not
straightforward. The damage threshold was experimentally measured in a few commonly
used crystals: BBO, LiNbO3 and LGT, (which is a new nonlinear crystal with the promising
parameters for a broadband phase-matching in MWIR, while pumping with the source at 967
nm). The measurements took place in Laboratoire Lasers, Plasmas et Procedes Photoniques
(LP3) at university of Marseille and were conducted by dr. Jean-Christophe Delagnes within
the collaboration with the local group.
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Figure 1.15 Laser induced dam- Figure 1.16 Cracked 5 mm BBO crystal due
age threshold probability for BBO, to thermally induced stress.
LiNbOj3 and LGT crystals.

The method of 1-on-1 was used and the available laser source was the Ti:Sapphire laser
with a pulse duration of 15 fs. 1-on-1 test is performed as following [103]: the surface is
divided into a matrix of sites, which are well separated. A laser pulse with a certain energy is
irradiating a number of sites with one pulse per site and the state (damaged/not damaged)
of the site is recorded, the probability of damage is calculated. Then the pulse energy is
increased and the steps are repeated till a 100 % of damage is reached. LiNbO3 and LGT
crystals were not coated and the BBO had a anti-reflecting coating for the pump at 1030 nm
and signal/idler pulses at 2 um. The measured damage threshold values are: 20 TW/cm?
for LINbO3, 21.5 TW/cm? for BBO and 33 TW/cm? for LGT crystal. It is hard to directly
compare the results with the LIDT values at longer pulses, mostly because the measurements
are reported at longer wavelengths: 1030 nm or 1064 nm, however a linear dependence of
LIDT on the wavelength is expected [104]. LIDT for LiNbOs is 3 times lower compared to
the value reported at 1 ps, 0.3 J/cm? and 1.05 J/cm?. This could be due to the poor crystal
quality, because the attempt to obtain the efficient parametric amplification was not successful
in this crystal sample. However, the LIDT in BBO at 15 fs is 20 TW/cm?, which is 660 times
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higher than at 1 ps pulse duration (50 GW/cm?).



Chapter 2

High repetition rate OPAs in SWIR and
MWIR

The experiments described in this chapter took place in CELIA laboratory at University of
Bordeaux. The study of two OPAs are presented: the first one is operating at 2 um and the
second one at 3 um. Also a new nonlinear crystal (LGT) was tested and implemented into
both systems. The pump laser for these systems is a high power Yb:FCPA laser Solstice:
100 kHz, 380 fs, 1030 nm, up to 370 uJ. The OPAs were built in order to use them to drive
experiments of HHG in gas and/or solids. However only 3 um OPA was successfully used to
generate HHG in ZnSe.

2.1 Yb:FCPA pump laser "'Solstice"

The OPAs, presented in this chapter are pumped by Ytterbium (Yb) doped fiber chirped pulse
amplifier (FCPA) [15, 105], built in-house.

Ti:Sapphire
oscillator

. [ N\ i
Amplifier 1 Stretcher\ Amplifier 2 { Pockels cell } Amplifier 3

Rod type
amplifier

Figure 2.1 The pump source for the OPA experiments - FCPA "Solstice" [15].
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Figure 2.2 Broadband spectrum of Ti:Sapphire oscillator "Rainbow". Spectral part around
1030 nm is used to seed the Yb:FCPA.

The seed source for the Ytterbium doped fiber amplifiers is a Ti:Sapphire oscillator
"Rainbow" (Femtolasers) with a broad spectrum spreading from 650 nm to 1050 nm (see
Fig.2.2). This laser has a CEP stabilization and works at 77 MHz repetition rate, and the
output power is 180 mW. The spectral part at 1030 nm with the power of 1 mW is selected to
seed the first amplifier. All the fiber amplifiers are pumped by diode lasers at 976 nm. The
first three amplifiers consist of the same type of fiber — an Yb doped fiber with a core size
of 40 um. Firstly, pulses are amplified up to 300 mW, which is the required power level to
pass through the stretcher, so that there is enough energy left to seed the second amplifier
and reduce the level of amplified spontaneous emission (ASE). The femtosecond output of
the first amplifier is stretched up to 3 ns in an Offner type stretcher based on transmission
gratings. Pulses propagate through the stretcher twice and the transmission efficiency is
57 %. Pulses are amplified further in a second amplifier, where the power reaches 1 W.
After passing through the Pockels cell, the repetition rate is reduced to 100 kHz. Then
the pulses are amplified in the third amplifier, where the output power reaches 1 W. The
output of the third amplifier is then divided into two equal parts and is sent into the final
all-silica double-clad large-mode-area rod type fiber amplifiers (fiber core diameter is 80 um,
inner clad diameter is 200 um, core numerical aperture NA=0.02). The pulse duration after
amplification in the rod is 1.5 ns: it is reduced, compared to the stretched pulses, due to the
gain narrowing in the amplifiers. The seed for the amplifiers features a spectral bandwidth of
20 nm and the system output is 7 nm at Full Width Half Maximum (FWHM) signal level.
The output spectrum is provided in Fig.2.4. After the amplification in the rod, the pulses are
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compressed down to 350-380 fs. The autocorrelation of the pulse is depicted in Fig.2.3. The

pulse duration was 380 fs and later was improved to 350 fs. The efficiency of the compressor

is 90 %. The initial output power was 50 W [15], but then the threshold for transverse mode

beating decreased due to the fiber aging. The mode beating appears at a certain laser output

power. These fluctuations are caused by a constant energy transfer between the fundamental

and higher order modes [106]. In all the experiments described in this thesis, only one rod

was used, which allowed the output power to reach up to 37 W (370 pJ).

Table 2.1 Progressive stages of pulse amplification in FCPA "Solstice".

. Fiber

Parameter | Power Energy | Rep. rate | Pulse duration Core and inner clad diameter
Rainbow 3 mW 40 pJ 77TMHz | 6fs
Amplifier I | 300 mW | 4 nJ 40/200 pm
Strecther 170 mW | 2.3 nJ 3 ns
Amplifier2 | 1 W 13 nJ 40/200 pum
Pockels 0.8 mW | 8nJ 100 kHz
Amplifier3 | I W 10 wJ 40/200 ym
Rod 41 W 410 W 1.5ns 80/200 um
Compressor | 37 W 370 W 350-380 fs

- 1.04 - 1.0

:_% 0.8 :_g 0.8-

% 061 FWHM-= 545 fs % 061 - FWHM=7nm

% 0.4 % 0.4

£ £

S 0.2 2 021

0.0 : T 0.0 T T T
-2 -1 1 2 1010 1020 1030 1040 1050

Time (ps)

Wavelength (nm)

Figure 2.3 Autocorrelation trace of Figure 2.4 Output spectrum of

Yb:FCPA "Solstice". Pulse duration is

380 fs.

Yb:FCPA.
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Figure 2.5 Near field beam profile of Figure 2.6 Beam profile at the entrance of
the rod-type amplifier. the OPA, FWHM - 2x2.2 mm.

The spatial beam profile of the rod-type fiber is shown in (Fig.2.5). Afterwards pulses
are compressed and delivered into the OPA set up. The distance between the compressor and
the entrance of the OPA is about 5.5 meters. Fig.2.6 shows the beam profile after reducing
the size with a telescope, consisting of a pair of +500 mm and -200 mm lenses. The beam

size after the telescope is about 2.1 mm and is well maintained after 8 m.

2.2 2 pumOPA

State of the art of parametric 2 ym sources

For a long time, the direct intense femtosecond pulse generation from the laser gain medium
in the short wavelength infrared was a challenge [3, 4] and intense, ultrashort pulses were
exclusively based on the parametric sources. Today, state of the art Tm doped FCPA laser
systems [42] could be post-compressed in gas-filled-hollow core fibers and successfully used
for high harmonics generation. Still parametric sources have the advantage of wavelength
tunability and reaching higher peak power, especially while pumping with high energy, at a
lower repetition rate using near-infrared lasers. More details on high energy OPAs will be
provided in the next chapter while here we concentrate on high repetition rate systems. Table

2.2 summarizes the state of the art parametric systems in the vicinity of 2 um.

The most commonly used crystals for the pulse amplification at 2 um are BBO. Well de-
veloped growth methods provide low-cost and featuring high damage threshold BBO crystals

with stable and robust performance. Periodically poled crystals were also implemented, but
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Table 2.2 State of the art of 2 um OPAs.

Ref A, | Energy, | Rep. rate, Pulse Nonlinear Pump CEP
© | um uJ kHz duration, fs crystal laser stable?

. Yes

[107] | 2 15 1 15 BBO Ti:Sa (330 mrad -10s)
[69] | 2.1 | 1.2m] 3 15 MgO:PPLN | Yb:YAG Yes
Yes

[108] | 1.8 | 145 n) 3 11 BBO Yb:KGW (135 mrad rms)
MgO:PPSLT | Yb:YAG Yes

(1091 ] 2.1 85 I 32 BBO Nd:YLF (194 mrad 30s)
Yes

[110] | 2.2 220 1 23 MgO:PPCLN | Nd:YLF (150 mrad 10s)
Yes

[111] | 2.1 10 100 16 BBO Yb:FCPA (600 mrad 30s)
[112] | 2.1 740 1 16 PEII\}N Nd:YLF Yes
[113] | 1.8 | 240 1 16 BBO Ti:Sa No
. . Yes

[95] | 2.1 372 3 32 BiBO Ti:Sa (sub 250 mrad 11 min)
[64] 2 60 100 33 BBO Yb:FCPA Yes
[71] |24 | 1.2m] 0.5 115 KTA Yb:CakF; Yes
Ti:Sa

[114] | 1.8 | 2.5 mJ 1 - BBO (TOPAS) NA
[115] | 2 372 1 - BBO Nd:YAG Yes

the limited aperture and parasitic phase-matching as well as photo-refractive effects prevents
power scaling. Bulk crystals are often preferred for use in the booster amplifiers [69, 109],
unless a large aperture crystals are available as in [112]. However, in [112] 20% of the
output of the OPA belongs to the superfluorescence (this process could be also known as

spontaneous parametric down conversion).

Methods to prevent high superfluorescence level were discussed and implemented in
[110]. There, the superfluorescence level at the output of the system was 7 % and with
pump scaling was estimated to not to exceed 10 % of the increased output signal. Authors
suggest a few methods for suppressing the superfluorescence. Firstly, the seed energy for
OPA stages should be maximized. If any lossy elements must be inserted, they should be
placed into the pre-amplified signal, where losses could be compensated for by following
stages and the low signal level for the first amplifier would not be affected. In [110] 2
um seed energy was maximized by placing the AOPDF after and not before the OPA1, so



42 High repetition rate OPAs in SWIR and MWIR

the losses were later compensated for by the OPA2 and did not affect the seed for OPA1.
Secondly, inserted hard apertures would block the superfluorescence-based higher modes
between the two amplification stages. Setting the pump beam size significantly smaller than
the signal would implement a soft aperture. This helps to clean the wavefront, and to select
the signal with the highest signal to noise ratio by also transferring the clean pump beam
profile into the amplified signal. In [110], the second stage pump beam was more than two
times smaller than the signal beam and in the last amplifier nonlinear crystal was placed
2-3 diffraction lengths after the signal focal point. Lastly, optimize the pulse durations and
spectra for each amplifier, which also would avoid running the amplifiers at a high saturation
regime. Superfluorescence will be suppressed, when all signal frequencies near the pump
peak are well seeded and the signal is chirped enough to push frequencies, which are at the
edge of the phase-matching bandwidth, to the edges of the pump pulse. However, this will
reduce the amplification bandwidth compared to the spectral bandwidth expected from the

phase-matching curves.

An important factor in achieving few-cycle ultrashort pulses is a generation of a broadband
seed. It is also crucial that those pulses were CEP stable, when the pulse duration reaches
few optical cycles. The advantage of parametric amplifiers is that the CEP could be passively
stabilized. Almost all of the systems feature passively stabilized CEP and in the case of
[113] the output signal beam would be CEP stable if the idler beam is extracted from the
amplifier. There are few ways to generate CEP stable pulses in the short wave infrared region
and the method chosen will depend on the available pump laser. One of the methods would
be the intrapulse DFG. The intrapulse DFG could be generated directly from a broadband
Ti:Sa oscillator [109]. If the Ti:Sa spectrum is not broad enough, then a fraction of Ti:Sa
amplifier could be broadened by self-phase modulation in a gas filled hollow core fiber,
post-compressed by a set of chirped mirrors and then sent to the nonlinear crystal for the
intrapulse DFG generation [69, 112]. Another way is to use the DFG between two pulses.
These two pulses are usually relatively narrowband pump (either Ti:Sa or around 1 pm) and
the signal of the visible OPA which is pumped with the second harmonic beam. The seed
for the visible OPA could be generated via the white light continuum [111, 108, 107, 64]
or direct amplification of the broadband Ti:Sa oscillator spectrum [115]. And lastly idler
generation in the OPA, where both pump and signal are driven by the same laser pulses:
either SHG or fundamental beams [71]. In the experiment described in the 2 um part of
this chapter, the second method was used. The DFG between the SHG pumped OPA signal

around 700 nm and fundamental beam at 1030 nm provided broadband signal at 2 um.
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2 um OPA experimental set up

The OPA set up presented in this chapter was initially built by dr. Julien Nillon and presented
in his PhD thesis [65]. Then it was adapted for a different pump source and a few modifica-
tions of the initial architecture were made. The modifications of the architecture were mostly
inspired by the 1.8 um sub-two-cycle OPA constructed in Munich by Homann et al. [108].

The initial system was based on idler generation in a quasi-collinear OPA working at
the degeneracy. In that case, signal and idler wavelengths overlap and their separation is
complicated. Even though one could separate the two beams by implementing a non-collinear
OPA scheme, the generated idler beam would then acquire an angular chirp, which after-
wards affects our ability to use the beam for strong field physics experiments, and reach high
intensity on the target. The new set up is based on collinear DFG between 700 nm broadband
signal and fundamental pump wavelength, which lets us avoid the degeneracy regime and

allows us to use chromatic beam separation.

PR > P1+S
FCPA +
IR-OPA
U, o
P1 S

1A | A,

515 700 1030 2000
Wavelength, nm

Figure 2.7 The block-scheme of 2 um OPA set up (top) and the wavelengths used for
parametric processes (bottom). P1 - pump of the OPA1 (515 nm), P2 - pump for the IR-OPA
(1030 nm).



44 High repetition rate OPAs in SWIR and MWIR

The scheme of the set up is depicted in Fig.2.7. Here, the pump beam is divided into
4 parts: seed generation in WLC, pump for OPA1, DFG in the second stage and pump for
IR-OPA. Firstly, white light continuum, driven by the fundamental beam, is generated in
YAG. Simultaneously, the rest of the pump is sent to a second harmonic crystal to generate
the pump beam for the first parametric amplifier (OPA1). In OPA1 signal around 700 nm is
amplified. In the next stage, the amplified signal is then mixed with the residual fundamental
beam and broadband DFG signal is generated at around 2 pm. Lastly, the DFG signal is
further amplified in the Mid-IR stage. Here, pump is the fundamental wavelength.

An extra note for the wave mixing in the DFG stage could be taken here. In this stage,
the DFG signal is generated between the previously amplified supercontinuum around 700
nm and the fundamental laser beam. The broadband amplified supercontinuum acts as a
pump beam (being shorter wavelength) and narrowband fundamental at 1030 nm is the signal
beam. The outcome of the stage is a broadband DFG signal around 2 um. Fig.2.8 shows the
tunability between the amplified WLC and generated DFG signals.

n
©

DFG wavelength (um)
- n n n
© n N N o

o
:

4 1 1 1 1 1 1 1
06 062 064 066 068 0.7 072 0.74 0.76
Pump wavelength (xm)

Figure 2.8 Calculated generated DFG signal dependence on the pump wavelengths, while
mixing with the fundamental laser beam.

White light continuum generation

At the beginning, white light continuum was generated in a 4 mm YAG plate: the short
medium length demanded tight focusing conditions and so a 100 mm lens was used for this
purpose. 350 mW of the fundamental beam is focused with a 100 mm lens, the intensity
and peak power is estimated to be 3.5 TW/cm? and 14 MW, the critical power for WLC
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generation is 1.4 MW. The optimized power for the WLC generation exceeded the critical
power by about 10 times. This could be the result of instabilities and higher power would
assure the presence of WLC signal to seed the OPA. The generated spectrum was broad
enough, it fully covered the required spectral region in the near-IR spectral region around
700 nm. However, the pump laser instabilities had a strong impact on the successful WLC
generation. Due to the tight focus, energy fluctuations of the pump laser would quickly
result in a multi-filamentation (Fig. 2.9), no WLC generation at all or even the laser induced
damage of the YAG plate. Even though the RMS of the pump laser was measured to be 1 %
for the pulse to pulse stability.
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Figure 2.9 The interference fringes show- Figure 2.10 WLC generation in 4 mm
ing the multifilament generation in a4 and 15 mm YAG.
mm YAG plate.

Longer material length allows us to use loose focusing, because the beam has a longer
distance to accumulate nonlinearities, thus lower intensity is required for the process to take
place. Furthermore, focusing conditions could be chosen to generate the WLC further from
the surface, which might reduce the possibility of laser induced damage as it was reported in
[82]. We have confirmed that longer material provides more stable supercontinuum genera-
tion, and prevents us from damaging the crystal. This time the WLC was generated in a 15
mm YAG rod and the pump beam was focused with a 200 mm lens, which also reduced the
required pump power for WLC generation from 350 mW to 130 mW. Spectra comparison
in Fig. 2.10 shows that the spectrum generated by both methods has a reasonable spectral
intensity, thus is suitable to seed the first stage. However, the overall system performance is
increased when the WLC is generated in the rod. Similar results were also obtained in [82],
where white light continuum was generated in 6 mm and 10 mm YAG crystals. Spectral
broadening was investigated under different focusing conditions and the visible part was

much less influenced by either the divergence of the input beam, or by the crystal length.
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Both the spectral intensity and spectral broadening stays at the same level of magnitude.

However, the signal generated in the infrared side could differ by one order of magnitude.

OPA 1

The generated WLC is re-imaged into the first amplifier by a -200 mm ROC silver mirror,
the fundamental is rejected with a short-pass dichroic mirror. To pump the first amplification
stage a second harmonic wavelength has to be used, thus the SHG is generated in I mm BBO
crystal (® =23.4 deg). 25 W is sent to the crystal and 5 W of SH is generated, the efficiency
of the stage 1s 20 %. The rest of the fundamental beam is later used to generate the difference
frequency in the DFG stage and pump the last amplification stage. The pump beam is focused
into a first stage (5 mm BBO, ® = 21.3 deg) by 300 mm lens. The broadband signal around
700 nm is amplified up to 1.5 W (500 mW of superfluorescence). The efficiency of the stage
1s 30% and gain is 500.

In the first amplification stage a non-collinear configuration at the magic angle was used,
providing broadband amplification around 700 nm. The magic angle between signal and
pump pulses inside the crystal is 2.1 deg. Phase-matching and signal amplification gain
curves for different crossing angles are depicted in Fig. 2.11 and Fig. 2.12. The amplification
bandwidth significantly changes even due to a small (0.1 deg) deviation in the crossing angle
between pump and signal.
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Figure 2.11 Phase-matching curves for Figure 2.12 Typical amplification band-
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SNLO software.
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The phase-matching width could be further increased taking advantage of the broadband
pump. The width (FWHM) of fundamental pump spectrum is 7 nm (see Fig. 2.13). Even
though the second harmonic spectrum is narrower by a factor of v/2, the spectrum is still
broad (5 nm) and a wider area for phase-matching conditions is covered. The marginal
phase-maching curves are depicted in Fig. 2.14. The vertical line in Fig.2.14 depicts the
broadest possible phase-matching conditions within the pump wavelength at a certain angle.
In this way, we could evaluate the expected amplification bandwidth. The amplified spectrum
is expected to extend from 667 nm to 745 nm (AA = 78 nm).
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Figure 2.13 Spectrum of the pump laser Figure 2.14 Phase-matching curve for
minimal and maximal wavelengths of
broadband pump.

Normalized spectra of experimental results are depicted in Fig. 2.15. The WLC (blue
shadowed spectrum) provides a strong and sufficiently broad and flat spectrum in the vicinity
of 700 nm, which is the region of interest for the amplification in the OPA1, in order to
generate the idler around 2 um. OPA1 is pumped with the SH and 53 nm (FWHM) broadband
spectrum around 700 nm is amplified. The spectrum is narrower than expected because, it
was optimized for the power, at the cost of spectral bandwidth reduction. Optimization for
power was more important because the beam was meant to serve as a pump beam for the

next stage and the bandwidth was still broad enough to generate broad DFG signal.
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Figure 2.15 Spectra of WLC and the OPA1.

DFG and IR-OPA stages

Here we take the amplified signal from the previous stage and use it as a pump beam to
pump the DFG stage. Which means that in the DFG stage we mix the broadband pulses at
around 700 nm and narrowband 1030 nm fundamental. It is important to keep the DFG stage
collinear in order to avoid angular dispersion of the generated idler beam. The amplified
signal from the OPAI is collimated by -300 mm ROC silver mirror and focused into the
DFG crystal (5 mm BBO, ® =21.3 deg) with a 1000 mm lens. The collimated fundamental
beam is focused with a 1000 mm lens. Losses for the fundamental beam are as high as 60 %
—just 12 W out of 20 W, left after the SHG stage, are delivered to the DFG stage. These high
losses are due to the beam clipping as optics with a limited aperture (0.5 inch) were used.
The generated broadband idler is around 2 um. The DFG signal power is 30 mW and the
efficiency of the stage is 2%.
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Figure 2.16 The phase-matching curves Figure 2.17 Experimental spectra of the
at the DFG stage for the limiting spectral DFG stage and IR-OPA.
wavelengths of the pump.

A 150 nm width DFG beam centered at 2.1 pum is generated. This spectrum supports
43 fs pulses (6 optical cycles) and lies between 1.9 ym and 2.3 pm. As it could be seen
from Fig. 2.16, the phase-matching limit to the longer wavelength side is indeed 2.3 um,
however, even though the phase-matching looks far extendable on the blue side, there the
DFG is limited by the energy conservation. The marginal wavelengths of pump spectrum at
the FWHM, when mixed with 1030 nm would provide spectrum between 2.05 um and 2.6 um.

After the DFG signal is generated, it is further amplified in a 5 mm BBO, type I config-
uration. Here, a spectrum slightly broader than that of DFG is amplified — 170 nm, which
supports 38 fs (6 optical cycles). The magic angle for the intersection inside the crystal for
these wavelengths is 0.85 deg. As we can see from Fig. 2.18 and Fig. 2.19 the angle between
the pump and signal is less sensitive in the case of amplification of longer wavelengths
compared to OPA in the visible.
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um, magic angle is 0.85 deg.
Summary of the 2 ym OPA

Table 2.3 Summary of 2 um OPA performance.

Stage BBO Crystal | Output wavelength | Output power | Efficiency | Gain
OPA1 5 mm 700 nm I.5W 30 % 5000
DFG1 | 5Smm 2 um 30 mW 2 %

IR-OPA | 5 mm 2 um 150 mW 1.5 % 5

To sum up, the output of this OPA provided 1.5 pJ pulses at 2.1 pm, the pulse duration
was not measured and post-compression not performed, but it was evaluated that pulses
featuring the output spectrum could support 40 fs - 6 optical cycles. The summary of all the

stages is shown in Table 2.3. The pros of the configuration:

* Even though the overall efficiency of the system was low, the 2 um beam was generated
in a collinear configuration out of degeneracy, did not feature angular dispersion, and

was easily separated from the signal and pump beams.

* The WLC tests lead not only to the improved generation stability, but also to the exten-
sion of the generated spectrum in the infrared side, which simplified the development

of the 3 um OPA system, described later in this chapter.

* Optical components for the 3 um OPA were chosen more carefully to handle high

power beams.
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The cons of the configuration were:

* The white light continuum generation: the seed signal for OPA was unstable, which
led to fluctuations in the whole system. Stability was improved by changing the WLC

stage configuration.

* Due to small aperture of some of the optical components, the beam delivery losses
were too high to fully exploit the pump laser.

* The chosen configuration might have not been the most efficient as a lot of power is
used for the DFG signal generation, which features low efficiency and just half of the

laser power is left for further amplification.

Despite the limited performance, the system was successfully used to study a new nonlin-
ear crystal (LGT) as detailed at the end of the chapter.

2.3 3 um OPA

Introduction to MWIR OPAs

There are only a few laser gain media suitable for intense femtosecond pulse generation in
the mid-wavelength infrared spectral region. The overall scalability of the pulse repetition
rate, the duration and the power are still a challenge [3, 4]. To mention but a few state of the
art laser sources, four-cycle pulses were achieved in a graphene mode-locked Cr:ZnSe at 2.4
um with an output power of 250 mW and a pulse energy of 2.3 nJ [116]. In an amplified
architecture, 300 uJ pulses were generated in Cr:ZnSe at the repetition rate of 1 kHz with
a pulse duration of 300 fs [117]. Fiber technology is also able to produce MWIR radiation
where, for instance, 207 fs pulses at 2.8 pym were generated in an Er-doped fluoride glass
fiber laser providing peak powers up to 3.5 kW [118]. However, these sources are not yet
sufficient for high order harmonic generation and other strong field physics experiments.

An alternative approach to simultaneously generate high energy short pulses in the
MWIR region is based on nonlinear frequency conversion by means of three-wave mixing
in a second-order susceptibility crystal. A summary of parametric sources at 3 um is given
in Table 2.4. The reported systems are mostly based on periodically poled crystals. This is
mainly due to their high d,r and extended transmission into the MWIR together with the

possibility to use a near-infrared pump laser. However, there are some limitations in terms of
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the power scaling [119]. As an alternative, KTA crystals could be used [120, 88, 121].

Table 2.4 State of the art of 3 um OPAs.

Ref A, Energy, | Rep. rate, Pulse Nonlinear Pump CEP
’ pum uJ kHz duration, fs crystal laser stable?
Yes
[46] 3.1 18 160 67 PPLN | Nd:YVOq4 250 mrad 30min
[43] 3.6 2 1 25 PPSLT Ti:Sa NA
[122] 34 21.8 50 44.2 APPLN | Nd :YVOq4 NA
[123] tg“_a;ls S I |4optcycl. | APPLN | Ti:Sa NA
Yes
[89] 3.1 40 100 40 PPLN Yb:YAG
81 mrad rms
KTP
[88] 39 8 20 Hz 85 KTA Nd:YAG No
[119] 3.07 10 125 72 PPLN Yb:FCPA Yes
CPPLN
[120] 3 8 100 85 KTA Yb:FCPA Yes

Most applications of high repetition rate parametric lasers sources are white light gener-
ation [14] and high order harmonic generation in solids [120]. Only high energy systems
working at lower repetition rates were able to provide HHG in gases [88, 50]. So far, the
HHG in gas, thus the attosecond pulse generation reaching the water window, are not yet
accessible with the high power MWIR drivers, but these sources are suitable for strong field
physics experiments in solids. The solid HHG driven by 100 kHz system [120] produces
results in agreement with the experiments driven by lower repetition rates [55, 75], which
means that the increased thermal load on the sample does not affect the process. The material
damage is mainly caused by multi-photon absorption and tunnel ionization. Driving experi-
ments with longer wavelength (3.25 um) laser source allows us to reach similar intensities
of the electric field while invoking different physical processes (tunneling ionization versus
multi-photon absorption) if compared to the Ti:Sa sources. Thus, longer wavelength drivers
for experiments in solid state materials have the advantage of higher damage threshold,
which is due to the smaller photo-absorption cross-section in the case of high order processes
[55]. Both HHG in solids and WLC generation were demonstrated with the 3 pm parametric

source described in this section.
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The experimental set up

The scheme of our three-stage optical parametric amplifier is shown in Fig. 2.20. The system
was pumped by the laser system "Solstice", which was described earlier. This Yb:FCPA
delivers 350 fs pulses and pulse energy of 290 uJ (29 W) was available for this experiment
at repetition rate of 100 kHz.

Telescope
29 W R : Attenuator

Yo:FcPa | 1 I N HXI A2 +pBC

—1 \1% 1 |Z 13-20 W

OPA3

I \ D \M4

To experiment

Figure 2.20 Scheme of a three-stage OPA. Beam size reducing telescope consist of two lenses
with the focal length of +500 mm and -200 mm. The attenuator consist of A\2 plate and a
polarizing beamsplitter cube (PBC). Lenses: L1 — 250 mm, L2 — 50 mm , L3 — 300 mm, L4
— 150 mm, L5 — 300 mm, L6 — 750 mm. Mirrors, ROC: M1 - -250 mm, M2 — -500, M3 —
-1000 mm, M4 — -500 mm.

Firstly, a white light continuum is generated in a 15 mm YAG rod. The infrared part of the
continuum afterwards serves as a seed for the first amplification stage (OPA1). In OPA1, a 6
mm KTA crystal is used and the stage is pumped by the fundamental frequency (FF) (1030
nm). A broadband signal at 1600-1700 nm is amplified in a non-collinear configuration.
Then, pulses amplified in the first stage are further amplified in OPA2. Here a chirped
PPLN crystal is used. A collinear configuration is implemented in order to generate angular

chirp-free idler at 3 ym. This broadband idler is later amplified in the last stage. To select
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the idler beam, we use chromatic separation in a 3 mm Ge filter that absorbs the signal and
pump beams. In the last stage we again use a KTA crystal (10 mm). Here KTA is chosen
due its higher damage threshold and less expressed parasitic phase-matching. After the full
characterization of OPA3 output, the beam is used for HHG generation in ZnSe.

This architecture was chosen after a successful WLC generation to the infrared side of
the pump. It simplifies the passive CEP stabilization and reduces the required number of
stages to achieve it. Because the WLC is generated from the FF and it is also used to pump
the OPA1, the generated idler pulses are already passively stabilized. CEP stabilization is
achieved after only one stage, compared to the 2 um system, where at least two are required.

Furthermore, there is no SHG stage, which makes the system potentially more efficient.

White light continuum generation

The seed for the parametric amplifiers is a white light continuum generated in a 15 mm YAG
rod. Contrary to the 2 um system, here not the visible, but the infrared part is amplified (see
Fig.2.21).

2 um OPA seed
1.04°"

4 3 um OPA seed
£0.84

u.)

a

0.6 1

FF cut
by filter

Normalized intensity
o
N

500 1000 1500 2000
Wavelength (nm)

Figure 2.21 White light continuum in 15 mm YAG rod. The fundamental frequency is cut by
the filter.

In order to generate a sufficiently broad and stable seed for the SWIR OPA, we tested
WLC generation in YAG crystals with different length and at various focusing conditions.
After selecting the optimal crystal length, we performed a power scan. This experiment
was done within a collaboration with Dr. Julien Nillon from Amplitude Systemes at their
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facilities in Pessac (France). We had 4 YAG crystals available: 4 mm, 7 mm, 10 mm and
15 mm. And 5 lenses to focus beam into the crystal: 50 mm, 100 mm, 150 mm, 175 mm
and 250 mm. The experimental set up is the same as depicted in the bottom of Fig.2.25. For
each crystal we measured spectrum at each focusing conditions. The optimal crystal position
at the focus was defined by approaching the focal spot and reducing the pump power for a
stable, single-filament WLC. As this continuum would be later used to seed SWIR or MWIR
OPAs, we have focused only on the infrared side of the WLC. The development of spectra is

shown in Fig.2.22.
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Figure 2.22 White light continuum generation in different length YAG rod and at various
focusing conditions. The fundamental frequency is cut by the filter.

We could see, that when we increase the crystal’s length, the supercontinuum broadens
towards the infrared side. The broadest WLC is obtained in 10 mm and 15 mm crystals, while
focusing with a 150 mm lens. The spectrum reaches 2.4 um. The slope of spectral intensity
is steeper in 10 mm YAG, thus 15 mm YAG provides a stronger seed signal for the OPA. In
the 15 mm crystal we could also clearly observe that there are optimal focusing conditions.
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When the 150 mm lens is changed to the longer ones, the broadening cut off is reduced. After
identifying the optimal crystal length, we performed the power scan (see Fig.2.23). The
spectral broadening is constantly increasing until the threshold of the multifilamentation is
reached at 330 mW.
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Figure 2.23 Power scan in 15 mm YAG rod. The fundamental frequency is cut by the filter.

A very similar experiment was conducted in [82]. Here, the authors also show that there
are optimal focusing conditions for obtaining the largest broadening into the infrared side.
When increasing the focal length of the focusing lens, the maximum spectral width is reached
and then starts to decrease. In [82] the broadest continuum in 10 mm YAG was achieved,
when the pump beam divergence was 14 mrad. Also, a broader continuum was generated in
a the 10 mm long YAG crystal compared to the 6 mm long. The long generation medium
allows us to use looser focusing conditions, thus when the longer filament is formed the
broadening process develops smoothly.

In the case of tight focusing and short WLC generation media, the point where the
continuum is generated is fixed. Energy fluctuations of pump laser would mostly impact the
stability of the generated continuum. However, when loose focusing conditions and long
media are used, the energy fluctuations of the pump laser would also impact the position in
the media, where WLC is generated. The pump beam propagates in the media and accumu-
lates intensity-depended nonlinearities, thus when energy varies, the continuum is generated
after a different propagation distance. This impacts the imaging into the OPA stages. The
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divergence of generated WLC is fluctuating, which results in shifting the focal point of the

seed beam along the nonlinear crystal in the OPA.

Afterwards, the conclusions from previously described supercontinuum generation ex-
periments were to be applied to the development of the seed generation for our 3 um OPA.
We have chosen the focusing conditions using the same method — by testing lenses with
different focal lengths and looking at the broadening as well as the stability of the filament.
The system is pumped by Yb:FCPA Solstice, so conditions for optimal WLC generation
differ from the ones obtained during the previous WLC optimization experiment. Here, the
optimal conditions were: pump pulse energy of 0.22 pJ and a focusing lens with the focal
length of 250 mm. The beam size on the focusing lens was about 2 mm, thus the estimated
beam size in the focus is about 100 um. The intensity at the focal point is 80 GW/cm? and
peak power of 6 MW. Our configuration allows generation of spectra extending up to 2.2 um
(Fig.2.24).
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Figure 2.24 Infrared side of the WLC generated in 15 mm YAG rod.
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Figure 2.25 Folded WLC generation set up in the 2 um OPA (top) and in line set up in the 3
pm OPA (bottom) and the corresponding beam profiles.

After the generation, the WLC is re-imaged into the first amplification stage by a 50 mm
lens. Fig.2.25 shows two different imaging configurations. Folded continuum imaging used
in the 2 um OPA is shown in the top scheme. Here WLC was re-imaged with -200 ROC
mirror, which required using a small reflection angle, and due to the large beam size, was
difficult to implement. This resulted in the elliptical WLC beam at the focus. In that case,
the crystal should be placed out of the focus, so the stage is not optimally seeded — intensity
of the seed is lower, which might result into parasitic generation of superfluorescence.

In the 3 um set up, inline imaging is used (see the bottom scheme of Fig. 2.25). Here,
OPAL1 is inline with the WLC, which, compared to the 2 um OPA, better maintains the beam
quality. In the inline configuration, the seed maintains the quality of the pump beam.

OPA1

The first OPA stage consists of 6 mm KTA crystal. The phase-matching conditions for the
non-collinear interaction are shown in Fig. 2.26. The amplified signal will be further ampli-
fied in the next stage, thus a non-collinear configuration was suitable to use. The angularly
chirped idler beam is rejected after the OPA1. Theoretically the optimal angle between the
signal and pump beams is 4.7 deg. However, experimentally the best amplification was
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achieved when the two beams were intersecting with the angle of 2.5 deg. This is due to the
optimal overlap of both beams throughout the whole crystal length — if the angle is increased
the interaction length is shortened which results in lower amplification. The interaction
length for an angle of 4.7 deg would be 2 mm, which is one third of the 6 mm crystal, which
was available for the experiment. Another reason for the improved amplification at a smaller
intersection angle is that the crystal is cut at 39.5 deg and the phase-matching angle for the
intersection of 4.7 deg is around 55 deg. The crystal should have been tuned further to allow
all of the beams to propagate along the crystal without getting clipped by the edges.

In the OPA1 a pump pulse of 40 uJ is focused by a 300 mm lens to reach a peak intensity
of about 0.5 TW/cm?. The beam sizes of the pump and signal beams at the crystal are 80 um
and 70 pum respectively. A 200 nm broad spectrum centered around 1.6-1.7 um (Fig.2.27 ) is
amplified up to 60 nJ in a non-collinear configuration with the internal angle between pump
and signal beams being 2.5 deg.
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Figure 2.26 The theoretically (4.7 deg) Figure 2.27 Spectra of seed and ampli-
and experimentally (2.5 deg) optimal fied pulses in the OPA1.
phase-matching curves for signal ampli-

fication in the OPA1.

OPA2

In the second OPA stage a 7.4 mm long cPPLN crystal (HC Photonics Corp.) was used. The
poling period is linearly chirped from 28.4 to 31 um. Here, CPPLN crystal was chosen for
its broader and flatter spectral gain profile as well as limited back conversion compared to
PPLN crystals [124]. Additionally, the d, s is more than 10 times higher than a KTA crystal.

The collinear configuration allows generation of angular chirp free idler pulses, which are
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later amplified in the last OPA stage.

The seed and amplified signal spectra are shown in Fig.2.28. One could notice that
spectrum of amplified signal is narrower than the seed. This is because the stage was op-
timized for the generation of the idler pulses. Two different spectrometers were used to
measure signal and idler beams of this stage. A grating spectrometer (Nirquest 256) based
on InGaAs detector with the resolution of 7.6 nm and the detection range lying between 900
nm and 2.5 um was used to measure the signal beam. To measure the spectrum of idler beam
spreading between 2.4 um and 3.3 um we used an acousto-optic device based spectrometer
(Mozza). This is a scanning spectrometer, thus a real time/single shot spectrum recording
is complicated. The principle of the spectrometer’s operation is as following: a generated
acoustic frequency diffracts a corresponding single optical frequency, then the diffracted
signal is recorded with a photodiode. During the measurement, the acoustic frequencies are
scanned and the optical spectrum is reconstructed. The detection range of this spectrometer is
1 — 5 um. The scanning speed, thus also the spectral resolution could be chosen in the range
of 2—100 cm™'; 2 em™! at 3 um corresponds to a resolution of 1.8 nm. A larger scanning
step is very useful to position the spectrometer along the beam. Also, in the fast scan regime

the optimization of the amplification is easier as the spectrum is monitored in an almost real

time.
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Figure 2.28 Spectrum of the amplified Figure 2.29 Spectrum of the generated
signal in the OPA2. Measured with idler pulses in OPA2. Measured with
Nirquest 256. Mozza.

Despite the many advantages of PPLN crystals, they also have a few drawbacks, such as
phase-matched parasitic effects. Spectra of a second harmonic generated in OPA2 is shown
in Fig. 2.31. There spectra were measured at the output of the OPA2 with and without
seeding. The integrated signal of the seeded OPA is 0.7 of the unseeded one. When the
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OPA is pumped with 23.5 pJ, 300 nJ of SHG is being generated, which corresponds to 1.3%
efficiency. Furthermore, the generated SH phase-matches afterwards with the seed pulse and
generates new difference-frequency wavelengths. This DFG signal is at 720 — 785 nm range
and indeed a red beam appears at the output of the OPA2.
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Figure 2.30 Beam profile of colli- Figure 2.31 Parasitic second harmonic genera-
mated idler beam of OPA2. tion in cPPLN crystal.

In OPA2 40 uJ of pump is used and the signal coming from the previous stage is further
amplified up to 2 uJ, and 0.75 uJ of idler at 3 um is generated. The pump beam is focused
with a 300 mm lens, with the focus shifted 80 mm after the crystal. The pump intensity
at the crystal was 46 GW/cm?. Efficiency in this stage reaches 4% for a gain of 33. The
power scaling of the stage is shown in Fig.2.32. We could see that at first the efficiency is
increasing, but then suddenly drops. This drop could be related to the previously described
parasitic phase-matching. Pump beam energy gets drained for the parasitic second harmonic
generation, which then starts depleting the amplified signal. The threshold for this process is
between 15 and 20 uJ; which corresponds to the estimated pump intensity of 17 GW/cm?
and 23 GW/cm?. Finally, the pumping level is set to generate sufficient seed for the OPA3.
The beam profile of collimated idler beam is shown in Fig.2.30.
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Figure 2.32 Power scaling in the second amplification stage — cPPLN crystal.

OPA3

Idler pulses generated in the previous stage are collinearly amplified in a 10 mm long KTA
crystal in the last OPA stage. While the cPPLN used in the second stage provided an
ultra-broad gain bandwidth, KTA has been chosen here for the last power stage. Parasitic
phase-matching was already observed in the second stage, and so would be equally expected
in this stage. Enlarging the pump beam size, thus reducing the intensity on the crystal would
decrease the threshold for the parasitic processes. However, the enlargement of the seed
beam would be also needed, which might prevent sufficient seeding and provoke parametric
superfluorescence generation. Due to its thermal, mechanical and optical properties, a KTA
crystal based architecture can achieve better performance when scaling up the average and
peak power. KTA features a reduced absorption in the 2-5 um region, as well as broad angular
and temperature bandwidth and low dielectric constants. KTA crystal is also non-hydroscopic.
Furthermore, the power scaling limitations in PPLN were observed in [119]. The authors list
different processes causing the beam degradation, such as GRIIRA (Green Induced Infrared
Absorption), linear absorption, photorefractive effect and pyroelectric effects. Furthermore,
the beam degradation is also related to the signal/idler beam presence. Even though the
process is not yet fully identified, it’s likely that the nonlinear absorption phenomenon also

takes place.

The phase-matching curve for collinear amplification in this stage is shown in Fig. 2.34.
The phase-matching conditions are slightly broadened due to the broadband pump. An
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amplified spectrum is provided in Fig. 2.33. The spectrum is much narrower compared to
the seed, this is due to the collinear phase-matching conditions (Fig. 2.34). An internal angle
of 2.1 degrees in the crystal on the plane perpendicular to the optical axis was implemented
in order to separate the amplified signal from pump and idler.
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Figure 2.33 Phase-matching curve for 3  Figure 2.34 In the last amplification the
um amplification in the OPA3. stage idler of the second stage is ampli-
fied.

After the generation, the seed signal for this stage is collimated and focused by -500 mm
ROC and -1000 mm ROC silver mirrors, while the pump beam is focused by +750 mm lens.
The focus is shifted after the crystal in order to better match pump and seed spot sizes which
are measured to be around 420 um (FWHM) for the pump and 640 um (FWHM) for the
signal beam. Peak intensity of the pump is 0.1 TW/cm?. The mismatch between the spot
sizes is kept in order to extract the maximum energy from the pump beam and to suppress
the potential superfluorescence due to weak seeding at the edge of the signal beam and to
increase the spatial beam quality by selecting the central part of the seed for amplification.
The amplified signal is afterwards collimated by -500 mm ROC silver mirror.
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Figure 2.35 Beam profile of seed pulses at Figure 2.36 Pump beam profile at the OPA
the OPA 3, FWHM 640 um . 3, FWHM 480 um.

In order to separate the seed of the third stage from the residual pump and signal beams
after the OPA 2, a 3 mm uncoated germanium filter is inserted. The transmission of the filter
1s 45 %, so only 330 nJ of seed is injected in the amplifier. The remaining laser energy (130
uJ) is used to pump the last stage and the signal is amplified up to 8.2 uJ. The maximum
level of superfluorescence is estimated by blocking the seed and measuring the pulse energy,
which is about 200 nJ (2.5 %) and is likely to decrease when amplification process takes
place. The efficiency of the amplification in this stage is 6.3 % and the gain is 25. The overall
efficiency of the system, energy conversion from total pump into the idler beam is 2.8 %,
which is similar to the other high repetition rate set-ups 2 % [125] and 4.5 % [122]. For
the last stage when the energy of the pump pulses was set to 200 pJ, 15 uJ (7.5 % stage
efficiency) pulses at 3 um were achieved with slight changes to the spectral and temporal
characteristics. The power scaling and efficiency curves at two different times are provided
in Fig. 2.38 and Fig. 2.37. The data for Fig. 2.37 were taken at the beginning of the
characterization of the OPA3. Maximum efficiency was about 9.3 %. As time passes, we
have observed that the efficiency of the OPA is decreasing. Measurements taken after about
6 months show the efficiency decreased by 4 %; the maximum efficiency was 5.3 %. The
decrease in the stage performance could be linked to the aging of the crystal. However, it was
suspected that the amplification efficiency also depends on the beams position in the crystal.
This could be caused by the crystal’s non-homogeneity. It is hard to estimate the impact on
the amplification process, as the crystal aperture is small and the day to day variations do not
exceed 10-15 %. Afterwards, the hypothesis of the crystal’s non-homogeneity was confirmed
on the large aperture crystal, when testing a 25 mm x 25mm KTA for the high energy OPA
experiments. More information about this test is provided in the Appendix 1.
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Figure 2.37 Power scaling with the high- Figure 2.38 Reduced power scaling to

est efficiency of 9.3 % at the OPA3. the efficiency of 5.3 % at the OPA3 after
6 months of operation.

Figure 2.39 Beam profile at the output of OPA3.

Pulse duration

Pulse temporal characteristics were measured with a Second Harmonic Frequency Resolved

Optical Gating (FROG) [126] device built in-house. The scheme of the set up is depicted in
Fig.2.40.
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Figure 2.40 Scheme of FROG set up.

The input beam is split into two equal parts and sent into two retroreflectors. Here, the
beam is split to two parts using a squared-shape mirror clipping half of the beam. This type of
beam splitting was chosen, because a suitable beamsplitter for SWIR and MWIR region was
not available in the laboratory. However, one should be careful to have a spatial-chirp-free
pulses while using beam clipping to divide the beam. In our case, we didn’t observe any
spatial chirp, thus this beam splitting method could be considered reliable and should not
impact the measurement of pulse duration. In the retroreflectors we change the height of the
beams, so it is easier to recombine them. One of the retroreflectors is set on the automated
translation stage, which allows us to find the time delay to overlap pulses and to perform the
FROG scan. Afterwards both beams are combined in a second harmonic generation crystal
and a sum frequency (SF) (vectorial second harmonic) is generated. A spectrogram of the SF
signal is recorded and so a collection of spectra at different delay times is measured. Then,
information about pulse temporal characteristics could be retrieved. For the information
retrieval we use the Frog3 program (Femtosoft technologies). Measured and retrieved spec-
trograms are shown in Fig.2.41 and Fig.2.42. In our case the SH signal was generated in a
400 um thick AgGas$; (AGS) crystal and the spectrograms were recorded with a NIRQuest
256 (Ocean Optics) spectrometer.
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<

Figure 2.41 Measured FROG trace at the Figure 2.42 Retrieved FROG trace at the
output of the OPA3. output of the OPA3.

When ultrashort pulses propagate through dispersive optical elements, they accumulate
chromatic chirp. Their pulse duration is no longer Fourier transform limited. Furthermore,
usually the seed signal is obtained through the white light continuum generation, which
introduces a positive chirp. Afterwards, in the OPA, this chirp is transferred to the idler
pulses, with an opposite sign. Thus, after the OPA, pulses should be recompressed. In
the NIR spectral region, it is often done by a set of chirped mirrors or a grating compres-
sor. Unfortunately, there is a lack of chirped mirrors operating in the SWIR and MWIR
spectral region and the costs of existing gratings are very high. The most common and
a rather simple method to compress pulses in this region is using bulk materials. Logi-
cally, that is the method we have chosen for the pulse compression after the OPA3. The
summary of GVD of all the optical components in the seed/idler path is provided in Table.2.5.
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Table 2.5 Summary of dispersion properties of materials in the path of seed/idler beams.

A,um Material Material length, mm | GV D, fs*/mm | Total GV D, fs*
1.65 YAG 15 -6 90
1.65 | N-LAK22 + N-SF6 9+1.8 -25+24 -180
1.65 UFS 6 -40 240
1.65 KTA 6 17 100
1.65 | N-BAF10 + N-SF6 5425 -17+ 24 -25
1.65 PPLN 7.4 81 600

Total: 210
3 Ge 3 1524 4570
3 KTA 10 -335 -3350

Total: 2045

The sum of all the elements in the system corresponds to 2045 fs2, which means that
this amount of dispersion should be compensated at the output of the OPA. However, it does
not take into account the positive chirp introduced into the signal pulses during the white
light continuum generation. Unfortunately, we were not able to estimate the introduced chirp
into the WLC. The theoretical estimations would require complicated simulations including
different processes taking part in the WLC generation. The experimental measurement of
pulse duration was also hardly feasible due to very broadband spectrum which complicates

the requirements for ultra-broadband phase-matching conditions to perform FROG scans.

The optimal pulse compression was tested by inserting different materials into the 3 um
beam. This more detailed test was performed under lower pump power and tighter focusing
conditions of the pump beam. When upgrading to higher power conditions, just the two
points closest to the optimum points were checked to verify the validity. The results are
provided in Fig.2.43. The shortest pulse duration is obtained when there is no additional
material inserted, which means, that the pulse chirp is compensated for when passing through
all the optical components in the system. The summary of materials used to post-compress
the output of OPA3 and their properties is also provided in Table 2.6. There ¢, is the added
second order dispersion, ¢ is the third order dispersion and T, is the pulse duration of

compressed pulse with the inserted material at the output of the OPA.
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Table 2.6 Summary of dispersion properties of materials used to compress the output of
OPA3.

1000 0 1000 2000 3000 4000
Added GVD, fs?

Material (])2,fs2 ¢3,fs3 Tpulser 8
4 mm YAG | -1108 7452 82
1 mm CakF> -92 507 69
2 mm ZnSe 340 846 70
5 mm ZnSe 850 1269 70
3 mm Ge 4782 9780 413
Nothing - - 62
10000 1 .
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Figure 2.43 Optimization of pulse compression.

After the optimization of the amplification stage for the best compromise between power
and duration, pulses of 85 fs (64 fs transform limited) have been obtained, the spectral
and temporal characterization is shown in Fig.2.45. No material was used for the post-

compression.
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Figure 2.44 Spectral phase and ampli- Figure 2.45 Retrieved temporal character-
fied spectrum in the OPA3. istics. Pulse duration is 85 fs (64 fs trans-
form limited duration).

Summary of the 3 um source

To sum up, the output of this OPA provided 8 uJ pulses at 3 um, with a pulse duration of 85
fs. The Fourier transform limit is 64 fs. The summary of the performance of the OPA stages
is provided in Table.2.7. This system features the WLC generation in a long media (15 mm
YAG), which allows us to achieve direct amplification of the signal in the SWIR region. This
leads to a simple scheme to passively stabilize the CEP. Two types of nonlinear crystals are
implemented into the set up: bulk KTA and chirped PPLN. The advantage of the cPPLN
crystal is the broadband amplification in a collinear configuration, thus generation of angular
chirp free idler beam. Afterwards, KTA allows us to achieve high beam intensities without
beam distortions or crystal damage in the last amplification stage. The system could be used
for different applications, such as HHG in solids, WLC generation or testing new nonlinear
crystals (LGT).

Table 2.7 Summary of 3 um OPA performance.

Stage | Crystal Output wavelength, um | Output energy | Efficiency | Gain

OPA1 | 6 mm KTA 1.65 60 nJ 30 % 5000
s: 1.65 s:2u

OPA2 | 7.4 mm cPPLN 3 i 075 uJ 4 % 33

OPA3 | 10 mm KTA 3 8w 6.3 % 25

Comparing with other parametric sources operating at 3 pum it is worth noting a few
systems developed by other groups: Rigaud et al. [119], Thiré et al. [89] and Baudisch et al.
[7]. All of them are high average power OPAs operating at 100 — 160 kHz repetition rate.
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The output power at 3 um ranges between 8 and 40 pJ and pulse duration between 40 — 85
fs. All the systems are based on 1 pm pump lasers, however just ours and [119] is pumped
with fs pulses generated in Yb doped fiber amplifiers. [89] and [7] are pumped by solid
state lasers with the pulse duration respectively about 1.1 ps and 10 ps. In [89] the pump
pulse duration still allowed generation of seed signal via supercontinuum generation in YAG
crystal. However, in [7] pulses would have been too long to generate WLC, thus the seed
was obtained through the DFG stage between the output of the 2-channel Er oscillator. A
unique feature of our system is the previously mentioned combination of periodically poled
and bulk nonlinear crystals. Other sources were based solely on periodically poled crystals.
As it 1s noted in [124], one should be careful selecting the crystal length for the optimal
amplification bandwidth and gain ratio. However, the gain narrowing could be overcome by
using aperiodically poled (chirped) crystals. Also, the efficiency is increased by reducing
the energy back-conversion from signal and idler to the pump beam. Hoping to achieve an
improved performance, we have chosen to implement a cPPLN crystal into our OPA set
up. After comparing the overall characteristics of these 3 sources, we could conclude that it
was a rather good choice. A short summary is shown in Table.2.8. Despite the [89] system,
which has an outstanding overall efficiency and pulse duration, our system has very similar
characteristics to the other two. The key feature of improved performance of [89] is the
acousto-optic programable dispersive filter used to select the WLC spectrum and shape the
amplitude. Despite the fact that we used a uncoated Ge filter, which strongly attenuated seed
signal for the OPA3, we still achieved slightly higher overall system efficiency compared to
[119] and [7].

The use of KTA crystal in the last stage showed challenges of growing high quality
homogeneous crystals. Zones with different efficiency were observed. Other teams devel-
oping SWIR/MWIR OPAs faced huge problems in extracting power from these crystals.
Fortunately, the quality of the KTA implemented in our OPA stage was rather good and
didn’t vary more than 10-15 %. However, we were alerted of, and after performing tests
confirmed the high non-homogeneity of large aperture crystals dedicated to the high energy
experiments described in the next chapter.
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Table 2.8 Summary of high average power OPAs at 3 um.

Reference Pulse duration, fs | Output energy, uJ | Overall efficiency, %
Archipovaite et al. [120] 85 8 2.8

Rigaud et al. [119] 72 10 2.3

Thiré et al. [89] 38 40 7.2
Baudisch et al. [7] 55 20 2

2.4 Implementation of new nonlinear crystal (LGT) into
the SWIR and MWIR OPAs

The experiment described in this section was performed in a collaboration with the Optics and
Materials group from Institute Neel, Grenoble, France. The suitability of new nonlinear crys-
tal for performance in different parametric processes was tested. LGT ( LazGas sTag 54014)
crystal is well known and used for its piezoelectric properties [127-129], but only recently
it was discovered to be an interesting candidate for building MWIR OPAs [16].

During the last decade, the interest in parametric, ultrashort laser sources in the MWIR
region has grown, the most common crystals used to generate signal in the region of 2-4
pm, using NIR pump laser, are BBO, BiBO, KTA, KTP, LBO, Mg:LiNbO3 and PPLN.
Unfortunately, PPLN has a low damage threshold and the size of crystal aperture is still
limited to tens of millimeters, so despite its high d, s the application is constrained. LBO,
BBO and BiBO crystals have their transmission limited to 2.5 um, so they are good for
generating light in the SWIR region. For longer wavelengths, KTA and KTP could be used,
as they are transparent up to 4-5 um; the d, s is similar and some efficient laser sources based
on these crystals are reported [88, 121]. Nevertheless, new nonlinear crystals with higher
damage threshold and extended transmission range supporting broadband phase-matching in
the MWIR would boost the development of ultrashort laser sources in this region. Currently,
shifting the wavelengths further into the MWIR requires using 2 um pump laser sources
[130, 131]. One of the interesting candidates for NIR pumped MWIR amplifiers is the LGT

crystal.
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Figure 2.46 Transmission of the LGT crystal is extended into the infrared side and reaches
up to 6.5 um. Figure taken from [16].

As the crystal is widely used for its piezoelectric properties, the growing process by
Czochralski method is well established and high quality: big aperture crystals could be pro-
duced (Fomos-Materials[132]). LGT has an extended transmission into the MWIR spectral
side — it is transparent up to 6.5 um (Fig.2.46), which makes it very interesting to study its
implementation into the near-infrared-pumped OPAs. As was shown in the first chapter,
LGT also features a high damage threshold of 33 TW/cm?. Thus, taking into the account
the possibility of growing large crystals and combining it with the high damage threshold,
LGT seems to have a strong advantage compared to the currently used PPLN crystals, which
are transparent up to 5.5 um and also feature low damage threshold, but are difficult to
grow at larger sizes. Thus, the question is whether the LGT crystal is capable of amplifying
broadband spectra and what is the efficiency of this process.

In [133], it was shown that a very broad (1.4 — 3 um) phase-matching could be achieved,
if the crystal in type 1 configuration is pumped by 967 nm laser. However, the only laser
sources at this wavelength are diode lasers — which either operate in the continuous wave
regime or feature output power as low as hundreds of mW — which are not suitable to pump
the ultrashort OPAs, our goal here. Even though one might argue that these wavelengths
could be accessed by Ti:Sa laser, the efficiency is about two [134] to four [135] times lower
compared to 800 nm. Thus other pump wavelengths and phase-matching conditions should
be found to exploit the potential of the LGT crystal. Common pump sources for ultrashort
OPAs and OPCPAs are Ti:Sa lasers at 800 nm and Yb or Nd doped laser gain medias

lasing around 1030 or 1064 nm. The phase-matching curves for both cases are provided
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in Fig.2.47 and Fig.2.48. We can see that in the case of 1 um pump, we could generate
relatively narrow (about 250 nm)spectrum at the degeneracy (2 um region), which is already
accessible with higher efficiency in BBO crystals. However, when Ti:Sa laser is used, we
could expect to amplify 1.17 um broadband spectrum in the vicinity of 4 um. This would al-

low us to directly access the MWIR region, while pumping with the near infrared laser source.
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Figure 2.47 Phasematching curve Figure 2.48 Phasematching curve for

for LGT crystal pumped by 25 fs LGT crystal pumped by 1030 nm laser.
Ti:Sapphire laser.

Initially, the experiment was designed to be performed on the Ti:Sapphire laser system
"Aurore", featuring the following characteristics: 25 fs pulse duration, 1 kHz repetition
rate and pulse energy of 10 mJ. An OPA in the short wave infrared was supposed to be
demonstrated. Unfortunately, no parametric processes were detected before the white light
generation and only a spectral broadening of the pump was observed (see Fig.2.49). The
pump beam was focused to a 800 um and the intensity was estimated to be 1.6 TW/cm?,
which also shows a high damage threshold of the crystal, which was afterwards confirmed
by the LIDT (more information is provided in the first chapter ). The absence of parametric
amplification could have been caused by a few factors: due to lower repetition rate and much

smaller amplification gain compared to the BBO crystal, the detector sensitivity was too low
to capture the signal gain.
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As the reasons why it was not possible achieve parametric amplification in the LGT

sample were not clear, it was decided that we would verify its ability to generate the second

harmonic. There is no phase-matching for 800 nm or 1030 nm, the only available laser

source suitable for the SHG was the previously described 2 um OPA. Indeed, it was possible

to measure the SH signal (Fig.2.50), which confirms that the crystal features a second order

nonlinearity and the cut angle is as indicated and should be suitable for the OPA. Afterwards
the LGT crystal was placed in the DFG stage of the 2 pm OPA.
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As it is seen in Fig.2.48, the spectrum of generated idler is not as broad as one might
assume from the phase-matching curve in Fig. 2.47. This is because the optimal phase
matching conditions could not be fulfilled. The signal wavelength is fixed (fundamental
pump at 1030 nm). All the tunability depends on the pump spectrum and phase matching
angle, thus, not the broader curved part, but the slope of the phase matching curve was
examined. The margins of the accessible part of the phase-matching curve are indicated by
black dots in Fig.2.51. Spectrum of the pump is depicted in 2.52. By turning the crystal
angle, we can tune the generated DFG spectrum between 2050 and 2630 nm. It was indeed
achieved during the experiment (Fig.2.53). To tune the central wavelength from 2050 nm to
2630 nm, the crystal was tilted by 17.5 deg. Pump power was 500 mW and signal at 1030
nm was 14.5 W, the generated idler didn’t emerge from the background noise of the power
meter (1-2 mW). So the efficiency of this process was very low in comparison with BBO,
where the generated idler was 30 mW. The d, ¢ for BBO crystal is 1.97 pm/V, and the d.
of LGT crystal is 0.47 pm/V, thus about 4 times lower than in BBO. When the DFG process
is simulated with SNLO, the generated irradiance in BBO crystal is 63 times higher than in
the case of LGT. We could expect the idler beam to be 0.5 mW, which is under the detection
range of the power meter used. So, even though the LGT crystal seems to be a promising
media, the efficiency problem should be further investigated before implementing this crystal
into the MWIR OPA systems built for experiments that require high power, intense laser

sources.
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Figure 2.53 Tunable spectra of the idler of the DFG stage, tunability achieved by changing
the phasematching angle.

In order to further investigate the performance and applicability of the LGT crystal, it
was implemented into the 3 um OPA scheme. The collinear configuration is more favorable
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to amplify broadband signal, thus the LGT crystal was placed in the second stage with the
pump beam blocked for the first stage. The WLC is being amplified. The amplified spectrum
is shown in Fig.2.54 and the corresponding idler in Fig.2.55. As it is seen from Fig.2.56 the
phase-matching curve is rather steep for the 1030 nm pump. Thus a broadband spectrum
amplification should not be expected. Pump energy is 80 uJ and the power of the amplified
signal is yet again under the detection range of the power meter.
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Figure 2.56 Phasematching curves for LGT crystal pumped by Yb:FCPA. Dots mark the
experimentally measured wavelengths.

To sum up, three parametric processes (second harmonic generation, difference frequency
generation and parametric amplification) in a LGT crystal were demonstrated in a high power
Yb:FCPA pumped 2 and 3 um OPAs. The exploited configurations were not the optimal

for generating the ultra-broadband spectra, but the ultra-broadband phase-matching was not
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accessible with the available wavelengths. The amplification efficiency was very low in
comparison with the conventionally used BBO and PPLN crystals in these OPAs. This leads
to the conclusion that the LGT crystal is not yet suitable for implementation into high average
power, ultrashort mid-wavelength infrared OPAs. As just one crystal sample was available
for the test, a further investigation with different crystal samples should be performed before

drawing the final conclusions.

Even though the LGT crystal does not seem to be applicable for high average power
OPAs, it might be an interesting candidate for high energy systems. Its high damage threshold
and its capability to grow large aperture and high quality crystals could compensate for the
lower d.sr. One of the limiting factors for power scaling in PW systems is the damage
threshold of the crystal. In order to reduce the pump intensity on the crystal, the beam size
should be increased. And here the crystal size becomes a limiting factor. At the moment, just
DKDP and KDP are the reliable and commercially available crystals with apertures of tens
of centimeters. LGT crystal aperture could reach 10 - 15 cm, almost 10 times larger than
BBO, whose size is limited to few cm. Thus, it could be interesting to test the LGT in a high
energy OPA.



Chapter 3

High energy parametric sources in
SWIR and MWIR

The experiments described in this chapter were conducted in a collaboration with Andrius
Baltuska group and took place in Photonics institute in Vienna Technical University (TU
Wien). The laser source in TU Wien is also based on Yb amplifiers, but instead of using fiber
technology, it is based on Yb:CaF, bulk crystals. In comparison to Solstice, the laser source
at CELIA, the Yb:CaF, regenerative amplifier at TU Wien features a lower repetition rate of
500 Hz (compared to 100 kHz); much higher energy pulses with 14 mJ (compared to 400
W), and a pulse duration slightly shorter with 220 fs (compared to 350 fs) of the Yb:FCPA.

3.1 Yb:CaF, Pump laser

Yb: KGW Stretcher and Yb:CaF, Yb:CaF, Compressor
Oscillator —» pulse shaper —=» pre-amplifier —> amplifier —> mJ, 220 fs
75 MHz, 85 fs, 10 nJ 500-750 ps, 0.2 n) 500 Hz, 200 pJ

Figure 3.1 Yb:CaF; pump laser scheme.

The pump laser for the following experiments was a femtosecond regenerative Yb:CaF,
amplifier. The system consists of Yb:KGW oscillator (Pharos, Light Conversion), regener-
ative pre-amplifier and the main regenerative amplifier. The oscillator works at a 75 MHz
repetition rate, the pulse energy is 10 nJ and pulse duration 80 fs. Before sending the signal
into the pre-amplifer, pulses are stretched up to 500-750 ps and the spectrum is reshaped in
order to avoid crystal damage and compensate for the gain narrowing occurring during the
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amplification process. The transmission of the stretcher and pulse shaper is about 2 %, thus
the seed for the pre-amplifier is 0.2 nJ. The pre-amplifier is operating at 500 Hz and amplifies
the signal up to 200 pJ. Then, the signal is sent into the main amplifier, where it is amplified
up to 15.5 mJ. The compressor’s efficiency is over 90 %, thus at the output of the laser we
have pulses with the energy of 14 mJ. The pulse duration of compressed pulses is 220 fs.
(See the spectrum 1n Fig.3.2 and temporal pulse profile in Fig.3.3). This laser source is either
used to pump the tunable OPA system, or is post-compressed in a hollow core fiber and used
for strong field experiments, such as high harmonic generation in gas (see Section 4.3).
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Figure 3.2 Spectrum out of the Figure 3.3 Temporal pulse profile.

Yb:CaF; amplifier at 14 mJ.

In Fig.3.3 we show a temporal pulse profile with 220 fs pulse duration and Gaussian
pulse profile with the same pulse duration and integrated pulse energy as the measured pulse.
The Frog trace is also depicted at the inset. We can also see that a part of pulse energy is
in the wings of the pulse. After comparing the integrated measured pulse profile with the
corresponding Gaussian profile, we could estimate that 90 % of the pulse energy is in the
main pulse. Energy losses in the wings reduce the pulse peak power, which after the energy

corrections is 57 GW.

The repetition rate of the regenerative amplifier could be adjusted and increased up
to 2 kHz. However, the group has experienced that the stability of the laser is improved
if operating at 500 Hz. Amplifier operating at lower repetition rate is further from the
energy bifurcation regime observed in [136, 137]. During the experimental campaign of
HHG driven by post-compressed Yb:CaF; pulses, we have increased the repetition rate to
2 kHz and reached an output power of 28 W, while keeping the same level of pulse energy.

Unfortunately, due to increased thermal effects and damage probability we could not use it
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for our experiment (see more on challenges faced in the high power regime in Subsection 4.3).

3.2 1.8 ym and 2.4 ym OPAs

State of the art of high energy SWIR OPAs

Table 3.1 State of the art of 2 um OPAs.

Ref A, | Energy, | Rep. rate, Pulse Nonlinear Pump CEP
: pm mJ kHz duration, fs crystal laser stable?
[69] | 2.1 1.2 3 15 MgO:PPLN | Yb:YAG | Yes
Ti:Sa
[114] | 1.8 | 2.5 1 - BBO (TOPAS) NA
KTP
[88] | 3.9 25 20 Hz 85 KTA Nd:YAG | No
[71] | 2.4 1.2 0.5 115 KTA Yb:CaF, | Yes

Systems depicted in the Table.3.1 stand out from all the other SWIR OPAs from the Table
2.2 due to their high energy output pulses. The high energy here is defined as pulse energy
higher than 1 mJ. These four systems are very different, starting from the pump lasers to the
nonlinear crystals used. The system in [69] was pumped by a thin disk Yb: YAG laser with the
pulse duration of 1.6 ps. The other two systems are based on fs pump lasers — 220 fs Yb:CaF,
in [71] and Ti:Sa in [114], the latter is a commercially available TOPAS. Also, the systems
were based on different crystals: PPLN, LN, KTA and BBO. As it was already mentioned in
the previous chapter, periodically poled crystals have a rather low damage threshold, thus,
even though they provide broadband and efficient amplification in the first OPA stages, for
the power amplifier a bulk crystal is necessary to handle the intensity. This was the case in
[69], the larger aperture PPLN was not available for the last amplification stage, thus a bulk
LN crystal was used. KTA crystals compared to BBO ones have an extended transmission
range into the infrared. Thus the wavelength tuning range is also broader and could reach up
to 4 um [88], while BBO is limited at 2.5 um. The source described in [88] stands out from
other MWIR OPAs. This OPCPA is pumped by flash-lamp-pumped Nd: YAG laser system
and is operating at lower repetition rate — 20 Hz, but the pulse energy of generated MWIR
signal is very high — 25 mJ. Also this source is operating at longer wavelengths when the
spectrum is centered at 3.9 pum.
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The tunable OPA centered at 1.8 um and 2.4 pm
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Figure 3.4 The three-stage OPA set up.

The set up of the three-stage tunable OPA is depicted in Fig.3.4. The system is similar to
the one described in the previous chapter, but here all the amplification stages are in collinear
configuration and all the stages are based on KTA crystals. Also, the availability of dual-band
high reflectivity dielectric mirrors in the Mid-IR allows it to reach high efficiency and use
both signal and idler beams after the last amplification stage.

The signal to seed the parametric amplifiers is generated via white light supercontinuum
generation in a 8 mm YAG block from a small fraction of laser pulse energy. The generated

WLC covers the wavelength range up to 2 um (Fig.3.5).
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Figure 3.5 White light continuum gener- Figure 3.6 Signal centered at 1.8 um and
ated in 8 mm YAG rod. idler at 2.4 um at the output of the KTA-
OPA.

The first two stages of KTA-OPA are identical: the WLC spectrum around 1.8 um is
collinearly amplified in the 5 mm crystals. Afterwards, the idler beam at 2.4 um is selected
by using a pair of dielectric mirrors and amplified in the third, 4 mm length KTA crystal. In
the last stage a large aperture KTA as described in Appendix 1 was implemented. The overall
conversion efficiency from the pump laser to the signal and idler output of the OPA is 25%.
The total energy of both signal and idler beams is 3 mJ; 1.7 mJ (peak power 10 GW) for the
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signal and 1.3 mJ (peak power 10 GW) in the idler beam. The pulse duration right after the
OPA of the signal is 165 fs and for idler is 123 fs, (see temporal pulse profiles in Fig.3.8).
The corresponding transform limit durations for the generated spectral bandwidth are 150 fs
and 60 fs, which corresponds to 26 and 8 optical cycles. Due to the narrow phase-matching
conditions (Fig.3.7), the signal spectrum is narrow (30 nm), which leads to multiple-cycle
pulse duration. In order to increase the amplification bandwidth, a non-collinear scheme
should be implemented, but in that case the generated idler beam would be angularly dis-
persed. As both beams are used after the OPA, the angular dispersion together with the pulse
front tilt are to be avoided. In this case as it would impact the beam focusability, and so
would also limit the intensity on the target. The summary of parameters of each of the OPA
stages are provided in Table.3.2.

Table 3.2 Summary of the KTA-OPA performance.

Stage KTA Crystal Output Pump | Output Efficiency
wavelength | energy | energy
OPA 1 5 mm I.8um | 260w | 8 W 3%
OPA 2 5 mm 24um | 440 | 80 W 9 %
OPA 3 signal 4 mm 1.8 um 10mJ | 1.7m] 14 %
OPA 3 idler 4 mm 2.4 um 10mJ | 1.3 mJ 10%
2800
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Figure 3.7 Phase-matching curve for collinear KTA-OPA. The region of interest is marked in
orange.
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3.3 DFG in AGS

Sources in the mid-wavelength and long-wavelength infrared

Laser sources in the mid-wavelength infrared (3-8 um) and long-wavelength infrared (8-
15 um) spectral region have a large variety of applications in spectroscopy where many
molecules and their functional groups have their vibrational and rotational resonances in
this spectral region, such as acetone (8.2 um), ozone (9.2 um), ethanol (10 um) [7]. This
wavelength region is covered by semiconductor [4], quantum cascade lasers [138] and optical
parametric oscillators [139]. However, only travelling wave parametric amplifiers allow
the generation of energetic ultrashort pulses in the mJ level range [11]. The MWIR pulse
generation relies on the availability of transparent nonlinear crystals, typically non-oxide
semiconductors [140]. The most common way of generating intense femtosecond pulses in
this region is either directly via intra-pulse difference frequency generation starting from a sin-
gle broadband NIR pulse [141, 142] or via cascaded two-stage parametric down-conversion
[143—145]. In [141], an intrapulse DFG system based on LGS crystal is pumped by a post
compressed Yb:YAG thin disk oscillator, generating 103 mW (1 nJ), and 66 fs pulses cov-
ering the spectrum range from 6.5 um to 16.8 um. An intrapulse mixing of and output of
2 um OPA in AGS crystal provided 2 pJ (2 mW) 85 fs pulse [142]. Previously reported
optical parametric amplification (OPA) systems followed by difference frequency generation
(DFG) between signal and idler beams are mostly based on Ti:Sapphire laser pump sources
[143]. The MWIR nonlinear crystal is directly pumped by the NIR laser [144, 145], but

then the wavelength range of generated pulses is limited to 5-7 um. More recently, optical
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chirped pulse amplification (OPCPA) in the 6-7um range in a ZGP crystal pumped by 2 um
picosecond pulses from a holmium CPA [131, 130, 75] was explored, however it relies on
complex and not yet mature holmium laser technology. MWIR pulse energy in [130] was
40 W and in [131] — 200 wJ. However, in [131, 130, 75] systems, shorter wavelengths are
reported (spectra centered at 5—7 um). With our system, we achieve comparable pulse energy

with the pulse spectrum centered at 8.5 um.

MWIR DFG driven by signal and idler waves of SWIR OPA

The signal and idler beams of the OPA are split in an interferometer composed of dichroic
beam splitters. Then, the two pulses are mixed in a 5 mm AGS crystal resulting in the
generation of the broadband mid-IR pulse tunable in the 5-11 um range. The divergence and
beam sizes of the two beams are adjusted by setting up a pair of telescopes, the beam sizes at
the AGS crystal are set to be 9 mm. The intensity of the signal beam is 16 GW /cm? and
for the idler beam 13 GW /cm?. The DFG stage configuration is close to collinear. A small
angle of 0.2 deg is kept in order to ease the separation of the DFG signal from the signal and
idler beams. However, the angle is too small to induce an angular chirp.

Figure 3.10 Signal and idler beams are mixed in the AGS crystal to generate DFG signal in
the Mid-IR.

76 % of total OPA output is delivered to the DFG stage resulting in 2.3 mJ of pump and
signal input. The maximum recorded DFG pulse output energy of 0.15 mJ is obtained at 8.5

um wavelength, where the group velocity mismatch between the three waves is minimal and
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the signal supposedly not affected by the water absorption in the atmosphere. The conversion
efficiency in this AGS DFG stage is 6.5 %. In Fig.3.11 we have plotted the broadest spectrum
obtained after 1 m of free propagation.
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Figure 3.11 Spectrum centered around 8.5 pm. Black line is the transmission through one
meter of atmosphere (transmission data taken from Hitran database [17].

The generated DFG beam is separated from the 2.4 um and 1.8 um beams via spatial
filtering in the Fourier plane. All three beams, after the DFG stage, are focused with a
spherical mirror with the ROC of -1000 mm. The image of the beam’s distribution in the
focus is shown in Fig.3.12. The DFG signal is propagating with a significantly larger angle
compared with signal and idler beams. The ratio between the angles of signal-idler and
signal-DFG is = kigier/kpFG = 3.3, which allows a simple DFG signal selection by blocking
the other two beams with a hard aperture or a beam block. The set up is simple, compact
and allows us to cross signal and idler beams in the crystal at small angles. Otherwise the
noncollinear beam separation would require impractically long distances for the beams to
separate or large noncollinearity angles that would limit the pulse front overlap on the crystal
and introduce the angular chirp on the generated DFG signal. Using dichroic mirrors or
high-pass filters is also challenging because transparent materials in this spectral range are
typically highly nonlinear semiconductors, which might exhibit a low damage threshold or
introduce beam distortions on the generated infrared signal, especially at the high intensities,

which were used in this experiment.
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Figure 3.12 The idler, signal and DFG Figure 3.13 k vectors representing the
beam profiles (from left to right) at the DFG process in AGS crystal.
focus.

Tunability

The central wavelength of the DFG pulse is continuously tunable in the 5-11 um range
by adjusting the phase matching angle 6, and the central wavelengths of the signal and
idler waves respectively. The tunability is possible as long as the relation between the OPA
wavelengths and the DFG wavelength stage is defined as following:

O, = 0+ 0i (3.1)
s = WpEG + Wi 3.2)

Here @y, is the pump laser frequency and wpgg is the diference frequency between signal
and idler of the OPA pumped with the pump laser of a frequency @y . For a constant laser
pump wavelength, a pair of signal and idler beams is generated. Later the same wave pair
is mixed in the AGS crystal to generate the DFG signal. Fig.3.14 shows the signal-idler
wavelength combinations and the corresponding DFG wavelength. Fig.3.15 shows the phase-
matching curve for the DFG process. The phase-matching curve is flat at around 9 um,
allowing the generation of a broadband DFG signal. Luckily enough, this region corresponds
to an atmosphere transparency window. The increase of the spectral bandwidth is also

illustrated by the calculated gain curves as shown in Fig.3.16.
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The group velocity mismatch (GVM) is another parameter in favor of generating wave-

lengths in the long wavelength infrared spectral range in the AGS crystal. The GVM is

low in this region (see Fig.3.17), which allows us to use longer crystals and achieve higher

efficiency, while keeping the generated DFG signal short.

Fig.3.18 illustrates the tunability of DFG central wavelength. Strong absorption lines

around 6 um due to water absorption in the atmosphere are observed. The widest spectrum

is achieved when the DFG is generated around 8.5 um (Fig.3.11). There we also show the

transmission spectrum through 1 m of air. The left part of the measured MWIR spectrum

falls under the strong absorption region. However, the spectrum does not seem to be affected

by absorption. Comparing Fig.3.11 and Fig.3.18 we could see that indeed the signal noise in
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Fig.3.11 is rather constant and does not show sharp and deep absorption lines as in Fig.3.18.
As aforementioned, the broadest spectrum is around 8.5 um due to the reduced group velocity
mismatch between the DFG and the signal and idler pulses in this spectral range and the
favorable phase-matching conditions.
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Figure 3.18 DFG spectra tuned to different central wavelengths.

Future applications

This source readily allows reaching sufficiently high intensities to perform strong field exper-
iments with modest focusing conditions. For example, when focused into a ~ 100 um spot
using a f = 10cm lens and d = 10 mm input beam diameter (NA=0.05) one can achieve an
intensity of > 103 W /cm?. The DFG pulse duration is estimated to not to be longer than
pump pulse (165 fs). Thus, this MWIR source is a promising tool for HOH generation in
solids (for instance ZnSe or ZnO) in order to study the band structure. Also with the longer

driver we expect to reach higher harmonic cut off energies as predicted by the  x 12 law.
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Comparison with Ti:Sapphire pump laser

Most common pump sources for ultrashort OPAs are Ti:Sapphire lasers, emitting at 800 nm,
and Yb or Nd based lasers, emitting around 1 um. Even though Ti:Sa lasers are well devel-
oped and reliable sources we use every day, they have low wall-plug efficiency. On the other
hand, DPSSL, such as Yb : CaF,, are quickly developing and capable of delivering multi-mJ
pulses at repetition rates of multi-kHz. Y'b : CaF, lasers are pumped with diode lasers, they
feature lower quantum defect, and also exhibit higher wall-plug efficiency. However, most
of the MWIR parametric sources are based on Ti:Sapphire pumped SWIR OPAs and DFG
mixing. It is interesting to compare the performance of difference frequency mixing in the
MWIR spectral region in AGS crystal, when system is pumped by 800 nm and 1030 nm

laser.

The DFG signal in the MWIR is generated between the signal and idler beams of the
SWIR OPAs. The corresponding signal and idler wavelengths of SWIR OPAs pumped by
1030 nm and 800 nm to generate DFG signal in MWIR are depicted in Fig.3.19 as a function
of DFG wavelength. Here we could see, that signal and idler beams generated by 800 nm
pump have shorter wavelengths. MWIR crystals feature high to very high non-linear refrac-
tive index. Additionally, the critical power varies inversely proportional to the index and
scaling as A2. Thus, longer driving wavelengths are to be preferred to reach higher intensities.
Furthermore, for AGS with a bandgap energy of 2.73 eV, in the case of Ti:Sa pump, signal
wavelengths lie close to the three-photon absorption limit, while signal generated by 1030 nm
pump is closer to a four-photon absorption, where the multi-photon absorption probability is

much lower.
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Figure 3.19 Signal and idler wavelengths for a corresponding DFG wavelength generation
when system is pumped by 800 nm and 1030 nm lasers.

The phase-matching curves for both pumps in the AGS crystal are depicted in Fig.3.20.
The phase-matching curve features a steeper slope for 800 nm, which limits the generation of
broadband DFG signal. So, the phase-matching conditions are more favorable for the 1030
nm pump. It is also confirmed by the amplification gain curves (Fig.3.21). DFG pulses at 9
um generated by mixing the output of the Ti:Sapphire pumped OPA at 1.469 um and 1.756
um are expected to be 2.5 times narrower (Fig. 3.21) for the same crystal length (5 mm) as
compared to the case of 1030 nm laser pumped OPA (1.848 um and 2.326 um). Even though,
a broadband DFG signal could be expected at longer wavelengths (11-12 um), for 800 nm

pumping the AGS crystal is not transparent in that spectral region.
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As aforementioned, GVM is an important parameter when ultrashort pulse generation is
considered. Lower GVM allows using longer crystals, leading to the potential of decreasing
the beam intensity to achieve the same efficiency as in a short crystal, avoiding beam distor-
tion due to induced nonlinear processes. The GVM between signal and idler and between
signal and DFG signal for both pumps is shown in Fig.3.22. At the optimal phase matching
conditions for 1030 nm pump we also have the lowest GVM.
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Figure 3.22 The GVM for 800 nm and 1030 nm pump lasers.

To sum up, 1030 nm pump lasers show advantages to generate broadband ultrashort
pulses in MWIR spectral region in AGS crystals. Difference frequency mixing features

broader phase-matching conditions and lower group velocity mismatch. Furthermore, the
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critical power for the parasitic processes of higher nonlinearities would be higher; the crystal
could stand more intense pump beams before the beam distortion would appear. Finally, the

efficiency of our system is about 5 times higher than commercially available TOPAS [62].






Chapter 4
Experiments

The experiments described in this chapter took place in CELIA laboratory at University of
Bordeaux and Photonics institute in Vienna Technical University (TU Wien). Experiments
presented here are the applications of parametric sources described in the previous chapter.
High repetition rate 3 um OPA was used to generate HHG in solid and high energy SWIR OPA
at 1.8 um and 2.4 um was used for HHG in gas, also HHG was driven by a post-compressed

1 um laser.

4.1 HHG in ZnSe driven by high repetition rate MWIR
OPA

As it will be shown later in this chapter, even high energy SWIR OPAs are not sufficiently
reliable HHG drivers to efficiently generated harmonics in gas. Experiments of HHG in gas
are even more complicated, when drivers working at higher repetition rates with a lower
pulse energy are used. On the other hand, HHG in solids require lower intensities, so high
repetition rate SWIR and MWIR OPAss are attractive sources to drive these experiments. To
generate HHG in ZnSe, we used the Yb:FCPA pumped 3 um OPA described in Chapter 2.

The 3 um beam at the output of the high repetition rate OPA, the amplified signal is
collimated to a beam size of 2 mm. It is then focused with a -200 mm ROC silver mirror and
the beam size in the focus is evaluated to be around 200 um (FWHM). The beam intensity in
this case is 0.3 TW/cm? and it is intense enough to generate high order harmonics in ZnSe

sample (see Fig.4.4).
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ZnSe is a semiconductor with the bandgap of 2.7 eV. The material features high trans-
parency — 0.55-20 pm, high nonlinear index dj4 = 20pm/V, high damage threshold and good
mechanical properties [146]. Even though the crystal does not feature high birefringence,
random phase-matching could be obtained. It has been successfully applied to the second
harmonic generation with CO» lasers [147] and was suggested as an alternative for single-

crystal ZnSe in the autocorrelators [148].

We have also benefited from the random quasi-phasematched second harmonic generation
in ZnSe. As ZnSe features high d, s, it is very convenient to use it for the SHG in order
to monitor the amplification in the last amplification stage. The available spectrometer to
measure signals at 3 um was Mozza (Fastlite), which is a scanning spectrometer, thus it takes
time to record the spectrum, as well as the adjustment and optimization of the stage, which
becomes more complicated in real time conditions. In order to make the optimization process
easier, the second harmonic signal is generated and monitored with the Nirquest256 (Ocean
Optics). The second harmonic is generated via random phase-matching. Micro-crystals are
randomly oriented in the polycrystalline sample, thus the orientation of the crystal does not
play a role for the SHG process. It is seen in Fig.4.1 that SHG spectrum generated in 5
mm ZnSe is narrower than in 400 um AGS crystal. The efficiency of random quasi phase-
matching is 2-3 orders of magnitude less efficient compared with the quasi phase-matching
[149], here the spectrum of the detuned OPA?2 is shown, which is broad, but also features
relatively low energy (400 nJ), thus just the intense central part of the spectrum is efficiently
converted into the SH signal. However, the ultra-broadband amplification bandwidth and
insensitivity of the crystal angle makes the random-phase-matching very attractive for the
tuning of central wavelength as there is no need to adjust the phase-matching angle of the

doubling crystal.
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More recently, the diffraction patterns of second harmonic and sum frequency generation
with femtosecond pulses were studied in [150]. There, a dotted pattern for generated wave-
lengths was observed. We here obtained similar results as shown (Fig.4.2).

The critical power for the filamentation in ZnSe is 40 MW and within the experimental
conditions the peak power of the 3 um pulses is 96 MW. When focusing the beam into 1
mm ZnSe polycrystalline sample, we observe HOH generation, spectral broadening and
polychromatic dotted pattern. Compared to the input spectrum, the output is 2.5 times
broader (see Fig.4.3). The high order harmonics are generated up to the 6/ harmonic and the

spectrum has been recorded (see Fig.4.4).
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Similar experiments were done in [75, 151], and in both cases high order harmonics
within the transmission range of the ZnSe crystal were generated. In[75] HOH were driven
by 5.2 and 3.5 um wavelengths, which are seed and idler beams from a Ho:YAG driven
OPA. Up to 6" (from 3.5 um) and 9" (from 5.2 um) harmonics were observed. Up to 7"
harmonic was observed in [151] with the driving source at 3.9 pm. Those experiments were
conducted with a lower repetition rate of 1 kHz, thus obtaining comparable results shows that
the sample is not impacted by the thermal processes induced by the higher average power.
So one could benefit from enhanced signal to noise ratio and if statistical data is needed, the

acquisition speed is increased by 100 times.

4.2 HHG in gases, driven by SWIR parametric source

Introduction to HHG in gas

During the last few years or even over the last decade, intense, ultrashort laser pulses in
the short-wavelength infrared region attracted a lot of attention in the scientific community.
The expected increase of the energy cut off in high harmonic generation experiments have
attracted many groups. The classical pump source used to generate HHG is Ti:Sapphire
laser [152—-155], but according to the three step model [1], the energy cut off of generated
high harmonics scales as I x A2. This favors longer driving wavelengths in order to generate
more energetic XUV photons, and potentially shorter attosecond, soft X-ray pulses. It was
successfully confirmed in [156, 157]. However, all the experiments were performed at
rather low repetition rates, the OPAs were usually pumped by the Ti:Sapphire laser systems,
which are limited to few kHz. Higher repetition rates could be reached with thin disk laser,
innoslab or fiber laser technologies. Indeed, these three competing technologies were applied
for HHG generation and show interesting results for building compact EUV sources. High
harmonics with a photon flux of more than 5x 107 photons/s on the 19th harmonic (23 eV)
were generated by postcompressed thin disk oscillator [37]. HHG can be also generated
in a intracavity of a thin disk oscillator providing 108 eV pulses at 78 MHz repetition rate
[158] or 20 eV pulses at 17.4 MHz [159]. A thin disk based regenerative amplifier with
an unprecedented average power was presented in [160], the system provides 540 W at
repetition rates of 10-100 kHz, thus the pulse energy 5-50 mJ. After the upgrade of the pump,
authors expect to increase laser power to more than 1 kW. As a promissing driving source
for HHG Yb:YAG innoslab MOPA with a 620 W output at 20 MHz was presented in [161],
furthermore, by cascading two amplifiers, average power is increased to 1.1 kW. Up to the

17th order HH driven by postcompressed pulses in a photonic crystal fiber were generated in
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[162], HHG was driven by 20 W of 35 fs pulses. Femtosecond fiber lasers have also shown
their capabilities for strong field experiments by demonstrating coherent XUV emission at
unprecedented adjustable repetition rates reaching up to the MHz level [33]. Since then,
femtosecond fiber laser performances have continuously increased to reach, for example,
peak powers of 46 GW with an energy of 12 mJ [34] and durations reduced down to 2 cycles
[35].

We intend to take advantage of the unique properties of high power pump systems to
extend their capabilities to longer wavelengths, by pumping few cycle optical parametric am-
plifiers and generating intense fields in the MWIR infrared. However, the efficiency of MWIR
OPAss is rather low and the highest reported values are around 7% [71, 89] and in the case of
high repetition rate sources, the pulse energy is about few tens of uJ [89, 120, 119, 122, 46].
Another drawback for efficient HHG generation driven by MWIR lasers is the process effi-
ciency scaling as A -3, which makes the HHG driven by high repetition rate MWIR drivers
a challenging task. However, high energy, lower repetition rate systems are successfully
driving HHG experiments [51, 50].

According to the three step model [1] the cut off law reads:

Ecutoff = Ip —|—3.17Up

(4.1)
Uy =9.33 xIA?

Where U), is the ponderomotive energy (eV), I, — the ionization potential (IP) (eV), I —
the laser intensity (10~!4 x W /cm?) and A the driving laser’s wavelength in um. In order to
extend the cut off energies either the intensity of the driving laser beam on the target, or the
wavelength, or both could be increased. Howewer, laser intensity is limited by ionization
saturation, thus the most promising way to generate high energy photons would be to increase
the wavelength of the driving source. This was demonstrated experimentally in [51]. Here,
while shifting the driving wavelength from 0.8 pm to 2 um the energy is increased from
50 eV to 175 eV. This shows the high importance of ultrashort intense laser sources in the
MWIR region.

The energy cut off with the Ti:Sa lasers was also extended by using ultrashort pulses —
5-7 fs, but this pulse duration is already approaching the few-optical cycle regime (optical
cycle at 800 nm is 2.7 fs) and there is not a lot of space for improvement [163]. Thus, in
[163] authors present results of HHG cut off extension when a longer driving wavelength is
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used. In fact, they demonstrate a tunable driving source (1.1 pm — 1.5 um), which also allows
the tuning of the harmonic peaks. As the harmonic peak depends on the central wavelength
of the driving source: h@, = ghw and Ay = %, this feature could be used to match the
resonance wavelength of materials studied in surface science and material spectroscopy. This
was earlier proposed in [164] at 800 nm driving wavelengths. Tunable OPAs are therefore a

very attractive tool for experiments requiring tunable XUV radiation.

Another cut off extension experiment is presented in [165], where the extension is again
achieved by driving with longer wavelengths. HHG in Argon is driven by 0.8 um, 1.3 pum, 2
pm and 3.6 um laser sources, and cut off energies of 50 eV, 130 eV, 300 eV and 1 keV are
estimated from the cut off law. The source was not yet suitable for HHG driven by 3.6 um,
but 2 um yields slightly better results as shown in [51], where the cut off at 2 um was 220 eV.

Even though many groups suggest the use of longer wavelengths as the most promising
way to reach high-energy photons, the carbon K edge was reached by driving harmonics
with Ti:Sapphire source [49]. Here, a quasi-phase-matching method was used and the phase
matching took place in a periodically modulated hollow core fiber. Furthermore, the en-
hancement is achieved when the ionization level of atoms reaches 70-90%, which is far
beyond the previously reported ionization level at which the cut off limit was enhanced by
phase-matching.

A single attosecond pulse generation requires few (approaching single cycle) optical
cycle driving pulses, which are difficult to achieve and usually require additional spectral
broadening and post-compression, for example in hollow core fibers [166, 167]. Otherwise,
an attosecond pulse train is generated and other techniques such as amplitude or polarization
gating [168] have to be used to select one pulse of the train. This is definitely valid for shorter
— near infrared driving wavelengths, but when reaching further into the mid-wavelength
infrared, the phase-matching window reduces and even multi-cycle pulses generate single at-
tosecond pulse [157]. For shorter wavelengths the phase matching window could be reduced
by adjusting pressure and laser intensity on the target so that the pulse train contains fewer
pulses, but for longer wavelengths it reduces to one pulse. These results are very promising
and thus simplify and open new possibilities for classical MWIR OPA sources, which usually
contain 5-10 optical cycles [88, 122, 169, 89, 120, 119] as an attractive and rather simple
source for high-energy short attosecond pulses.



4.2 HHG in gases, driven by SWIR parametric source 101

Two HHG experiments were conducted during the experimental campaigns in TU Wien.
Firstly, HHG was driven by a parametric source in SWIR. Energy from the driving pulses was
up to only a few mJ. Then, an efficient HHG source at 150 eV was driven by post-compressed
Yb : CaF, laser pulses with the pulse energy of 10 mJ. Thus, two different drivers were
implemented with two different experimental goals. Initially, short wave and MWIR driven
HHG aimed at setting the minimal requirements for the driver at 3 um, which was not set,
as even sub-mJ pulses were not sufficient to detect the HH signal at 3 um. The 1 pm driven
HHG aimed at constructing an efficient and robust UV source at 150 eV to use for ultrafast

demagnetization experiments.

Experimental set up

High harmonic generation was driven by the previously described KTA-OPA (see page 82) set
up with three different wavelengths: 1.5 ym, 1.8 um and 2.4 pym. The initially targeted 3um
was also tested, but no HHG signal could be recorded, probably due to insufficient intensity
on the target. The four different wavelengths were obtained by tuning the phase-matching
conditions of all OPA stages and the experiment was performed with either signal or the idler
pairs: 1.5 um and 3 um; 1.8 pym and 2.4 um.

Roots pump Differential
pumping
Generation chamber R

X-Ray CCD |

X-Ray spectrometer
CaF, window 4

Metallic filters
Flat field gratings

Gas tank

Figure 4.5 The experimental set up of OPA driven HHG.
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The experimental set up is depicted in Fig.4.5. The focusing pump beam is sent to
the generation chamber through a 4 mm CaF, window. 1.8 um beam is focused with a
200 mm lens and 2.4 um is focused with 120 mm lens. The beam is focused into the cell
target, which was made by drilling a hole with the laser beam into a 2 mm nickel tube.
After the differential pumping stage, the fundamental wavelength is absorbed by a set of
metallic filters, for different possible combinations see Table.4.1. The summary of the filter’s
transmission is provided later in Fig.4.12. Then the selected harmonic beam is sent into the
X-Ray spectrometer. The spectrometers entrance slit size is 50 um. The spectrometer is
designed in a way that the grating is fixed and the CCD camera is manually moved in order
to record the diffracted signal. Firstly, the signal amplitude is optimized at zero order CCD
position, and when the best high harmonic generation conditions are obtained, the CCD is
shifted to the position where the first order of generated signal is expected (51-156 eV). The
grating used was Hitachi High-Technologies 30-240 eV (g=1200/mm).

Table 4.1 Filter sets in wheel No.1 and wheel No.2.

Filter wheel No. | Filter No. | Filter thickness | Filter material
F1 500 nm Aluminum
1 F2 200 nm Zirconium
F3 300 nm Titanium
F1 150 nm Zirconium
2 F2 100 nm Titanium
F3 Glass

Experimental results: HHG driven by 1.8 um and 2.4 um pulses

The initial goal of the experiment was to generate the high harmonics driven by 3 um laser
pulses, and measure the minimum requirements for the laser to generate the detectable
harmonics signal. The generation of high order harmonics driven by longer wavelengths is
challenging because the single atom response scales as A ~>, thus generating high harmon-
ics potentially reaching the keVs. We started with a configuration allowing the generation
of lower energy harmonics that are easier to detect (higher grating efficiency). Here we
used lower IP gas and shorter driving wavelengths. Current configuration of the X-Ray
spectrometer limits us to the harmonic spectrum spreading up to 240 eV. The available media
with low ionization potential in the laboratory were argon and acetylene. The energy cut
off and required intensity of the driving laser beams in a few commonly used gases (argon,

helium and neon) were calculated in [48]. By driving HHG in helium with 3 pm source we
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could expect to reach keV energies, the required intensity on the target in this case is 3.7
% 10'*W /cm?. Unfortunately, our OPA was not powerful enough to reach such intensities.
Also, argon is a good candidate for our experiment as the expected energy cut off is very
close to the edge of the used diffraction grating. Furthermore, the required beam intensity to

reach full phase-matching conditions is about 3 times smaller than for helium.

Theoretically, the 3 um beam should be focused to an intensity of 1.15 x 10'*W /cm?
[48]. Indeed, in the experiment, the intensity of the focused 3 um beam was estimated to
be 1.5 x 1014 W / cm?, which should be sufficient to generate harmonics in argon. We have
observed nonlinear processes up to the 5 order as well as filamentation. Unfortunately no
HHG signal was recorded. One of the reasons why no signal was recorded could be that the
laser intensity on target was over-estimated. Here we assume that the beam and pulse profiles
are Gaussian, a biased assumption, as it has already been seen that the temporal pump pulse
profile shape has wings. Pulse and beam distortions would decrease the focusability, and
thus the maximum intensity on the target. Also, the limits of the driving laser were reached
and no upgrade was feasible in the short period of time. Furthermore, due to the vacuum
chamber size, it was not possible to use tighter focusing conditions to increase the laser
intensity on the target. The direction of the experiment was moved to the high harmonics
generation driven by shorter wavelengths: 1.8 um and 2.4 um. After successfully generating
high harmonics with 1.8 um and 2.4 um source we were able to confirm the hypothesis of
over-estimated laser intensity at the target. We can retrieve the experimental intensity value

from the experimentally measured energy cut off as given in the Table 4.4.

Table 4.2 Intensity required to reach critical ionization levels for full HHG phase-matching
at different wavelengths in Ar, He and Ne gases [48].

Wavelength, um Intensit;/; L(;;W/ cm? | Intensity Nle(z)': W /cm? IntensitI)_/I ell?l:nW/ cm? IntensXZeltSl'::: Jem?
0.8 2 4.6 6.4 1.5
1.03 1.8 4 5.8 -
1.5 1.5 3.5 4.9 -
1.8 1.4 33 4.55 -
2.4 1.25 2.9 4 -
3 1.15 2.6 3.7 -

1.8 um and 2.4 pym wavelengths for further experiments were chosen because 2.4 um is

the closest wavelength to 3 um, which is not affected by water absorption in the atmosphere
(see Fig.4.6). Then even though the required intensity for HHG is higher (Table.4.2), the




104 Experiments

efficiency of the process is also increased by a factor of 3.5. Furthermore, the energy of the
available amplified signal increases about two times from 0.26 mJ at 3 um to 0.51 mJ at 2.4

um.

Table 4.3 The expected energy cut offs at full HHG phase-matching conditions as a function

of driving wavelengths in Ar, He and Ne gases. [48]

Figure 4.6 Water absorption in the atmosphere and signal and idler spectra.
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The spectra of HHG in Ar is shown in Fig.4.7. The collimated 1.8 ym beam is sent

through a 4 mm aperture iris inserted before the 200 mm focusing lens in order to control

the beam size, and consequently the intensity on the target. The beam intensity on the target
is estimated at 2.6x 10'* W /cm?, which is almost two times higher than necessary to reach

harmonic generation in argon. The cut off for 1.8 um is 110 eV, which is smaller compared

to the expected energies of 160 eV. The 2.4 pym beam is focused with a 120 mm lens and the
intensity on the target was estimated to 1.6 x 10> W /cm?, which is more than 10 times higher
than required. After measuring the high harmonics spectra (thus knowing the experimental

energy cut off), we could calculate the actual intensity on the target. Theoretically estimated

and calculated from the experimental cut off beam intensities in the target are summarized in

Table. 4.4.

Table 4.4 Summary of beam intensities at the target.

1.8 um
Theoretically estimated | Intensity extracted from .
Gas intensity, W /cm? the cut off, W /cm? Ratio
Argon 2.6 x10™ 9.8 x1013 2.6
Acetylene 1 x10" 4.3 x10"3 23
2.4 uym
Theoretically estimated | Intensity extracted from .
Gas intensity, W /cm? the cut off, W /cm? Ratio
Argon 1.6 x10P 8.4 x101 19
Acetylene 1.3 x101 3.4 x1083 38
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We see that the intensity is over-estimated, mainly due to the fact that we do not take
into account potential temporal pulse and beam profile distortions. The ratio between the
estimated and recalculated values varies from 2.6 to 38 times. Furthermore, the retrieved val-
ues are lower than the laser intensity needed to reach critical ionization level, thus achieving
full phase-matching conditions. Indeed, the measured cut off for 2.4 um is 160 eV, which is
smaller compared to the theoretical energies of 240 eV. Another reason affecting the HHG
signal energy cut off could be the medium length. The optimum absorption limited medium
length needed to reach 90 % of the macroscopic harmonic signal for driving wavelengths
around 2 um is around 7-8 mm [48], while during our experiments, we used a 2 mm cell.
Increasing the target cell size might increase the signal level and allow measuring cut off
XUV photons.

Another media, in which the harmonics were generated was acetylene. As the ionization
potential is lower than in argon, the XUV energy cut off is also lower and as it is shown in
Fig.4.7) the achieved energy cut offs are 57 eV for 1.8 um and 71 eV for 2.4 pym at intensities
of 110" W /cm? for 1.8 ym and 1.3x 10> W /cm? for 2.4 um. The saturation intensity
for 800 nm driver is 1.5 x 10'*W /cm? [170], unfortunately no data of saturation intensity

dependent on the wavelength scaling were found in literature.

The power of driving pulses was changed by changing the opening of the iris. It should
be noted that changing the iris diameter changes not just the power, but also the focusing
conditions on the target as the beam size on the focusing lens is changing. Thus the intensity
on the target is changed by varying two parameters: pulse energy and beam size. However, it
was the only available method, as the classical attenuator consisting of A /2 plate and a po-

larizer is not yet available at these wavelengths or is available only with the cost of high losses.

Conclusions

We have generated high harmonics in argon and acetylene, while driving the HHG with a
SWIR OPA. Driving wavelengths were 1.8 um and 2.4 um. The maximum energy cut off
in argon was 110 eV and 160 eV for 1.8 um and 2.4 um respectively, and 52 eV and 70 eV
for acetylene. From the energy cut off we were able to estimate the beam intensity at the
focus, which is summarized in the Table. 4.4. We could not record any HHG spectrum,
when driving with the 3 pm source, even though the estimated conditions should have been
sufficient for the HHG. However, as it is seen from the Table. 4.4, the laser intensity at the

target is over-estimated by a factor between 2.6 and 38 times. This leads to the conclusion that
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laser intensity of the 3 um driver was not sufficient for high harmonic generation experiment.

4.3 HHG of postcompressed of the Yb:CaF, laser pulses

in a hollow core fiber

Introduction to HHG driven post-compressed NIR laser pulses

High power systems have an advantage for pump-probe or other experiments, which need
scanning or acquiring statistical data. Increasing the repetition rate from conventional 1
kHz of Ti:Sapphire driven HHG to 100 kHz decreases the acquisition time by 100 times,
which might be crucial to conduct reliable experiments as it also reduces the high demands
for long term stability and other environmental factors such as metro system running under
the laboratory building. However, if one is considering using the high power laser pumped
OPAs to drive the high harmonic generation, the state of the art sources are not yet there to
deliver harmonics signal in the extreme ultraviolet (EUV) or X-Rays spectral region. Extreme
Light Infrastructure (ELI) facilities are acquiring a state of the art source with the central
wavelength at 3.1 um, pulse energy of 150 pJ (15W at 100 kHz) and pulse duration of less
than 4 optical cycles [57]. The maximum XUV photon energy, achievable with this system

is being determined at the time this manuscript is being written.

Successful HHG experiments driven by high energy OPAs show higher cut off energies,
even though they rarely report the efficiency of HHG or the photon flux in the harmonic
beam. These sources also show the possibility of reaching kEvs [51] or the ability to tune the
harmonic signal by tuning the OPA central wavelength, while aiming at a certain resonance

or absorption line [40, 163] which is an advantage over laser-driven HHG.

On the other hand, efficient HHG sources at lower energies are delivering harmonic
signals up to 800 uW [40]. Indeed, already commercially available HHG sources [53, 54]
are based on post-compression in hollow core fibers: Ti:Sa lasers by KMLabs and Yb:FCPA
by Active fiber. KMLabs provides harmonic beams up to 185 eV at repetition rate of 3 kHz
and 40 eV at 50 kHz. Photon flux for those sources are > 10% ph/sec and > 10'? ph/sec 1%
BW respectively. Active fiber systems provide lower energy, but higher flux systems at the
repetition rate tunable up to 10 MHz. Photon flux of > 10'% ph/sec at 21 eV and > 10!
ph/sec at 68 eV are available. Thus, being commercialized, these sources are proved to be

stable, reliable and compact, which ensures that they are user-friendly and applicable for
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experiments. Furthermore, the FCPA technology acquired by Active Fiber Systems for Yb
doped fiber lasers was successfully transferred to Tm:FCPA and one might expect Tm:FCPA
driven efficient HHG sources at higher harmonic energies.

In this section of the chapter, an efficient XUV source at 155 eV based on post-compressed
Yb:CaF; driver will be presented. Compared to the SWIR OPA, this set up is more efficient
and robust. The overall OPA efficiency does not exceed 20 %, thus limiting the pump-to-
HHG efficiency. Furthermore, in the post-compression set up, the only sensitive point is the
injection into the hollow core fiber. In the 3 stage OPA set up a precise temporal and spatial
overlap should be assured in all 3 nonlinear crystals. The aim of this experiment is to provide
an everyday operating source for ultrafast demagnetization experiment. Signal at 155 eV
is required for the terbium sample. Since 155 eV are reachable by post-compressed 1 um
drivers, they have more advantages over the SWIR drivers.
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Experimental set up
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Figure 4.9 Experimental set up of HHG driven by post-compressed Yb:CaF,.

Here, the output of the Yb:CaF, laser is post-compressed in a hollow core fiber (Few cycle
inc.) filled with 550 mBar of argon. The experimental set up (see Fig.4.9) is almost identical
to the ones described in [171] and [94]. The core diameter of the fiber was 750 um and the
length is 3 m. A picture of the fiber installation is shown in Fig. 4.10. The fiber is perfectly
stretched along the beam propagating axis and its ends are glued into the end caps. Depending
on the input power either metallic (low average power) or ceramic (high average power) end
caps are used. Then these end caps are clamped to the holders, the clamping is done with
three screws, which assures the possibility of optimizing fiber’s alignment along the optical
axis, and the tension along the fiber is also adjusted. Also, the fiber is under vacuum with a
pressure gradient. Gas pressure is applied at the exit side and vacuum is constantly pumped
at the entrance, in this way we have the lowest amount of gas at the input side, where the

beam intensity is the highest. Such a gradient allows us to reduce ionization and self-focusing.

Figure 4.10 Experimental set up of the hollow core fiber for the pulse post-compression.
(Picture from few-cycle.com.)
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The transmission of the fiber is about 80% and up to 11 mJ of pulse energy was measured
at the output. Afterwards the beam is collimated and compressed with a set of chirped
mirrors (Ultrafast innovations) with the dispersion of 150 fs. Here, 6 bounces on the mirrors
were used and the pulses were compressed down to 20 fs. The input and output spectra and

temporal pulse profiles of the post-compression set up are shown in Fig. 4.11.

Then the post-compressed pulses are sent to the high harmonic generation chamber. The
beam is focused with a -2000 mm ROC mirror and the beam diameter at the target is 185 um.
The cell targets of two sizes were used: 6 mm and 12 mm. After the HHG is generated, the
fundamental beam is blocked with a set of filters (Table.4.1) and the HHG beam is re-imaged
on the CCD camera. For the HHG imaging, a multilayer X-ray mirror (Ultrafast innovations)
with the ROC of -3000 mm was used. The mirror also works as a selective filter, as it reflects a
bandwidth of 5 eV at 155 eV, with 6 % efficiency. This specific wavelength was selected with
the consideration of further ultrafast demagnetization experiments in a terbium sample. As
the goal of the experiment here is to generate the highest flux at the selected wavelength range
and use the full UV beam for the pump-probe experiment afterwards, the UV signal was
directly measured with the CCD, excluding the previously used spectrometer-configuration.
In this way, having the image of the full beam profile, we can estimate the flux and efficiency
of the HHG.
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Figure 4.11 Spectral and temporal pulse profile of input and post-compressed CafF; laser
pulses.

The transmission of the available filters is shown in Fig.4.12. Clearly, the aluminum
filter is not suitable to use for harmonics generated at 155 eV, nevertheless it is useful for
the alignment and initial optimization of the system, when the harmonics are generated in
argon. So there are three filters left which transmit photons with the energy of 155 eV; the
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highest transmission of 38 % is for a zirconium filter. It is 1.8 times higher than in silver
and 6.3 times higher than in titanium, where the transmissions are 21% and 6% respectively
[172]. The zirconium filter also has the highest absorption coefficient at 1030 nm (1.6 106
em~1)[173], which allows us to use thinner material to block the fundamental light and at
the same time to increase the transmission of high harmonics at 155 eV. Even though the two
zirconium filters would have been more efficient, the endurance and quality of the Ti filter
was higher, and used as a first IR filter. The combination of 300 nm titanium and 200 nm
zirconium filters were finally used for the following experiment.
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Figure 4.12 Transmission of the XUV filters.

HHG

The high order harmonics were generated in helium and neon, as well as in argon. The
spectra of harmonics in all the three gases are shown in Fig.4.13 and 4.14. Due to the high
transmission of aluminum filters at lower photon energies, it is convenient to use the signal to
pre-align the system: check the transmission through the filter wheels, the harmonics position
on the camera, etc. However it cannot be used for the ultrafast demagnetization experiment
at 155 eV.

The signal level measured with the spectrometer at 155 eV is about 5 times higher in He
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than in Ne. The same factor is obtained, when the full harmonics profile is measured with
the CCD camera and the signal is integrated for the camera photon counts at the 1/e? signal
level. This was done in a 6 mm cell target. The expected cut off for HHG in Ne driven by a
1.03 um laser pulses with 8 optical cycles (27 fs) is 165 eV, furthermore, the cut off could be
increased due to decreased ionization levels for shorter laser pulses by approximately 15 % if
the pulse duration is shortened to 3 cycles (10 fs) [48]. As the pulse duration of our driving
pulses is about 27 fs, we would expect to have a cut off near the 165 eV region. However, the

full phase-matching was not exploited and the measured harmonics spectrum only reached
142 eV.
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Figure 4.13 HHG in He and Ne. Figure 4.14 HHG in Ar.

As helium was identified as a better media for generating the harmonics signal at 155 eV,
the following signal optimization was done using this gas. The 6 mm cell was changed for a
12 mm cell target. With the same laser parameters as the 6 mm target cell, the HHG signal
improved by about 3 times, from 815 photons/s to 2325 photons/s. The HHG signal in Ne
dropped by 4.5 times. The reduced HHG signal is because the absorption limited medium
length for Ne is about 1 mm, while it is around 11 mm in He [48]. This also explains the
improved HHG conditions in He, as the cell size is close to optimal for fulfilling the full
macroscopic phase-matching conditions.
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Figure 4.15 Beam profile of high harmonics generated in 12 mm cell target in Helium,
integrated signal: 21860 photons/s.

The highest measured CCD count rate was 9.4 -10° counts/s (see Fig.4.3), which cor-
responds to 21860 photons/s. According to the device’s data sheet, one photon induces 43
counts. The efficiency of the camera at 155 eV is 20 %. Thus the pulse energy of the XUV
pulse at the target could be estimated at 3 pJ and the average power is 1.5 nW with the
efficiency of the system at 3-10710

Conclusions and system placing within the state of the art sources

A series of experiments on HHG driven by 1 um lasers were developed by groups in Jena
and Bordeaux, where the high harmonics were efficiently generated at longer wavelengths:
around 20 eV [40, 52], 30 eV[174, 175, 33], 45 eV [176] and 60 eV [177]. The summary of
a few selected systems is provided in table 4.5. All the systems except[177], where HHG
is driven by OPA, are based on FCPA drivers. In [175, 40, 178] HHG are generated with
the post-compressed pulses in a hollow core fiber. Starting from 300 fs the pulse duration
is reduced to below 100 fs increasing the intensity, and accordingly limiting the impact
of ionization on phase-matching [175]. In [33, 40, 176] SHG beams are used to drive the
HHG. The efficiency of harmonic generation could reach 107>, 10~7, however, after filtering
the fundamental beam, there is also a significant amount of losses for the harmonics signal
[52]. Attosecond physics demands a broadband spectrum isolated attosecond pulse (IAP)
generation, while for imaging applications, resolution is limited by the spectral bandwidth,

thus a narrowband source is preferable [178].
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Table 4.5 Summary of 1 um driven HHG

Ref Laser Pump Pulse Pulse Media Generated Power/ Efficienc
’ source Energy duration harmonics Flux y
[175] C-FCPA 130-150 WJ | 30fs | Xenon 30eV 143 uyW 1.8x10°°
5.8x10° ph/s g
[177] OPA 14 uJ 6.6 fs | Argon | IAS 62-72¢eV (62 nW) 4%10
[40] | SHG C-FCPA 0.55mlJ 85 fs | Krypton 21.7eV 832 uW 7.5%107
[178] C-FCPA 0.55ml] 33 fs Argon 68.6 eV
Krypton
[33] SHG FCPA 28 -100 W | 270 fs Argon 18-37 eV
Xenon
[176] | SHG FCPA 10 WJ 130fs | Argon 46 eV 10~7
[41] |C—Yb:CaF, | 10m] 20fs | Helium 155 eV 1.5 nW 3x10-10

As one could see from Table 4.5, the last system stands out with the pulse energy much
higher (150 eV) compared to the others (20 - 70 eV), while the overall systems efficiency
is at the same order of magnitude of 107>. This source is ready to be used for ultrafast

demagnetization experiments.

Challenges with the increased repetition rate

After the performance of the system has been well optimized, the only relatively easy way
to increase the high harmonics flux is to increase the repetition rate of the pump laser. The
Yb:CaF; amplifier is able to reach repetition rates up to 2 kHz. After increasing the repetition
rate up to 2 kHz, the power of the laser output was 28 W and after passing through the hollow

core fiber, 20 W could have been used to generate the high harmonic signal.

However, the whole experimental set up should be compatible with the increased thermal
load. We have identified two weak points of our system: the hollow core fiber and the XUV
filters. The endcaps which were at the time installed on the fiber were not suitable for high
power operation, limiting their system’s reliability. The XUV filters already allowed some
leakage of the fundamental light, thus the probability of damaging the filters under long
term use was already there and increasing the average power would significantly enhance the
absorption of the fundamental beam.

In order to verify the damage threshold and durability several tests were performed. The

CCD camera was removed and a CaF, window placed at the exit of the chamber in order
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to avoid the damage of the CCD. Also, only the filters in the first filter wheel were tested
in order to protect the XUV mirror. The light that passes through in the case of damage
was monitored on the sensitive NIR detector card (Thorlabs VCRS). The output power of
the laser was increased by 2 W steps and the filter was under the exposure for 2-3 min and
passed to 5 min at high power levels. The damage threshold for the 300 nm zirconium filter
was at 18 W of the laser output power and after an exposure of a few minutes, the filter was
completely burned (Fig.4.16). The 500 nm aluminum, 300 nm titanium and 500 nm silver
filters didn’t exhibit any additional damages on the top of the older leakage holes already
present in the filters before the high repetition rate tests. Unfortunately, the zirconium filters
were the most suitable filters for the experiment, considering the compromise between the

quality and the transmission of the generated harmonics.

Figure 4.16 300 nm Zr filter damaged at Figure 4.17 The input of the damaged
18 W of laser output power. fiber.

As the laser’s beam pointing slowly drifts during the operation time, a constant adjustment
of the beam coupling into the fiber is needed. After a day of the experiment, damage of
the input side of the HCF was observed (Fig.4.17). Nevertheless, after changing a metallic
endcap to a ceramic one, the issue was solved and the system worked as reliably as it did at
lower repetition rate. Furthermore, a feedback loop correcting the beam pointing stabilization

was installed on one of the injection to the HCF mirrors.

Even though the system seemed to be stable enough to operate at the high repetition rates,
the issue with the damage of the zirconium filters prevented us from measuring the HHG flux
in the current configuration, as the damage of the CCD camera would be costly and delay the
other planned experiments on the system.
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4.4 Conclusions

Three HHG experiments were described in this chapter. Firstly, the driving source was a 3

um OPA working at a 100 kHz. As the pulse energy was relatively low (8 uJ), high harmonic

generation was only achievable in solids. HHG up to the 6" order was generated in 1 mm

ZnSe.

Then experiments of HHG in gas were conducted. Firstly HHG was driven by SWIR

OPA generating pulses at 1.8 um and 2.4 um. We have generated high harmonics in argon

and acetylene, the summary of results is provided in Table. 4.6.

Table 4.6 Summary of SWIR OPA driven HHG.

1.8 um 2.4 um
Gas Pump Energy, | Retrieved Intensity, | Cut off, | Pump Energy, | Retrieved Intensity, | Cut off,
mJ W /em?- 10183 eV mJ W /em?*-1013 Y%
Argon 0.8 9.8 110 0.6 8.4 160
Acetylene 0.7 4.3 53 0.7 34 70

Later, HHG was driven by post-compressed 1 um pulses. The goal of the experiment was

to efficiently generate XUV signal at 155 eV. We succeeded in generating harmonics with

the average power of 1.5 nW and efficiency of 3-10'°,
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During the PhD, parametric processes for generating SWIR and MWIR ultrashort pulses in
two different configurations — high repetition rate and high energy — were investigated. In
both systems, the seed for the OPAs is obtained via supercontinuum generation. It is crucial
to generate stable and sufficiently intense seed signals. Earlier, most of the conventional
WLC based OPAs in the SWIR or MWIR were based on WLC generation in the visible.
We simplified the scheme and directly amplified the WLC in SWIR. To achieve the optimal
broadening into the red side, we tested different conditions. It turned out that a longer medium
length and looser focusing conditions provided the broadest WLC spectrum, reaching up to
2.2 — 2.4 ym. Both systems were mainly based on KTA crystals, with the exception on the
high power OPA DFG stage, where a chirped PPLN was used.

The high power Yb:FCPA pumped 3 um OPA delivered 85 fs pulses with the energy of
8 W, the overall efficiency of the system from pump to 3 um was about 3 %. High energy
Yb:CaF; pumped 2.4 um OPA delivered 123 fs pulses at 2.4 um and 165 fs pulses at 1.8
um, with the corresponding pulse energies of 1.3 mJ and 1.7 mJ, the overall efficiency of
the system from pump to 2.4 um was about 9 %. The higher efficiency of the high energy
system at 2.4 um could be due to the proximity of the degenerate conditions and minimal

losses in the system.

Another goal of the thesis was to use these parametric sources for strong field exper-
iments. The lower energy, but high average power OPA was used for the high harmonic
and supercontinuum generation in solids. HHG was generated in ZnSe and WLC in YAG
samples. Unfortunately, the pulse energy was too low to generate harmonics in gas. But this
was achieved with the high energy system. Here, the experiment was split into two parts:
HHG in gas driven by SWIR OPA and HHG driven by post-compressed Yb:CaF; laser pulses.

In the case of SWIR OPA driven HHG, the initial goal was to set the minimum require-
ments for HHG driven by 3 um OPA. However, the beam intensity was too low to observe a
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signal in these conditions. Thus, high harmonics were generated with shorter wavelengths.
And even then power scaling was not possible due to very strict phase-matching conditions.
Pulse energies were also lower than required to ensure sufficient intensity at the target in
order to fully exploit the phase-matching.

The second part of the experiment was to provide a reliable source for ultrafast demagne-
tization experiments. The sample for the experiments was terbium, requiring XUV signal
at 155 eV. These energies could have also been reached by the SWIR OPA driven HHG.
However, the OPA efficiency of 9 % was limiting the intensity on the target. Thus, the
post-compressed Yb:CaF, laser pulses were chosen to efficiently generate the harmonic

beam in that spectral region.

We were able to change the repetition of the Yb:CaF; laser, so while keeping the same
pulse energy we also increase the average power. We would expect to increase the generated
harmonic signal with the same ratio as the increased repetition rate. However, here we
faced challenges in adapting the system for the high average power regime. The XUV filters
used in the experiment could not handle the increased heat load and started burning. Thus
another, preferably equally efficient, way of blocking the HHG driving beam should be found.

About a decade ago, it was very common to refer to a new SWIR OPA as the perfect
source to drive HHG experiments. However, choosing the perfect driver might be more
complicated. Depending on the pulse energy of the driving source and the demands on the
generated harmonics energy a different approach should be chosen for each particular case.
Unless one needs to reach high energies in the EUV or X-Rays, the OPA based sources are
not yet efficient enough, especially considering that the energy conversion from near-infrared
pump laser to the middle-infrared OPA hardly exceed 20 %. However, they are very interest-
ing sources for strong field physics experiments in solids. Furthermore, lower harmonics are
efficiently generated by post-compressed near-infrared laser sources, so at the moment, they

are a reliable go-to for a HHG source we use everyday.
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Appendix A

Report on the homogeneity test of the
two large aperture KTA crystals

Objective: To test the homogeneity of the large aperture KTA crystals, the aim is to compare
the two crystals and choose one to use with large aperture beams.

Crystal characteristics:
KTA cut: ® =42°, ¢ =0°;
Size: 25 mm x25mm X 4mm;
Coatings:Tbar /1030 + 1300 — 1900 + 2300 — 4200(OPO @1030nm)

First crystal

Experimental conditions

The 3 um OPA described in chapter 2 has been used to test the crystal homogeneity by
replacing the third stage crystal with the large aperture KTA. A seed beam at 3.2 um with 21
mW (210 nJ) is mixed with 17.4 W (174 uJ) of pump at 1030 nm. Due to the lack of space
we had to perform the transverse scan for the whole area of the crystal, when it was placed at
the original stage position of the OPA, the test was done with the crystal position shifted by 6
cm away from the waist. Thus, the amplification efficiency was lower, due to the nonoptimal

mode sizes of both signal and pump beams.
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Results

The crystal was tested at 25 points (5 rows, 5 columns). The crystal was translated hor-
izontally and vertically maintaining the same spectrum of amplified pulses. A summary
of the results is provided below: Table A.1 shows the distribution of power of amplified
signal and Table A.2 the normalized efficiency. The shaded table cells marks the position
of margin amplification: green shows efficient amplification and orange, no efficient areas
on the crystal. The quality of the spots is defined by the amplification efficiency, where the
efficient point has the amplification efficiency of 75 % or higher and a non-efficient spot has

the amplification efficiency of 25 % or lower.

Table A.1 Power distribution of amplified signal (mW).

82| 77 | 47 | 42 | 57
98 196 | 72 | 83 39
99 | 53 100 | 110 | 99
49 | 88 | 94 | 97 | 107
45 | 41 | 51 | 64 | 86

Table A.2 Normalized efficiency of amplified signal.

06| 05 | 0.1  0.05]|0.2
08| 08 | 05| 06 | O

08| 02 | 09 I 108
0.1 07 08| 08 |09
0.1 002 02| 03 |07

The actual location of the measured spots is provided if Fig.A.1. The red dots correspond
to the actual spot, where the amplification took place together with the power of amplified
signal in mW. At locations, where only the power is indicated, it was not possible to identify
the exact OPA position. This was due to the lack of visible scattering from the crystal. The
identification of positions was done by treating scattered SHG position at the crystal from

the pictures taken at each point.
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Figure A.1 The map of measured points at the crystal.

The non-uniform shape of back scattering is also observed (see Fig.A.2). The efficiency
of SHG and SFG inversely correlates with the efficiency of OPA at 3.2 um; the mode quality
is worsened at low efficiency points. In the case of low amplification, the SHG and SFG
beams are distorted, and exit the crystal at different angles with higher divergences. At higher
efficiency points, the SHG and SFG beam profiles maintain an almost Gaussian shape, the
angle between the two beams remains small and the divergence is low.

Figure A.2 The back scattering at different spots on the crystal.

Comparing the amplification efficiency of the 6 mm KTA crystal with the 4 mm KTA is
that the best point of the large aperture crystal is about 2.5 times lower. In the 6 mm crystal,
the amplified signal reaches 275 mW (2.75 W), efficiency — 1.5 % in the same conditions.

The simulation of amplification in both crystals was done by SNLO program and the results
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are provided in Fig.A.3. Theoretically, the amplified signal in 6 mm KTA crystal should be 3
times higher than in 4 mm KTA; the experimental result is 2.5 times higher. It is however
hard to conclude from the comparison of just two crystals, as a variation from the theoretical
estimation could be impacted by various factors for example: a different coating of the
two crystals, the 6 mm crystal has some damaged spots, but the fact that the amplification
difference is smaller would indicate that the 6 mm crystal is not amplifying enough rather
than that the fault is in the 4 mm crystal.

[(Bmm)/I(4mm)=3

6 mm KTA

Irradiance, GW/cm”"2

4 mm KTA

0
1000 1200 1400 1600 1800 2000
Time, fs

Figure A.3 Results of SNLO simulation of OPA in 6 mm and 4 mm KTA crystals.

Second crystal

Experimental conditions

The test was performed with very similar conditions as for the first KTA crystal. A seed
beam at 3.2 um with 20 mW (200 nJ) is mixed with 18 W (180 wJ) of pump at 1030 nm.
Again, due to the lack of space we had to perform the transverse scan for the whole area
of the crystal, when it was placed at the original stage position of the OPA, the test was
done with the crystal position shifted by 6 cm away from the waist. Thus, the amplifica-
tion efficiency was lower due to the non optimized mode sizes of both signal and pump beams.
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Results

The crystal was tested at 25 points (5 rows, 5 columns). The crystal was translated hori-
zontally and vertically maintaining the same spectrum of amplified pulses. This time the
crystal mounting was improved — a two-dimensional translation stage was used to translate
the crystal. This way, the measured crystal positions are equally distributed. A summary of
the results is provided below: Table.A.3 shows the distribution of the power of the amplified
signal and Table.A.4, the normalized efficiency.

Table A.3 Power distribution of amplified signal (mW).

193 | 317 | 323 | 297 | 327
216 | 345 | 322 | 107 | 339
129 | 147 | 133 | 326 | 111
62 | 162 | 262 | 255 | 164
127 | 142 | 104 | 268 | 150

Table A.4 Normalized efficiency of amplified signal.

046 | 09 | 092 | 0.83 | 0.94
0.54 1 092 | 0.16 | 0.98
024 03 | 025 093 | 0.17

0 | 035|071 | 068 | 036
023 | 028 | 0.15 | 0.73 | 0.31

The actual location of the measured spots is provided if Fig.A.4. The red dots correspond
to the actual spot where the amplification took place together with the power of amplified

signal in mW.
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Figure A.4 The map of measured points at the crystal.

The non-uniform shape of back scattering is again observed (Fig.A.5). The efficiency
of SHG and SFG inversely correlates with the efficiency of OPA at 3.2 um, and the mode
quality is worsened at lower efficiency points. In the case of low amplification, the SHG
and SFG beams are distorted, also exit the crystal at different angles with higher divergence.
At higher efficiency points, the SHG and SFG beam profiles maintain an almost Gaussian
shape, the angle between the two beams is maintained small and the divergence is low. Here,
the effect is weaker than in the first large aperture crystal — the overall scattering is higher
and only at the highest amplification points the beam reaches an almost Gaussian shape.
Also at different points, different beams (SHG or SFG) could be affected. In b) the stronger
scattering is on the SFG, while in c¢) the SFG beam was only slightly affected and the SHG
was strongly distorted.

Figure A.5 The back scattering at different spots on the crystal.
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Comparison with 6 mm KTA crystal

Comparing the amplification efficiency with the 6 mm KTA crystal the difference is about
1.7 times more at the best point of the large aperture 4 mm KTA. In the 6 mm crystal, the
amplified signal reaches 580 mW (5.8 W), efficiency— 3.2 % under the same conditions. The
simulation of amplification in both crystals was done by SNLO program and the results are
provided in Fig.A.3. Theoretically, the amplified signal in the 6 mm KTA crystal should be
3 times higher than in 4 mm KTA; the experimental result is 1.7 times higher. It is again
smaller than expected. However, now the ratio is reduced by half. The increased variation
from the theoretical value could be due to the non-homogeneity of the smaller 6 mm KTA

crystal as the beams interacted in a different spot compared to the previous test.

Comparison between the two 4 mm crystals

Table A.5 Normalized efficiency in the 1st Table A.6 Normalized efficiency in the
KTA crystal. 2nd KTA crystal.
06| 05 | 0.1  0.05]|0.2 046 | 09 | 092 0.83 | 0.94
08 08 |05 ] 06 | O 0.54 1 092 | 0.16 | 0.98
08] 02 |09 1 108 024 | 03 | 025 093 | 0.17
0.1 07 08| 08 |09 0 | 035|071 | 068 | 0.36
0.1 002 02| 03 | 0.7 023 | 028 | 0.15| 0.73 | 0.31

Normalized efficiencies of both crystals are shown in Table.A.5 (first crystal) and Ta-
ble.A.6 (second/new crystal). The amount of efficient spots (more than 0.75) is similar — 7
in the first and 8 in the 2nd and the number of less efficient spots (less than 0.25) is slightly
higher in the first crystal (9 vs 8). The relative efficiencies are higher in the 2nd crystal,
which could lead to the conclusion that it has a higher quality.









Sources Paramétrigues de Haute Energie et de Haute Cadence dans
'infrarouge Moyen et leurs Applications en Champ Fort

Les sources lasers a impulsions ultracourtes de forte puissance dans la région spectrale du proche a moyen
infrarouge sont trés demandées pour la physique des champs forts dans les atomes, les molécules et la matiére
condensée. D’aprés le modele en trois étapes [1], 1’énergie coupée des harmoniques élevées générées varie
comme IxA2. Cela favorise les longueurs d’onde plus longues pour générer des photons XUV plus énergétiques,
et potentiellement des impulsions attosecondes plus courtes. Malheureusement, I’extension de 1’énergie des
photons se fait au prix d’une diminution de I’efficacité en A >° [2]. La disponibilité d’un systéme laser a haute
cadence est un atout majeur pour palier aux problémes d’efficacité et produire des flux de photons élevés. Méme
s’il existe quelques matériaux de gain laser adaptes a la génération d’impulsions femtoseconde intense dans la
région spectrale infrarouge intermédiaire, 1’amélioration globale du taux de répétition, de la durée et de la
puissance des impulsions sont encore des défis [3, 4]. Ainsi, les systemes paramétriques bases sur un mélange
non linéaire a trois ondes sont une alternative intéressante pour générer les impulsions ultracourtes requises pour
ce type d’expériences. Actuellement, les systémes paramétriques & haute puissance dans I’infrarouge moyen ne
peuvent pas atteindre les intensités requises pour générer des harmoniques dans le gaz. Cependant, ces sources
sont des moteurs intéressants pour la génération d’harmonique (HHG) dans les solides, qui nécessitent des
intensités sur cible plus faibles. Par ailleurs, les systémes a haute énergie, mais a taux de répétition plus bas, sont
capables de générer des impulsions suffisamment énergétiques pour les expériences HHG dans le gaz.
Cependant, I’efficacité globale de ces sources est encore faible. En fonction de 1’énergie harmonique requise, le
rayonnement peut étre génere efficacement par des lasers NIR post-comprimes. Cette thése décrit le
développement des sources MWIR et leurs applications en physique des champs forts. Nous avons choisi
d’étudier des sources paramétriques pilotées par un laser a pompe CPA de puissance moyenne élevée et par un
systeme laser a grande énergie Yh: CaF,. Les impulsions MWIR générées sont ensuite utilisées pour sonder
I’interaction du matériau laser a travers HHG dans les solides et les gaz.
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High Energy and High Repetition Rate Parametric Sources in the Mid-
Wavelength Infrared and their Applications

Ultrashort pulse light sources in the near- to mid-wavelength infrared spectral region are in high demand for
strong field physics in atoms, molecules and condensed matter. According to the three step model [1], the energy
cut off of generated high harmonics scales as 1xA?, which favors longer driving wavelengths in order to generate
more energetic XUV photons, and potentially shorter attosecond, soft X-ray pulses. Unfortunately, photon
energy extension is at the cost of an efficiency drop scaling as A~>*° [2]. The availability of a high-repetition rate
laser system is paramount to mitigate the efficiency issues and still produce high photon fluxes. Even though
there are only a few laser gain media suitable for intense femtosecond pulse generation in the mid-IR spectral
region, the overall scalability of the pulse repetition rate, the duration and power are still a challenge [3, 4]. Thus,
parametric systems based on a nonlinear three wave-mixing, are an attractive alternative to generate the required
ultrashort pulses for those experiments. Currently high power middle infrared parametric systems can’t reach the
required intensities to reliably drive high harmonic generation (HHG) in gas. However, these sources are
attractive drivers for HHG in solids, which requires lower intensities on the target. On the other hand, high
energy, but lower repetition rate systems are capable of generating energetic pulses for HHG experiments in gas.
However, the overall efficiency of those drivers is still low. Depending on the required harmonics energy, the
XUV could be efficiently generated by post-compressed NIR lasers. This thesis describes the development of
MWIR sources and their applications in strong field physics. We have chosen to investigate parametric sources
driven by high average power fiber CPA pump laser and by high energy Yb:CaF, bulk laser system. The
generated MWIR few cycle pulses are then used to probe laser material interaction through HHG in solids and
gas.
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