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Abstract

A significant part of this work is devoted to the development of the brightest high-intensity
few-cycle-pulse optical parametric chirped pulse amplifier (OPCPA) system. The comple-
tion of a 10 terawatt OPCPA is achieved, with 8.5-fs pulse duration at full-width at half
maximum, which is within 6% of their Fourier transform-limited pulse duration. This
was made possible by use of a combined grism and chirped mirror stretcher developed for
dispersion compensation of a high throughput glass and chirped mirror compressor. The
amplifier consists of a Ti:sapphire amplifier frontend and parametric amplifier stages based
on type-I phase matching in BBO crystal. The OPCPA presented in this work is the first
of its kind combining the few-cycle regime with relativistic intensities.

The seeding of the OPCPA is investigated first using a homebuilt broadband Ti:sapphire
oscillator. For the first time, temporal contrast characterization of optical parametric am-
plified pulses has been performed. From these measurements we conclude that this ap-
proach is inappropriate because it does not provide the necessary seed energy to assure
high temporal contrast at 10 TW. This finding has also been confirmed by 3D numerical
simulations carried out to comprehend the underlying dynamics of optical parametric flu-
orescence (OPF) generation and amplification in a non-collinear OPCPA. The calculation
allowed reduction of the amplified OPF in our system by specific pumping of the OPCPA
stages.

In a second approach, designed to improve the temporal contrast, a Ti:sapphire am-
plifier with hollow-core fiber pulse-broadening is used as front-end of the OPCPA. The
hollow-core fiber output is amplified in two OPCPA stages. The temporal contrast of
these pulses is mantained during the amplification process. The output pulses show excel-
lent temporal contrast of more than eight orders of magnitude from the pulse peak to the
amplified OPF pedestal which makes this OPCPA ideal for high-field experiments.

The first successful application for this few-cycle pulse OPCPA has been the generation
of mono-energetic electron bunches with several tens of MeV energy. Although electron
acceleration has already been demonstrated using longer pulses from Ti:sapphire ampli-
fiers, much improvement remains to be made in the regard of electron bunch parameters
reproducibility. We have successfully performed electron acceleration experiments with
the OPCPA presented in this thesis. ”Quasi-monoenergetic” electron peaks were observed
around few tens of MeV with substantially decreased amount of low-energetic electron
compared to electron acceleration with longer laser pulses. Additionally, low radiation
levels are detected during the acceleration process, which is an indication of direct access
to the "bubble acceleration regime” and what makes this source saver and easy to use.
The efficiency of electron acceleration is furthermore strongly increased due to the short
pulse duration available from the OPCPA amplifier.
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Zusammenfassung

Grofiteils handelt diese Arbeit iiber die Entwicklung des heutzutage leistungsstérksten,
"few-cycle” optischer parametrischen Breitbandpulsverstarker. Im Mittelpunkt steht die
Entwicklung eines 10 TW OPCPA mit 8.5-fs Pulsdauer bei Halbwertsbreite. Die Pulsdauer
weicht nur 6% von der Fourier-limitierten Pulsdauer ab. Dies wurde moglich durch die
Implementation eines kombinierten Grism- und dispersiven Spiegel-Pulsstrecker, dessen
Dispersion komplemetéar zu der eines kombinierten hochtransmittiven dispersiven Spiegel-
und Glaskompressors ist. Der Verstarker besteht aus einem Ti:Saphir Vorverstarker und
aus OPCPA Stufen basierend auf Typ-I Phasenanpassung in BBO Kristall. Das hier
vorgestellte OPCPA System is das erste seiner Generation, der das ”few-cycle” Regime
mit dem relativistischen Regime vereint.

Zuerst wurde ein breitbandiges Ti:Saphir Oszillator fiir das ”seeden” des OPCPA ver-
wendet. Zum ersten Mal wird der zeitliche Kontrast eines OPCPAs charakterisiert. Aus
diesen Messungen folgt, dass dieser Ansatz nicht geniigend ”seed”-Energie liefert, um einen
hohen zeitlichen Kontrast fiir ein 10 TW OPCPA, zu gewéhrleisten. Dies wird auch durch
numerische 3D Simulationen ersichtlich gemacht. Diese Simulationen sind ausgefiihrt wor-
den, um die Dynamik der optischen parametrischen Fluoreszenzerzeugung (OPF) zu ver-
stehen. Dies erlaubt uns Mafinahmen zu ergreifen um die OPF durch gezieltes Pumpen
der OPCPA-Stufen zum Wesentlichen zu reduzieren.

In zweiter Instanz wird ein Ti:Sapphire Multipassverstiarker zum ”seeden” des OPCPA,
verwendet dessen Pulse in einer Hohlfaser, spektral verbreitet werden. Der Hohlfaseraus-
gang wird dann in einem zweitstufigen OPCPA verstiarkt. Der zeitliche Kontrast wird
wahrend des Verstarkungsprozesses beibehalten. Die komprimierten Pulse weisen einen
exzellenten zeitlichen Kontrast von mehr als acht Gréflenordnungen auf, ideal fiir den Ein-
satz in der Hochfeldphysik.

Den ersten erfolgreichen Einsatz fand das OPCPA in der Erzeugung von monoener-
getischen Elektronenpulsen mit einigen zehn MeV an Elektronenenergie. Die Elektro-
nenbeschleunigung ist bereits mit langeren Laserpulsedauern gezeigt worden, aber die Re-
produzierbarkeit der Elektronenbiindelparameter ist Verbesserungsdiirftig. Uns ist Elek-
tronenbeschleunigung mit dem hier beschriebenen Breitbandpulsverstarker gelungen, ” quasi-
monoenergetische” Elektronenenergien mit einigen zehn MeV an Energie und stark re-
duziertem niederenergetischeren Elektronenhintergrund, als man bei Elektronenbeschle-
unigung mit langeren Laserpulsen beobachtet. Zusétzlich sind niedrige Strahlungswerte
wahrend des Beschleunigungsprozesses aufgezeichnet worden. Dies deutet auf direktem Zu-
gang ins sogenannte ”"Bubble”-Regime, dies macht diese Quelle anwenderfreundlich. Dazu
kommt noch eine bessere Effizienz des Beschleunigungsmechanismus wegen der Kiirze der
Laserpulse des, in dieser Dissertation prasentiertes Breitbandpulsverstarkers.
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Chapter 1

Introduction

The field of laser physics has seen tremendous growth since the first practical realization
of laser light in 1960 [1]. The first laser pulses were produced by gain switching and
by Q-switching also known as giant pulse formation. In the following years lasing ac-
tion was reported from a HeNe gas mixture [2], and from Nd3**-doped solid state laser
material [3]. Population inversion in semiconductor materials was also demonstrated in
GaAs-junctions in 1962 [4]. Shorter pulses were later produced by modelocking techniques
with dye lasers [5-7]. These lasers were replaced by Ti:sapphire based Kerr-lens ”magic”
mode-locked lasers after their discovery in the early 1990s [8]. The Ti:sapphire laser is more
reliable and simple to operate allowing its use in a wider part of the scientific community.
Shortly before this discovery of Kerr-lens mode-locking, in 1985, a new technique for laser
pulse amplification, chirped pulse amplification (CPA), was developed to overcome stag-
nating progress reaching higher peak laser intensities, which had persisted since the early
1970s [9-11]. Discovery of Kerr-lens-modelocking gave a significant boost to CPA lasers
by making a stable femtosecond oscillator development possible and thus simplifying the
CPA laser design. The concept of CPA allowed to amplify ultrashort laser pulses avoiding
self-action effects and thus damage to optical materials. The gain medium most used in
CPA is a Ti:sapphire crystal which allows broadband amplification due to the vibrational
lines in Ti** embedded in the sapphire continuum [12-15]. Using these techniques in com-
bination with Nd:glass gain medium, which has lower constraints in the manufacturing
size, petawatt peak powers with intensities in the focal spot exceeding 10*'W /cm? have
been reached [16].

Another technique used for ultrashort pulse amplification is optical parametric ampli-
fication (OPA) [17, 18]. Parametric amplification was predicted in the early 1960s and the
concept was soon applied in optical parametric oscillators (OPOs) [19-21]. Optical para-
metric amplification proved to be a convenient way to extend the tunability of femtosecond
lasers [22-26]. During 1992, Dubietis et al. [27] realized the first amplifier, which merged
the OPA and CPA-techniques (OPCPA). Years before in 1986, Piskarskas et al. [28] in-
vestigated phase phenomena in parametric amplifiers in a similar system. A substantial
contribution to the success of parametric amplification was made by the discovery of new
nonlinear optical crystals with nonlinear optical properties not seen before (i.e. borates like
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BBO, LBO, BiBO,...) [29]. In 1997, Ross et al. [30] proposed the use of OPCPA-techniques
to amplify laser pulses to Petawatt peak power levels with a "table-top” amplifier. Since
then, remarkable progress have been made in OPCPA-development, and OPCPA will be
used in many future applications [31-35]. A good summary of progress in OPA/OPCPA
development is given in references [36-38].

1.1 High peak power laser amplifier development

The highest peak power laser amplifier systems are based almost entirely on CPA (with
Nd:glass and/or Ti:sapphire gain medium), which is by now the most well-known and most
reliable amplification technique. Unfortunately, the limits of scalability are reached due
to self-action issues and due to the available size of compressor gratings. First petawatt
pulses were generated in 1996 at Lawrence Livermoore National Labs (LLNL, Nova 1.25-
PW, 0.5-ps) [16, 39]. This Petawatt amplifier was dismantled later to make way for the
OMEGA-laser. Laser research facilities currently equipped with ”Petawatt-light” are the
Rutherford Appleton Labs (RAL, Vulcan 1-PW, 1-ps) which showed first Petawatt peak
powers in 2002 [40] and Gekko VII with OPCPA preamplifier (Japan, 0.9-PW, 470-fs) [41].
There are many other facilities working to reach the Petawatt-goal. Meanwhile Petawatt
scale laser amplifier systems based on Ti:sapphire gain medium are also becoming commer-
cially available. It should be mentioned that several research facilities tend to incorporate
OPCPA development to reach higher intensities. This is the case for the Vulcan-PW front-
end (323-TW, 500-fs). Current plans at Rutherford Appleton Laboratories include an
upgrade of the PW-amplifier to 10-PW using OPCPA-techniques. Most OPCPA systems
are used in collinear geometry near degeneracy, not taking advantage of different geome-
tries of interaction to extend the bandwidth of amplification. OPCPA development based
on collinear geometry was done by Yang et al. (3.67-TW, 155-fs) [42], Ross et al. (1-TW,
300-fs) [43] and Lozkharev et al. (200-TW, 100-fs) [44] all using DKDP-based amplifier
stages. Another area of OPCPA development has recently drawn the attention of the sci-
entific community. This development on non-collinear OPCPA is meant to reach highest
peak intensities with the shortest possible pulse duration, taking full advantage of the
capability for broadband amplification in the non-collinear optical parametric interaction
geometry. Attainable pulse durations are in the sub-10-fs range. These pulses comprise a
spectrum exceeding 100 THz bandwidth. The first demonstration was achieved by Ishii et
al. at TU-Vienna [33] with amplification of pulses from a broadband Ti:sapphire oscillator
to b mJ of energy and compression to 10-fs pulse duration reaching 0.5-TW peak power,
followed by Witte et al. [34] with 15 mJ pulses and 7.6-fs pulse duration (2-TW). The
highest peak power was accomplished at the Max-Planck Institut fiir Quantenoptik with
80-mJ of energy compressed to 8.5-fs attaining for the first time 10-TW peak power and
this is subject of this thesis [35].
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1.1.1 Motivation for high peak power OPCPA development

The sui generis optical parametric chirped pulse amplifier presented in this thesis is a
10 terawatt amplifier system. It is the, to-date, most powerful and most reliable few-
cycle pulse amplifier available for experiments in high-field physics. The signal pulses are
amplified to nearly 100-mJ of energy. The energy is comprised in a 8.5-fs pulse which differs
by 0.5-fs from the transform-limited pulse duration. The wavefront distortions of the beam
are less than A/10 and the best measured focus is 3 pm at FWHM. The resulting focal
spot intensity with 10-TW peak power is 5.6-10' W/cm?. The short pulses exhibit high
(at least 107® in a +40 ps temporal window around the main pulse and <10~ outside this
range) temporal contrast to perform experiments based on solid density plasma formation,
where a low ps-pedestal is a necessary condition to avoid pre-plasma generation on target.
These unique pulse properties makes this light source extremely interesting for a number
of application in high-field physics. An overview of first experiments is given in Chapter 4.

1.1.2 Qualities of chirped-pulse optical parametric amplification

The properties of optical parametric chirped pulse amplification are listed below. The ad-
vantageous aspects of the OPCPA technique clearly overwhelm the disadvantages. Nonethe-
less, this listing should show that this technique has many degrees of freedom and that not
all of them are beneficial.

Advantages

¢ Gain bandwidth One of the most remarkable properties of parametric amplification
is the possibility of large bandwidth amplification. The supported bandwidth can
exceed 100 THz depending on geometry of interaction, crystal type, crystal thickness
and additionally most important parameter, the wavevector phase-matching achieved
mostly through noncollinear optical parametric interaction.

e Single-pass gain The single pass gain achievable in an OPCPA is extremely high.
It can reach up to six orders of magnitude, this can result in decreased signal contrast
due to generation of background emission which is further amplified in subsequent
OPCPA stages.

e Thermal load The thermal load in an OPCPA is negligible till highest pulse rep-
etition rates. The energy is not stored in the amplifier material as it is in a solid
state gain medium, but the energy conversion from pump to idler and to signal is an
instantaneous parametric effect.

e Efficiency High efficiencies can be reached with OPCPA. The highest ever reached
was around 20-25% conversion efficiency from pump to signal, and slightly smaller
for the idler in a saturated stage.
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e Scalability to high energies OPCPA can be scaled to reach even higher peak
powers than with conventional CPA-amplifiers by reducing pulse duration of the
amplified signal pulses. The signal pulse duration can be much shorter due to the
large amplification bandwidth. A serious limitation is nonetheless the available pump
amplifier at a given pump pulse duration. A second limitation is the size of the
compressor in our setup.

e Self- and cross-action effects The accumulation of higher order nonlinear effects
in OPCPA is much smaller than in conventional amplifiers. Nevertheless, effects like
cross-phase-modulation start to play a role at high pump intensities and/or at large
signal energies on the order of the pump energy (i.e. near saturation).

e Versatility to achieve phase matching

There are several degrees of freedom that can be exploited to achieve broadband
phase matching. Among them, and most important, the non-collinear angle between
pump and signal, but also the pump beam bandwidth (chirped pump), multiple beam
pumping with different non-collinear angles, or an angularly chirped signal or pump
can be used. The choice is often a matter of convenience.

e Idler wave

The idler wave can also be useful in some case. For example generation of a seed
beam in a spectral region difficult to reach with conventional techniques, use of the
idler wave to stabilize the carrier envelope offset [45]. Another possible application
would be measurement of the carrier envelope offset using the idler wave [46].

Challenges

e Pump-to-signal synchronization The signal and pump pulse durations are matched
in time in order to reach highest conversion efficiencies. Therefor, these pulses need
to be precisely synchronized in time either by electronic or optical synchronization.

e Stretching and compression Few-cycle pulses are already difficult to stretch and
compress in a NOPA based amplifier. It gets even more complicated if the stretching
ratio exceeds 4 orders of magnitude to the ps-region to match the duration of a long,
energetic pump pulse. A large bandwidth can be stretched using less dispersion but
this dispersion needs to be carefully compensated. Adaptive dispersion compensation
is usually necessary for compression.

e Strict phase matching conditions

Alignment of a parametric amplifier involves several issues including geometry of in-
teraction, pointing stability, pump energy fluctuations, beam collimation, etc. These
parameters must all be considered in order to obtain reliable operation.
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Disadvantages

e Background emission, temporal contrast Background emission of an OPCPA
has an entirely different mechanism of generation compared to amplified spontaneous
emission (ASE) in a solid-state laser amplifier. The background emission in an OPA is
amplified optical parametric fluorescence (AOPF). It is generated during the OPA-
process due to high pump intensity. The reason is spontaneous decay of a pump
photon into an idler and a signal photon, which is further parametrically amplified.

e Pump beam requirements The requirements for the pump in an OPCPA are
demanding. The pump should deliver highest than possible energy. The pump pulse
duration regime depends on the application and can be several hundred fs to ns. The
pump can be quasi-monochromatic, like the fundamental or the second harmonic of a
Nd:YAG amplifier, or broadband like the second harmonic of a Ti:sapphire amplifier.
In this case, where the pump is broadband itself, the pump can be used to enhance
broadband amplification of the signal. Additionally, the quality of the amplified
signal spatial beam profile is directly related to the optical properties of the pump
beam. The even small imperfections in the pump beam profile will appear and be
enhanced in the signal beam profile due to the high parametric gain.

e Energy stability Near saturation, OPCPA output can reach a stability close to the
pump pulse energy stability. The energy fluctuations in the unsaturated OPCPA
stage depend on the pump energy fluctuations and on the gain factor in the amplifier
stages.

e Spatial chirp

The non-collinear parametric amplification process is a directional process. If a poor
choice of interaction geometry is made, spatial chirp and spatial dispersion of the
amplified beam can occur.

1.2 Multiterawatt few-cycle pulses in high-field physics

The unique properties of the optical parametric chirped pulse amplifier outlined in the
previous section are of great interest for a number of high-field experiments.

The pulse duration is much shorter than the time where typical plasma instabilities can
rise, this is one of the strongest advantages using ultrashort laser pulses in laser plasma
physics. A pulse duration of less than 100-fs is already short enough to avoid motion of
the ions which would lead to such hydrodynamic and parametric instabilities as Stimu-
lated Brillouin Scattering (SBS) [47]. Additionally, the laser pulse is insensitive to plasma
expansion which occurs on a timescale longer than one hundred femtoseconds.

Few-cycle pulses can also be advantageous for several particle acceleration mechanisms.
In some cases, more energy can be coupled to the accelerated particle. An example is
"bubble”-electron acceleration from a gas-jet [48-51]. For sub-10-fs pulse duration the
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bubble formation is expected to occur directly without relativistic self-channeling. More-
over, the pulse energy used to form the bubble, which is effectively used for acceleration,
strongly depends on driving pulse duration. Another component of the laser-electron ac-
celeration community uses a gas-filled capillary for electron acceleration and might find
shorter pulses of interest for the same reason. The capillary technique was first used to
reach the GeV-level in laser-driven-electron acceleration [52].

Another important application is proton acceleration with high intensity laser ampli-
fiers (> 10**W/cm?) [53], which can lead to effective use of proton beams for medical
applications [54]. A challenge still open, before application of these sources in proton ther-
apy is the proton yield [55]. Similar challenges are faced by the laser-driven fusion research
community. High intensity laser amplifiers have long been desired for fusion research. Fast
ignition [56, 57] is a promising way to achieve fusion but requires Petawatt-scale amplifiers
with repetition rates higher than those attainable from existing Nd:glass or Ti:sapphire
based amplifier systems. The OPCPA amplifier presented here, makes a step further in
this direction, combining high repetition rate with high peak power.

Few-cycle pulses not only offer high peak powers from compact systems but also en-
abled the emergence of entirely new technologies such as the generation, measurement and
spectroscopic applications of isolated attosecond pulses and for steering the atomic-scale
motion of electrons with controlled light fields [58-63]. Single attosecond pulses are ideal
probes to resolve ultrafast dynamical processes in physics. The optical parametric ampli-
fier concept is well suited to scale pump- and probe-beams to higher brightness and higher
repetition rates.

One possible way to generate an intense single attosecond pulse is through harmonic
generation from solid density plasmas with few-cycle pulses [64]. Another possibility is
high harmonic generation from a noble gas target. More energetic few-cycle laser pulses
can be used to extend the harmonic yield. Few-cycle pulses with longer central wavelength
(amplified through OPA technique) can be used to extend the cut-off region to higher
harmonic energies. For example the spectral region between ~2.3-4.4 nm (water window)
is important for biological and material imaging applications to reduce the absorbtion of
harmonic light through water, whereas carbon atoms absorbs this light (K-edge). High har-
monic generation with few-cycle pulses has been reported for harmonic orders far beyond
the water window towards the keV range [65-68].
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1.3 Thesis outline

A short survey of the thesis structure is given below.

e Simulations regarding the OPCPA concept are presented in Chapter 2. The choice
of nonlinear crystal and geometry of interaction are discussed and supported by
simulation. Special attention is given to simulation of amplified optical parametric
fluorescence (AOPF) . This effect is vital to OPCPA development as the contrast
dynamics can be simulated and improved. Several methods to decrease the AOPF
in the amplifier are considered. Typical behavior of a parametric amplifier in the
saturation regime and in the linear amplification regime are also discussed.

e The amplifier system is described in detail in Chapter 3. The individual parts of
the amplifier are described separately. The Ti:sapphire oscillator and amplifier first
(front-end), followed by pump amplifier, stretcher, compressor and finally the OPCPA
amplifier. The amplifier parameters considered in the OPCPA section are energetics,
beam profiles, compressed pulse duration, temporal contrast, wavefront and focus-
ability of the compressed beam. Two separate section are devoted to seeding with a
Ti:sapphire oscillator and to seeding with a Ti:sapphire amplifier.

e The subject of Chapter 4, is a description of the first experiment with this few-cycle
pulse source: acceleration of mono-energetic electrons in the ”bubble-regime”.

e The Appendiz contains calculation of the refractive index for divers isotropic materials
and nonlinear optical crystals.
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Chapter 2

OPCPA modeling

This section is dedicated to the theoretical description of the parametric amplification pro-
cess. The standard analytical model of the OPA-process is shortly described. It is useful
to understand basic relationship between OPA-parameters, as for example the relation
among pump intensity and parametric gain. In addition, a thorough numerical descrip-
tion of the OPCPA process is given. It includes for the first time the amplification of
the optical parametric fluorescence. This is a necessary step towards the development of
a multiterawatt amplifier system for use in temporal-contrast-sensitive high-field experi-
ments. Further aspects of the non-collinear optical parametric amplification process are
investigated in detail.

2.1 Phase matching

Parametric amplification phenomena are considered a special case of difference frequency
generation, which is one of the most important second order nonlinear effect. The only
difference results in different initial input conditions [69, 70]. The material response to an
optical excitation is instantaneous, without delay. A pump photon with angular frequency
wp, propagating in a nonlinear crystal, spontaneously or by stimulated parametric emission
breaks down into two lower energy photons of frequencies wy and w;. The suffixes p,s and
i refer pump, signal and idler waves. The specific pair of frequencies (signal and idler)
that will result from the parametric process are determined by the energy conservation
condition

Ws = Wp — Wj. (2.1)

The energy condition is intrinsically fulfilled. Additionally an approximate momentum
relationship (momentum conservation condition)

A 2
Ak =k, —k, —k; with [k;| =n;(w)~ :nj(w)Ai, (2.2)

Co j
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must be satisfied for the parametric amplification process. k; are the wavevectors corre-
sponding to parametric waves with frequency w;. This condition is not coercive but can
be satisfied within the limits of phase matching. The best conversion efficiency of pump to
signal and idler waves is achieved if the phase relationship between the waves has constant
value and amounts to

0=y — b~ = —3. (2.3)

This always applies at the beginning of parametric amplification with zero initial idler
wave. The idler phase automatically takes a value of

3i(0) = 6,(0) — 6:(0) + 5. (2.4

The spectral phase accumulates with increasing interaction length z and according to the
wave-vector mismatch between the parametric waves Ak during propagation in the nonlin-
ear amplifier medium. A change of phase among the parametric waves causes the energy
flow to reverse back to the pump wave before the pump energy is completely depleted,
which would be the case for Ak = 0. For non-vanishing wave vector mismatch Ak, the
energy flow is reversed from signal and idler wave to the pump wave, after a characteristic
propagation distance z = [, called coherence length.

T
Ak’
The phase terms for pump, signal and idler ¢,,; in Eq. 2.3 are marginal in the linear
amplification regime but reach larger values if the pump wave reaches depletion. An
expression for these phase terms can be obtained by solving the imaginary part of the
coupled wave equations and using the Manley-Rowe-relation [71].

I, = (2.5)

do, Ak oA
— =" = 5 2.
e [l (26)
do; Ak
TR (27)
do, Ak f
_-r _ _==_J 2.
dz 2 1—f (28)
The integration of Egs. 2.6-2.8 leads to
Akz  Aky? dz
7 Akz
¢i = p(0) — ¢5(0) + 5 5 (2.10)
Ak [ fdz
¢p—¢p(0)—2/1_f- (2.11)
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Figure 2.1: Geometry of beam interaction; (a) collinear; (b) non-collinear.

with

V2 = ﬂIS(O) I, '
* ws I,(0) 1,(0)

72 is the input photon intensity ratio for the signal wave and f is the fractional depletion
of the pump wave.

Some interesting aspects about optical parametric amplification can be gained from
these phase expression. A change of phase takes only place if Ak # 0. The accumulated
phase is larger for pump depletion (0 < f < 1). Furthermore, a pump beam with temporal
phase variation as for example a chirped pump beam can be used for amplification because
the signal phase does not depend on the pump phase in Eq. 2.9. Backconversion of the
signal and idler waves into the pump wave occurs if the phase © in Eq. 2.3, which is
accumulated over a certain process period exceeds zero. Hence, the objective is to minimize
Ak over a large frequency range. This is called phase matching and can be achieved in
different ways.

and f=1-—

(2.12)

e Temperature-controlled phase-matching is used to achieve phase matching along a
principal axis of the nonlinear crystal by temperature tuning (non-critical phase
matching).

e Quasi-phase-matching is obtained for parametric waves propagating in a medium
with alternating sign of nonlinear optical coefficient in a periodically poled crystal.
Wavelength tuning is inherent to the poling design. Commonly used nonlinear crys-
tals for quasi-phase-matching are PPLN (periodically poled Lithium Niobate) and
PPKTP (periodically poled potassium triphosphate).

e Birefringent phase-matching, also known as angular phase matching, is achieved in
birefringent materials which exhibit a different refractive index at different polariza-
tions. Different combination of polarizations for pump, signal and idler wave can be
used. Type-I phase-matching is typically used to obtain the largest possible phase-
matching bandwidth as will be described in the next section. T'wo types of interaction
geometries are common for wave propagation, collinear and non-collinear (Fig. 2.1).
The phase-matching condition for the collinear geometry is not fulfilled due to the
dispersive properties of the nonlinear amplifier medium resulting in a mismatch of the
group velocities [72]. Better phase-matching is achieved in non-collinear interaction
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geometry, where the wave-vector mismatch Ak is minimized over a large spectral
range using the non-collinear angle between signal and pump wave as additional de-
gree of freedom to achieve group velocity matching. This geometry is used for the
amplifier described in this thesis.

2.2 Rules governing the non-collinear optical para-
metric process

The relative location of the wave vectors in the nonlinear optical crystal used for amplifi-
cation in the parametric amplifier, which is described in this thesis, is non-collinear (vector
phase matching). The phase matching is type-I, a phase matching scheme to achieve the
largest possible phase-matched bandwidth in optical parametric amplification. The polar-
ization for the pump wave is orthogonal to the signal and idler polarization in order to
achieve the phase matching condition. In case of an uniaxial crystal it can be either ooe-
type for negative crystals (Type I7) or eeo-type for positive crystals (Type VIIIT). The
signal and idler waves propagate in the ordinary direction in a negative uniaxial crystal
(polarization is normal to the principal plane) and the pump in extraordinary direction
(polarization is parallel to the principal plane). The principal plane is referred to as the
plane containing the optical axis and the wavevector of the beam. In the case of biaxial
crystals the use of the ordinary and extraordinary wave terminology makes only sense if
referring to a plane (XY, XZ or YZ-plane), as principal plane. Usually the waves are named
slow(s)-waves or fast(f)-waves. The type-I phase matching in biaxial crystal is of s-ff-type
and depend on the crystal type.

crystal

Figure 2.2: Pump, signal and idler vectors in the crystal plane in non-collinear geometry;
a...non-collinear angle; ©...phase-matching angle

The seed direction in the uniaxial crystal can be chosen in two directions on the principal
plane. Tangential phase matching (TPM, see Fig. 2.2) for example, is used for the signal
and pump wave direction to avoid generation of the second harmonic of the signal wave
in 5-BBO [73, 74]. The signal wave propagates between the optical axis and the pump
beam vector with the angle © — « relative to the optical axis. The signal wave in PVWC-
scheme (Poyinting-vector walk-off compensation scheme) propagates in opposite direction
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with an angle of © + « relative to the optical axis. This angle is located in the range of
phase-matching for second harmonic generation of the signal wave in BBO crystal.

2.2.1 Non-collinear optical parametric interaction

The interaction geometry is depicted in figure 2.2. The wavevector diagram for pump,
signal and idler waves is mismatched by a factor Ak. Ak can be expanded in a Taylor-
series, in order to analyze the implication of wavevector matching for broadband pulses in
non-collinear geometry,

0AEk 10°Ak
Ak =A —A
k= /ﬂo + Ow w + 2 aw2
w is the angular frequency of the signal wave and wy its central angular frequency. The
phase matching condition is fulfilled if Aky and the derivatives equals zero. The same

condition can be applied to the parallel and normal component of Ak (see Fig. 2.2).

(Aw)* +... with Aw =w — wy. (2.13)

Ak = kp — kg — ki|| = kp — kg cosa — k; cos 3, (2.14)
Ak, = kg, — kj, = kssina — k;sin 3 (2.15)
with
ki(wia ©;, (I)i) = ni<wia ©;, (I)z)% 1L =D,s, L (2-16)
0

O, is the polar angle and ®; is the azimuthal angle in a biaxial crystal. Exact phase match-
ing for Ak at the signal center frequency and for the first derivative 8Ak should be fulfilled
at the same time, whereupon an additional control parameter is requlred The control pa-
rameter used in type-I phase matching is the angle o between pump and signal, dubbed
non-collinear angle. The wavelength-dependent angle # = $(w) is the angle between pump
and idler wavevector.

The pump is assumed to be quasi-monochromatic and collimated in the following deriva-
tions of Eq. 2.14 and 2.15, thus aAjP = da _

Ow
) _ Ok sin g2l _ Ok
Ak = 5, CO5 @ + k; smﬁaw R cos 3, (2.17)
1 Ok, . 0B Ok; .
Ak} = % — k; cos o P sin 3. (2.18)

To simplify these expressions, Eq. 2.17 is multiplied by cos 3, Eq. 2.18 by sin § and addition
of these equations leads to

gk*(cosacosﬁ —sinassin §) + 8k (cos® 3+ sin? 3) = 0, (2.19)
W

under assumption of phase-matching conditions (Akﬁl) = Ak(f) =0).




14 2. OPCPA modeling

Further simplification is achieved by applying the Sine rule
Ok ok;

50, O 8(,: =0 with Q=a+/p. (2.20)
The group velocity is defined as v, = (gk )~!. Therefore, Eq. 2.20 can be rewritten as
Ok;
Vgs = Vg o8 with vy, = — o (2.21)

This is the condition for group velocity matching, a necessary condition to eliminate the
first order derivative of the wavevector mismatch in Eq. 2.13.
In addition, we can find an expression for the derivative gTBon for the center frequency

Wp, assuming Akﬁ1)|w0 and Ak(j)\wo to be zero in Eqs. 2.17 and 2.18. After some algebraic

manipulation, inserting Eq. 2.17 in Eq. 2.18, an expression for %L«Jo is found,

% ~ tan (Q(wo))
Ow “o o Ugi(a)())/{,’i(wo).
The residual phase mismatch is governed by higher order terms. For more detailed analysis,

the same procedure used for the first order derivative is now applied to the second order
derivative.

(2.22)

0%k 0?k; %0) 0 0?
Akl(lQ) =~z ¢ a2 €08 R E)ﬁ ng+k; (aﬁ) cos 3 + k B ;sin3  (2.23)
ks ki Ok; 0 0B 2 0°p
(2 _ 5 _ i _ il
Ak = o2 SO~ 5 sin (3 0 9 cos B+ k; (8 )sin 3 — k; i5.2 Scosf o (2.24)

From multiplication of Eq. 2.23 by sin 8, Eq. 2.24 by cos # and addition of the equations,
follows

st 2]€
?%)2 (cos accos f—sin asin 3) 4+ g 5

~(cos® B+sin® B) — kl-(gg)Q(cos2ﬁ+sin26) =0. (2.25)

Further simplification using Eq. 2.22 at wq leads to

ok, ki tan® (Qwo))
w2 > |wo cOS Q(wp) + 92 o = ki(wo)vg;(wo)

A broad plateau with marginal wavevector mismatch is expected around the central wave-
length wy, for which Eq.2.26 is fulfilled. An additional degree of freedom is required to
compensate the second order derivative in Eq. 2.13. For example a wavelength-dependent
non-collinear angle o(w) (angular dispersion) can be used or either a broadband chirped
pump beam.

—0 (2.26)
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2.2.2 Choice of material

A nonlinear crystal suitable for an OPCPA has to fulfill several requirements. Large effec-
tive nonlinear optical coefficient is one of the most important property of the crystal. The
signal wave should support broadband phase-matching over a large bandwidth, with small
non-collinear angle to minimize spatial walk-off effects caused by the different propagation
direction of pump and signal waves. The crystal should have a large transparency range,
including the spectral region for the idler wave to avoid idler absorbtion, which would
in turn result in reduced parametric amplification. Further properties are high damage
threshold, low hygroscopicity and available size of the crystal. These properties restricts
our choice to mainly a few crystals belonging to the borate crystal group (BBO, BiBO and
LBO). The optical and material properties are listed in table 2.1. These properties are
taken from crystal manufacturers and from references [75]-[79)].

The first step to evaluate the maximum phase-matching bandwidth for a given monochro-
matic pump wave is to determine the right phase-matching and non-collinear angle. In our
case the pump wavelength is the second harmonic of Nd:YAG at 532-nm. The seed pulse
spectrum from the Ti:sapphire oscillator span a range from 600 to 1030-nm.

For the calculation of the exact refractive index values we refer to Boeuf et al. [80]
which gives a complete routine to solve Eqgs. 2.14 and 2.15 for uniaxial and for biaxial
crystals. The wave-vector in the case of biaxial crystals depends, not only on the polar
angle ©; but also from the azimuthal angle ®,.

The phase matching angle and the non-collinear angle can be estimated, by first calcu-
lating the variation of the non-collinear angle o with a given phase-matching angle © and
a fixed signal wavelength for exact phase-matching (Akj = 0 and Ak, = 0). These calcu-
lation can be performed for several signal wavelengths in increasing steps. The calculation
with signal wavelength as variable parameter is shown in Fig. 2.3.a (color graphs, solid
line) for BBO, LBO and BIBO crystals and is referred to as curve(s) A in the caption. The
combination of the graphs show an intersection point which indicates a small wave-vector
mismatch for different signal wavelength used in this calculations. This result is verified by
the calculation of the optimum non-collinear angle variation, by requirement of zero phase
mismatch to first order (Eq. 2.21, see curve B in 2.3(a), dotted line) [71]. The point of
maximum achievable phase matching bandwidth is indicated by the intersection between
the curve A and B. The values obtained for non-collinear and phase-matching angle are
used to calculate the wave-vector mismatch for the frequency range of interest (Fig. 2.3(b)).
This is solved at given non-collinear and phase matching angle value by Eqgs. 2.14 and 2.15
for variable signal wavelength. The phase matching bandwidth can be roughly estimated
by means of the phase condition in Eq. 2.5 for a given crystal thickness.

Broadband phase-matching can be achieved in different crystal-planes. Moreover, dif-
ferent wavelength regions can be covered on one crystal plane, in one and the same crystal.
LBO for example has excellent phase-matching conditions from 700-1050 nm with phase-
matching-angle Oy, ~14° in XY-plane and with Oy, ~32° in XZ-plane. In these
planes, phase-matching can be achieved with the non-collinear angle a=1.5° and with non-
collinear angle a=1.3°, respectively. Phase matching in the XZ-plane is shown in Fig. 2.3(b,
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middle section). Fig. 2.3 shows parameters for non-collinear geometry, generally used for
type-1 phase matching in BBO, LBO and BiBO crystals.

The largest phase matching bandwidth is expected for LBO reaching far in the infrared
region. BBO has also large phase matching bandwidth [82], which favors more the shorter
wavelength region. BiBO follows with the narrowest phase matching bandwidth in the
infrared region but it has similar phase-matching properties in the shorter wavelength
range, as BBO. The expectance for wide transparency range, low hygroscopic susceptibility,
crystal size and high damage threshold is fulfilled by all three crystals. Nevertheless, BiBO
and BBO have the largest nonlinear coefficients. From these two crystals, BBO has a
smaller non-collinear angle and for this reason the first choice for parametric amplification
crystal is BBO. However, the high nonlinear optical coefficient of the BiBO crystal is an
interesting parameter to exploit. Therefore, it was tested in an OPCPA stage as a possible
candidate for broadband optical parametric amplification for first time. The results are
presented in the next section.
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Materials BBO LBO BIBO
NLO coefficient d. [%] 2.2 0.85 3.2
damage threshold* [%}IX\QZ ] > 7 > 4.5 > 4.5
hygroscopic susceptibility low very low none
transparency range [nm]| 190-3500 160-3200 286-2500
point group and uniax.-™ biax.-(m72) biax.4(mm2)
crystal plane XZ-plane YZ-plane

phase matching angle [°] 23.83 32.09 15.6

non-collinear angle [°] 2.26 1.5 3.6

Table 2.1: Optical and material properties of borate group crystals BBO, LBO and BiBO
(see also Ref. [81]); *the stated values can differ substantially from the various manufac-
turers. The damage threshold is given at 75 ps, 532 nm for BBO, at 100 ps, 532 nm
for LBO and the damage threshold for BiBO is assumed to be similar to LBO as stated
in Ref. [79]. The phase matching and non-collinear angles are given for typical Type-I
application conditions
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Figure 2.3: (a) A - Variation of the noncollinear angle with the phase matching angle at
different signal wavelength (700-nm,800-nm,850-nm,900-nm and 1000-nm, rainbow color),
B - variation of the optimum non-collinear angle with the phase matching angle (dotted
line); (b) Wave-vector mismatch curve (solid line), phase matching angle versus wavelength
(dotted line); The phase matching is calculated for a monochromatic pump at 532 nm; top
- BBO, center - LBO, bottom - BiBO crystals.
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BiBO, a nonlinear optical crystal for broadband parametric amplification
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Figure 2.4: Signal amplification in a single OPCPA stage with BBO crystal (blue line) and
with BiBO crystal (black line). (a) Calculated parametric gain for 5 mm long BBO and
for 4 mm long BiBO OPCPA stage; spectrum of the amplified signal in a single 4 mm long
BiBO OPCPA stage (shaded gray line) and seed spectrum (dotted line); (b) amplification
of a 20 pJ seed in OPCPA stage on 4 mm BiBO and 5 mm long BBO by variation of the
pump intensity in the crystal.

It should be kept in mind, due to the larger effective nonlinear coefficient d.;r, BIBO
is a very a interesting alternative to BBO. Since BiBO is a positive biaxial crystal, the
interaction type is of s-ff-type referring to the YZ-plane as principal plane. It can be
used to amplify spectral components from 700-1000 nm in thinner crystals compared to
a BBO counterpart. A thinner crystal should be used because of the large non-collinear
angle in BIBO to avoid inhomogeneous spatial amplification effects. Figure 2.4(a) shows a
comparison between simulation of parametric amplification of 20-pJ seed pulses in single
OPCPA stage with 5-mm long BBO and a long 4-mm BiBO crystal. The spectrum of the
amplified signal in 4 mm long BiBO stage is additionally shown in Fig. 2.4(a), together
with the seed spectrum. Some spectral components in the infrared region are missing, due
to the losses in the stretcher and in the Dazzler. The measured energetic amplification
curves are shown in Fig. 2.4(b) for both cases simulated in Fig. 2.4(a).

Obviously, the gain in BiBO is substantially higher than for BBO. For the usual first
stage operation with BBO crystal and 10.8 GW /cm? pump intensity, 100 nJ of amplified
signal energy is obtained. Only 8.1 GW/cm? pump intensity is required to obtain the same
amount of amplified signal energy in BiBO leading to a significant reduction of amplified
optical parametric fluorescence in the system (Fig. 2.4(b)).

There are differences in the amplified bandwidth too. The 5-mm long BBO amplifier
stage has 50 nm larger bandwidth in the infrared edge reaching 1050 nm compared to the
4-mm long BiBO in figure 2.4(a). The parametric bandwidth for BiBO, which ends at
1 pum, leads not to a drastic reduction of possible transform-limited pulse duration. From
the calculated parametric gain spectra in Fig. 2.4(a), a transform-limited pulse duration
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of 7.8 fs can be obtained for BiBO. The transform-limited pulse duration for the amplified
signal (several pJ in energy) shown in Fig. 2.4(a, shaded grey line) is 8.0 fs.

2.2.3 Signal-to-pump pulse duration ratio
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Figure 2.5: (a) Amplification of spectral components (FWHM), depending on the signal-
to-pump pulse duration ratio. The red line is a fitted curve, for eye guidance; (b) amplified
signal spectrum for different signal pulse duration; 30-ps black, 40-ps yellow, 60-ps grey,
80 ps light grey (the pump pulse duration is 100-ps).

Another yet very important parameter to define is the signal pulse duration at given pump
pulse duration. The ideal pump pulse is temporally flat-top shaped [83] in order to have
the best gain extraction from the optical parametric amplification process. The spectral
components of the signal pulse are furthermore separated in time and are not competing
for amplification, thus having a homogeneous gain over the entire bandwidth. The signal
pulse duration can be chosen to be very close to the pump pulse duration for a temporally
flat-top shaped pump pulse profile. However, simulations are performed to get an estimate
for a pump with gaussian-shaped temporal profile. Figure 2.5(a) shows a simulation of
a saturated optical parametric amplifier. The effect of gain-dependent spectral narrowing
due to signal-to-pump pulse duration mismatch is estimated by variation of the signal pulse
duration and assumption of a linear chirp for the signal pulse. As the simulation results
show (Fig. 2.5(a)), the spectrum starts to narrow at a signal-to-pump pulse duration ratio of
0.35. A more figurative example is shown in Fig. 2.5(b), where a real signal spectrum is used
for simulations. The fully amplified signal spectrum (black shaded curve, Fourier-limited
pulse duration FL 8 fs) is amplified for a 30-ps signal pulse duration in a saturated 5 mm
BBO OPCPA stage with a pump pulse duration of 100-ps. The spectrum starts slightly to
narrow for 40-ps signal pulse duration (yellow shaded curve, Fourier-limited pulse duration
FL 8.13 fs). The spectral narrowing effect gets more pronounced for 60-ps pulse duration
but the effect is still acceptable (grey shaded curve, FL pulse duration 8.76 fs). For 80-ps
the narrowing effect is already remarkable (light grey shaded curve, FL pulse duration
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10.26 fs). In our OPCPA setup a pump-to-signal pulse duration ratio of 0.4 is chosen
(yellow shaded curve). From simulations, we conclude that a meaningful ratio between the
pump and signal pulse duration for temporal gaussian-shaped pump pulse profile should
be chosen between 0.4 and 0.6, which is a compromise between energy conversion efficiency
and reduction of the pulse-duration-mismatch-dependent spectral narrowing effect.

2.2.4 Techniques for bandwidth engineering

Several methods are established to enhance the parametric bandwidth, which is referred to
as bandwidth what satisfies the condition in Eq. 2.5. Simple methods used, and methods
that could find a possible application for the OPCPA described in this manuscript are
discussed in the next subsections.

Methods not further mentioned are the boost of amplified bandwidth by controlled
angular dispersion of the signal (pump) beam [85, 86]. Another way to increase the phase
matching bandwidth is a broadband pump beam. The pump chirp is additional parameter
to achieve exact phase matching or rather to eliminate the second derivative of phase
mismatch Ak in Eq. 2.13. These methods are considered difficult for implementation and
require additional care in an already complicated setup, thus not further considered for
application.

2.2.5 Parametric interaction length, gain bandwidth
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Figure 2.6: (a) Gain bandwidth for 3 mm (green line), 4 mm (red line) and 5 mm (black
line) BBO crystal; (b) Type-I phase matching in tangential phase matching geometry.

The most straightforward way to extend the parametric bandwidth is to use thin crystals,
to avoid phase accumulation due to the wavevector-mismatch. The parametric gain is
consequently lower, but this can be compensated with an increase in pump energy. A higher
pump intensity is though limited by the damage threshold of optical coatings and materials
and by the generation or rather amplification of optical parametric fluorescence. Figure
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2.6(a) shows the calculated parametric gain estimated with Eq. 2.28 for the parametric
amplification in a 3-mm, 4-mm and 5-mm BBO long crystal with a monochromatic pump
at 532-nm (I, ~10 GW/cm?), phase matching with 2.26° noncollinear angle and 23.83°
phase matching angle. The phase matching geometry is depicted in Fig. 2.6(b) (TPM-
scheme). The amplification bandwidth can be increased, mostly in the infrared spectral
region, by use of thin crystals. The increase of parametric bandwidth is however, strongly
sub-linear.

2.2.6 Angular detuning in single and multipass stages
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Figure 2.7: (a) Wave-vector mismatch curve (solid line), phase matching angle versus wave-
length (dotted black line), fixed value of the phase matching angle used in the simulations
(dotted blue line); The phase matching is calculated for a monochromatic pump at 532 nm,
2.08° noncollinear angle and 23.6° phase matching angle (detuned angles); (b) Calculated
parametric gain for 3 mm (black line), 4 mm (red line) and 5 mm (green line) long BBO
crystal and phase matching conditions from (a).

Another possibility to enhance the parametric bandwidth is to apply angular detuning in
a single or multipass-(double)pass amplification scheme [33],[84]. In that way, signal and
pump beam directions (in the case of a double-pass stage probably the returning beam)
can be slightly detuned from the optimum values of non-collinear and phase-matching
angles, for largest parametric gain (parameters from Fig. 2.3(b) - BBO), to favor the
amplification of different spectral components. Figure 2.7(a) shows phase matching for
2.08° noncollinear angle and 23.6° phase matching angle. The calculated parametric gain
for divers crystal thickness is shown in Fig. 2.7(b) and can be directly compared to the
calculated parametric gain curves from Fig. 2.6(a). Moreover, the temporal delay between
signal and pump pulse can be changed to obtain an additional degree of freedom to reduce
or enhance the parametric gain for certain parts of the pulse spectrum. This is convenient
if the pump is not temporal flat-top shaped as is usually the case. Unfortunately, this
method is more complicated to reproduce compared to other methods.
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2.2.7 Multiple beam pumping
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Figure 2.8: (a) Wave-vector mismatch curve for two pump beams at 532-nm (for further
details, see text); (b) Type-I phase matching in tangential phase matching geometry with
two pump beams.

A way to extend the parametric bandwidth, which is not too difficult to implement, but not
yet used in the current OPCPA amplifier is, pumping with several beams in a single-pass
geometry (Fig. 2.8(b)). The wavelength of the additional pump beams may differ from the
main pump but it is easier and more straightforward to use the same pump source [87, 88|.
The wave-vector mismatch for a 532-nm double-beam pumped scheme in type-I BBO is
shown in Fig. 2.8(a). The curve consists of two assembled parts. One is the maximum
phase matching bandwidth reached with angular detuning, with the non-collinear and the
phase-matching angles at a=2.065° and ©=23.6° (black curve). The second part intersects
the first part at 690-nm. An example of phase matching is shown for the second pump beam
with non-collinear and the phase-matching angles at «=0.2° and ©=22.345° (blue curve).
The first beam (black) covers a spectral range of ~150 THz. The second pump beam
(blue) ~50 THz. The interesting part is the possibility to reach a transform-limited pulse
duration around 6 fs which should be feasible using this arrangement of beams. However,
the challenges for the implementation of a multiple pumping scheme are manifold. The
pump pulse duration should be matched to the spectral signal region of interest for each
beam respectively. Damage threshold issues has to be considered due to the simultaneous
presence of multiple pump beams impinging on the crystal. Precise timing between the
two pump beams is necessary, while keeping the relay imaging for the pump beam in both
beam arms. Additionally, multiple beam diffraction of signal and idler on the optical pump
grating is present in this scheme.
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2.3 Simulation techniques for optical parametric am-
plification

2.3.1 Analytical description for the small gain regime

In parametric amplification we are concerned with the interaction of three harmonic waves.
Optical parametric amplification is a special case of difference frequency generation and
can be described by a set of coupled wave equations. A very simple analytical expression
can be derived for the small gain regime solving the coupled wave equations assuming zero
pump depletion.

A o
d d; = —jrAr A e IRk (2.27)
ciZAi = AT A eIAke,
z
d—Ap = —j/-ﬁ;flsfliej“z = 0.
dz

k is the coupling coefficient, flpv&i are the complex amplitudes of the pump, signal and idler
waves and Ak is the wavevector mismatch (p, s and i are the indices for the pump, signal
and idler waves). The derivation of these equations is not explained in detail, it is available
in several references [70, 90-93]. Nevertheless, the solution for the parametric gain is given
in Eqgs. 2.28 and 2.30, as it gives a concise description of the interrelationship between
important parameters of amplification. The parametric intensity gain for the signal wave
is obtained from the solution of a homogeneous second order differential equation

- ,sinh?T
G=1+ (KJAPZ)QSIHF2 (2.28)
with
- Akl Wswiwy \/2h 2y
1—‘: A 2 __ 2 g sTvTp . 22
\/(Fé e e deff\/nsnmp o (2.29)

[ is the parametric interaction length, d.s; is the effective nonlinear optical coefficient,
ws, wj, wp and ng, n;, n, are the angular frequencies and the refractive indices of the signal,
idler and pump waves in the nonlinear medium, respectively and Zj is the impedance of
free space. This equation can be simplified for Ak = 0 to

G ~sinh?kA,l with A, oc /T, (2.30)

This model is useful for first estimations of OPCPA parameters and it gives a clear picture
for the small gain regime. Additional regard must also be paid to the spectral phase
analysis of amplified broadband chirped pulses (see Sect. 2.1).
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However, the numerical simulation of the OPCPA process is essential to describe the
process dynamics in detail [121] for example pump depletion and amplification of optical
parametric fluorescence [84], as well as for the description of spatial effects.

2.3.2 Numerical simulation

Two methods are commonly used for the simulation of parametric amplification processes.
The Split-step method handle propagation effect in the spectral domain using Fourier
transforms, whereas the differential coupled equations are solved in space-time domain.
The other possibility is to decompose each wave in plane wave eigenmodes and solve cou-
pled differential equations for the slowly varying eigenmode amplitudes (Fourier-space
method) [94]. This method has the advantage of higher accuracy but needs more compu-
tational resources than a split-step scheme. Therefore, split-step methods are more widely
used being faster but lacking highest accuracy.

The OPCPA system is modeled numerically using a symmetrized Split-Step type method
[94, 95]. In this approach, we handle the parametric amplification process in the time
domain (nonlinear step). The walk-off effect due to the noncollinearity of the Type-I para-
metric process is taken into account by shifting the respective field at each loop-step in
the direction given by the noncollinear process by adding a first-order term to the spatial
phase in Eq. 2.34. Higher-order dispersion and diffraction terms can also be accommo-
dated by adding the corresponding spectral and spatial phase terms in the Fourier domain
(Eq. 2.33) and (Eq. 2.34) (linear step). This becomes necessary if the pulse duration is
short (dispersion effects) or in the case of very small beam sizes (diffraction effects).

It is important to note, that temporal walk-off due to group-velocity mismatch can
usually be neglected in our case because of the long pulses used (40 ps), and the diffrac-
tion effects are not important owing to their weak relative impact for unfocused beams.
However, for the correct description of amplified optical parametric fluorescence (AOPF),
spatial effects such as the spatial walk-off for the amplification of fluorescence in three wave
mixing processes are important [96].

The data matrix used in the simulation consists of an array

data; = [-R, R] x [0, T (2.31)

for each wave (signal, AOPF in the signal direction, idler, AOPF in the idler direction
and pump). The factor R is the radial limit of the beam in the spatial domain which is
usually more than three times larger than the FWHM diameter of the pump beam. T
is the temporal simulation window which is 3 times the pump pulse duration at FWHM.
In the simulation we use a matrix with a grid size of 80x80 and 1000 split-step iteration
loops. This choice of parameters represents a compromise between calculation resolution
and time required for computation as we used a PC to carry out the simulation.
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2.3.3 Nonlinear step

Since the phase-mismatch (Ak) for the amplified signal and AOPF differs, the only way
to take into account both amplified field pairs is to simulate the amplification of both
fields in interchangeable steps using the same pump intensity. Phase matching effects are
included for signal and idler beams by estimating the frequency dependent Ak values in
the time domain. The spectral components of the seed in the first stage range from 675
nm to 1050 nm, which is the acceptance bandwidth of the stretcher. In the simulation of
the subsequent stages the spectral span of the signal and the AOPF in the signal direction
are inherited from the previous stage. The Ak for the AOPF is assumed to be zero. This
approximation is believed to be consistent since the rate of transition from a pump photon
to a signal and an idler photon is higher in the direction of the smallest phase-mismatch
and only in that case the OPF can be efficiently amplified from the quantum noise level.

The presence of the OPF is accounted by adding the quantum noise field terms into
the coupled wave equations [96, 97]. Therefore, the nonlinear coupled wave equations can
be written in a following form

8A1 8A1 jﬁln 8 8A1 8141 . * —Akyz

v + Qim =~ + ..+ . —ar(r—ar | NG, = Jjr1A3A e +E&1(z,1), (2.32)
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2 + Qom0 + ..+ . —ar(r—ﬁr )+t Ve = Jra Al Ase + VExla(2, 1),
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g, T et T ar(r B )43 o = Jr3Ap Age™" + \/2583(2, 1),

where k; are the nonlinear coupling coefficients [93] calculated for the central frequencies,
A, with [ = 1...3 represent the normalized complex field amplitudes for the signal (or
the superfluorescence field in signal direction), idler (or the superfluorescence field in idler
direction) and pump fields, respectively. For the description of the noise fields we will use
the approach first introduced by Gatti et al. [97]. The complex stochastic variables & (z,t)
have a gaussian distribution with a zero mean value (§(z,t)) = 0 and the correlation
(Gi(z,t) & (2, 1)) = 01;6(t —t')0(2 — 2'). Here ¢; are the noise intensities of the respective
fields. A similar approach was used to describe the influence of temporal and spatial walk-
off during the parametric amplification of stochastic fields [96]. The intensity 3 is set to
zero as the pump field is already initialized with the complex amplitude As. «;,, are the
dispersion coefficients with order m whereas [3;, are the diffraction coefficients with order
n. ~; is the spatial walk-off coefficient due to the noncollinear geometry of interaction.
This coefficient for the pump (73) is in our case zero as the pump propagates normal to
the crystal plane. The pump beam displacement due to Pointing vector walk-off is small
compared to the beam apertures and is not taken into account in the simulation.
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2.3.4 Linear step

Dispersion effects are taken into account in the frequency domain [71]. Agp(w) is the
spectral phase expanded in a Taylor series.

Ailr, 2+ Az t) = FH{F {A(t, 2)} e8] (2.33)

F is the Fourier transformation F~! is the inverse Fourier transformation.

The effects of diffraction and the walk-off due to the noncollinearity of the type I parametric
process is taken into account by adding a spatial phase term A, (w)=App.(w) + Apgirr(w)
(the subscripts nc and diff correspond to the noncollinear and diffraction terms respectively)
in Eq. 2.34 by applying the same Fourier (linear) step to the transposed [—R, R| x [0,T]
data matrices Al (r, z + Az, t).

Al(r, 2+ Az t) = FH{F{Al(t,2)} 29} (2.34)

To improve agreement between simulation results and experiments, the noise intensities
¢; have to be found empirically for the first simulation run. One possibility to estimate
the noise intensities is to measure the AOPF in absence of the seed, simulate the system
with the same pump intensity and tune the input noise intensities such to obtain the same
AOPF output as in the experiment. This method is reliable if the ratio between energies of
the amplified signal and AOPF is large and for the amplifier stage far from gain saturation.

2.4 Signal and amplified optical parametric fluores-
cence

The pulse contrast ratio in a multi-TW amplifier is of major concern, because many high-
field experiments require a clean pulse front. The pulse front in an optical parametric
chirped pulse amplifier is free of pre-pulses as showed in previous measurements [98], but
consists of a large pedestal of incompressible amplified optical parametric fluorescence,
which can reach considerable intensities. A typical AOPF spectrum is shown in Fig. 2.9.
AOPF originates from a quantum effect known as optical parametric fluorescence. A
detailed description of the theory of optical parametric fluorescence (OPF) is given in [99]
by D.A. Kleinman, a considerable contribution to this theory was given by R. Glauber.
He derived the transition rate equation for OPF in [100]. More about quantum noise in
parametric processes is given in references [101, 103]. A more practical picture of the
generation and amplification of optical parametric fluorescence is obtained by introducing
a critical decay length for OPF introduced by L. Carrion et al. [104]. Important to mention
is the theoretical and experimental work performed in connection with optical parametric
oscillators and optical parametric generators [105, 106]. Theoretical and experimental
investigation on generation and amplification of OPF in OPCPA has been performed in
recent work on this subject [84, 107, 108].
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Figure 2.9: Amplified optical parametric fluorescence spectrum from a 5-mm long BBO
OPCPA stage pumped with ~20 GW /cm?, close to the damage threshold.

The spontaneous downconversion of the pump photons into idler and signal photon pairs [99,
109] can be described by the Hamiltonian of the system considering two electromagnetic
field modes A, and A; which are coupled to a field with an oscillation frequency w, = ws+w;,
fulfilling the energy conservation condition for the system [97, 110]. The Hamiltonian of
the system is given by

H = Ho + Hy; (2.35)

with Hy, the free evolution (field) Hamiltonian combined with the external driving term

1
Hy= Y hwj(ala; + 5) (2.36)
J=D,5,%
and
H,; = —helalala, + asa;al]  with a, = e ¥, (2.37)

the nonlinear interaction Hamiltonian which describes the coupling between the signal and
idler waves. The symbol & is used for the coupling strength in this section and is given by
the nonlinear coupling coefficient (see Eg. 2.29) times the complex amplitude of the pump
wave. a, al, a; and aj are the time-dependent photon annihilation and creation operators
for the modes A, and A;. The usual way to proceed to get a formal quantum mechanical
description for optical parametric fluorescence is to solve the master equation of motion
and initiate the OPF fields by a medium or vacuum field [97]. In this case, starting from

the Heisenberg equation of motion

dag(t 1 . . ;
adt( ) = %[as, H| = —iw,as + ikale ™ (2.38)
i
dal(t) 1 |
acllzf) = %[ag, H| = iwal — ika,e™™rt, (2.39)
i
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a solution can be obtained for the operators a4(t) and ag (t) and used to derive the number
operator N,(t) (and N;(t)). The number operator is defined as N = afa. It represents a
measure for the number of photons in the state |n,,) (and |n,,)). Integration of Eqgs. 2.38
and 2.39, immediately yields

as(t) = e"“[cosh(kt)as + isinh(kt)a)] (2.40)
al(t) = e“lcosh(kt)al — isinh(kt)a,] (2.41)
N, = cosh?(kt)alas + [1 + ala,] sinh?(kt) + %sinh(Z/it)[ala;r — asa;) (2.42)

The initial condition for the system is

[V(0)) = [na,y = 0)|nas, = 0)[na,,)- (2.43)

with the modes Ay and A; devoid of photons. The number of photons in the state |a,) for
the system is given by

Ni(t) = (al(t)las(t)) (2.44)

= (Nary, Nayy| cosh?(kt)ata, + [1 4 ala,] sinh?(kt) + %sinh(Qnt)[aj[,a;r — asai)|Nagys Nayy )
= ng,, cosh?(kt) + (1 + ng,,, ) sinh?(kt).

An interesting result is obtained for the vacuum state |0,0) at arbitrary time ¢.

(0,0|N,()[0,0) = sinh?(xt) (2.45)

This result shows, that signal (and idler) photons will be created through spontaneous
decay from a pump photon in a rate proportional to the nonlinear coupling strength or
equivalently proportional to complex amplitude of the pump. The rate of idler and signal
photon generation is identical according to the energy conservation condition. This follows
also implicitly from the Manley-Rowe equation, which can be directly derived from the
equations of motion 2.38 and 2.39

data dala;
s T 2.46
dt dt ( )

Tq; are the expectation values for the states |ne,) and |ng,)

i

Since N, = alas and N; = a
follows,

Ni(t) — Ns(0) = Ni(t) — Ni(0). (2.47)

This implies an equal number of idler and signal photons creation.

So far, the quantum mechanical description of optical parametric fluorescence gives a
clear picture of the process. A more convenient alternative to strict quantum-mechanical
treatment of optical parametric fluorescence generation and amplification in OPCPA is
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Figure 2.10: (a) Dependencies of the amplified signal and AOPF energies on the pump
intensities in the first stage; (b) Pulse contrast ratio improvement when higher energy seed
pulses are used; Ejp is the seeding energy of the present OPCPA system; the simulation
is performed for compression to 10 fs (empty circle) and to the transform limited pulse
duration which is 7.2 fs (blue circle); SF superfluorescence or equivalently amplified optical
parametric fluorescence.

numerical simulation using stochastic fields [110]. This method is explained in section 2.3.2
and used in the next subsections to describe the amplification of OPF in optical parametric
chirped pulse amplifiers.

2.4.1 Simulation without saturation effects

In the first OPCPA stage, optical parametric fluorescence is generated by downconver-
sion [111, 112], and subsequently amplified. This already amplified OPF is merely further
amplified in the next stages.

The AOPF and signal energy levels are measured between pJ and mJ-level in some
case for strongly fluctuating signals (in non-saturated amplifier stage). The energy mea-
surements are not to be underestimated. The measurements are performed several times
at different days for each OPCPA stage in order to obtain consistent data sets. The op-
tical parametric fluorescence is measured by blocking the signal beam in front of the first
OPCPA stage.

The energy evolution of the amplified signal and amplified optical parametric fluores-
cence (AOPF) versus pump intensity is depicted in Fig. 2.10(a) for the first amplification
stage. It is evident that the experimental points show agreement with the calculations.
Starting from the measurements and calculations for the first stage, the AOPF has much
more favorable phase matching conditions than the seed due to the angular dispersion of
it’s frequency components and due to the fact that it has the same amount of downcon-
verted signal and idler photons from the moment of generation (after propagation through
the critical length for parametric generation in the crystal [104]). Whereas the signal needs
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Figure 2.11: Dependence of the amplified signal and AOPF energies on the pump intensities
in the second stage; SF superfluorescence.

a longer propagation distance to build-up a comparable amount of idler photons for the
parametric amplification. In our case the signal after the propagation through this crit-
ical length is approximately 10 times stronger than the AOPF. The best pulse contrast
ratio that can be obtained from this OPCPA stage is 4-107°, if the signal is compressed
to the transform limit as shown from simulation results (Fig. 2.10(b)). To explore the
connection between seed energy and temporal pulse contrast, simulation of the 1% stage
is carried out by varying the seed energy. This plot is not valid in the case of saturated
amplification. The pulse contrast ratio is simulated numerically for an input seed energy
varying from 5-1073 to 5-10* times the current seed energy E;q of 20 pJ. We conclude that
AOPF deteriorates the pulse temporal contrast ratio in the first stage as a consequence
of the low seed energy in combination with the high pump intensities used in this stage
to obtain high gain on the order > 10%. Therefore, a straightforward way to increase the
pulse contrast ratio in an OPCPA would be to develop a stronger seed source or optimiza-
tion of stretcher and adaptive dispersion control efficiency. However, this cannot lead to
arbitrary improvement of pulse contrast because, as we can deduce from the results pre-
sented in Fig. 2.10(b), it makes not much sense to use seed energies bigger than 10 nJ. The
final limitation for such seeding is the contrast of the ultrabroadband oscillators (in the
+5 ps temporal window) [113, 114] marked as a shadowed area in Fig. 2.10(b). Nonlinear
pulse cleaning methods such as the cross-polarized wave generation [115] or the plasma
mirror [116], which were developed for use with convention CPA systems, could be used
to improve pulse contrast beyond the oscillator contrast. Unfortunately, both techniques
are difficult to implement and the result is, reduced output energy with a tremendously
increase of the setup complexity.

The energy evolution in the second amplification stage of the amplified signal and
AOPF versus the pump intensity is depicted in Fig. 2.11. For the numerical code we used
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Figure 2.12: Dependencies of the amplified signal and superfluorescence energies on the
pump intensities in the third stage; SF superfluorescence.

90 pJ and 850 nJ input energies for the signal and AOPF, respectively. These energies
are obtained using ~18 GW /cm? pump intensity in the first stage. From this data we can
conclude, that there are noticeable discrepancies between experimentally measured and
calculated signal energies. This could be explained if we remember that the second stage
in our setup is not only used to reach the mJ-level but also to favor the amplification
of the spectrum edges to compensate for the smaller amplification in this region. Slight
angular detuning in the second OPCPA stage allows us to reshape the gain bandwidth [117]
and reduce the amplification bandwidth narrowing throughout the amplifier. This causes
lower gain for the signal due to increased phase mismatch. Therefore, we attribute this
discrepancy between experimental and calculated results to the difference between the Ak
values used in the experiment and in the numerical code. For the calculation of the OPF
amplification we kept again the assumption of perfect phase matching (Ak = 0).

Another important experimental observation is that the pulse contrast does not deteri-
orate much in the 2"¢ stage. This result can be attributed to the common action of the low
gain (~ 20) and angular detuning. The observed energy difference and the known com-
pression ratio allows us to estimate the pulse contrast in the current system to be ~ 2-107°
for the 2.3 mJ pulses. Previously, pulse contrast ratio for similar pulse energies in a two
stage OPCPA was measured after compression to ~ 10 fs pulse duration (first stage in
double-pass, second stage in single-pass configuration) [98]. The best result obtained was
~5-1075.

2.4.2 Simulation with saturated amplifier

Saturation is reached for the signal in the last amplifier stage of our system (Fig. 2.12(a)).
In the simulation we used 1.8 mJ and 100 pJ input energies for the signal and AOPF,
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Figure 2.13: (a) Pulse contrast measurement by third order autocorrelation in the ps-range;
black curve - pulse contrast for zero delay between pump and seed (zero delay corresponds
to the delay when the highest pulse contrast was observed); green curve - seed pulse is
14-ps earlier compared to zero delay; (b) dependencies of the pulse contrast on the delay
between pump and seed.

respectively. These energies are obtained using ~7 GW /cm? pump intensity in the second
stage (Fig. 2.11). Gain saturation improves the amplified signal energy stability which was
5% rms obtained with a pump energy stability of less than 2%. As already mentioned in the
experimental setup description, the usual procedure to measure the AOPF in an OPCPA
stage is to block the seed in front of the first stage. However, in the absence of the seed,
the pump energy is used only for the AOPF amplification and as a consequence the AOPF
will be amplified to higher energy than in presence of the signal. In the first two stages this
effect is not so pronounced as the difference between signal and pump energies is substantial
but in the last amplifier stage the pump and amplified signal energies are comparable. It
has to be mentioned, that no optical parametric fluorescence itself is generated in the third
stage due to the moderate pump intensities, but saturation effects starts to play a role. For
that reason, calculations are performed for OPF amplification with and without presence of
the seed (Fig. 2.12 superscripts *! and *2, respectively), for the third stage of amplification.
It is evident that the presence of the seed causes parametric gain quenching [118]. For
a gain of 50 the ratio between the signal and AOPF energies is about 1:7 instead of 1:2
as shown in Fig. 2.12). From this result we conclude that due to moderate gain in this
stage even gain saturation does not substantially deteriorated the pulse contrast (only ~ 4
times).

Avoid amplified optical parametric fluorescence

AOPF is produced within the time window defined by the pump pulse, as parametric am-
plification and optical parametric fluorescence generation depends on an instantaneous and
directional interaction. The OPF is generated in the optimum phase-matching direction,
and the direction depends intrinsically on the pump wave direction in the nonlinear crys-
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tal. Third-order correlation traces presented in Fig. 2.13(a) are adequate for the better
understanding of the amplification dynamics of OPF. A quenching effect can be observed
in presence of a signal pulse, specially in a saturated OPCPA stage. A more detailed de-
scription of the measurement is given in Sect. 3.6.3. The temporal contrast in the leading
pulse front is best at around O-ps time delay (defined as optimum pump-seed overlap),
where the signal overlaps with the leading edge of the pump pulse. Whereas at £50-ps the
signal is already negligible and AOPF gains more amplification.

There are several ways to suppress AOPF in ultra-broadband OPCPA. One possibility is
to decrease the parametric gain while sufficient output energy is maintained by increasing
the effective beam size in the amplifier stage or by decreasing the pump energy. An
alternative is to add another OPCPA stage which would in turn complicate the setup. A
detailed study of the parametric gain control in multi-stage OPCPA system is presented
in Ref. [84] for three OPCPA stages.

Tight spatial filtering between the amplification stages is another possibility. The
AOPF has a larger divergence angle compared to the signal because of the directional
dependence on optimum phase-matching in the nonlinear crystal. This quality of the sig-
nal can be used to filter part of the AOPF. However, investigation of effective AOPF
suppression by spatial filtering is still missing in scientific literature [119].

A third way to decrease AOPF is to change the temporal overlap between the pump
pulse and stretched seed and thus obtaining the best overlap at the pump pulse leading
edge 2.13(a). In our previous work [98] we showed that shifting the relative delay between
the pump and the seed by ~ 30 ps towards the pump leading edge improves the contrast
by one to three orders of magnitude 2.13(b).

Pump intensity is not the only factor affecting the pulse contrast deterioration. The
saturation of an OPCPA stage and angular detuning of the amplifier crystal contributes
as well to the decreased contrast as already mentioned in subsection 2.4.1. If the temporal
contrast is such to compromise a contrast-sensitive experiment and if the last OPCPA
stage is saturated, the universal remedy is to work with unsaturated last stage. This might
decrease the output energy and its stability substantially but several orders of magnitude
temporal contrast can be gained. On the longer term, to be able to use the OPCPA
amplifier in saturation, a contrast cleaning scheme has to be implemented or a stronger
seed should be obtained either by loss-optimized stretcher design or by stronger seed source.
The optimization of the stretcher is not straightforward. A stretcher design optimized for
throughput efficiency can be complicated for alignment and might require in turn a lossy
compressor, as is for example a grating compressor for broadband pulses.

An interesting aspect which is often omitted, is the contrast on the few-ps and fs-
scale. In this range, deterioration of the compressed pulse contrast ratio is expected due
to sharp features in the spectral edges of the amplified signal spectrum [120]. This is an
interesting feature of amplified ultrabroadband pulses but should not constitute a problem
for high-field experiments in terms of pre-plasma generation.
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Figure 2.14: Saturation effect in OPCPA stage. Spectrum of a non-saturated OPCPA
(shaded grey curve); OPCPA in saturation (black curve).

Spectral components of the signal beam are amplified according to Eq. 2.30 in the linear
regime of amplification. This equation underlines the typical exponential behavior of the
parametric process. In this regime the energy fluctuation of the signal depends on the
energy fluctuation of the pump beam. An improvement in energy stability is reached in
the saturation regime but it still depends on the energy stability of the pump [121].

The truly interesting side of saturation is the effect of pump-intensity-dependent gain
saturation. Due to the gaussian temporal shape of the pump , signal spectral components
which are temporally separated along the pump pulse will experience different gains. The
spectral components overlapping with the central part of the pump beam will reach sat-
uration earlier than spectral components in the wings. The wings of the signal pulse still
experience the linear regime of amplification until saturation is reached. This is apparent
from the measurement in Fig. 2.14. The shaded grey spectrum of an unsaturated signal
beam reaches saturation (black curve) and the wings of the spectrum are amplified.

Unfortunately this effect favors the amplification of OPF. AOPF can reach as well
noticeable energy during the saturation of the signal, as different spectral components of
OPF compete for gain and in turn degrade the pulse temporal contrast.

2.6 Amplifier sensitivity to angle variation

The gain of the non-collinear OPA-process has high angular sensitivity. The effect of angle
variation in a BBO-crystal based OPCPA is shown in Fig. 2.15 for 5-mm long BBO OPCPA
stage pumped at 532-nm. The pump intensity used for the simulation is ~10 GW /cm?.
The simulation shows the case of fixed non-collinear angle (a ~ 2.264°) with variation of the
phase-matching angle in (a) and the case of fixed phase matching angle (© ~ 23.8°) with
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Figure 2.15: Amplified parametric bandwidth for 5-mm long BBO OPCPA stage pumped
at 532-nm. (a) Fixed non-collinear angle o and variable phase matching angle ©; (b) Fixed
phase matching angle © and variable non-collinear angle .

variable non-collinear angle in (b). A small phase matching angle variation or variation of
the non-collinear angle is sufficient to strongly modify the amplified parametric bandwidth.
Simulation has been performed to quantize the degree of sensitivity to angle variation for
a BBO crystal. The simulation results are shown in figures 2.16 for a 5-mm long BBO
OPCPA pumped at 532-nm. The main figure shows the dependance of the Fourier-limited
pulse duration supported by the amplified parametric bandwidth. The calculations are
obtained solving the coupled wave equations for a plane wave and using the slowly varying
envelope approximation for variable values of phase matching and non-collinear angles.
The grid step for the simulations with BBO crystal are 0.21 mrad for the phase matching
angle and 0.27 mrad for the non-collinear angle. The zero value on the axis are © = 23.8°
for the phase matching angle and o = 2.264° for the non-collinear angle. The white
colored points on the mesh represent points of phase matching for an average amplification
value larger than 78% of the maximum amplification and Fourier-limited pulse duration
value smaller than 84% of the highest amplified bandwidth. The pulse duration values
are given at FWHM. The point with the largest average amplification is shown in the
left-side inlet of Fig. 2.16 for BBO (7.6-fs Fourier-TL-pulse duration) crystal. This is an
ideal operation point for an OPCPA stage and is also used in the OPCPA described in
the Thesis. Another example for phase matching is shown in the right inlet of Fig. 2.16.
This amplified parametric bandwidth is obtained by large angular detuning (BBO: 7.2-fs
TL-pulse duration). Angular detuning is a method for the enhancement of the parametric
bandwidth. Detailed description is given in section 2.2.6.

From these simulation follows that the non-collinear angle can only be varied within
Aa ~0.8 mrad and the phase matching angle even in smaller range of AG® ~0.63 mrad
without exceeding the white marked area of maximum parametric gain and bandwidth
in Fig. 2.16. Sensitiveness to angle variation strongly depends on the crystal in use. A
crystal with higher angular acceptance must be used, to reduce the angular sensitivity of
the amplifier system. One suitable candidate is LBO, which has better angular acceptance
compared to BBO.
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2.6 Amplifier sensitivity to angle variation
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2. OPCPA modeling




Chapter 3

The amplifier system

3.1 Ti:Sapphire oscillator front-end
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Figure 3.1: (a) Ti:Sapphire oscillator spectra with BRBOTK cavity-mirrors (black line),
with CM4 and CM5 mirrors (dotted line) and with BRBOTK cavity-mirrors combined
with a new output coupler (blue line); (b) Same spectra as in (a) in linear scale.

A key component of our system is the broadband Ti:Sapphire oscillator [122-125] based on
Kerr-lens modelocking [126]. The central wavelength A. of the oscillator is ~850 nm. Its
spectrum covers a spectral range of ~450 nm (1/e* bandwidth) and it has an output energy
of 4 nJ at 79 MHz repetition rate. We tested several chirped mirror and output coupler
sets to find an optimum in output energy and bandwidth. The oscillator spectrum which
is shown in Fig. 3.1(a and b, black curves), supports a Fourier-transform-limited pulse
duration of 4.5 fs at FWHM. The dotted line in Fig. 3.1(a,b) is the oscillator spectrum
obtained with an older set of chirped mirrors the CM4, CM5. The spectra shown in
Fig. 3.1(a,b) (black and blue curves) are obtained with BRBO-TK cavity mirrors. The
blue line in Fig. 3.1(a,b) is the spectrum obtained with BRBO-TK mirrors and a new
broadband output coupler with 10% outcoupling efficiency. The output coupler is coated
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Figure 3.2: (a) Repetition rate and beat-signal between the fundamental and DFG-signal
from the oscillator; (b) spectral edge extended in the infrared region through self-phase-
modulation in a PP:LN crystal, used for f-to-0 CEO-stabilization.

to support spectral components in the infrared region towards 1.1 um. The benefit would
be higher energy in the spectral region of Nd:YAG for direct optical seeding [127].

There are important properties, intrinsic to Ti:Sapphire oscillators, which should be
mentioned at this point, if used for seeding broadband OPCPA. The output beam has a
frequency dependent divergence and mode size differing in the sagittal and in the tangential
planes (see Fig. 3.3) [134]. Another property of Ti:sapphire oscillators is the multi-pulsing
operation near zero-nett internal dispersion [135]. The double and triple pulsing has a sepa-
ration of only a few ps from the main pulse and is difficult to detect. Such phenomenon can
be observed only after the amplification of these pulses and temporal contrast measurement
as small satellites in the ps-region.

We tested the possibility to stabilize the carrier-envelope-phase (CEP) offset of the
oscillator [128-130]. The scheme in use was proposed by T. Fuji et al. [132, 133] and con-
sists in tightly focus few-cycle pulses from a Ti:sapphire oscillator into a highly nonlinear
magnesium-oxide-doped periodically poled lithium niobate (PP-MgO:LN) crystal to in-
duce self-phase modulation (SPM) and difference frequency generation (DFG; 4-mm long
PP:LN crystal). Due to the enhanced nonlinear interaction and an improved spatial over-
lap between the fundamental and the DFG wave (due to the absence of walk-off effects),
the interferometric beat signal emerging at fogo in the region of spectral overlap is strong
enough (65 dB) for reliable CEO-locking over several hours (Fig. 3.2(a)). Figure 3.2(b)
shows the infrared-part of the oscillator spectrum after the PP-LN for the beat signal opti-
mization (4 bounces on -50 fs? chirped mirrors). The intracavity dispersion is close to zero,
in order to obtain the largest possible bandwidth from the oscillator. The 4 bounces on
the negative dispersion chirped mirrors corresponds to the output coupler dispersion and
to the dispersion of 2 mm of PP:LN-crystal. This way, the shortest pulses are obtained at
the center of the crystal, to maximize the nonlinear effects.

The challenges for phase-stabilization in OPCPA are manifold. In principle, OPCPA
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Figure 3.3: (a) Frequency-dependent beam ellipticity of the broadband Ti:sapphire oscil-
lator. Spatial mode ellipticity after 1 m (solid) propagation, 3.8 m (dotted) and 6.7 m
(dot-dashed); (b) Frequency-dependent beam divergence in the sagittal (orange) and in
the tangential (green) plane.

has proven to maintain the CE-offset for a single stage OPA with pJ-level pulse energy
at 1kHz repetition rate [131]. The present OPCPA consists of several amplification stages
working at 10 Hz repetition rate. Even by using a f-to-2f spectral interferometer which is
insensitive to pulse energy fluctuation to a certain extend, the output energy stability ex-
ceeds a level where a reliable carrier envelope phase measurement can be performed. Pulse
energy fluctuation has to be minimized, in order to CEP-stabilize a multistage OPCPA.
Another way is to monitor the absolute carrier-envelope-phase with a single-shot device
and apply a selection procedure on the output pulses.

3.2 Ti:Sapphire amplifier front-end

A high temporal pulse contrast exceeding 7 orders of magnitude is required for many high-
field physics experiments, such as high-harmonic generation from solid-density plasmas
to avoid pre-plasma formation. The OPCPA version with Ti:sapphire oscillator front-
end has restrictions due to the low-energy seed pulses. A Ti:sapphire multipass amplifier
is used, (Femtopower from Femtolasers GmbH, Fig. 3.4(c)) to counteract this problem.
The Femtopower can deliver about 1.2 mJ pulse energy at 1 kHz repetition rate with
a spectral bandwidth of 55 nm at FWHM (@800 nm, see Fig. 3.4(a), blue line). The
temporal contrast of the output pulses is characterized by third order autocorrelation.
The measurement is shown in Fig. 3.5(b). The pulse front is clean of prepulses and have a
contrast reaching almost 9 orders of magnitude from the pulse peak to the ASE pedestal.
The compressed output pulses have a duration of 23.5 fs at FWHM (Fig. 3.4(b)) and
these are send through a hollow-core fiber filled with Neon gas (250 pm core diameter), for
spectral broadening [136]. The output energy from the hollow-core fiber is about 400 puJ.
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Figure 3.4: (a) Spectrum of the amplified Ti:sapphire amplifier output pulses (blue), spec-
trum broadened in the hollow-core fiber (shaded grey); (b) Pulse duration measurement of
the Ti:sapphire amplifier output by autocorrelation and by Grenouille (23.5 fs at FWHM,
inlet); (c) Optical scheme of the OPCPA amplifier with Ti:sapphire front-end (* Cross-
polarized wave generation XPW - optional)

The requirements for the spectrum are uniform shape and spectral components in the
gain region of BBO which lies approximately between 720 nm and 1.035 pym for a 5-mm
long BBO. The spectral broadening is very effective in the blue spectral wing but difficult
towards shorter wavelengths. The neutral gas (neon) is ionized very rapidly due to the
high laser intensity. The index of refraction is decreased due to the rising density of free
electrons [137, 138]. The plasma is generated on the timescale of the pulse duration thus
causing a blue-shift of the spectrum. The spectrum can be broadened from 600 nm to 1
pm (Fig. 3.4(a), shaded grey line) with increased neon gas-pressure of about 2.5 bar in
the hollow fiber. Unfortunately, the mode of operation in this case is unstable in terms of
energy fluctuation and spatial mode stability. A spectrum with an energy stability better
than 1% and transverse TEMg, mode is obtained with 1.6 bar gas-pressure and a typical
spectrum is shown in Fig. 3.5(a, shaded grey line) with spectral components as far as 950
nm towards longer wavelengths.
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Figure 3.5: (a) Spectrum after hollow-core fiber broadening (shaded grey line), spectrum
of the generated XPW-wave (black line) and XPW-wave spectrum for light intensity close
to continuum generation in BaFy (dotted line); (b) third order autocorrelation spectrum
of the Ti:sapphire amplifier output (blue line).

Cross-polarized wave (XPW) generation can be used to clean the temporal pulse contrast
by several orders of magnitude, as well as to clean the spectrum from spectral modulations
around the spectral region of the Ti:sapphire amplifier, caused by self-phase modulation
effects in the hollow-core fiber [139-141]. The scheme is tested in order to estimate the
conversion efficiency and the quality of the XPW output in terms of energy stability. We
use a double crystal scheme with 1-mm BaFs cut at [100] orientation. The first crystal
is placed in the focus, the second one is placed right after the first crystal. The beam is
refocused into the second crystal due to self-focusing effect stemming from the first BaFs
crystal. The double crystal scheme is used to optimize the conversion efficiency of the
XPW-process, which can in theory reach values around 20%. Only about 10% of the 400
pd pulses from the hollow-core fiber output are used to generate the XPW-wave because
of the required optimum intensity in the focal spot which is about 2 TW /cm?. A 1-m focal
distance mirror is used to focus the beam down to a focal spot of wy ~100 pym. In order
to reach the correct intensity in the focal region, only about 50 uJ pulses are required
at given pulse duration of 7-fs. The spectrum of the hollow-core fiber output pulses is
shown in Fig. 3.5(a, solid line) and the corresponding spatial beam profile is shown in
Fig. 3.6(b). The beam goes through a Rochon-polarizer to enhance the linear polarization
quality with an extinction ratio of 5 orders of magnitude. The fundamental and the XPW-
wave are separated by a Rochon-analyzer, after the wave interaction in the BaF; crystal.
The temporal contrast of the generated XPW-pulses can be estimated using a formula
given by Jullien et al. [141],

KR

14+ =
Cout = CzSn 1 _:ii;sz . (31)

Neff
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Figure 3.6: (a) Spatial beam profile after the hollow-core fiber; (b) Spatial beam profile of
the generated cross-polarized wave.

Cout 18 the temporal contrast of the generated XPW-pulses and Cj, is the contrast of the
input pulses. K is the factor, where the peak efficiency starts to drop, due to the cubic
proportionality of the effective conversion efficiency temporal and spatial intensity distri-
butions of the input beam. In the case of gaussian distributions in the non-depleted regime
it is around ~0.18. R = 107° is the extinction ratio of the Rochon-polarizer/analyzer and
Nerr = 16% is the effective conversion efficiency. The XPW-process yields a cleaning effect
of 5 order of magnitude, which is mainly set by the extinction ratio of the polarizer-analyzer
pair. The XPW-signal conversion efficiency is 16% with a pulse energy of ~8uJ. The spa-
tial beam profile of the generated XPW-wave is shown in Fig. 3.6(b) and its spectrum is
shown in Fig. 3.5(a, solid black line) for optimum intensity in the focal region and 3.5(a,
dotted line) for higher intensity. The spatial and particularly the spectral cleaning effect
is remarkable. The sharp features in the central part of the hollow-core fiber output spec-
trum are completely eliminated. The beam obtained by this contrast cleaning technique
is ideal to seed an OPCPA and the implementation is simple. However, the hollow-core
fiber output is used to seed the OPCPA directly for the first implementation round. The
Ti:sapphire amplifier provides an excellent temporal contrast which can be used for first
experiments. As already mentioned, saturation in the last OPCPA stage might moderately
degrade the temporal contrast.
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3.3 The pump

The pump source is one of the bottlenecks in high energy OPCPA development. Several
aspects has to be considered for an OPCPA pump. A high energy pump is required with
an excellent shot-to-shot energy stability, as the parametric process is very sensitive to
pump energy fluctuations. The spatial beam profile should be uniform to ensure a uniform
intensity distribution of the amplified signal beam profile. The pump pulse duration has
to be matched to the stretched seed pulse duration, as discussed in Sect. 2.2.3, to gain a
maximum pump-to-signal conversion efficiency, which can reach values <30% in OPCPA.
On the other hand, in order to use higher pump fluence in the parametric amplification
process, a longer pulse duration is required to avoid working near the damage threshold of
optical AR-coatings and materials (~20 GW /cm? for AR coatings). However, the stretch-
ing ratio of the seed pulses is a restriction due to the difficult pulse compression and due
to the required intensity for parametric amplification. The choice of pump pulse dura-
tion is then a trade-off between reasonable stretching ratio of the seed pulses and damage
threshold of optical materials and coatings. A final requirement is the synchronization
scheme between pump and seed pulses to have jitter-less temporal overlap in the OPCPA
crystal. To this end we resorted to an optical seeding scheme to reach a better stability
than with electronic locking schemes. The stability of electronic pulse synchronization is
in the sub-ps to ps range. Soliton-based optical seeding can reach a stability, which is
mainly limited by the timing jitter, induced by variation of the soliton wavelength shifts.
This variation in wavelength is caused by energy fluctuation of the Ti:sapphire oscillator
pulses [142]. The Ti:sapphire oscillator has an energy stability better than 0.3% and the
timing jitter is estimated to be better than 30 fs.

3.3.1 Optical seeding
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Figure 3.7: Soliton Raman-shift in the Photonic crystal fiber; (a) spatial beam profile of
the Raman-shifted soliton (seed for the pump amplifier); (b) soliton spectrum
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Figure 3.8: Optical scheme of the Nd:YAG pump amplifier. BS...beam splitter,
VC...vaccum cell, PR...polarization rotator, SA...serrated aperture, PHD...photodiode,
F1...optical trigger, PC...Pockels-cell, QWP...quarter-waveplate, HWP...half-waveplate,
PCF...photonic crystal fiber, CM...chirped mirror, BF...bandpass filter, HR...high reflector,
HS...harmonic separator, BD...beam dump, KDP...frequency doubling crystal.
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Figure 3.9: Calculated amplified spectrum for the regenerative Nd:YAG amplifier with
intracavity etalon(s); (a) 2.1-mm etalon (black line); 4.1-mm etalon (red line); 2.1 and 4.1-
mm etalon (shaded grey line); Etalon transmittance for the etalon combination of 2.1 and
4.1-mm (dotted line); (b) Autocorrelation trace with 2.1 and 4.1-mm intracavity etalon
(black line); single 4.1-mm intracavity etalon (red line).

To simplify the overall OPCPA synchronization-scheme we investigated two possibilities of
optical synchronization of the pump and seed pulses. Direct seeding from the femtosecond
oscillator [127] is the simplest way but the energy content in the oscillator pulses around
1.064 pm is low. Another method is based on raman-shifted soliton synchronization from
a photonic crystal fiber (PCF) [142-144]. The homemade ultrabroadband Ti:sapphire
oscillator used (with 10% output coupler [122](Femtolasers GmbH)), has an energy output
of 4 nJ, and 20 fJ of seeding energy in the spectral acceptance region of the Nd:YAG
amplifier (NlA). We also used a specially designed, more broadband output coupler which
has the same transmission value. With this output coupler the oscillator output energy
was only 2.8 nJ but it could deliver around 145 fJ at 1.064pum. In both cases the seed
energy turned out to be unsufficient for stable operation of the Nd:YAG regenerative
amplifier free from excessive amplified spontaneous emission (ASE). The best result was
obtained with the latter oscillator version, reaching a ratio between the main pulse and
the ASE (ns-scale) of 1:10 after the last single-pass Nd:YAG amplifier stage. Therefore we
resorted to the soliton-based synchronization. To this end we focused part (1.6 nJ) of the
recompressed oscillator output into a end-sealed photonic crystal fiber (18-cm long, type
NL-PM-750 from Crystal Fibre). Due to efficient soliton-based frequency shifting several
pJ of seed energy is obtained for Nd:YAG amplifier seeding (see Fig. 3.7(b)). This energy
is high enough for reliable operation of the regenerative amplifier. A high quality spatial
beam profile is obtained, due to the single mode propagation, from the PCF which is shown
in Fig. 3.7(a).
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Figure 3.10: (a) Autocorrelation measurement (a) and spatial beam profile (b) of the
amplified pulses from the regenerative amplifier.

3.3.2 Nd:YAG amplifier chain

The optical layout of the pump amplifier with optical seeding scheme is shown in Fig. 3.8.
The seed pulses from the PCF are used to seed the regenerative amplifier, which consists of
a 2 m cavity and a 4x65 mm flashlamp-pumped Nd:YAG rod as gain medium. We carefully
adjusted the round-trip number (32) in the cavity and the regenerative amplifier gain, to
reduce the amount of accumulated B-integral in the whole amplifier chain. The amplified
pulse energy is 2 mJ, corresponding to 6 orders of magnitude gain. The duration of the
amplified pulses is ~20 ps as a consequence of gain narrowing. The intracavity etalons are
used for the fine tuning of the amplified pulse duration. A 2.1 mm and a 4.1 mm thick
glass etalons inside the regenerative amplifier cavity reduce the seed bandwidth to obtain
a pump pulse duration sufficiently long, to avoid excessive self-phase-modulation in the
amplifiers chain. The etalons generate a narrow cumulative frequency transmission around
the center frequency. The measured pump pulse duration set by this etalon pair is 100 ps.
For the simulation of the intracavity etalon effect and its implications for the amplified
pulse spectrum it is useful to start from the single-pass power gain formula [145]. The
single-pass gain is given by

L
G(w) = exp(*2x" (). (3.2)
c
The length of the Nd:YAG rod L, is 65-mm and c is the light velocity in the gain medium

(refractive index of Nd:YAG is given in Appendix A). x”(w) is the nonlinear part of the
susceptibility that has a Lorentian lineshape for Nd:YAG.

Viw) = — X0 (3.3)

T (e

with center wavelength A\, = 2;% =1.064 pm and a bandwidth Aw, of 150 GHz. The
frequency dependent term x”(w) appears in the exponent of Eq. 3.2. The exponential gain
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Figure 3.11: (a) Amplifier output energy (solid) and its second harmonic energy (dotted)
dependance on the timing between flashlamp discharge and pulse arrival; (b) Conversion
efficiency curve of the second harmonic generation.

causes a larger amplification for frequencies around w, and reduced amplification far from
wg. This effect is known as gain narrowing.

The etalon transmission is calculated the same way as for a Fabry-Perot interferometer
(a Fabry-Perot interferometer used as frequency-selective element in a cavity is referred to
as etalon) [93].

1

I, = I, 3.4
t 01+(%)28in2(ﬁ)’ ( )
with the Finesse parameter
VR
F = 3.5
"1°R (8:5)
and the frequency gap between neighbouring resonant peaks
CoT
Av, = ———. 3.6
w nd cos O, (36)

R is the reflectivity, n is the refractive index of the etalon material and ©;,,. is the inclination
angle of the etalon which is set to 5°. This is necessary to avoid amplification of reflected
pulses from the etalon surface. The thickness of the etalon d used for calculations is 2.1-
mm and 4.1-mm. The etalon transmission for the etalon pair used in the regenerative
amplifier is calculated by multiplying the transmission of the single etalon transmissions
from Eq. 3.4, for 2.1-mm and for 4.1-mm (Fig. 3.9(a), dotted line). The simulation for
the amplification and for the transmission through the etalons is performed times the
number of round-trips in the regenerative amplifier. Results are shown in Fig. 3.9(a).
The red curve shows the amplified spectrum with the 4.1-mm etalon in the cavity, the
black curve represents the amplified spectrum with a 2.1-mm etalon in the cavity. The
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Figure 3.12: Spatial beam profiles of the generated second harmonic, unsaturated (a) and
saturated (b).

periodic transmission of the single etalon causes a periodic modulation in the amplified
spectrum which is equivalent to modulations in the time-domain. This can be observed
from the measurements shown in Fig. 3.9(b). The red curve is an autocorrelation of the
amplified pulse with a 4.1-mm intracavity etalon. The modulations in time are clearly
visible, as well as the pulse broadening effect. The pulse duration which would rise only
from gain narrowing is estimated to be around 20-ps. A combination of a thin and a thicker
etalon is used to suppress the spectral modulations around the main peak, caused by each
etalon separately. As can be seen from Fig. 3.9(a)-(shaded grey line), the FWHM of the
peak at 1.064-pm is set by the thicker etalon. The thinner etalon is used to suppress the
modulations around the 1.064-um line. An autocorrelation trace of the amplified pulses
for two intracavity etalons is shown in Fig. 3.9(b)-(shaded grey line). This autocorrelation
trace is the same as in 3.10(a) and is shown again for comparison.

It is important to mention, that the pump pulse duration is easily tunable by changing
the etalons thickness. The spatial beam profile of the regenerative amplifier output is shown
in Fig. 3.10(b). The pump pulses from the regenerative amplifier are then amplified up to
~1.4 J in three flashlamp-pumped Nd:YAG amplifier rods of increasing diameter at 10 Hz
repetition rate. The first amplifier is a double-pass 8x85 mm Nd:YAG amplifier which
amplifies the regenerative amplifier output to 120 mJ with a total gain of 60. After spatial
filtering and expansion, the beam is fed to a 12x85 mm single-pass Nd:YAG amplifier, which
increases the pulse energy to 535 mJ (gain ~4.5). This power amplifier rod is overfilled by
the seed beam to ensure high gain. Consequently, the amplified beam intensity distribution
exhibits diffraction rings. For this reason, the beam is send through a serrated aperture
to introduce higher frequencies in the outer part of the beam which is spatially cleaned
in the subsequent spatial filter. After filtering and expansion, the beam is fed into the
final amplifier based on a 18x85 mm single-pass Nd:YAG amplifier. The energy reached
in this power amplifier is up to 1.42 J at 10 Hz repetition rate. The final amplifier rod is
underfilled with seed, to preserve uniform intensity distribution, at the expense of lower
single pass gain of 2.65.
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The timing curve of the amplifier chain is shown in Fig. 3.11(a) (solid line). The
OPCPA requires the second harmonic of the Nd:YAG wavelength for pumping. The output
from the 18 mm amplifier is frequency-doubled in a 12-mm long Type-II D*KDP crystal
reaching a maximal conversion efficiency of 45% (Fig. 3.11(b)), with 650 mJ pulses at
532 nm (Fig. 3.11(a), dotted line). The spatial beam profile can be fitted with an 8
order supergaussian distribution and the pulses have a nearly Gaussian temporal profile.
The amplified beam profiles are shown in Fig. 3.12, for the unsaturated (a) and for the
saturated SH-generation (b). The ASE background is 5 orders of magnitude less intense
than the ps pulse at 532 nm. The energy stability is 1.5% rms.
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Pulse stretcher and compressor are one of the most crucial components in chirped pulse am-
plifiers, especially for few-cycle pulse amplifiers. The physical dimensions of the stretcher
turns out to be smaller, the larger the bandwidth. Additional higher dispersion orders has
to be compensated for compression close to the Fourier-transform-limit due to the broad
bandwidth.

The seed pulses are stretched to match the amplification window of the pump pulses. In
our case we stretch pulses from a broadband Ti:Sapphire oscillator (TL-4.5 fs, Fig. 3.14(a),
shaded grey line) to 50 ps. The effective pulse duration in front of the first OPCPA stage is
approximately 40 ps due to partial pulse compression in the Dazzler material (45 mm long
TeO,). We use a compressor based on glass blocks (160 mm of SF57 and 100 mm of fused
silica) and four bounces on positive dispersion chirped mirrors (100 fs? per bounce) for the
final compression (Fig. 3.13(a)). The choice for a down-chirping stretcher-compressor was
made to avoid losses in the compressor, which can be substantial (~50%) in a grating-
based compressor for broadband pulses [34]. The glass compressor has high transmittance
(>95%) and is additionally easy to align.

There exists several types of negative dispersion stretchers which are in principle suit-
able for dispersion compensation of a glass compressor. A combination of prisms and
separate grating compressor [146] is one possibility, but difficult for bandwidths that sup-
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Figure 3.14: (a) Grism-stretcher transmission properties; transmitted spectrum (after
stretcher, shaded grey line); transmittance of 4 x gratings (dashed line); transmittance
of 4 x gratings and 20 bounces on chirped mirrors (dotted line); yellow bar: interesting
bandwidth region for optical parametric amplification with 5-mm long BBO pumped at 532
nm. (b) Photograph of the grism stretcher; RM...returning mirror; CM... TOD-dispersion
chirped mirrors

ports few-cycle pulses. Another possibility is a 4-f based stretcher with higher order cor-
rection plates in the Fourier-plane (Fig. 3.13(b)). We used this stretcher previously, but
the stretcher is complicated in the alignment and the microfabricated correction plates
introduce spectral modulation due to the frequency-dependent mode size of the broad-
band oscillator. In this four-pass, transmission grating-based stretcher the seed beam is
dispersed by a 900 groves/mm transmission grating (Wasatch Photonics) and then colli-
mated by a parabolic lens (f = 800 mm). A microfabricated fused silica plate is placed
in Fourier plane, in front of the returning mirror . This plate is used for the higher-order
spectral phase correction (mainly for 3"%-order dispersion caused by the bulk compressor).
All optical components of the stretcher are antireflection coated. The stretcher throughput
is ~30% due to the limited acceptance bandwidth (675-1050 nm) and optical losses.

A more promising alternative is the grism-based stretcher [147] recently presented in a
higher throughput version [148]. The grism stretcher is the most promising stretcher type
to match the dispersion of glass for relatively large bandwidth as the second and third
dispersion order can be controlled by the grism parameters, but higher order dispersion
terms can be significantly tricky to compensate for bandwidths, supporting Fourier-limited
pulse durations below ten femtoseconds. The grism stretcher is easy to align, it is versatile
and compact (the separation of the grisms in our setup is 72 mm). Negligible residual
spatial chirp could be detected by measuring the spectrum at different beam positions
after the stretcher. The problem to solve was to adapt the grism stretcher for a bandwidth
ranging from 700 nm to 1050 nm and to compensate dispersion of the glass compressor
described before, plus 15 mm of BBO and the 45 mm TeO, of the acoustoptical dispersive
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Figure 3.15: (a) Spectral dependance of the residual higher order dispersion (b) and its
influence on pulse fidelity deterioration; TOD of CM...third order dispersion of the chirped
mirrors

filter (Dazzler). The dispersion orders to be compensated for are 5.47E4 fs*> GDD, 3.76E4
fs® TOD and 1.0E4 fs* FOD. Calculations show best results for low groove number gratings.
We use 300 grooves per mm gratings ruled at 7.4° (Littrow angle for 860 nm) on a gold
substrate (Richardson gratings, Spectra Physics). The SF11 prisms used in the setup have
an apex angle of 18°. Both prisms are antireflection coated for 700-1100 nm. The amount
of dispersion required to compensate over a 400 nm bandwidth do not allow to work at
Littrow angle for highest throughput. The stretcher is operated near Littrow at ~20°.
The absolute efficiency of the grism stretcher with chirped mirrors is 21% for the entire
bandwidth from 650 nm to 1050 nm. The stretcher design compensates for the largest
part of second order dispersion (residual GDD is 400 fs?). Residual fourth and fifth order
dispersion are low, well in the correction range of the Dazzler, in the spectral range between
700 nm and 1100 nm. The residual third order dispersion is still too high to be compensated
by the Dazzler only and is partially compensated by third order dispersion chirped mirrors.
This can be observed in Fig. 3.15 for the pulse group delay without compensation of the
second and third order dispersion, once with (solid green line) and without (dotted green
line) third order dispersion chirped mirrors. The black line shows compensation till the
fifth dispersion order for the entire stretcher and compressor. The residual dispersion
has to be compensated by an acousto-optical dispersive filter (Dazzler, Fastlite) [149]. The
stretching ratio is approximately four orders of magnitude high. Pulse stretching is tunable
from 5 ps to 60 ps. 5 ps is the lower limit due to geometrical limitations, 60 ps is the upper
limit due to the maximum of the residual higher orders that can be compensated by the
Dazzler.

The spectral components of the transmitted spectrum above 1 pym are missing, com-
pared to the transmitted spectrum of the old stretcher (4-f type). The losses are introduced
by the Dazzler diffraction efficiency and by the grating diffraction efficiency in this spectral
region.
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The stretcher output beam is sent into the Dazzler for fine tuning of the spectral phase, as
already mentioned before. The diffraction efficiency, with phase correction loaded, is ~10%
resulting in output pulses with 10-20 pJ energy (oscillator front-end), which depends on the
amount of dispersion to be compensated. The output of the Dazzler send to the OPCPA.
The seed pulse duration of ~40 ps is chosen such that the pump intensity variation is
negligible across the entire chirped seed pulse, which facilitates amplification of the whole
seed bandwidth. A larger ratio between durations of the pump and seed pulses can be used
to ease the synchronization. Consequently this will decrease signal amplification efficiency
and will strongly enhance amplification of parametric superfluorescence, particularly if at
least one OPCPA stage is operated close to the amplification saturation. The beam is
expanded to a FWHM diameter of ~100 mm after the amplification and is sent through
a compressor consisting of 160 mm long SF57 glass (Schott) and 100 mm long fused silica
(FS, Heraeus). The aperture of the SF57 bulks is 120x120 mm and 150x150 mm for fused
silica blocks. The optical quality of the fused silica blacks is A/10 and in average better
than A for the SF57 glass blocks. The lack in optical surface quality is inherent to SF57
due to low Mosh hardness, thus complicating the polishing process.

1.0

160 mm SF57 : 100 mm FS

B-Integral value
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Material thickness (mm)

Figure 3.16: B-integral accumulation in the compressor material, for a 100 mJ pulses and
100 mm beam diameter (solid line), for a 250 mJ (after pump upgrade) pulses and 130
mm beam diameter (dotted line).

The beam is downcollimated to ~50 mm diameter after the bulk compressor. Pulse com-
pression is finished using a set of four positive-dispersion chirped mirrors (~100 fs? /bounce).
Beam expansion and stepwise compression is used to reduce pulse self-action inside the bulk
material. The B-integral value is estimated to be below 0.65 for the fully compressed pulse
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and 100 mJ pulse energy (Fig. 3.16, solid line). The B-integral is a mathematic integral
(Eq. 3.7) to estimate the exponential growth of the least stable spatial frequency of the
laser beam. The B-integral is numerically equal to the nonlinear phase shift along the
optical axis of the laser system.

27

B= ~ nol(2)dz (3.7)

A pump upgrade is planned for amplification to 250 mJ (30 TW, 8.5-fs). The compressor
can be used with a beam diameter of 130 mm reaching a B-intergral value still below 1 (Fig.
3.16, dotted line). The spatial beam quality is important to mention at this point, because
intense spots on the spatial beam profile can experience a value of B-Integral higher than
the one given by calculations. Therefor, a homogeneous beam profile is essential. The total
throughput of the pulse compressor is close to 95% which makes the concept of downchirped
pulse amplification a promising alternative to grating-based compression (~50% efficiency
with more than 300 nm bandwidth at 850 nm center wavelength).

3.4.1 Simulation of a grism stretcher with reflection gratings

The spectral phase for a grism stretcher is derived from raytracing calculations

(W, O, av) = 2[(I5 + zG)Ci Sl I+ l5)nwc£ + R(w)]. (3.8)
0 0

The ray path length in the grism stretcher is given by the distances l; — lg, which are
calculated by raytracing. ©;, is the input incidence angle on the first prism, «,, is the
apex angle of the prism-wedge. R(w) is a correction term which takes into account the

phase-shift stemming from different phase-matching along two points on the grating surface
[150, 151]. It is given by

R() = ~2Ta(w) = ~ 2 [((la+ ) sings + Iy sin (& — )] (3.9)

d is the groove density of the grating. z(w) is the distance between the perpendicular on
the 2"? grating (drawn from the point of incidence of the beam on the first grating) and the
point of incidence of the wavelength-dependent beam on the 2"¢ grating. The dispersion
orders (GDD, TOD,...) are derived from the derivatives of the phase at the central angular
frequency wy

ai90<w7 @inu aw)

Di |w0: awz WO'

(3.10)

Estimation of the individual dispersion orders is a more convenient way to compare the
dispersion of the grism stretcher with the dispersion of the combined glass and chirped
mirror compressor.

The frequency dependent raytracing distances l;-lg and angles of incidence &-&5 are
shown in Fig. 3.17. The angles &-&5 between the light rays and the different grism
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boundaries can be calculated separately from the raytracing distances. From the rule of
Snellius follows

- L - Ltip - L -—
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®in 55 /LS
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Figure 3.17: Raytracing of the grism stretcher with distances [ and angles . «,...apex
angle of the prism (wedge); lgpism...distance between the grisms.

in ©,,

& = arcsin > (3.11)
Ty
From the relationship between the angles in a triangle we obtain
o = ay + &1 (3.12)

A simple expression for the angle &3 can be found after a short derivation. The ray-path
is depicted in Fig. 3.18.
Starting from

Ny Sin &3 = sin & (3.13)
and inserting the grating equation
nzi)\ = sina — sin 3, (3.14)
we obtain
Ny Sin €5 = —3+Sin§§ = —2+nwsin§2, (3.15)

for first order diffraction. A simple relation between input angle & and output angle &3
follows in form of

A
sin £3 = arcsin [—ﬁ + sin &]. (3.16)
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Figure 3.18: Raytracing at the boundary between prism and grating; /,,,...distance between
prism (wedge) and the grating.

Furthermore, if l,, < l;;, then [, shown in Fig. 3.18 can be assumed to be close to zero.
&4 is given by

90° =& +6+8+H90° -6 =180° = &L=L+86-4 (3.17)

and by applying Snell’s law

&5 = arcsin (n,, sin&y). (3.18)

The derivation of the optical path of the rays [1-lg, follows from simple geometrical relations.

sin o
Lh=l,—— 1
! cos (qy + &) (3:.19)
cos &
Iy =1 3.20
27 Meos &y ( )
l = lorism (3.21)
57 cosés '
lz = ltip — ll sin 51 - lg sin 54 - l3 sin 55 - lzn (322)
sin o
ly=1, - 2
: cos &3 (3:23)
cos &y
Is =1 3.24
T Meos & ( )
lout - l5 C.OS 52 (325)
SN vy,

l6 = lout sin @m (326)
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Usually the incident angle ©;, is set to zero and the derived expressions are substantially
simpler. As should be pointed out, the most important degrees of freedom for the dispersion
modelling are the wedge angle «,,, the material of the wedge, the distance between the
grisms lgpism, the tip-to-tip distance between the grisms l;;;, and the groove number of the
gratings. Clearly, the number of possible combinations is enormous and this is the main
challenge calculating this type of stretcher.
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3.5 OPCPA with Ti:Sapphire oscillator front-end
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Figure 3.19: Layout of the three stage optical parametric chirped pulse amplifier;
AODF...acousto-optical dispersive filter.

The optical scheme for the amplifier is shown in Fig. 3.19. The pump, the second harmonic
of a Nd:YAG amplifier (Sect. 3.3), is split into three beams, one for each OPCPA stage. The
beam is relay-imaged from the SHG-crystal onto each BBO-crystal, in order the preserve
a uniform beam profile, which is essential for parametric amplification. The beam size is
adapted to reach the intensity required for the parametric amplification in steps, at the
same time avoiding damage to optical coatings and materials. The beam profile outside the
relay-image plane has hot-spots with higher intensity than the average beam intensity. This
is an intrinsic feature of multi-mode pump beam propagation. This is the most frequent
reason for optical damage to occur, in the present setup.
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Figure 3.20: Comparison of the spectral ranges of signal and idler waves produced in the
present OPCPA stage (shaded grey area) and transparency range of 5-BBO (black line).

The pump energy for each OPCPA stage can be controlled independently using a A/2
waveplate and a polarization-analyzer. The maximum available pump energy is 20 mJ in
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the first stage, 60 mJ in the second stage and 350 mJ in the third stage. The amplification
in the OPCPA-chain begins with a 20 pJ seed pulse with 40 ps pulse duration.

Amplification takes place in three OPCPA stages with 5-mm-thick antireflection-coated
BBO-crystals (0 = 24°, ¢ = 90°, type I phase matching) with a noncollinear angle of 2.3°
in single-pass geometry. The gain bandwidth for the signal in a 5 mm BBO stage exceeds
300 nm bandwidth from 720 nm to 1.03 gum (Fig. 2.3). The corresponding amplified idler
spectrum starts above degeneracy point from 1.1 ym and expands till 2.04 pm. The spectral
region of signal and idler is shown in Fig. 3.20, together with the transmission curve of
BBO.

The amplification efficiency of spectral components in the OPA-process is limited not
only by phase matching for given crystal thickness and angular interaction geometry. The
transmission of spectral components above 2 um wavelength starts to degrade in BBO-
crystal. The spectral band of the idler ends, were severe absorption range starts (3.20) and
thus not used in this OPA scheme.

3.5.1 Energetics
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Figure 3.21: Dependencies of the amplified signal energy on the pump pulse energy in (a)
the first; (b) second; (c) third stages. Measurement results are presented as black points
with error bars and fitted curves as an eye guide (red dotted line).

The signal pulses are typically amplified to an energy level of ~100 ©J in the first stage
(18.4 GW/cm? pump intensity), where an amplification efficiency of 0.6% relative to the
pump energy is reached. The amplification efficiency in second stage is 6.4%. The signal
pulses are amplified to ~2 mJ (7.4 GW/cm? pump intensity). The signal is further am-
plified to ~110 mJ in the third stage at 4.5 GW /cm? pump intensity and an amplification
efficiency of 24% is reached. It has to be mentioned that 30 mJ of the 110 mJ signal is
amplified optical parametric fluorescence which rises from the low seed energy and from
the high pump intensities used in the first stage to achieve highest possible gain. Addi-
tional energy is transferred to the doubly internally reflected pulse which is also amplified
in the last OPCPA stage. This lowers the pump-to-signal conversion efficiency to ~20%.
A detailed theoretical investigation on this phenomenological amplification process is given



62 3. The amplifier system

in Sect. 2.4.2. The energetics of all three OPCPA stages are presented in Fig. 3.21. The
first and second stage are operated in the linear amplification regime. The third stage
starts to saturate at pump energy levels larger than 150 mJ. The point of signal back-
conversion to the pump is still not reached at 300 mJ pump energy (Fig. 3.21(c)) but the
saturation effect is clearly more pronounced. The energy of the amplified signal without
detectable AOPF is 10 mJ. Total gain exceeding 10 orders of magnitude is obtained from
three OPCPA stages.

3.5.2 Amplified signal spatial beam profile

1 mm 2.5 mm

- —

Figure 3.22: Spatial beam profiles of the seed beam in front of stage 2 (a) and amplified
signal after third stage (with saturation, ~100 mJ)(b).

The spatial beam profile of the signal strongly depends on the intensity distribution of the
pump amplifier. A typical intensity distribution of the pump beam is shown in Fig. 3.12.
The seed beam has a smooth gaussian spatial profile with a wavelength dependent beam
diameter (Fig. 3.22(a)). The spatial profile of the amplified signal after the first amplifier
stage is still gaussian. This changes drastically after more than ten orders of magnitude
gain in three OPCPA stages with the last stage in saturation (Fig. 3.22(b)). The spatial in-
tensity distribution of the pump beam is then transferred to the amplified signal. Thermal-
birefringence-induced depolarization in the amplifier chain [152-154] causes a nonuniform
intensity distribution, which is minimized in the present setup. A slight different thermal
lens in ordinary and extraordinary propagation direction combined with a polarizer in the
beam-path causes typical conoscopic interference patterns in highly pumped laser ampli-
fiers [155, 156]. Another effect which is more pronounced is onset of self-focusing in the
regenerative amplifier, which can be identified in the center part of the amplified signal
beam profile as an accumulation of more intense spots. A good spatial beam profile of the
amplified signal can still be obtained, despite the sensitivity to pump beam imperfections
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Figure 3.23: (a) Spectrum after the grism-stretcher (solid line), oscillator spectrum (shaded
grey contour); (b) amplified spectrum of the grism stretched pulses (solid line, transform-
limit 8 fs at FWHM), amplified spectrum of the stretched pulses from the 4-f based stretcher
with correction lens (shaded grey contour, transform-limit 7.6 fs at FWHM).

which are small but present in our pump amplifier. The peak to average signal modulation
which is obtained from the line-outs in Fig. 3.22(b) does not exceed 20%. Furthermore,
negligible spatial chirp can be detected on the amplified signal beam only after the first
stage of amplification which could eventually arise from the geometry of amplification. No
spatial chirp is present on the saturated amplified beam after third stage.

3.5.3 Pulse compression

The pulse compression turned out to be difficult for several reasons. We could reach
only partial compression with the previously used negative dispersion stretcher, due to
the modulated spectrum (Fig. 3.23(b) shaded grey line) which made pulse measurements
with SPIDER (spectral interferometer for direct electric field reconstruction) extremely
difficult [157]. The fringes in the SPIDER trace on modulated parts of the spectrum are
difficult to resolve. This causes often errors, for example spectral phase jumps, during the
spectral phase retrieval. The SPIDER was constructed carefully to support the whole band-
width of the OPCPA-system and was cross-checked with other temporal characterization
devices. The cross-check was performed with autocorrelation and FROG measurements.
At a later date, also with a single-shot GRENOUILLE.

Single shot SPIDER [161, 162] still remains the main diagnostic tool for the pulse
duration measurement of the amplified signal (Fig. 3.24). A SPIDER offers the advantage
to be rather insensitive to the spatial mode profile of the amplified signal compared to a
FROG or a single shot GRENOUILLE device.

The optical pulse to be measured is first split into two parts (Fig. 3.24, BS1). One
beam is send in a 10-cm long SF'15 slab for frequency chirping, the other part is send
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Figure 3.24: Optical layout of the SPIDER apparatus (courtesy of Y. Nomura).
BS1...beamsplitter 50:50; BS2,BS3...thin beamsplitter for the Michelson-interferometer
arm (d = 500 pm); P...polarizer (set at 120°); 2xSF15...2x50 mm of SF15 glass; TS1-
TS3...translation stages; BBO...30 um thick BBO crystal (orientation: SPIDER signal -
30°, SHG signal - 345°); F...Bandpass-filter for the SPIDER and SHG signal (~350-500
nm).

into a Michelson interferometer. The Michelson interferometer is used to generate two
pulse replicas, which are time delayed in respect to each other. The time separation
between the replica-pulses can be changed by tuning one interferometer arm. The two
replicas from the interferometer are set to interfere in a spectrometer. The chirped pulse
interacts with the replica-pulses in a nonlinear medium (Type-II BBO-crystal). Those
replica-pulses are sheared by a monochromatic frequency of the chirped pulse during the
nonlinear interaction, depending on the delay between the short pulses and the chirped
pulse. The frequency shifted (2) fields will have a spectral shear between them. The
electric fields of the temporally (with a delay 7) shifted replicas are E;(w) and Eo(w)e™ ™7
with Ey(w) = Ej(w + ). The spectrum obtained from the nonlinear interaction with the
chirped pulse is given by S(w) = |E}(w) + Ey(w)e™™7|2. This term can be evaluated as

S(w) = By () 4] Bo(w) P+ Br (w)]| By(w) |01 2T By (w) | By (w) e Tor (o2l

(3.27)
with 7 as the average period of modulation in the interferogram. The inverse Fourier-
transform of the interferogram has components at —7, 0 and +7. Filtering of the compo-
nents at +7, shifting to 0 and Fourier-transformation yields a signal

By ()| By (w) e 1) -pateer], (3.28)

The spectral phase difference ¢(w) = ¢1(w) — wo(w) between the two interfering replica-
pulses can be retrieved from this expression using reconstruction by integration or concate-
nation techniques [158-160)].



3.5 OPCPA with Ti:Sapphire oscillator front-end 65

The SPIDER apparatus was upgraded to single-shot mode [161, 162]. The single-shot
option is introduced to facilitate the compression since the OPCPA operates at 10 Hz
repetition rate [163-165]. The dispersion for the signal pulse can be changed online with
the Dazzler making the pulse compression fast and reliable.

A grism-type-stretcher was developed at the same time to avoid spectral modulation
and thus facilitate the SPIDER measurement. The grism-stretcher now in use does not
introduce spectral modulations. This makes pulse duration measurements and thus com-
pression easier and more reliable. The spectrum transmitted by the grism-stretcher is
shown in Fig. 3.23(a, solid line). The pulse spectrum in front of the stretcher is shown as
a shaded grey contour. It is evident that the grism stretcher cuts out the spectral compo-
nents longer than 1 um, mainly due to the much lower diffraction efficiency of the gratings
in this spectral region. Therefor, these components are missing in the amplified spectrum
(Fig. 3.23(b) solid line). The Fourier-transform-limited pulse duration of this spectrum is
8 fs. The fine structure of the spectrum is attributed to the high level of superfluorescence
(approximately 30 mJ out of the amplified 110 mJ).
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Figure 3.25: Compressed amplified signal pulse: (a) recompressed 80 mJ pulse. The
dotted curve corresponds to the intensity profile of the transform-limited pulse (FWHM=
8 fs) calculated from the amplified spectrum. Retrieved amplified pulse spectrum (shaded
contour) and group delay (solid line, b).

Figure 3.25(b) shows the retrieved spectrum and spectral phase, Fig. 3.25(a) shows the
reconstructed intensity envelope in time. The compressed pulse has a flat phase over the
entire amplified bandwidth, resulting in a pulse duration of 8.5 fs which is within 6% of
the Fourier-limit. The maximum measured deviation from the shortest pulse duration is
0.6-fs. This can mainly be attributed to the amplified signal energy stability (4.5%) and
to the measurement error caused by the pointing instability of the system. The amplified
pulse compression was reproducible and the shot-to-shot pulse duration fluctuation was
measured for the first time for OPCPA with a single-shot SPIDER apparatus [163] (stan-
dard deviation ~0.3-fs). The single-shot SPIDER remains a key component for fast and
reliable compression due to the low-repetition-rate (10 Hz) of the OPCPA amplifier.
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3.5.4 Temporal pulse contrast

A good temporal pulse contrast in OPCPA is necessary but difficult to obtain. We have
investigated the contrast implication in OPCPA [98] and performed optimization measure-
ments with a specially developed, long scanning range, high-dynamic-range third-order
autocorrelator.

Y
signal
input

v
D

Figure 3.26: Optical layout of the third-order correlator (courtesy of K. Schmid).
TS1...translation stage; M1, M2...Mirrors which are only partially coated (to avoid satu-
ration); BS...pellicle beam splitter; C1...SHG crystal BBO-100 pum; M-Ag...Ag-broadband
mirrors; P1...Periscope; P2... height-change. P1 and P2 equipped with dichroic mirrors for
SH; FM...focussing mirror, f = 100 mm; C2...THG crystal BBO-100 pm; SL...slit; L1...1lens,
f =100 mm; TS2...translation stage for time delay; PMT...solar-blind photomultiplier tube
Hamamatsu R2078-2.

In a third-order correlation, every pre-pulse or post-pulse will generate a peak at positive
(after the main pulse) or negative (before the main pulse) delays as well, but this artifact
will be of smaller amplitude than the peak at the real position of the pulse satellite. In a
correlation-trace, which is normalized to one, the contrast ratio between the main pulse and
the ghost pulse is given approximately by the square of the true contrast of the satellite.
A third-order correlator was developed for pulse contrast measurements with a scanning
range of more than 600 ps and a dynamic range larger than 9 orders of magnitude. The
optical layout of the third-order correlator is sketched in Fig. 3.26. The correlator is based
on type-I phase-matched second harmonic generation, followed by type-II third harmonic
generation (SHG and THG, respectively) in BBO crystals. Careful suppression of the
background allows to reach a dynamic range exceeding 9 orders of magnitude. A detailed
description of the correlator is given in [98].
One of the main conclusions from our measurements has been, that the delay between
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Figure 3.27: Double internally reflected pulse amplification process in an OPCPA.

the seed- and the pump-pulse strongly influences the compressed pulse contrast-ratio. To
investigate the contrast near the main pulse in more detail, we limited the scanning range
of the correlator to £55 ps. For this measurement only two OPCPA stages has been used,
yielding an amplified pulse energy of 1.5mJ, less than one tenth (130 uJ) of which was
used for the correlation measurements. The results are summarized in Fig. 3.28(a), which
depicts four autocorrelation traces recorded at different delays between seed and pump
pulse. The zero delay between the pump and the seed pulse corresponds to a delay setting
where the contrast between the main pulse and superfluorescence background was highest.
For this delay on the leading edge of the pulse, contrast is equal to ~ 1072,

We attribute the post-pulse appearing at +48.5 ps to the DIR (doubly internally re-
flected, see Fig. 3.27) pulse in the 4.4 mm BBO-crystal of the first stage which was further
amplified as well in the second stage. The post-pulse appearing at +15.3 ps was identified
as resulting from parasitic reflection inside the pulse stretcher. This measurement allows us
to conclude that delaying of the seed pulse with respect to the pump pulse facilitates more
efficient amplification of optical parametric fluorescence in the pulse front and causing de-
terioration of the main pulse contrast (Fig. 3.28(a)). Furthermore, with the increasing seed
delay the pedestal energy redistribution from the trailing-edge to the leading-edge of the
pulse is clearly evident. Together with the correlation measurements we measured ampli-
fied pulse spectra for different seed delays. The spectrum of the amplified pulses becomes
narrower for the seed delayed in respect to the pump. The spectrum is shifted towards
shorter wavelengths, whereas for the opposite direction we observed stronger amplification
in the near-infrared. This indicates that the amplified pulse spectrum is also sensitive to
the pump-seed temporal overlap, particularly for the long seed delays, and that the sharp
edge near 700 nm or spectral components appearing around 1 um in the amplified spec-
trum indicates presence of the stronger superfluorescence background. However, due to
the high sensitivity of the amplified spectrum on the system alignment it is impossible to
assess the amplified pulse contrast-ratio from the spectral measurements.

We have also performed measurements over an increased scanning range by using the
maximum output of the system from two OPCPA stages. These measurements, reveal a
second post-pulse at +61.5 ps, which stems from the 5.5 mm BBO crystal in the second
stage (Fig. 3.28(b)). The same post-pulses cause another series of two DIR pulses in the
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Figure 3.28: (a) Autocorrelations recorded using only approximately 130 pJ pulse energy
with different delays between seed and pump. Beginning at an optimal setting (zero delay),
autocorrelations have been recorded for the seed being delayed 7, 20 and 34 ps, respectively.
The signal energy during the measurements was ~ 1.5 mJ; (b) Autocorrelations recorded
using approximately 700 pJ pulse energy out of 3 mJ using 2 OPCPA stages. Grey line: not
optimized pulse contrast, black line: pump-seed delay in first and second stage optimized
for maximum contrast.

second stage which appears in the correlation trace at 110 ps and 123 ps. The broad
pedestal from -55 ps to +55 ps in the third order correlations depicted in Figs. 3.28(a) and
3.28(b) originates from parametric fluorescence generated and amplified in the OPCPA
stages. The background between 65 ps and 150 ps with approximately 10~¢ pulse contrast
is attributed to the double reflection in the second BBO crystal of the pedestal produced in
the first stage. The measurement was performed with 700 pJ of the 3 mJ pulses coupled into
the correlator. At this energy, the dynamic range of the correlator is 9 orders of magnitude,
allowing the conclusion that OPCPA contrast at large delays is equal to or better than
that. It can also be seen that the best pulse-contrast obtained in these measurements is
larger than four orders of magnitude at £25 ps. By integrating the respective parts of the
correlations, it is possible to estimate the energy content of the pedestal and of the main
pulse. The energy content of the main pulse for the 0 ps pump-seed delay in Fig. 3.28(a) is
> 75%, with the leading part of the pedestal from -100 ps to -0.1 ps carrying less than 1.4%.
In the non-optimized case, 5% of the energy is in the leading part of the pedestal and the
main pulse contains 93%. At this delay between seed and pump pulses the amplification of
the DIR pulses is thus much less pronounced. So at least in our current OPCPA system,
there seems to exist a trade off between the energy in the main pulse and the contrast
between main pulse and pedestal, because for high contrast it is necessary to shift the seed
more to the leading part of the pump pulse, which will result then in stronger post-pulses.
One possibility to suppress amplification of the DIR pulses is development of the lower
reflectivity broadband antireflection coatings for the BBO crystals.

Contrast measurements are performed with three OPCPA stages. The measurements
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Figure 3.29: Third order autocorrelation trace third stage near saturation with an output
energy of ~40 mJ; DL...detection limit.

shown in Fig. 3.29 are taken with OPCPA stage near saturation. The amplified signal
energy is ~40 mJ and as is shown in this figure, the pedestal starts from 7 and ends up
with 4 orders of magnitude less intensity compared to the main pulse in the ps-region
from -50 ps to zero delay. The post- and prepulse in Fig. 3.29 stems from intrinsic multi-
pulse operation in a broadband oscillator near zero net-internal dispersion (see oscillator
section). In the case of saturated amplifier the superfluorescence pedestal rise to between 3
and 4 orders of magnitude pedestal. This contrast ratio is unsuitable for most experiments
which involve plasma formation already at low intensities. Simulation has been performed
to estimate the exact amount of superfluorescence in case of saturated last amplifier stage,
since a precise and direct measurement of superfluorescence in a saturated parametric
amplifier is impossible due to quencing effects of the signal. The results are shown in the
previous simulation chapter.

3.5.5 Wavefront and focus measurements

Another important characteristic parameter for an amplifier used in high-field experiments
is the wavefront of the amplified and compressed signal. The wavefront determines the
quality of the focus that can be achieved using a short focal distance parabolic mirror to
obtain highest intensities in the smallest possible focal spot.

The wavefront in the present setup shows wavefront distortions caused mainly by the SF57
compressor glass blocks. The two glass blocks introduce a peak to valley distortion of
0.7 pm and 1 pm respectively. Additional beam astigmatism is introduced by the com-
pressor telescopes. This astigmatism can be compensated by the alignment of the parabolic
mirror. The wavefront of the signal after the compressor is shown in Fig. 3.30(a), the fo-
cus that can be obtained is calculated by means of the point spread function Fig. 3.30(b)
and a measured focus using a f = 150 mm (f#3) gold coated Janos parabola is shown in
Fig. 3.30(c). The measured focus has a FWHM waist of >3 pm. For a gaussian beam,
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Figure 3.30: Shack-Hartman wavefront interferogram (a); (b) calculated focus from the
wavefront measurement; (c) focal intensity distribution obtained with a short focal distance
parabola (f = 150mm) for 80 mJ amplified signal energy.

wo 7:\@ with © = arctan ff (3.29)
wp is the waist radius, © is the divergence angle in rad, D is the beam aperture on the
parabolic mirror, f is the focal distance of the parabolic mirror and A is the central wave-
length of 850 nm. The value for wy is given at 1/e?. The minimum beam diameter at
FWHM for a gaussian beam can be evaluated as dpw gy = wov2In2 ~2pum. The am-
plified spatial beam profile from the OPCPA has a multimode spatial distribution. The
pulse quality is described by the pulse propagation factor M2. The M? for a gaussian pulse
distribution is 1. The pulse quality loss will increase (M? >1), for a pulse shape different
than Gaussian. The focal spot size w,,o obtainable for a multimode beam differs from the
gaussian by w,o=woM?. The quality factor M? for a supergaussian beam is defined as

oo 2nT(2—=1/2n)(1 4 3/2n)
M) = —TTarme (3.30)

['(x) is the Gamma function and n is the order of the gaussian mode. M? is 1.39 for a 4%
order gaussian beam and the smallest focal spot at FWHM is d gy gar=2.78 um.

The wavefront distortions could slightly be further reduced by exchange and by 90°
rotation of the SF57 glass blocks in order to eliminate higher order wavefront distortions.
Using this simple trick, the wavefront of the combined SF57 glass blocks could be reduced
to an average of 0.35 um peak to valley distortion. Nevertheless a newly acquired adaptive
optics system with a DM30 deformable mirror from Imagine Optics and Cilas is used to
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Figure 3.31: (a) Optical scheme of the Shack-Hartmann wavefront sensor.
FM...beamsplitting mirror with 10=% transmission; L1, L2...telescope to image the wave-
front onto the lenslet array; LA...lenslet array; CCD...charged coupled device; (b) typical
focus obtained with adaptive optics.

correct for wavefront distortions more easily on daily basis. The wavefront of the amplified
signal is measured by Shack-Hartmann technique [166, 167]. The beam is imaged onto
a lenslet array which focuses portions of the beam on a CCD as shown in Fig. 3.31(a).
The position of the foci is given by a deviation from the optical axis of the single lenslet
which is proportional to the local gradient of the wavefront. The entire beam wavefront
can be reconstructed from the information of all foci. The wavefront aberrations are
represented by a linear combination of Zernike-polynomials, which are used to describe
classical aberrations like astigmatism, coma, spherical abberations, etc. The wavefront
information gained from the Shack-Hartmann measurement is used to steer the deformable
mirror in a closed loop configuration, in order to correct for wavefront aberrations. A
typical focus obtained during experiment using a f=150mm silver coated Sorl parabola
(f#3) is shown in Fig. 3.31(b). The FWHM diameter for a gaussian beam at the focus
is 3.7 pm. The RMS value for the wavefront distortion measured by the Shack-Hartmann
sensor is below A/10.
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3.6 OPCPA with Ti:Sapphire amplifier front-end

3.6.1 Amplified signal energy and spectrum
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Figure 3.32: (a) Spectrum of the seed (shaded grey line) and spectrum of the amplified
pulses (black line) for usual hollow-core fiber operation at 1.6 bar; (b) Spectrum of the seed
(shaded grey line) and spectrum of the amplified pulses (black line) for unstable hollow-core
fiber operation at 2.5 bar.

The OPCPA with Ti:sapphire amplifier front-end differs marginally from the scheme with
Ti:sapphire oscillator seed. The amplifier layout is shown in Fig. 3.4(c). Two OPCPA
stages are used for amplification, as the seed pulse energy is already in the pJ-level, which
was previously reached only after the first OPCPA. A seed with several hundreds pJ energy
(spectrum shown in Fig. 3.32(a) and (b), shaded grey line), is amplified in the first OPCPA
stage (I,=8 GW/cm?) to 2 mJ energy and in the second stage (I,=4.5 GW /cm?) to 90 mJ.
This is the highest amplified energy ever reached for few-cycle sub-10-fs pulses. Previously,
the highest energy with saturation in the last OPCPA stage was 80 mJ, by seeding with
a Ti:sapphire oscillator, and 30 mJ energy was amplified OPF. The amplified spectra are
shown in Fig. 3.32(a and b, solid line). The difference between the spectra in Fig. 3.32(a
and b) are different modes of operation of the hollow-core fiber broadening process. The
spectrum broadened in the hollow-core fiber shown in Fig. 3.32(b) is broader compared to
the spectrum in Fig. 3.32(a) but the operation is less stable in terms of energy stability
(>1.5% RMS). Therefor, the operation with the spectrum from Fig. 3.32(a) is usually
used to assure sufficient amplified pulse energy stability (<1% RMS). The measurements
of the amplified pulse spectrum for hollow-core fiber operation under less stable conditions
(spectrum, Fig. 3.32(b)) shows the possibility to gain the infrared wing which is otherwise
lost.
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3.6.2 Pulse compression
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Figure 3.33: Compressed amplified signal pulse: (a) recompressed 90 mJ pulse (8.6 fs at
FWHM). The dotted curve corresponds to the intensity profile of the transform-limited
pulse (FWHM= 8.1 fs) calculated from the amplified spectrum; (b) retrieved amplified
pulse spectrum (shaded contour) and group delay (solid curve); (c¢) recompressed 40 mJ
pulse (7.9 fs at FWHM). The dotted curve corresponds to the intensity profile of the
transform-limited pulse (FWHM= 7.6 fs) calculated from the amplified spectrum; (d)
retrieved amplified pulse spectrum (shaded contour) and group delay (solid curve).

Compression of 90 mJ pulse energy is achieved to a pulse duration of 8.6 fs at FWHM
(Fig. 3.33(a)). The Fourier-limited pulse duration of the pulse spectrum (Fig. 3.33(b))
is 8.1 fs. The retrieved group delay curve from the SPIDER measurement is shown in
Fig. 3.33(b) also. The average deviation of consecutive shots is <3%, compared to the best
compressed pulse duration obtained.

Another pulse duration measurement was performed after amplification of a broader
spectrum by large angular detuning of both OPCPA stages, obtaining additional spectral
components at both edges of the amplified pulse spectrum (Fig. 3.33(d)). The Fourier-
transform-limited pulse duration of this spectrum is 7.6 fs at FWHM. The best SPIDER
phase-retrieval shows a compressed pulse duration of 7.9 fs at FWHM (Fig. 3.33(c)). This
is to our knowledge, among the shortest pulse duration obtained for a multi-mJ OPCPA
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system. Unfortunately, the amplified pulse energy is only about 40 mJ due to the angular
detuning.

Most of the output beam parameters as energy stability or spatial beam profile are same
as already described in previous sections and are not further mentioned here. However, a
very important parameter which is expected to change is the temporal contrast.

3.6.3 Temporal pulse contrast
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Figure 3.34: (a) Temporal pulse contrast measurement after the first OPCPA stage (black
line); (b) temporal pulse contrast measurement of the amplified signal pulses for saturated
second OPCPA stage (black line). For (a) and (b), temporal contrast measurement of the
Ti:sapphire front-end pulses for comparison (gray line).

Previously demonstrated OPCPA system suffered from poor pulse contrast due to the
low seed energy available at the first stage of amplification. For the stronger seed source
seeding, the temporal contrast is characterized for first and second OPCPA stage separately.
During the third order autocorrelation measurement in the first stage, the OPCPA stage
output is tuned from 2 mJ to 5 mJ to increase the dynamic range of the autocorrelator
for contrast characterization. The measurement is shown in Fig. 3.34(a, black line). The
temporal contrast of the seed is shown in the same figure (grey curve) for comparison.
The contrast after the first stage is improved in the pulse front (<-50 ps) by minimum
one order of magnitude. Additionally, in order to obtain a more realistic estimate of the
contrast in the pulse-front, the ghost of the DIRP in the correlation trace is removed
from the autocorrelation trace (DIRP-ghost is depicted as dotted grey line in Fig. 3.34(a))
and replaced by a corresponding trace frame from the contrast measurement of previous
amplification stage.

The second stage is measured with full saturation and with 1.3 mJ from the first stage.
The pulse contrast, far from 0-ps delay, is better than 9 orders of magnitude in the pulse
front (Fig. 3.34(b)), which is the detection limit of the third order correlator. Between -50
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Figure 3.35: Temporal pulse contrast measurement of the amplified signal pulses for sat-
urated second OPCPA stage with DIR-pulse suppression (black line); temporal contrast
measurement of the Ti:sapphire front-end pulses for comparison (gray line).

ps and the main pulse a noise pedestal is amplified in the gain region of the pump to 8
orders of magnitude contrast. This is to our knowledge the highest contrast ever measured
for few cycle pulse OPCPA with energy levels towards 100 mJ. An undesired feature present
in all contrast measurements is the double internally reflected pulse (DIR-pulse), which is
amplified along with the main pulse. The gain window of the pump pulses is larger than
the propagation time of the DIR-pulse in the crystal and thus, it can still reach remarkable
energy levels. The reflection of the DIR-pulse in the second stage without amplification
in stage 2 is estimated to be less than 1072 by contrast measurement with inactive stage
2. The DIR-pulses are further amplified and are able to reach energy levels of even 10%
of the main pulse energy as is shown from the measurement in Fig. 3.34(b). It is possible
to suppress DIR-pulse amplification by extreme careful handling of the pump-to-signal
overlap, as shown in Fig. 3.35. The price is a reduced amplification of spectral components
in the infrared spectral wing and is not considered as a final solution.

A possible solution to eliminate the DIR-pulses is the implementation of wedged crys-
tals. This measure should permit the retro-reflected pulse from an OPCPA stage not to
reach the next stage of amplification. The wedge-angle should be kept small to avoid
non-uniform amplification of the beam along the wedged axis (axis of the principal plane,
normal to the pump beam propagation in BBO). Another possibility is to use thicker
crystals, thus having a larger separation between the main pulse and the DIR-pulses.

3.6.4 Summary of results

The previous OPCPA setup with Ti:sapphire oscillator front-end was able to deliver 110 mJ
of energy. 80 mJ out of this energy content was amplified signal energy (30 mJ AOPF),
allowing the temporal contrast to be only around 3 to 4 orders of magnitude from the main
pulse to the onset of AOPF-pedestal in the pulse front with pulses compressed to 8.5 fs.
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The pulse duration is within 6% of their Fourier-transform-limited pulse duration which is
8 fs. A peak power of 9.5 TW is reached with this pulse parameters. The signal beam can
be focused to a spot size of 3 ym in the FWHM diameter. The energy content for the focus
is estimated to be 80% in 1/e%. This results in a focal intensity exceeding 1-10'*W /cm?.

It is important to mention that many high-field experiments require a contrast, more
than 7 orders of magnitude. In this low seed energy version of the amplifier, the maximum
reachable contrast was low for saturation in the last OPCPA stage. Therefor, a new
Ti:sapphire front-end is used for seeding the OPCPA. This allows to reduce the number of
OPCPA amplifier stages in our setup by one.

Few-cycle pulses with durations of 8.6 fs can be amplified to 90 mJ with highest contrast
reaching peak powers exceeding 10 TW. The amplified pulses could be compressed even
to shorter pulse duration, 7.9 fs, for amplified pulse spectra with broader bandwidth,
obtained by angular detuning of both OPCPA stages, but unfortunately on the expense
of the amplified output energy (40 mJ). The temporal contrast is minimum 9 orders of
magnitude in the pulse front on the ps-scale. The amplifier is furthermore scalable to
higher amplification levels. The only limitation in the present setup are self-action effects
in the compressor glass blocks limiting the achievable peak power to approximately 30 TW.
The pump amplifier has upgrade potential and is not a limitation.



Chapter 4

Test-ground for experiments in
high-field physics

The content of this chapter is dedicated to first experiment performed with the few-cycle
pulse amplifier system, which is subject of this thesis.

4.1 Electron acceleration in the ”Bubble” regime

Laser-driven electron acceleration in plasmas has been subject of interest for the past
decades. Huge static electric fields can be attained in laser plasmas, compared to elec-
tric fields in conventional RF-accelerators (Epasma ~ 10% — 104ERF). Moreover, shortest
electron bunches with durations well below the laser pulse duration can be obtained, thus
reaching highest electron densities with peak currents in the kA range.

An intense electromagnetic wavepacket drives a plasma wake through the action of
the nonlinear ponderomotive force. The condition for laser-light propagation in plasma

is satisfied in an underdense plasma, where the plasma frequency w, = (;‘))—:;)% is smaller
than the frequency of light. Electrons, trapped in the wake, can be accelerated to highest
temperatures. This was shown first, in 1979, by Tajima and Dawson through theory and
simulation [168].

The phenomenon of laser-driven electron acceleration has been extensively studied dur-
ing the last years and two main mechanism of electron acceleration has been discovered.
The process of direct laser acceleration (DLA) was subject of intense investigations, be-
cause it was accessible with long-pulse lasers, not necessarily based on Ti:Sapphire gain
medium [169]. The dominant process in DLA is the acceleration of electrons by the trans-
verse electric field E, of the laser light. The driving process in laser-wakefield acceleration
(LWFA) is a plasma wave, driven by the ponderomotive force induced by the electric field
of the laser light E; and magnetic field in the plasma [170, 171]. The long laser pulse
gets self-modulated with the plasma period, and only then, effective wakefield excitation is
obtained if the modulation and the plasma period are in resonance. Electron spectra from
these two acceleration mechanisms have Maxwellian spectral distributions. An excellent
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overview of research on this type of acceleration is given in Ref. [172].

A new mechanism of electron acceleration is expected in the strongly nonlinear LWFA
regime, for the envelope of the driving laser pulse enclosing only few cycles of electric
field oscillations and the pulse duration shorter than the plasma period (~ w%) The
regime of acceleration is reached directly, in laser wakefields driven above the wavebreaking
threshold. The acceleration takes place in the first wave-packet at relativistic intensities
(10" Wem™2), reached with a few-cycle laser-pulse, where a solitary plasma cavity is
formed, which continuously traps and accelerates electrons [51, 173]. The plasma wave

trails the laser pulse with a phase velocity set by the group velocity of the laser pulse

2

w
v;"h“ke = v, = co(1 — —g)% (4.1)

wo
with wy = 21\% the center frequency of the laser pulse. The phase velocity is determined

by the electron density in the plasma, which is usually set in a range between 0.1% and
10% of the critical density [51]

, 2
Rerit _ 20 _ 100, (4.2)
No wp

This special case of electron acceleration is referred to as ”"bubble” electron acceleration.
This is the only known mechanism for acceleration of quasi-monoenergetic electrons. The
laser pulse can exert a more efficient excitation when the laser pulse is shorter than w, and
fits in the first half of the exited plasmon.

Nonetheless, the "bubble”-electron acceleration regime can also be reached using longer

driver-pulses (Ti:sapphire, 35-50 fs in duration). An intense laser pulse drives a wake, forms
a relativistic channel and gets self-modulated with the plasma period. Instabilities grow
during the electron acceleration process due to this mechanisms. Only the leading part
of the pulse contributes to the "bubble” formation, this leads in this case to less efficient
energy transfer between light wave and electrons. Acceleration of ”quasi-monoenergetic”
electrons has been reported for the first time by three different research groups, fulfilling
successfully theoretical predictions [48-50]. These groups reached independently accelera-
tion of quasi-monoenergetic electron peaks to highly relativistic energies.
The growing interest for this hot topic in the scientific community, incited many research
groups to repeat and optimize the experiment [174-176]. Electron energies on the order of
100-300 MeV and even beyond, up to the GeV-level, could be reached during experiments
using a gas-filled capillary discharge waveguide to prolong the plasma channel over several
centimeter in length [52], at the expense of electron bunch charge. Unfortunately, one of
the most important parameter, the shot-to-shot energy stability remains to be improved. A
strong effort to reach a stable operation regime has been endeavored. The result is still not
satisfying, more complicated setups are the result and laser pulse-parameter discrimination
is used as last resort [177, 178]. The reproducibility of electron bunch parameters still suffer
from lack on reproducibility.
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Figure 4.1: Electron acceleration. 3D-PIC simulation of plasma ”bubble” formation with
an intense few-cycle pulse (courtesy of M. Geissler).

3D-PIC simulation showed that there is a good chance to obtain reproducible bunch
parameters while keeping the experimental setup simple by reaching the ”bubble” regime
directly using a few-cycle laser pulses from an amplifier capable to deliver relativistic
intensities in the focal region. Using sub-10-fs laser pulses to drive the plasma bubble
should overcome the lack of reproducibility by direct access to the "bubble” acceleration
regime. A consequence are strongly reduced parametric instabilities in the plasma [51]. The
current OPCPA amplifier we use for electron acceleration fulfills the necessary requirements
so far.

The short pulses from the OPCPA used in the experiment, reach a pulse peak power of
Puser=10 TW, with a pulse duration of 7,=8.5 fs (center wavelength A\g=850 nm). A first
approximation of electron energy and charge yield in the electron bunch can be estimated
by the scaling laws of A. Pukhov et al. [179], which are valid for ay > 1. The electron
energy of the quasi-monoenergetic peak estimated with the scaling law is

Paser
Ennono = 0.65m..c}y |- C;i ~ 40MeV (4.3)
rel 0

and the electron-bunch charge
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18/\0 Plaser

N. =
mono o, P

~ 300pC. (4.4)

P. = mfgcg ~ 8.5 GW is the natural relativistic power unit and r, = meig is the clas-
sical electron radius. This scaling law is a rough guide and seem to give a quantitative
good result, which coincides also with the estimation obtained by 3D-PIC calculation of
M. Geissler [51] in terms of electron energy, but differ in effective bunch charge. These
simulations are more precise and are tailored for ultrashort pulses with laser parameters we
use for electron acceleration. The simulation is performed for 100 mJ pulse energy, a pulse
duration of 10 fs at FWHM and a beam waist of 10 um. The result are electron energies
around 50 MeV and an electron bunch charge of around 150 pC in the quasi-monoenergetic
peak (Fig. 4.1).
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Figure 4.2: Typical spectrum of electrons accelerated with sub-10-fs pulses with monoen-
ergetic peak at 10 MeV (a), 15 MeV (b), 20 MeV (c¢) and Highest reached electron energy
in the monoenergetic peak at 36 MeV, solid curve (a).

During the first experimental campaign, we successfully demonstrated laser-driven ”bubble”-
electron acceleration. The highest mono-energetic energy reached is 36 MeV (see Fig. 4.2(a,
solid curve)). Typical electron energies obtained are in the range between 10-30 MeV de-
pending on laser-amplifier specific parameters and several experimental conditions (pulse
duration, focal intensity, pulse contrast ratio, density gradient of plasma, plasma density,
nozzle type in use, etc.). The best energy spread at FWHM in the quasi-monoenergetic
peak %E is ~5%, obtained for the spectrum in Fig.4.2(b). We could find a highly stable
regime of acceleration of Maxwellian distributed electrons in terms of energy distribution
and intensity counts. The position of the quasi-monoenergetic peak in the electron spec-
trum was of rather sporadic nature, even though with periodical appearance. Many of the
electron spectra show a evanescent small amount of low-energetic Maxwellian distributed
electrons as can be observed in Fig. 4.2(a,b and c), which is an indication for direct ”bub-
ble” formation. The average electron charge in the quasi monoenergetic peak is estimated
to be several tens of pC. This was measured by an on-line Rogowsky coil, which was
cross calibrated by an image-plate detector. The laser pulse energy used in experiments
is about only 65 mJ which shows the extreme increase in acceleration efficiency compared
to acceleration with long-pulse laser amplifiers. Amplifiers capable to provide Joule-level
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pulse energy. The amount of laser energy necessary to reach the solitary cavity regime
strongly increases with the pulse duration. Another mentionable fact is the low radiation
level of less than 1 pSv per hour, during the observation time of Maxwellian distributed
electrons and quasi-monoenergetic features in the electron spectra. This is very convenient
for practical applications as it allows a higher repetition rates.
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4. Test-ground for experiments in high-field physics




Appendix A

Refractive index

A.1 Refractive index of isotropic materials and non-
linear optical crystal

The refractive index of isotropic optical materials SF11 [181], SF57 [181], fused silica
(FS) [182] and of the birefringent crystal TeO [183] which is used for the Dazzler (acousto-
optical dispersive filter) can be derived from the well-known Sellmeier dispersion formula
in form of

BN BN B\
A =41 . Al
n(}) ¢+M—Q+V—@+V—@ (A1)

The coefficients B; and C; are listed in table A.1.

The refractive index for the nonlinear optical crystals BBO [184], LBO [185] and BIBO [79]
and for the laser material Nd:YAG [186] are derived from the Sellmeier dispersion formula
in form of

B

The coefficients A-E are listed in table A.2. The refractive index of air is given in eq. A.3
by the formula derived from Edlen [187]. It is used to estimate the pulse broadening during
propagation of femtosecond optical pulses over long distances.

2949330 25536

A) — 1)10® = 6431. .
(n(A) = )I07 = 64318 + T + o

(A.3)

ko is the vacuum wavenumber given in pm™1.
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Materials By B, Bs Cy Cy Cs
SF11 | 1.73848403 | 0.311168974 | 1.17490871 | 0.0136038604 | 0.0615960463 | 121.922711
SE57 | 1.81651371 | 0.428893641 | 1.07186278 | 0.0143704198 | 0.0592801172 | 121.419942

FS | 0.6961663 0.0046791 | 0.4079426 0.0135121 0.8974794 | 97.934003
TeO, ° 2.584 1.574 — 0.01800964 0.06959044 —
TeO, © 2.823 1.542 — 0.01800964 0.06922161 —

Table A.1: Coefficients for the Sellmeier dispersion formula Eq. A.1 (SF11, SF57, FS, TeOs); A in

pam.
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