Methods of ultra-fast laser contrast
diagnostics and optimization

3l

Max-Born-Institut
fir Nichtlineare Optik
und Kurzzeitspektroskopie

Im Fachbereich Physik der Freien Universitat Berlin eingereichte
Dissertation
von

Nikita Khodakovskiy

ORCID: 0000-0003-1905-0887

Berlin, 2020






Erstgutachter: Prof. M.J.J. Marc Vrakking
Zweitgutachter: Prof. Dr. Eric Cormier
Tag der Disputation: 11 Februar 2020






il

Acknowledgement

This thesis is a result of my work during last few years and this work would be impos-
sible without people working with me and those who supported me.

First, I want to thank my mentor Mikhail Kalashnikov for that unique experience
which I got during working on PhD. I am thankful for knowledge and useful discussions
on optics and physics in general. It was valuable and interesting for me to work with
him in the laboratory.

I am grateful to Prof. M.J.J Marc Vrakking, for his time, patience, valuable com-
ments and great attention to details. To Rodrigo Lopez-Martens and Laboratoire
d’Optique Appliquée for productive collaboration during the work on the rotation of
the polarization ellipse.

To Dr. Igor Vlasov and Dr. Elena Obraztsova for help with Raman measurements.
I would like to thank Prof. Dr. Eric Cormier for the time he spent reviewing this thesis
and Sergei Kiihn for the help with translation of the abstract.

To Jens Glaesel for technical support. To everyone working at Max Born Institute
and Forschungsverbund Berlin for professional competence and great working atmo-
sphere. To Amplitude Technologies for experience at laser industry. Many thanks.

I gratefully acknowledge the Marie Sklodowska-Curie actions, Max Born Institute
and LaserLab Europe for the funding which made this work possible.

Lastly, I thank my family and friends who helped and supported me on my way to
being a scientist. I am grateful to Réka Eszter Szabd for her support during the final

stage of my PhD.



v

Nikita Khodakovskiy




Contents

1

3

Introduction
1.1 Motivation . . . . . . . ..
1.1.1  Thesis organisation . . . . . . . . . .. ... ... ... ...
1.2 Propagation of ultra-short pulses in homogeneous dispersive media . . .
1.2.1 Kerreffect . . . . . .. .
1.2.2  Self-focusing . . . . . . . ...
1.2.3  Self-phase modulation (SPM) . . . ... ... ... ... ...
1.3 Amplification of ultra-short pulses . . . . . . . . . ... ... ... ...
1.4 Chirped pulse amplification . . . .. ... ... ... ...
1.5 Temporal shape of CPA laser pulses (temporal contrast) . . ... ...
1.5.1  Amplified Spontaneous Emission (ASE) . . . . .. ... ... ..
1.5.2 Requirements for the temporal contrast . . . . . . ... ... ..
1.5.3 Design of a low ASE level Ti:Sapphire-based laser system . . . .
1.6 Laser system for temporal contrast investigation . . . . . . .. . .. ..
1.7 Methods for temporal contrast enhancement . . . . . .. .. ... ...
1.7.1  Plasma mirror (PM) . . .. ... ... o o oL
1.7.2  Cross-polarized wave generation (XPW) . . ... ... ... ..
1.7.3  Nonlinear rotation of polarization ellipse (NER) . . . . . . . ..

Diagnostics of the temporal contrast of ultrashort pulses
2.1 Imntroduction . . . . . . . .. ..
2.2 Characterization using a photodiode . . . . . . . . ... ... ... ..
2.3 Wizzler . . . . ..
2.4 Cross-correlators . . . . . . ...
2.5 Sequoia cross-correlator . . . . . . ...
2.5.1 Aperture effect in Sequoia cross-correlator . . . . . . .. .. ..
2.5.2 Temporal artefacts caused by the characterization using a third-
order cross-correlator . . . . . . .. ...
2.5.3 Characterization of high dynamic range . . . . . . . .. ... ..

Investigation of temporal contrast on the picosecond time scale

3.1 Imntroduction . . . . . . . . . ...

3.2 Impact of spectral clipping in a stretcher or a compressor on the temporal
contrast . . . . .o Lo Lo

3.3 Comparison of stretcher/compressor configurations . . . . ... .. ..

3.4 Specific issues of high-power cascades . . . . . . ... ... ... ....

O O s =

12
12
14
16
20
21
23
25
26
35
35
37
40

45
45
45
46
48
49
49

95
56



vi Nikita Khodakovskiy
4 Investigation of the ragged pre- and post- pedestals 71
4.1 Introduction . . . . . . . . ... 71
4.2 Diagnostics of coherence . . . . .. ... oo 71
4.2.1 Generation of pre-pulses from post-pulses, numerical simulations 76
4.3 Investigation of the observed asymmetry of the main pulse . . . . . .. 83
4.4 The problem of the long pedestals lying on the both sides of the pulse . 84

4.4.1 Investigation of the pre-pedestal appearing at delays of tens of
picoseconds . . . ... 85

4.4.2 Investigation of a parametric-based front-end as an alternative
to the Ti:Sapphire-based oscillator . . . . . . .. ... ... .. 90

4.4.3 Investigation of a possible impact of air on the coherent post-
pedestal . . . . . . . 91
4.4.4 Raman effect in sapphire as an explanation of observed pedestal 94
4.4.5 Discussion of observed effects . . . . ... ... ... ... ... 97
4.5 Analysis of a measured pulse shape of a high-field laser system . . . . . 103

5 Temporal contrast improvement using rotation of the polarization
ellipse in a gas-filled hollow-core waveguide 109
5.1 Introduction . . . . . . . . ... 109
5.2 Delayed Kerr effect and the choice of a medium for NER . . . .. . .. 110
5.3 Implementation of the temporal filtering technique . . . . .. .. . .. 111
5.3.1 Hollow-core fibres . . . . . . .. ... ... ... ..... 112
5.4 Experimental setup . . . . . ... Lo 117
5.5 Results and discussion . . . . . . ... 118
Conclusions 125
A Derivation of the formula for the NER efficiency using the Jones

matrices 127
Bibliography 131
List of publications 143
Abstract 147
Zusammenfassung 148



Chapter 1

Introduction

1.1 Motivation

Ultra-fast lasers play an important role in the investigation of laser-matter interactions
[1]. Modern, ultra-fast and high-peak power laser systems can deliver pulses with a
duration of several tens of femtoseconds (1 fs = 107! s) and with peak power of up to a
Petawatt (peta = 10'°). At a lower power level, even shorter, down to few oscillations
of the electro-magnetic field, optical pulses are available [2]. Current laser technologies
allow ultra-short laser pulses to be converted by nonlinear processes taking place during
laser-matter interaction in solids or gases into coherent pulses of attosecond (las =
10718 s) duration, or to high energy electrons, protons or ions [3, 4, 5]. These types of
laser-driven sources are called secondary sources.

High peak power lasers (up to a PW level and above) are being used for investiga-
tions in the area of relativistic physics of ultra-high intensity [6, 7] and, in particular for
the acceleration of particles [8]. In this way, GeV electron beams [3, 9] and proton/ion
beams with energies of tens of MeV [4, 5] have been experimentally demonstrated.
Moreover, the acceleration of electrons to the GeV level has been reached in an ultra-
short distance of 3cm. These results make compact table-top particle accelerators
feasible.

Control of the pulse shape in the time domain is of great importance in particle
accelerators using solid targets. Pre-pulses/pedestals preceding the main pulse may
ionize the target surface long before the main pulse arrives and may even demolish the
solid target. Different mechanisms of absorption are involved and these play important
roles in techniques for particles acceleration. Light absorption, in turn, is impacted
by the gradient of the density of electrons forming the plasma which is created on the
surface of the solid target by the pre-pulses/pedestals preceding the main pulse. As a

result, the plasma field accelerating the particles is significantly impacted for most of
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the acceleration regimes. In the case of ultra-thin foils of several nanometres thickness,
parasitic light creates a shock wave together with X-rays, which destroy the rear surface
of the foil. This lowers the gradient of the electron density on the rear surface of the
foil and decreases the energy of the accelerated protons [4, 10]. For relatively thick
targets (tens of um) the created plasma gradient may contribute positively to the
ion acceleration process, because of the stronger absorption of the main pulse [11].
However, this positive impact is limited by certain parameters of the plasma and the

temporal shape of the driving electromagnetic pulse also has to be strongly controlled.

Another important application of high peak power ultra-fast lasers is the generation
of coherent pulses of attosecond duration in the extreme ultraviolet (XUV) and soft
X-ray frequency ranges through the High-Harmonic Generation (HHG) process. In
general, one can distinguish two ways to produce attosecond pulses [12]; gas high
harmonics generation (GHHG), where an intense laser pulse interacts with a gas jet
[13] and solid state high harmonics generation (SHHG), where the attosecond pulses
are generated at the surface of a solid target illuminated by ultra-short laser pulses at
high intensity [14, 15, 16]. Both techniques require precise control over the laser source
parameters. However, for SHHG the temporal profile of the pulse plays a key role,
determining the efficiency of the HHG process [16]. In addition, an improvement to the
temporal properties of the ultra-intense pulses allows the different physical mechanisms
leading to HHG to be distinguished when an optical pulse of relativistic intensity
(IX2 > 1.37 x 10'8[Wem ™ *um?]) interacts with a solid target [16]. The parasitic light
preceding the main pulse destroys the entire process of the laser-matter interaction and

dramatically decreases the efficiency of the secondary sources.

Most modern ultrafast lasers, especially ultra-high peak power ones, use the concept
of Chirped Pulse Amplification (CPA), details of which are considered in section 1.4.
Laser pulses in CPA systems experience many modifications during their propagation
and amplification, beginning with temporal stretching and followed by amplification
and re-compression back to their transform limit. Since the bandwidth of the amplified
pulses is rather broad and a bandwidth-limited pulse duration at the laser exit is

required, dispersion management in CPA lasers plays a key role.

In addition, in propagating through the optical elements of the laser chain, the laser
pulse accumulates distortions caused by impurities in the optical media and nonlinear
effects that take place during the amplification and propagation. As a result, the
optical pulses generated by these ultra-fast lasers have a complicated temporal shape
(the details are considered in 1.5). Some of the features appearing at the leading edge
of CPA laser pulses have been previously considered in the literature and are well

understood, however the temporal range of few tens of picoseconds around the pulse
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peak and the intensity range below 1077 of the peak intensity, are not, although this

temporal and intensity region plays a very important role in laser-matter interactions.

In this thesis the quality of the temporal shape of the optical pulse (as well as that
of the leading edge) is characterized by the intensity contrast, which is the ratio of
the laser peak intensity [,c.x to the intensity I(¢) at time ¢. Currently, Ti:Sapphire is
the most popular material for high-power laser systems. Therefore the investigation
of the temporal contrast is centered on this material. The problem of the temporal
contrast of CPA lasers was identified more than fifteen years ago. Since then several
techniques were developed (for a detailed analysis, see chapter 1.7) that allow this
parameter to be significantly improved. Among these techniques, worthy of mention is
(1) the double CPA concept (DCPA) [17] (see also 1.7.2) that allows suppression of the
amplified spontaneous emission, and (2) the plasma mirror (PM) [18] that, installed at
the laser exit, allows for an improvement in the temporal contrast of nearly 4 orders
of magnitude. In the plasma mirror concept, the focused laser beam impacts on the
surface of an anti-reflection-coated optical target and the reflected beam is used for the
experiment. Since the target surface is of low reflectance, pre-pulses with an intensity
that is not sufficient for ionization of the target surface experience a strong attenuation.
At the moment when the intensity exceeds the ionization threshold, plasma appears
on the target surface and starts to reflect the laser light. One can optimize the laser
parameters to reach a high reflection efficiency and contrast improvement of close
to 4 orders of magnitude simultaneously. Unfortunately, this technique leads to the
destruction of the target surface, thus the number of shots available with one target
is limited. As a result, this technique works well for high repetition rate laser systems
with laser energy levels of around a mJ, which with a target of a reasonable size (~ 10
cm diameter) allows the system to run for several minutes. A high peak power laser
with a substantially higher output energy (hundreds of mJ, or even Joules) requires
the surface of the plasma mirror to be in the mm range. Taking into account the
formation of debris and the deposition of ablated material on the target surface, a few
mm distance between shots is necessary. In this case one can use the plasma mirror in

a single shot regime only.

Despite the fact that the plasma mirror is an effective tool for improving the tem-
poral contrast of laser pulses it has disadvantages. First, the typical efficiency does
not exceed 80%, and second, there is no plasma mirror solution for laser systems that
combine high peak and high average power. The latter is especially important, since
current laser developments are moving towards the combination of high peak and high
average power [19]. Thus, it is very important to seek a solution for the problem of the

temporal contrast making the laser pulse temporally “clean” without using additional
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devices, such as a plasma mirror. This requires the pulse shape be intensively investi-
gated in the temporal range of a few tens of picoseconds around the pulse peak, and
the identification of the processes that lead to pulse degradation. In fact, the currently
available methods for contrast improvement (DCPA and PM) solve most of the tem-
poral contrast problems for low energy laser systems and those running at high peak
power with a low repetition rate. This is the reason that, during the last decade, prac-
tically no efforts have been made to analyse the reasons for the pulse shape degradation
in the range of few tens of picoseconds around the pulse peak.

The major objective of this thesis is to fill the gap concerning the lack of informa-
tion available on the processes that degrade the temporal contrast of pulses generated
in Ti:Sapphire CPA lasers in the poorly investigated temporal range of few tens of pi-
coseconds around the main pulse. The work aims to improve the understanding of these
processes to the level required for a laser-matter interaction without the generation of
a pre-plasma. This requires the development of diagnostics for pulse characterization
in the dynamic range of intensity ~ 101 and the development of new methods for

temporal contrast improvement.

1.1.1 Thesis organisation

The introductory chapter starts with a description of the propagation of ultra-short
pulses in a homogeneous dispersive medium 1.3. This is followed by the description of
major nonlinear effects such as the optical Kerr effect (1.2.1), the self-focusing (1.2.2)
and self-phase modulation (1.2.3). After that the amplification in a gain medium (1.3)
as well as principles of the CPA concept (1.4) and the formation of the temporal shape
of laser pulses in CPA systems (1.5) are considered. Then a milli-Joule energy level
Ti:Sapphire laser system used for the experiments is presented (1.6). The introductory
chapter is ended with an overview of methods for temporal contrast enhancement (1.7).
In particular, nonlinear filtering techniques for temporal contrast enhancement, such as
the plasma mirror (1.7.1), the generation of a cross-polarized wave (1.7.2) and rotation
of the polarization ellipse (1.7.3) are discussed.

The introduction is followed by four experimental chapters (2 — 5). First, the
methods of the temporal contrast characterization are discussed (chapter 2). After
that diagnostics for the high dynamic range characterization of re-compressed pulses
are considered. It includes an experimental investigation of the reliability of the com-
mercially available Sequoia device (2.5.1) and considers specific issues appearing in the
measured temporal traces (2.5.2).

Chapter 3 is dedicated to an investigation of the temporal contrast on the picosecond

time scale. It starts with a discussion about spectral clippings (3.2) which may occur in
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a stretcher or a compressor and may cause degradation of the temporal contrast. Then
experimental results on the comparison of different stretcher/compressor combinations
are presented (3.3). This is followed by the consideration of the temporal contrast

degradation in high-power cascades of Ti:Sapphire lasers (3.4).

In chapter 4 a new method of diagnostics of coherent /uncoherent parts of the pulse
shape is developed and presented (4.2). This technique is used to show that the para-
sitic long pre-pedestal is generated from the post-pedestal lying behind the main pulse
and thus the question of the pulse shape improvement in front of the main pulse is
redirected to the post-pedestal (4.4). The latter is investigated in the following and
a plausible theory for its nature and origin is presented (4.4.5). The analysis of the
temporal contrast of a home-made 100 TW laser system is presented at the end of the
chapter (4.5).

The last chapter 5 presents a method for improvement of the temporal contrast
based on nonlinear rotation of the polarization ellipse (NER) in noble gases in a differ-
entially pumped hollow core fibre. This allows the temporal contrast of a Ti:Sapphire-
based front-end to be improved with internal efficiency ~ 50 % comparable with the
generation of a cross-polarized wave ~ 25%. In addition, the method demonstrates
significant spectral broadening of the output pulses. Moreover, the shape of the spec-
tral intensity supports a high-quality post-compression with a clean temporal profile
of the resulting pulses. It makes NER filtering suitable for the temporal contrast im-
provement of fibre- and thin-disk-based laser systems with a comparably long pulse

duration of hundreds of femtoseconds.

1.2 Propagation of ultra-short pulses in homoge-

neous dispersive media

The propagation of a plane wave in a non-magnetic, non-conductive homogeneous
dispersive medium is described by the wave equation that follows from the Maxwell
equations:
V2 %82E _ 1 0°P (1.1)
2 Ot? goc? Ot?

where &g is the permittivity of free space or the electric constant and ¢ = 1/,/ggpo is

the speed of light. The international system of units (SI) is used in this thesis unless

otherwise stated. The wave is assumed to be linearly polarized and for simplicity is
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described by the scalar equation (1.1). The polarization term P can be expressed as:

P(t) = eoxVE(t) + Py (1) (1.2a)
Pyni(t) = coxPE@)? + eoxWE®)? + ... (1.2b)

where Py, refers to the nonlinear part of the polarization response to the electric field
E. The parameters "), x® and x® are the linear susceptibility, and the second- and
third-order susceptibility of the medium respectively. E(t) is the electric field strength.

The propagation of an ultrashort laser pulse can be described as a plane wave
E(t, z) propagating in the z direction. Thus, V2 in (1.1) can be replaced by 9%/02°.
Considering (1.2), the wave equation (1.1) can be rewritten in the form:

(’32E n2 82E 1 82PNL

_ — 1.
022 2 ot? goc?  Ot? (1.3)

where n is the refractive index of the medium n = /¢, and ¢ is the dielectric permit-

tivity of the medium.

E(t,z) can be represented by its spectral components using the Fourier transfor-

mation:
o0

E(t,z) = / E(w)e'**=wtdy (1.4)

where F(w) is the amplitude of the electric field of the spectral component w and k(w)
is the wave vector:

w wn(w)

k(w) = " e(w) = .

(1.5)

In the case of negligible absorption the spectral components can be represented as:
E(w, z) = E(w)e*®)?* = B(w)e??) (1.6)

where ¢(w, z) is the spectral phase.

Usually, the wave equation (1.3) is solved using the Slowly Varying Envelope Ap-
proximation (SVEA) and the resulting solution to (1.3) can be found in the following
form:

E(t,z) = A(t, 2)e¥?) 4 A(t, z)et?) (1.7)

where A(t, z) is a slowly varying envelope in space and time, and ¢(t, z) = koz — wot is

the temporal phase.

The SVEA allows for a Taylor expansion of the wave vector k in the vicinity of the
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central frequency wy to be considered:
1 5 1 N
]{Z(W) = ]{?0 + kl(WO) . (u) — CL)O) + 5]62(&]0) . (w — CU()) + 6[€3(u}0) . (w — WO) + ... (18)

where

dw™

() = <dm(w/c' v dw”) (m=0,1,2,...) (1.9)

Here ¢(w, z) = k(w)z characterizes the spectral phase and thus the Taylor expansion
of k(w) is the Taylor expansion of the spectral phase. The k,, coefficients reflect the
dispersion properties of the medium: k; characterizes the group velocity v, = 1/ky, k2
characterizes the Group Velocity Dispersion (GVD), k3 characterizes the Third Order
Dispersion (TOD), etc. The m terms of the Taylor series of k(w) determine the order
of the approximation in which the ultrafast pulse propagation is considered. In the

second-order approximation, only k; and ks are considered and k,, = 0 for m > 2.

A Gaussian shape is usually considered for the pulse envelope A of the electric field:
A(t) = By - ¥/ (1.10)

where 7y defines the pulse duration as the half-width at the level 1/e of the maximum.
Figure 1.1 shows the electric field of an optical pulse at a central wavelength of \g =

800 nm and of duration 79 = 6fs.

If the intensity is considered, the envelope will be:
I(t) = B2 e~/ (1.11)

where 79 is the half-width at the level 1/e? of the intensity envelope.

It is also practical to define a pulse duration 7, of the intensity envelope as the
full-width at half-maximum (FWHM):

Ttwhm = V 2In2- To (112)

In the following, the definition used will be indicated by the subscript (79 Or Tgyhm )-
The SVEA approximation can be applied only when the pulse duration is signif-
icantly longer than the period of a single optical cycle Ty at the central frequency
wo:
10 > Ty = 27 /wy = Aon(wp)/c (1.13)

Thus, for a Ti:Sapphire laser system (Tgoonm =~ 2.67 fs), the SVEA works well with
Trwhm > 25 fs.



8 Nikita Khodakovskiy

E(t)

Time, fs.

Figure 1.1: Electric field of an optical pulse (solid line) and the envelope (dashed lines)
in case of \y = 800nm Fy =1, 7 = 6fs

A transform-limited pulse is an optical pulse with the pulse duration defined by the
reciprocal value of the spectral bandwidth. These pulses correspond to the situation
when ¢(¢) = 0. In the case of a transform-limited pulse of Gaussian shape in the
time domain, the spectral envelope will also have a Gaussian shape. According to the

Fourier transform:

I(w) = |Eo|? - exp (—2%) (1.14)

where Awyp is the half-width of the spectral intensity profile at the level of 1/e? from
the maximum. The spectral width Awy and the temporal pulse duration 7y for the

Gaussian shape are related as:
T(]'AWOZQ (].].5)

Therefore, the same ratio can be expressed for the FWHM values as:

Where Awgwnm is defined for the intensity profile of spectrum in the frequency domain

the same way as Tgynm is defined for the intensity profile in the time domain:

Awryhm = V2In2 - Awy (1.17)



1.2 Propagation of ultra-short pulses in homogeneous dispersive media 9

Equations (1.15) and (1.16) are only correct for a Gaussian shape of the envelope. For
other shapes, the coefficient on the right-hand side of equation (1.15) has a different
value.

However, it is more useful to have equation (1.16) in a form containing the spectral
width in the wavelength domain. Since w = 2mc/A, then Aw = 27c- AN/A2 and the

equation for the wavelength is:

21n2
e

A (1.18)

Ttwhm ° A)\fwhm =

where c is speed of light. For instance, a transform-limited pulse with A\ ~ 94nm at
a central wavelength A\g = 800 nm corresponds to a pulse duration of 7y, ~ 10fs.

The spectral phase ¢(w) plays a key role in the determination of the temporal
parameters of the optical pulse. The shape of the temporal envelope significantly
depends on the spectral phase and, thus, the k,, coefficients determine the envelope in
the time domain. The optical elements of the laser system change the spectral phase
leading to changes in the pulse duration. Minimization of k,, is required to keep the
pulse duration short. Usually, it is enough to minimize k,, up to m = 4 to reach an
output pulse duration of 10 — 20 fs.

Taking into account ko and k3, the pulse duration in the third-order approximation

can be expressed as [20]:

2
2oz 2k
T=Tox|1+ ( 32) + <\/_33Z> (1.19)

where 7q is the half-width at the level 1/e? of the intensity profile in the time domain.

1.2.1 Kerr effect

A high intensity can be reached during ultrashort pulse propagation, which leads to
nonlinear effects. In particular, the refractive index starts to depend on the intensity
[21]:

n(A) = no(A) + nal(N) (1.20)

The term I in equation (1.20) is the cycle-averaged intensity of the electromagnetic field
I(X\) = 2ngeoc| E(A) 2. The Kerr effect is related to the third-order optical susceptibility

x®) and described by the nonlinear polarization term:

PP (w) =320 > xih(w =w +w — w) Ej(w) By(w) Ef () (1.21)
jkl
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where the negative frequency is introduced through the convention E*(w) = E(—w)
and Xg.’,)d is the fourth-rank tensor of the third-order nonlinear susceptibility which in
the general case has 81 independent elements which can be nonzero. However, for
media of various spatial symmetries, the number of independent elements in the tensor
Xg,)d can be significantly reduced. For isotropic media, XE?,)CZ has 21 nonzero components
and only 3 of them are independent:
3 3 3 3

The nonlinear refractive index can be considered as a w = w + w — w process. In this
case, the intrinsic permutation symmetry leads to the expression [21]:

B 6B 06
Xa:xyy - Xar;ya:y - Xa:yyw -

1
—/3) 1.23

The ny coefficient can be calculated directly from the third-order nonlinear suscepti-
bility (1.24) [21]

3 283
2 — (3) ~ B m2 /2
m? /W] = N — m*/V 1.24
I these expressions x©®) equals the effective third-order susceptibility ij;) (0), which is a

function of the medium symmetry and orientation [22]. In the case of isotropic media,
3) _ 3)
X et

Xzrzx-

The refractive index dependence on the light intensity was first considered in detail
by Maker [23, 24]. It plays an important role in nonlinear optics as the nonlinear
part of the refractive index leads to many nonlinear effects. The most valuable are
the self-focusing and self-phase modulation effects which are considered in sections
1.2.2 and 1.2.3. In addition, the nonlinear part of the refractive index leads to an
additional nonlinear phase shift, when intense light propagates through a medium. At

high intensities, this leads to significant phase shifts and wavefront distortions.

The accumulated nonlinear phase ¢y can be introduced to assess the impact of

the nonlinear phase shift:

PNL :/VP(Z)dZ (1.25a)
0
NoWo
= 1.25b
Lty (1.25b)

where P is the pulse power, wy is the central optical frequency, c is the speed of light,

L is the length of the medium, 7 is the nonlinear parameter, and A.g is the effective
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mode area characterizing the beam size:

(J[EPdA)”  (f1dA)"

At = [1E[fdA — [I2dA

(1.26)

where F and I are the amplitude and the intensity of the electric field respectively,

and A is the area of integration. For a Gaussian beam profile this can be expressed as

o 2
(27rfe2”2/"2rdr>
Aeff,Gaussian = OOO = mo? (127)
2m [ e=4*/o%rdr
0

where o is the beam radius at the level of 1/e? of the peak intensity.

The “breakup”-integral parameter, known also as the B-integral [25] is often used
to characterize the nonlinear phase shift caused by the nonlinear polarization term. It

is equivalent to the accumulated nonlinear phase expressed in equation (1.25):

2T

L
0

where ) is the wavelength, L is the length of the medium, and I is the peak intensity.
The ny term in (1.28) is measured in [em?/W]. Values of ny in electrostatic units (esu)
can be found in the literature and in these cases, the B-integral can be calculated using
equation (1.29) [26]:

L
8072 I
B=2T /”2 o(2) 4, (1.29)
AC o
0
Or, via a unit conversion:
4
nofm? /W] = 407 no[esul (1.30)
C No

In both equations (1.28) and (1.29), the intensity term, I, is in units of [W/cm?].

It is important to take into account the losses in lossy media. The attenuation of
the light introduced by a medium can be calculated according to the Beer-Lambert

law, expressed in the equation

1) = Lye™* (1.31)

where « is a coefficient characterizing losses of the medium and [ is the input intensity.

In the case where ny does not depend on the coordinate z, one can substitute the
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nonlinear length of interaction L by Leg in equation (1.28):

1 — —alL
Leg=-—" (1.32)

«

1.2.2 Self-focusing

Self-focusing is one of the most important nonlinear effects in high-power laser systems.
The intensity-dependent refractive index and the spatial intensity beam profile lead to
a radial dependence of the refractive index. As a result, assuming the beam profile to
be a smooth Gaussian function with relatively high intensity, the wavefront is distorted
in a manner similar to the wavefront distortion caused by a focusing lens. In this case,
the intensity-dependent refractive index leads to beam focusing. This is also called
Kerr-lensing. The beam focusing increases the local intensity and leads to an even
stronger focusing. The higher intensity creates a lens with a shorter focal length. This
results in an optical breakdown of the medium or a filamentation regime which destroys
the beam [27].

Self-focusing occurs when the peak power of the optical beam exceeds the critical

power for self-focusing:
P p, = 0N (1.33)
o 47T7”L07L2 ’

where \g is the central wavelength, ng and n, are the linear and nonlinear refractive
indices of the medium respectively, and « is a coefficient depending on the spatial beam

profile. For a Gaussian beam shape a = 1.8962 [28].

The spatial intensity distribution of a real laser beam is not perfect because of
diffraction from the apertures of optical elements, media impurities, etc. Diffraction
effects lead to a local increase of the intensity that may happen on a spatial scale of
microns to millimetres. At high power this results in a local self-focusing (small-scale

self-focusing) of the beam leading to a local degradation of the wavefront.

1.2.3 Self-phase modulation (SPM)

The second important nonlinear effect caused by the intensity is self-phase modulation
(SPM) and this effect occurs in the temporal domain. Here, the intensity and temporal

profile of the beam lead to a temporal phase distortion:

o(t) = wot — ﬂn(t)L = wot — cEnOL - ﬂnﬂ(t)[/ (1.34)
c c c
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Where L is the propagation distance. The instantaneous frequency changes according

to:
d WOTLQL dl (t) d

= dt - F = Wy — ag@NL(t) (135)

where @y () is the nonlinear phase shift. Thus, the instantaneous frequency changes

according to the first derivative of the intensity profile in the temporal domain. As-
suming a positive no value results in a red-shifting of the frequencies at the leading
front (dI(t)/dt > 0) of the pulse while the trailing front (d/(¢)/d¢ < 0) is blue-shifted.
The red-shifting means that the spectral components have a lower frequency, while the
blue-shifting corresponds to an increase in frequency. Thus, SPM leads to chirping of

a transform-limited pulse. Figure 1.2 illustrates these phase changes for a Gaussian

pulse.
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Figure 1.2: Temporal intensity profile of an optical pulse (black solid curve) and the
relative frequency shift caused by SPM (dashed curve)

The maximal frequency shift caused by SPM can be estimated as:

max

OWmax X PNL (1.36)
To

The duration of a transform-limited pulse is a reciprocal function of the spectral width,
as previously discussed in (1.2). The spectrum broadens when the maximal frequency
shift dwmayx exceeds the spectral width of the pulse and thus, the initial transform-

limited pulse is first chirped and then spectrally broadened once a certain nonlinear
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phase is reached. It is worth mentioning that the pulse duration does not change due
to SPM while the spectrum broadens, it instead changes due to the dispersion of the

medium, as discussed in section 1.2.

1.3 Amplification of ultra-short pulses

The theory of pulse propagation in a homogeneously broadened laser gain medium
with a fluorescence lifetime much longer than the pulse duration was developed by
L.M. Frantz and J.S. Nodvik. They developed a formalism [29, 30] describing the

amplification process in a gain medium:
Jout = Jsat[ln(l + gO(eJM/Jsat - 1))](1 - L) (137)

where J;, and J,,; are the input and output fluence respectively, L represents losses,
go is the small signal gain obtained by one pass through the gain medium and Jg,; is

the so-called saturation fluence:

go = e/t (1.38)
he
A) = 1.

Jp is the fluence stored in the gain medium, A is the transition wavelength correspond-
ing to the transition frequency wy = 2mc/Ag, h is Planck’s constant and o,4(\) is the

gain cross-section.

An illustration of equation (1.39) is shown in Fig. 1.3. The left side characterized
by high gain is called the small-signal gain regime while the right side of the graph is
the gain saturation regime. The regime of the small-signal gain is characterized by a
low efficiency of the amplification while in the saturation regime of the amplification

is more efficient.

The gain cross-section in Ti:Sapphire is spectrally dependent and it is shown below
in Fig. 1.4. This fact, together with large gain factors, leads to spectral narrowing
during amplification [30, 31]. This physical phenomenon changes the spectral shape
and the pulse duration. In addition to the narrowing, the amplifying spectrum can
also undergo a spectral shift, the direction and value of which depend on the initial

spectrum position, the gain factor and other parameters [31, 32].

The excited active medium can also spontaneously emit light in the process of

amplification and this can be considered as light noise.
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Figure 1.3: Gain saturation effect. The dependence of the output fluence on the input
fluence of the seed is shown as a solid line while the corresponding gain is shown as a

dashed line
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Figure 1.4: Gain cross-section of Ti:Sapphire at 300 K
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1.4 Chirped pulse amplification

Chirped pulse amplification (CPA) [31] is the basic concept of modern ultra-fast lasers.
It was developed in the mid-1980s [33, 34] and pushes laser systems to higher peak
power. It is obvious that reaching a high peak power is preferably achieved by short-
ening the pulse duration, rather than by increasing the laser pulse energy. CPA was
widely integrated in laser systems in the 1990s and currently enables pulses with a
duration of a few oscillations.

During the amplification of short pulses, their intensity rapidly increases, reaching
the level at which nonlinear effects start to become important. Amplification of beams
subjected to self-focusing leads to a fast degradation of the spatial phase and intensity
profile finally leading to beam destruction. The local intensity also increases, reaching
the damage threshold of the optical elements used in the laser system. The CPA
concept overcomes this problem by making the optical pulses longer or “stretching”
them in the time domain before amplification, thus reducing the intensity and impact
of the nonlinear effects during amplification. In CPA the intensity is decreased by
changing the time duration of the pulse, since a change of the beam size S would

change the fluence and this impacts the efficiency of the amplification (see 1.3).

E

-
75

(1.40)

An optical pulse can be stretched temporally by dispersion if the initial pulse has a
defined spectral phase i.e., is not chaotic/noisy. After amplification, the laser pulse
can be temporally re-compressed back to close to the transform-limited duration by
passing through a dispersive medium introducing dispersion of the opposite sign from
that which is introduced by the stretcher. In the 1980s, it was proposed that pulses
be stretched and re-compressed via a combination of two diffraction gratings [35, 36].
This technique supports compensation of the dispersion up to the third order. A simple
combination of two parallel diffraction gratings makes a negatively chirped pulse where
the blue part (light of higher frequency) of the pulse comes first. Adding a telescope
between the diffraction gratings changes the sign of the dispersion [36]. This combi-
nation of stretcher and compressor allows the pulse to be stretched and re-compressed
back to the transform limit. The telescope introduces additional losses and typically
has space-dependent aberrations that impact the spectral phase, thus its aperture has
to be minimized. This is why a set of diffraction gratings with a telescope, making
a positive chirp, is typically used for the pulse stretching, while a set of two parallel

diffraction gratings is used as the compressor.

After being stretched, the optical pulses can be safely amplified without unwanted
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nonlinear processes and damage risk to the optics. The theory that was developed for
Nd:glass lasers a long time ago [25] states that avoidance of the strong impact of small-
scale self-focusing is possible when the accumulated B-integral does not exceed the value
of ~ 1 radian [37]. Upon reaching the required energy, the pulses can be re-compressed
back to their transform limit (determined by their spectral bandwidth that may be also
modified during amplification). Figure 1.5 schematically demonstrates the principles
of the CPA concept. In most modern laser systems, both the stretcher and compressor
use diffraction gratings, although in different configurations. This technique allows for
temporal stretching factors of few tens of thousands without substantial degradation
of the pulse shape. Other stretcher/compressor combinations are considered in section
1.6.

It is worth noting that one of the first implementations of a full scale CPA-based
laser with a stretcher/compressor configuration based only on diffraction gratings was
accomplished at the Max-Born Institute [38].

A . /\

Oscillator Stretcher Amplifier Compressor

—

Figure 1.5: Principles of the CPA concept: an ultra-short pulse of a low energy is
stretched to a longer duration in the stretcher, amplified in the amplifier and then
re-compressed down to its original duration in the compressor

The CPA concept requires a laser pulse with a well-defined phase, preferably a
transform-limited pulse, as the seed. In CPA laser systems, a master oscillator that
delivers pulses with a duration close to the transform limit plays the role of an optical
source. In a Ti:Sapphire master oscillator, the active medium undergoes population
inversion as a result of energy deposition by a pump laser running typically in contin-
uous (CW) mode. The intra-cavity modes are then amplified by stimulated emission.
The cavity, formed by two or more mirrors, plays the role of positive feedback.

To reach ultra-short pulse durations, mode-locking is applied to the joint phases of
the cavity eigenmodes. The constructive interference of cavity modes with joint phases
form an ultra-short pulse leaking through one of the flat mirrors. Ti:Sapphire-based
ultra-fast oscillators use a Kerr lens mode-locking mechanism where the mode locking
is reached using the Kerr-effect and an aperture creating conditions that are favourable
for ultra-short pulses.

The active medium and other optical elements of the cavity are dispersive. Their



18 Nikita Khodakovskiy

dispersion must be compensated in order to make one round trip path equivalent for
all cavity modes involved in the generation of the ultra-short pulses. Usually, a set of
prisms or chirped mirrors perform this task. Figure 1.6 shows the typical scheme of a

master oscillator with dispersion compensation using prisms [39].

{\m\

4V

Figure 1.6: Scheme of an oscillator with prisms: a laser pump injects energy into the
crystal that is located inside a cavity formed by two flat and two concave mirrors. The
latter focus the cavity eigenmodes in the active medium to reach the high intensity for
the Kerr effect. Two prisms compensate the dispersion of the crystal

s ——

Modern CPA systems may have different types of optical amplifiers. These can
be laser-gain medium based, or Optical Parametric Amplification based. Because on
the high emission cross-section of this gain medium, Ti:Sapphire lasers use multi-pass
schemes of amplification where the laser pulse passes through the inverted medium
several times. These are used in particular in the preliminary stages of amplification.
Optical Parametric Chirped Pulse Amplification (OPCPA) [40] and Non-collinear Op-
tical Parametric Chirped Pulse Amplification (NOPCPA) are based on parametric
processes used for amplification in a collinear and non-collinear geometry, respectively.

This work only considers laser amplifiers, and in particular systems with a Ti:Sap-
phire active medium. Amplifiers can be split into two groups: regenerative amplifiers
and multi-pass amplifiers. A typical scheme for the first type is shown in Fig. 1.7
and includes a cavity and an active medium with a pump. The seed is injected into
the cavity by a Pockels cell and, after several passes through the active medium, is
ejected out of the cavity. The ejection is usually accomplished by a Pockels cell.
The regenerative amplifier has a closed cavity. The major advantages of this type
of amplifier are its good spatial mode and energy stability. The extinction factor of
Pockels cells is limited and as a result, the laser pulses amplified in the cavity “leak”
through the Pockels cell, producing a train of pre-pulses preceding the main pulse.
This is the major disadvantage of this type of amplifier.

A multi-pass amplifier does not have a closed cavity. Here, the spatial mode is
determined by the quality of the seed and the energy distribution of the pump in the
active medium. The amplified pulse passes through the inverted medium several times
(up to 10 times), and multipassing can be accomplished via a set of plane mirrors (Fig.

1.8a) as well as by a small number of concave mirrors forming an open cavity, as shown
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Figure 1.7: Schemes of a regenerative amplifier. The seed pulse is injected inside a
cavity with a pumped active medium for the amplification and then ejected from the
cavity using active and passive optical elements changing the polarization state. The
focusing of the seed pulse is softer than in the case of an oscillator in order to avoid
unwanted contributions from the Kerr effect

in Fig. 1.8b.

Pump

(a) “Butterfly” configuration. A collimated seed is amplified

Pump

(b) Cavity-based configuration. The scheme relay images the laser beam
to the crystal surface between passes. This type of design is mainly used
at low energy of the seed pulse

Figure 1.8: Common schemes of multi-pass amplifiers

The amplification scheme of a typical laser consists of a successive set of amplifiers
with a gradually increasing beam aperture. Power amplifiers usually use the scheme
shown in Fig. 1.8a because of the large size of the seed beam while the preliminary

stages use both schemes shown in Fig. 1.8.

A particular implementation of a CPA laser system used in the thesis will be further

discussed in detail in section 1.6.
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1.5 Temporal shape of CPA laser pulses (temporal

contrast)

The focus of this thesis is the investigation of the temporal shapes of laser pulses in
the vicinity of the main peak of the pulse. This can be characterized by the temporal
contrast and the work thus starts with the definition of this parameter. Figure 1.9
illustrates a typical experimentally measured temporal shape of an advanced high-
power Ti:Sapphire CPA laser pulse for the case where the laser system has a low ASE
level (see 1.4). The presented data were obtained at a high-power laser system in Japan
[41].

Two types of temporal contrast, related to energy and intensity, can be distin-
guished. The energy contrast is the ratio of the energy in the main peak to the energy
of the preceding noise. The intensity contrast at a certain moment in time is determined
by the ratio of the peak intensity of the main peak to the intensity at time ¢, Ijre—puise ()
i.e. K(t) = Ipeax/Ipre—puise(t). Thus, the intensity contrast is a time-dependent param-
eter, defined by the reciprocal of the intensity at the time that is considered. This
work focuses on the intensity contrast and, for simplicity, this is termed the temporal

contrast in the following.
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Figure 1.9: Typical temporal shape of optical pulses generated by a high-power laser
system [41], presented on a logarithmic scale. The measurement shows the main pulse,
amplified spontaneous emission (green), and a set of minor pulses and other pedestals
(red, blue and brown) in the vicinity of the main pulse
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The temporal trace shown in Fig. 1.9 is split into several parts. The ratio between
the main peak maximum to the almost constant noise level forms the nanosecond
contrast for t < —200 ps (green region, Fig. 1.9). This is the temporal contrast related
to Amplified Spontaneous Emission (ASE). This part is well known and it will be
discussed in the following section. In addition to the ASE the temporal trace shows
long pre- and post- pedestals which are marked by red and brown colors, respectively.
The pre-pedestal in the re-compressed pulse typically starts at around -100 ps before
the main peak and the post-pedestal lasts at least a few hundreds of picoseconds.
These pedestals grow to a level of ~ 1078 — 1077 of the main pulse in its vicinity and
are usually characterized by a ragged structure. These two ragged pedestals will be
discussed in great detail in chapter 4. The main peak sits on a triangular pedestal
(marked in blue). This feature, depending on the system, typically starts at intensity
levels of ~ 1072 — 10™* of the intensity of the main peak. The ragged and triangular
pedestals are distinguished by their structures and the steepnesses of their shapes.
Their origin and causes will be discussed in chapter 3. Usually, the boundary between
them is clearly visible in the measured temporal trace, although the ragged pre-pedestal
is not visible in some temporal traces. It is necessary to separate these parts of the
leading front due to their different natures. In addition, sets of pre- and post-pulses of
different peak intensities are present in a pulse shape.

The mentioned features are the scope of the current work. In some cases, filtering
methods are used to improve the temporal contrast and, as a result, some of these
features do not appear in the measured traces. In the case of a conventional Ti:sapphire
laser that does not use special techniques to improve the temporal contrast, the ASE
level is around 1077, rendering the ragged pedestals (Fig. 1.9) and some of the pre-
pulses invisible. Despite playing a key role in laser-matter interactions [42, 43, 4],
the above-mentioned artefacts, and especially the shape of the leading front of the

re-compressed pulses, are poorly investigated and understood.

1.5.1 Amplified Spontaneous Emission (ASE)

It is well-known that an excited electron can relax to a lower energy state spontaneously
or through the process of stimulated emission:
ON(t)

N AN 1.41
ot 2 (1.41)

where N(t) is the number of electrons in the excited state of the lasing transition at
time moment ¢, and A, is the rate of spontaneous emission from the upper to the lower

levels. The rate As; is inversely proportional to the radiative lifetime: Ay o Tr;(li.
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Spontaneous emission in laser amplifiers is a parasitic process which occurs in a
pumped active medium. In our case, spontaneous emission within the Ti:Sapphire gain
medium emits radiation in all directions (47 radians) and adds noise to the amplified
pulse by the light spontaneously emitted in the direction of the seed pulse propagation.
Under normal conditions, the relaxation time of a Ti:Sapphire crystal is approximately
Trad ~ 3.2 us at 300 K [44] and this relaxation time increases with a decreasing temper-
ature of the crystal. Passing through the pumped active medium spontaneous emission
gets amplified in the same way, as the seed. This leads to an amplified spontaneous
emission (ASE) background. Usually the pump comes a bit earlier than the seed. As
the result, the spontaneous emission precedes the amplified seed, overlays it and lasts
longer. The spontaneous emission of a pumped medium and thus the ASE can be
decreased by extracting the energy from the crystal by stimulated emission and the
amplification process. ASE can be also decreased by reducing the gain, since at lower
gain the added part will be lower. However, it cannot be cancelled completely, as it is

a fundamental process.

The ASE forms a constant background in the time domain. The amplifier not only
amplifies but also contributes to the background by adding the spontaneous emission
generated by the crystal in the amplifier [45, 46]. Since the process of spontaneous emis-
sion is stochastic, the created background or pedestal is not coherent to the amplifying

seed pulse.

Unfortunately, there is no theory of ASE formation in an oscillator, however the
theory of ASE formation in an amplifier is intensively developing. There are several
models and according to one of them [46] the ASE level introduced by an amplifier can

be described by the following equations:

[ASE PASE Tpulse
- = LuKaaK,Kay(go, L 1.42
[pulse Ppulse RATPEA ,y(go )Eseed ( a)
In 1—-L
(g0, L) = (g;/( : ) (1.42b)
0 —

I, is the saturation intensity, v(go, L) is a function describing the dependence of the
ASE contrast on the small signal gain, gy is the small signal gain, L is the optical
path length in the amplifying media, K, and K, are the spectral and polarization
acceptance respectively, Kaq is the spatio-angular acceptance of the optical scheme,

Feeq 1s the seed energy, and e is the pulse duration.

The saturation intensity I, can be expressed as:

he

R 1.43
)\(Ue + Ua)Trad ( )

[sat -
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where o, and g, are the emission and absorption cross-sections, and 7,4 is the radiative
lifetime of the material.

An amplifier is made of optics having a spectral selectivity and thus only a part of
the emission spectrum can be transmitted and amplified in a certain implementation of
an amplifier. The spectral acceptance K, is the fraction of light which can be amplified
out of the total fluorescence spectrum and thus it depends on the implementation.
Decrease of the spectral acceptance of the amplifier without spectral clipping of the
amplified pulse leads to an ASE contrast improvement. The polarization acceptance K,
reflects the probability that the active medium emits a photon of the same polarization
as the amplified light. It is obvious that this coefficient is different depending on
whether the amplifier is sensitive/insensitive to the polarization state and whether the
linear /complex polarization is being amplified.

The third acceptance coefficient Kaq describes the spatial parameters of the am-
plifier.

Kaqg=A-AQ/4An (1.44)

where A() is the acceptance solid angle, and A is the size of the pumped area. The
lowest level of the ASE can be achieved if an amplifier supports the TEMy, mode
only [46]. This corresponds to a regenerative amplifier which is based on a cavity
configuration. In this type of amplifier the fluorescence acceptance is independent of
the size of the pumped area

KRq = (1.45)

4

The story is different when a multi-pass amplifier is used. Even when focusing
optics is used, the optical scheme supports not only the TEMgy mode. There are a few
factors which impact the spatial acceptance Kaq of a multi-pass amplifier such as the
geometry of the amplifier, the presence of focusing optics, the geometry of the crystal
and other factors. ASE has a bigger emission angle than the seed and therefore, if the
spatial mode of the pump beam is larger than the mode of the seed, ASE contributes
even if it does not overlap the optical path of the seed. Since the seed extracts the
energy on its optical path it is obvious to decrease the spatial mode of the pump beam
down to the size of the seed beam. A good matching between the pump and the seed

modes allows a minimum level of ASE to be reached in a multi-pass amplifier.

1.5.2 Requirements for the temporal contrast

Obviously, the requirements for the temporal contrast depend on the application. It
is common to use laser radiation as a driver for the generation of attosecond pulses,

or particles (electrons, protons, ions). The latter are called laser-driven secondary
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sources. The physics involved in the secondary source determines the requirements
for the primary source. For instance, the generation of attosecond pulses from the
surfaces of solid targets and shooting on ultra-thin (a few nm thick) targets for the
acceleration of particles demand that the primary source (the laser) delivers optical
pulses with a very steep leading front which is free of substantial pre-pulses. A target
irradiation before the main pulse causes a shock wave to propagate through the target
and heating by X-rays can then destroy the rear surface of the foil. This impacts the

electron density scale on the rear side and prevents the acceleration of the particles.

The requirements for the temporal contrast will be different for different parts of
the laser pulse shape because of the significant difference in the durations and energies
of the temporal features. In [47] it was shown that the temporal contrast limits for
short pre-pulses are less stringent than those for ASE. An intensity level of 101° W /cm?
is considered as the point when ionization starts to play an important role in absorbing
targets. Many secondary sources (acceleration of protons, for instance) degrade if
a substantial pre-plasma appears on the target surface preceding the arrival of the
main pulse. Reaching the ionization threshold may not be sufficient to produce an
expending plasma because of a low energy of short pulses. The threshold for ablation
or melting needs to be exceeded to create substantial plasma expanding from the
target surface. Contrary to ionization, both ablation and melting processes are fluence-
dependent rather than intensity-dependent. A fluence of 0.5J/cm? absorbed by a target
can be considered as the threshold for ablation and melting [47]. The thresholds for
ablation/melting create duration-dependent requirements for the short pre-pulses and
the leading front of the main pulse. These limits for the temporal contrast are presented
in Fig. 1.10. It is evident that, because of its long duration, ASE is the most important

feature from the point of view of the temporal contrast.

Modern high-power laser systems can deliver an intensity of approx ~ 10* W /cm?.
Let us consider this case. The duration of the pre-pulses can never be shorter than
the duration of the main pulse. According to Fig. 1.10 (see the green curves) if the
duration of the main pulse and thus the duration of pre-pulses is longer than 30 fs, their
temporal contrast must be better than 10°. Concerning the long pre-pedestals, their
duration is longer than a few picoseconds thus the contrast of these pedestals must be
better than 102

The process of high-harmonic generation in gases is limited by the ionization and
the peak intensity itself. Thus, HHG in gases is not that sensitive to the temporal
contrast and the parameters of existing laser systems are sufficient for this type of
HHG.
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Figure 1.10: Dependence of the temporal contrast requirements on the duration of a
feature in the time domain. The solid lines correspond to the threshold associated
with ablation/melting (fluence Jy, = 0.5J/cm? [47]). The dashed lines indicate the
requirements for staying below the ionization threshold (intensity 7, = 10" W /cm?).

1.5.3 Design of a low ASE level Ti:Sapphire-based laser sys-

tem

The initial seed beam of a master oscillator, with a very low energy level in the range
of nanojoules, must be efficiently pre-amplified before entering the intermediate and
power stages of amplification. There is a worldwide practice of using amplifiers where
the energy of the seed pulses (~nJ) reaches the millijoule energy level. This cascade,
together with the master oscillator and the stretcher, is usually called the front-end.

Ti:Sapphire amplifiers, because of the comparably high emission cross-section of the
crystal, are able to reach amplification factors of up to 6 orders of magnitude in a single
stage. Thus this cascade determines the major properties of the amplified beam. This
is supported by the theory presented in 1.5.1 and in the literature. In particular, the
front-end determines the spectral content — the bandwidth, its subsequent reduction
by gain narrowing [30] and the temporal contrast in the nanosecond time range (ASE).
The subsequent amplification cascades of a Petawatt laser system have a lower net gain
and they run in a saturated regime of amplification [30]. They contribute to the level
of ASE [46]; however, the front-end plays the most important role in the formation of
the ASE level as it is the part with the highest gain.

In Ti:Sapphire CPA lasers, the stretched seed has an extremely low energy level of a
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few nanojoules. It was shown in [48] that the ASE temporal contrast of re-compressed
pulses in Ti:Sapphire lasers grows linearly with the seed energy injected in the amplifier.
This is a result of the fact that a higher total gain is required at lower seed energy.
Since the pre-amplifiers work in the high gain regime below the gain saturation, they
are not very efficient and require more energy stored in the active medium. The stored
energy which is not extracted by the seed contributes to the ASE. So, it is important to
increase the seed energy injected into the amplifier and thus a higher output power of
a master oscillator leads to higher ASE contrast assuming that the temporal contrast
of the master oscillator is constant.

The efficiency of an amplifier grows and the gain decreases with the number of
passes according to the Franz-Nodvik formalism (see Fig. 1.3). As a result, the energy
losses of the seed during the primary passes are more detrimental for the ASE level
than those during the last passes. This creates a recommendation to reduce the energy
losses when the pulse energy is low.

The ASE can be shortened in time using a Pockels cell with an optical window
that equals the duration of the stretched pulse Tytretenea plus the switching time of the
Pockels cell 7,.. However, the switching time of a Pockels cell is usually limited to a
few nanoseconds and in extreme cases it cannot be any shorter than a few hundred
picoseconds. This limits the time window of the transmission and thus other methods

to reduce the ASE level must be used within this window.

1.6 Laser system for temporal contrast investiga-
tion

Most of the investigations presented in this work were performed on available experi-
mental instruments at the Max Born Institute [17]. A low energy front-end was mainly
used for the investigations since, as it was discussed in 1.5.3, this is one of the major
components of a high-power laser system. In addition, a 100 TW MBI high-field laser
system was also investigated to clarify how nonlinear filtering and high-power cascades
of amplification may impact the temporal contrast. In this section, the front-end is
discussed in detail.

So far the laser community mainly investigated the impact of amplifiers on the ASE
level. However, the roles of the oscillator, stretcher and compressor in the formation of
the temporal contrast are not clear. Their design can impact the picosecond contrast
and the laser community just started to discover the role of a stretcher/compressor
design. Unfortunately, there is no theory for the formation of the temporal contrast

in these parts of a CPA system. Thus, their impact must be clarified experimentally
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which can be done by a comparison of different designs of those parts of a CPA laser.
Two different types of master oscillator, as well as three different stretcher/compres-
sor configurations, were used together with a multi-pass amplifier with the aim of
determining their impact on the shape of the re-compressed pulse. The principal scheme

of the laser system is shown in Fig. 1.11.

The seed lasers comprise two Kerr lens mode-locked master oscillators with different
dispersion compensation schemes: a commercial master oscillator (Femtolasers) with
chirped mirrors [51] and a home-made oscillator employing dispersive prisms [52, 39].
The difference in the dispersion compensation may clarify the role of the coatings of
chirped mirrors in determining the temporal contrast. Both oscillators deliver ultra-

short pulses with a similar duration of about 7 & 20 fs.

After the master oscillator, the laser pulse is temporally stretched using one of
three different stretchers. These include prisms, transmission diffraction gratings and
reflection diffraction gratings. Different stretcher schemes based on different dispersive
elements are needed to investigate how the stretching technology acts on the temporal

contrast. The results of this comparison will be presented in section 3.3.

The first and the third stretchers are based on transmission and reflection diffraction
gratings respectively. Both types of stretchers use the angular dispersion property of a
diffraction grating: an incident spectral component with wavelength \ gets diffracted
on the grooves of the grating resulting in several waves dispersed at angles depending
on the wavelength. Each spectral component o will be diffracted with a different
efficiency at a discrete number of angles corresponding to different diffraction orders.
This is illustrated in Fig. 1.12.

The diffraction law is expressed by the grating equation

2
m%c = mA\ = d(sin a + sin J3) (1.46)

where o and (8 are the angles of the incident and the diffracted light, \ is the wavelength
of the spectral component, d is the groove spacing, also called pitch, and m is the
diffraction order for which |mA/d| < 2 correspond to the physically realizable diffraction
orders. A diffraction grating is characterized by the number of grooves per mm G =
1/d. Fig 1.12 illustrates the diffraction for transmission (left graph) and reflective
(right graph) diffraction gratings.

A polychromatic incident light results in sets of angularly distributed spectral com-

ponents J(w) of different orders m:

f(w) = arcsin <27;cdm — sin a) (1.47)
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Figure 1.11: Principal scheme of the configurable front-end laser system. It consists of two master oscillators: one with chirped
mirrors and one with prisms to compensate the dispersion. Stretcher 1 implements a scheme with a transmission diffraction grating.
Stretcher 2 is based on the most commonly used scheme with an Offner triplet [49] and a reflection diffraction grating. Stretcher
3 is based on 6 equilateral triangular prisms. After stretching, the seed is amplified in the multi-pass amplifier with the Dazzler
and re-compressed by a compressor. Compressor 1 is based on bulk glass and compressor 2 implements the commonly used Treacy-
compressor [50] with two parallel diffraction gratings. Only one combination of stretcher and compressor can be simultaneously

used
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Figure 1.12: Mlustration of angular dispersion of a transmission diffraction grating
(left) and a reflective diffraction grating (right). The subscript indicates the diffraction
order m (see equation (1.46))

When m = 0 the reflection diffraction grating acts as a mirror. This is called the zero

order. Using equation (1.47) one can express the angular dispersion of the grating:

ap —2mwem sina 4 sin 3
7 - 1.4
Oow  w?dcosf wcos 3 (1.48)
or
0B 2mem 2wem 2\ 712
97 STy s 1.4
Ow w2d ( ( wd S a) ) (1.49)

The angular dispersion of the grating causes changes of the spectral phase ¢(w). These
phase changes depend on the distance after the dispersive element. Diffraction on a
second diffraction grating allows the angular spectral distribution to be transformed to
a spatial distribution (see Fig. 1.13b). Then, a mirror reflects the pulse for a second
pass through the optical scheme. The resulting output pulse gets stretched because of
the different phase shift obtained by the spectral components while propagating along
a different path length.

In the experimental setup the stretcher with transmission diffraction grating uses
a single diffraction grating from Wasatch Photonics with 600 grooves per mm and a
size of 30 x 60 x 6 mm?>. The seed beam is directed onto the diffraction grating at an
angle of incidence of approximately a &~ 14°. It is subsequently reflected by two mirrors
and goes for a second pass through the diffraction grating. The length of the optical
path which the beam goes through between the two diffraction passes is approximately
~ 14.5 cm. It is then horizontally and vertically flipped and injected back for a second

pass.

One can notice that the caption of Fig. 1.13b says that a compressor is shown
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w1 w3

(a) A scheme of a stretcher using the angular  (b) Treacy compressor using the angular
dispersion of a transmission diffraction grating dispersion of a reflective diffraction grat-
ing [50]

Figure 1.13: Commonly used schemes of a stretcher with a transmission diffraction
grating and the Treacy compressor with reflection diffraction grating [50]. The pulse
chirp is introduced or compensated by a double pass through one of the scheme. The
optical path of spectral components is different leading to temporal dispersion

instead of a stretcher. This is associated with the fact that a different scheme with
a reflective diffraction grating is usually used as a stretcher. It usually includes one
reflective diffraction grating and a telescope. The latter aims to invert the sign of
the orders of introduced dispersion with respect to the dispersion introduced by the
scheme from Fig. 1.13b. At first glance, it is not clear why a scheme with a telescope
is stretching the pulse and one without the telescope is re-compressing the pulses.
This is associated with the telescope, used optics and its position in the laser system.
In the compressor the energy of the beam is significantly higher compared with the
energy of the seed in front of the stretcher. This requires the beam to be expanded
before the compressor in order to not damage the optics. A larger beam would cause
higher aberrations in a telescope and makes the alignment complicated. Thus, a pair
of reflective diffraction gratings is used to re-compress the pulse which was stretched

using a scheme with a telescope.

A single Spectragon reflective diffraction grating with 1400.2 lines per mm is used
in the configuration with the Offner triplet [49, 53] in the third stretcher. It is using the
same physical principles as the stretcher with the transmission grating. In addition,
this type of stretcher requires a telescope which can be a source of optical aberrations.
The latter are unwanted because they introduce wavefront distortions and lead to an
incomplete re-compression at the exit of the laser system. To avoid this, a modified

scheme of the commonly used Offner imaging scheme is used [53]. It minimizes the
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aberrations in the stretcher. The stretcher includes a spherical mirror with a radius of
curvature R ~ 100 cm and a flat mirror located in its focus. The angle of incidence on
the diffraction grating is a &~ 41°. A double-pass is also employed in our stretcher.

The stretcher marked as stretcher 2 in Fig. 1.11 uses prisms as the central element.
A prism can be used as a dispersive optical element using refraction to split the spectral
components in space [54, 55]. The refraction of a monochromatic beam is described by
Snell’s law

nysinf; = nysin O, (1.50)

where 6, and 0y are the angles of incidence and refraction, n; and nsy are the refractive
indices of the corresponding media. The dispersion property of media expressed by the
dependence of the refractive index on the wavelength n(w) is well known. Refraction of
broadband incident light on an interface of a dispersive medium results in an angular
distribution of the spectral components (f2(w)). A prism geometry and double refrac-
tion increases the difference in the angles of refraction and as a result the optical path
of the spectral components. The angular dispersion of prisms is used in a way similar
to the one described for diffraction gratings. A set of prisms allows ultra-short pulses
to be stretched in time [56]. In addition, the material of prisms has its own dispersion
and together with the different optical path of the spectral components caused by the
geometry of the prism they contribute to the total dispersion. Fig. 1.14 shows a simple

stretcher using two prisms.

Figure 1.14: Illustration of angular dispersion of a prism with an apex angle ¢ and a
simple stretcher using two prisms. Light with an incident angle of 6; gets refracted
on the interfaces of the prisms resulting in angular light dispersion 902()\)/0w. The
angular dispersion is used in a double prism configuration with the second prism rotated
by 7 with respect to the first one. A double pass through the optical scheme causes
stretching of the pulses

The prism-based stretcher uses six SLAL-59 OHARA glass prisms cut from one
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piece of bulk glass and it is based on the dispersion of prisms [57, 55, 56]. Six equilateral
triangular prisms form two groups of prisms with a gap (of approximately ~ 187 cm)
to increase the optical path length and, as a result, the stretching factor. The length
of the edges of the triangles forming the basis of the small and large prisms is 2 and
10 cm respectively. The beam, after passing through all prisms, is flipped in the vertical
direction and back reflected for a second pass through the stretcher. The complexity of
a scheme of this type grows significantly with the introduced stretching factor due to
the low value of the second-order dispersion delivered by glass prisms. The stretching
factor can be increased by using a larger distance between the groups of prisms or
increasing their number. This makes the overall scheme larger and the alignment more

complicated when compared to schemes based on diffraction gratings.

It is worth mentioning, that ray tracing is often used for designing and analysing
stretcher /compressor schemes. The length of the path for certain wavelengths may be
derived from a simulation. The difference of the path lengths for different wavelengths

delivers information about the dispersion introduced by a certain scheme [58].

Pulses of A\ &~ 50nm are stretched to 10 or 100 ps, depending on the stretcher.
Stretchers with prisms and transmission diffraction gratings enable the same stretching
factor, resulting in a ~ 10 ps pulse duration while reflective diffraction gratings support

~ 100 ps pulses. The stretched seed pulse is launched into a ten-pass amplifier.

The multi-pass amplifier [59] for the front-end was developed to have a good tem-
poral contrast of > 10°, especially in relation to the ASE, so that features that appear
on a picosecond time scale are visible. This amplifier was also designed so that it would
have a minimal impact on the temporal contrast. To achieve this, the spatial modes
of the pump and seed are well-matched in the Ti:Sapphire crystal, and the amplifier
works efficiently (at ~ 12 %) compared to similar systems. It is important to mention
that the amplifier works below the saturation regime. The millijoule multi-pass am-
plifier is similar to the one used as the front-end of the 100 TW high-field MBI laser
system [17].

A Brewster cut Ti:Sapphire crystal (Crystal Systems) with a Figure-Of-Merit(FOM)
> 200 is used for the amplifier. The FOM is defined as the ratio of the absorption coef-
ficients at the pump and lasing wavelengths. In Ti:Sapphire, Ti*" ions are responsible
for emission at A &~ 800 nm and absorption in the green wavelength range (A ~ 532 nm).
The absorption at the lasing wavelength is determined by Ti*t atoms which are not
involved in the amplification process. This absorption is unwanted because it reduces
the lasing efficiency of the crystal. The FOM characterizes the ratio of these two kinds
of ions and thus it reflects the performance of the laser crystal. The optical path in

the crystal is & 5mm. The energy of the transmitted pump beam is recycled back by
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a concave mirror with a focal length ~ 50 cm. The total pump absorption amounts to
~ 80 %. Careful mode matching of the seed and pump beams enables an ASE contrast

of ~ 10 with an energy efficiency exceeding 12 % (1mJ of output energy at 9mJ of
pump energy).

Acousto-optic programmable dispersive filters

The task to re-compress stretched pulses is challenging. Even an accurate design of the
stretcher/compressor pair does not allow to compensate completely high order disper-
sion introduced by the stretcher and other optical elements. Modern laser systems use
active optical modulators or acousto-optic tunable filters [60] which allows the pulse
dispersion to be fine tuned and can provide a good re-compression.

In the present system this filter is based on diffraction of an optical wave on strain-
induced changes of the refractive index because of an acoustic wave propagating in an
anisotropic medium [61]. Under certain conditions, an acoustic wave propagating near
collinearly with a linearly polarized optical wave induces diffraction of this optical wave
into a cross-polarized optical wave.

The acousto-optic interaction is provided by the photoelastic effect and character-
ized as anisotropic Bragg diffraction. The diffracted cross-polarized wave is formed by

the product of the optical seed and the quasi-collinearly propagating acoustic wave
E2(w)€i(w2tfk2z) — El(w>€i(w1tiklz) ® S(w)ei(ﬂthz) (1.51)

were E; and Es are the complex spectral amplitude of the incident and the diffracted
waves respectively, wq, wo, k1 and ko are the related frequencies and wave vectors. S,
2 and K are the amplitude, the frequency and the wave vector of the acoustic wave,
and ® is the convolution operator.

The energy transfer between the optical waves is only pos-

sible in the vicinity of phase-matching: k, : 7
K
k

wy = wy + §2 (1.52a) 1

ko =k + K (1.52b) Figure 1.15: Phase
matching conditions
for the acousto-optic

interaction
with high accuracy the frequency of the diffracted light. This

Changing the frequency of the acoustic wave one can choose

physical principle can be used to create a tunable filter [60].
One can generate an acoustic wave with the amplitude and frequency varying in time.
While propagating in a photoelastic medium the wave creates a diffraction grating

with spatially varying parameters. The frequencies of the stretched incident light
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diffracts on the corresponding parts of this diffraction grating forming a diffracted cross-
polarized wave with changed dispersion. In other words, the programmable acoustic
wave propagating in a photoelastic medium allows the dispersion of the incident light
to be changed [62, 63, 64].

The Dazzler [62, 64] and Mazzler [65] are commercially available acousto-optic
programmable dispersive filters (AO-PDF) based in these physical principles. Their
difference is dictated by their applications. The Dazzler is designed for single pass
filtering aiming to shape the spectral amplitude and phase of the filtered wave while
the Mazzler is designed to be used in multi-pass regenerative amplifiers.

Let us now get back to the laser system. According to the goal of minimizing losses
at the low energy of the seed, the Dazzler and the second Pockels cell are located in the
middle of the optical path (after 5 passes) of the amplifier. This is an optimal position
for the Dazzler to support a good temporal contrast with comfortable operational
parameters. In this position, the energy of the pulses is not very low but at the same
time not high enough to cause optical damage to the crystal inside the Dazzler.

The pulse, after exiting the amplifier, is re-compressed by four passes through a
~ 10 cm thick SF6 glass block for the prism-based or the transmission grating-based
stretchers. The glass-based compressor uses the dispersion of a material:

¢(w) = —n(w)L (1.53)

where L is the optical path in the material and n(w) is the refractive index usually
known from the Sellmeier formula.

To minimize accumulation of the nonlinear phase due to the high pulse intensity
and long path in the glass, the beam diameter is increased up to 4 cm. This is also done
to obtain a good temporal contrast. The impact of the accumulated nonlinear phase
will be discussed in section 4.2. For the reflective grating-based stretcher, the same
gratings (1400.2 grooves per mm, Spectrogon) have to be used in the Treacy compressor
[50] shown in Fig. 1.11. It is formed by two parallel reflective diffraction gratings and
a back reflector. Grating parallelism in the compressor was aligned to an accuracy
of 0.001 degrees using electronic encoders. All stretcher/compressor configurations
enabled pulse re-compression close to the Fourier transform limit of 7 ~ 25 fs.

The compressor compensates for the dispersion introduced by the stretcher. This
is a challenging task, even when using the Dazzler [62, 64] and Mazzler [65]. These
devices allow the dispersion to be compensated up to 4 orders and are mainly used to
cover the difference in dispersion introduced by all parts of the laser system.

The difference in the optical paths among the three schemes is minimized. The

switching between stretcher/compressor combinations takes a minimum of time, at
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approximately a half an hour. Different optical elements in the stretchers and com-
pressors lead to their different efficiencies in term of energy, which are manifested in
the transmission coefficient of the stretcher. With the same seed energy of the master
oscillator, a slightly different amplification factor is then required to reach the same
output energy. The bulk glass in the compressor is anti-reflection coated on both sides
and as a result its losses are minimal. The compressor with two diffraction gratings
incurs ~ 40 % losses. In all cases, the energy after the re-compression was kept at a
level of approximately 0.5-1mJ to fit the requirements of the cross-correlators used for
the pulse characterization.

Only broadband dielectric mirrors (Layertec # 101287, ~ 200nm) and protected
silver mirrors (Thorlabs) were used in the laser system to exclude possible spectral
clipping and the impact of different optical coatings. The system delivers optical pulses
of approximately Aynm &~ 35 nm spectral bandwidth.

Both compressors and the stretchers with prisms and the reflective diffraction grat-
ing were designed together with a colleague from the Max Born Institute and the

optical schemes were implemented by the author of this thesis.

1.7 Methods for temporal contrast enhancement

The problem of temporal contrast of ultra-short laser pulses was initially identified more
than fifteen years ago. One of the joint European projects (LaserLab JRA, SHARP
[66]) was especially dedicated to the characterization and improvement of temporal
contrast. To this end, several new technologies were developed. In this section I am
going to discuss the major filtering techniques which are widely used. In particular,
I am going to describe the Double chirped pulse amplification concept (DCPA) [17]
(1.7.2), and methods for nonlinear pulse filtering such as Cross-polarized Waveform
Generation (XPW) [67] (see 1.7.2), nonlinear rotation of the polarization ellipse (NER)
(1.7.3) and plasma mirrors (1.7.1).

Before starting with those techniques it is worth mentioning the temporal contrast
filtering using a saturable absorber [68]. A saturable absorber material can be used to
reduce the duration of an ASE pedestal. Since ASE arrives much earlier than the main
pulse, the saturable absorber absorbs the ASE and gets transparent when the main

pulse arrives. This simple method allows the ASE pedestal to be shortened.

1.7.1 Plasma mirror (PM)

A neutral plasma is a gas of free electrons and ions which is characterized by the

electron density parameter n.. The critical density, where the plasma frequency equals
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the frequency of the incident light is n..:
_ 2/ 2
Ne = MeEowy /€ (1.54)

where m, and e are the electron mass and charge, ¢ is the vacuum dielectric constant
and wy is the laser frequency. When the electron density n. exceeds n., the plasma
changes its optical properties and becomes reflective for light. This principle is the
basis of the plasma mirror technique for temporal contrast improvement [69, 70].

The technique uses transparent targets with an anti-reflection coating on the front
surface. The reflectivity of the coated target defines the improvement of the temporal
contrast. Low intense light preceding an ultra-short pulse goes through such a target
with minimal reflections, however, when a certain intensity is reached on the leading
edge of the pulse, the target becomes ionized and switches on its reflectivity for the
intense part of the pulse. The ionization process can be considered to be instantaneous
on the femtosecond scale. Thus, the plasma mirror, changes its reflectivity almost
immediately while interacting with intense optical pulse. The plasma expands with a
speed that does not exceed 107 cm/s. Assuming that the expansion time of the created
plasma is much longer than the optical pulse duration, the plasma mirror conserves its
properties for the most intense part of the laser pulse. Thus, the main peak is reflected
from the plasma mirror.

For Ti:Sapphire-based lasers with a pulse duration of 7 < 100fs, this technology
requires a fluence of about 50 J/cm? [69, 18]. Depending on the temporal contrast and
the pulse energy requirements, two plasma mirrors can be used [71]. This technique
requires high fluence, thus it is usually applied at the laser exit and directly in front of
the beam injection into the delivery system.

The main trends in the current development of high peak power laser systems
are the shortening of the pulse duration and increase of the repetition rate. Plasma
mirrors can suppress the level of practically all features preceding the main pulse by
3-4 orders of magnitude. They work well in a single shot regime but there is currently
no reliable implementation of plasma mirror filtering technology for high peak power
systems working at high repetition rates (> 1Hz). An implementation of the plasma
mirror technology for PW level laser systems may encounter issues due to the pulse
intensity. In particular, it is necessary to increase the area where the plasma mirror is
formed because of the requirements of the fluence. The plasma parameters are mainly
determined by the parameters of the driving pulse and the spatial plasma parameters
are strongly linked to the spatial beam and wavefront. Thus, it might be difficult to
provide the required flatness and homogeneity of the plasma mirror surface for a large

diameter, which for multi-PW laser systems can reach 1cm. This potentially creates
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a large problem to which cancelling of the sources of the parasitic light in the laser

system may be a good solution.

1.7.2 Cross-polarized wave generation (XPW)

The generation of a cross-polarized wave (XPW) is a widely used method for temporal
filtering of short pulses [67] required for subtraction of the ASE pedestal. Cross-
polarized wave generation is a particular case of a degenerate four-wave mixing process
(1.55), which arises from the third-order optical nonlinearity in solid crystals and is
described by x®.

L)

W) = o L, — D (1.55)

Since it is a third-order nonlinear process, it is described by the nonlinear optical
polarization P®(w) (1.21). As was mentioned above the tensor of the third-order
susceptibility has three independent coefficients Xg(f;)yy, X,(fz’,)xy and X%)yx (1.22). Since the

frequencies are degenerate (w™) = w(l), frequencies permutation symmetry dictates

that ng;)ym = X%)my [72]. Let us introduce an anisotropy coefficient of the tensor x©):

(3) -9 (3) _ (3)
o — Xzzze Xzyyx Xzzyy (156)

The coupled wave equations describing third-order nonlinear processes in the SVEA
and plane-wave approximations for cubic crystals for the orthogonal field components
E, = A and E, = B can be expressed as:

dA

<= im|APPA — i (|B]?B — A°B* — 2|A]’B) +iv; (2|B|*A+ B*A*)  (1.57a)

dB
— = im1|B|?B + i, (|A|PA — B*A* — 2|B|?A) + iy; (2|A’B + A’B*)  (1.57b)

dz
where
n = [1—(0/2)sin*(25)] (1.58a)
Y2 = —Y0(0/4) sin(43) (1.58Db)
v3 = Yo(0/2) sin®(28) + ! ; d (1.58¢)
3T ()

p— ].; d

where ( is the angle between the input polarization and the [100] axis of the crystal
[73]. The z axis is along the [001] axis of the crystal.
The iz |A|*A term in (1.57b) is responsible for the generation of the cross-polarized
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wave, the ivy|B|?B term in (1.57a) determines the depletion of the initial beam, the
iv1|AJ*A term is responsible for self-phase modulation of the seed beam, and iv32|BJ* A
and i732| B|*A describe the cross-phase modulation. The XPW process (1.55) is possi-
ble only in media with an anisotropy of the third-order susceptibility tensor ¥ [74].
Thus, crystals of a specific symmetry (o # 0), such as cubic (m3m) or tetragonal
(4/mmm) crystals are needed.

To get an analytic solution and understand the effect, the equations (1.57) must be
simplified, which can be done by neglecting the depletion of the seed, the SPM of the
B wave, and other nonlinear effects such as the cross-phase modulation, and assuming
|B| < |A]. The neglect is fair for low efficiency of the XPW process. This simplifies

the equations to

dA
o= i AlPA (1.59a)
dB
o= i AIPA (1.59b)
The solution of the (1.59) is:
A = Age AL (1.60a)
B = Ag(a/) [ 485 — 1] (1.60b)

11 AZL is simply the nonlinear phase ¢Y* accumulated by the seed wave A. For cubic

crystals, the efficiency can be expressed [73] as:

gy (%)251112(@%2) (1.61)

_|\B
=1

One can see from (1.58b) and (1.61) that the efficiency depends on the anisotropy o
of x® and the maximum of the efficiency at high intensity corresponds to the case
when * = 7 and B = 7/8 (22.5°). In addition, B-integral has to be accumulated in
the XPW crystal. In general, according to (1.57), the energy transfer processes work
in both directions and the energy of the XPW signal can be transferred back to the

initial pulse. This limits the maximal efficiency of the XPW process.

Various crystals such as CaF,, BaFy, YVO,, GaAs can be used for the XPW pro-
cess. However, the barium fluoride (BaFs) cubic crystal has the highest value of the
anisotropy o of the x(® tensor. Thus, it allows to reach a higher efficiency, which is
usually about 25 %.

Experimentally, the crystal is located in a telescope providing the required intensity

to accumulate the B-integral in the crystal. Two crossed polarizers are used to select
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the XPW signal. Since the resulting photon is a combination of three seed photons,

]

® &y L,
BaFo

Figure 1.16: Principles of the temporal filtering for contrast improvement based on
XPW mechanism. The linearity of the polarization of the input beam is verified by
the input polarizer. Then, XPW wave with the orthogonal polarization is generated in
the nonlinear crystal. The second polarizer blocks the residual part of the input beam
and transmit the XPW pulse which are characterized by improved temporal contrast

the output temporal contrast or temporal shape will be the seeds temporal shape to
the third power. On the other hand, the transmitted and XPW waves are separated by
polarizers, which limits the maximum achievable contrast improvement. The extinction
coefficient of the crossed polarizers defines the highest temporal filtering ratio that is
possible, and the suppression coefficient of the temporal artefacts, such as the ASE
and others. For commercially available polarizers this usually does not exceed 10*.

The major advantage of the XPW process is that it conserves the wavelength of the
seed wave. The method has also a positive side effect — in case of a transform limited
duration of the seed pulse, the XPW pulse is v/3 times shorter than the seed [75]. In
addition the high intensity in the crystal leads to the SPM broadening which can easily
reach a factor of 2-3, supporting substantially shorter pulses as the seed.

Application of the XPW filtering technique is deeply linked with the Double Chirped
Pulse Amplification (DCPA) concept [76]. The idea of DCPA is the implementation of
intermediate re-compression of the optical pulses after a pre-amplification CPA stage,
followed by nonlinear filtering of the most intense part of the re-compressed pulse [17].
This allows for subtraction of the ASE background and seeds an already temporally
“clean” laser pulse into the following CPA laser system. The second stretching of the
pulse occurs together with its amplification in power cascades, with subsequent re-
compression. Thus, a high-power system appears to be split into two CPA stage with
a nonlinear temporal filtering stage between them.

A large stretching factor must be applied in the second CPA stage due to the
high energies and, thus, high intensity in the power cascades. To support this large
stretching, a scheme based on reflective diffraction gratings is required. The stretcher
in this case (in particular the damage threshold of the diffraction gratings) limits the
input pulse energy to a few millijoules and, as a result, sets an upper limit for the XPW

energy range. Typically, this nonlinear filtering technique cleans ultra-short pulses of
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a millijoule or hundreds of uJ.

A combination of the DCPA and XPW techniques represents a practical solution
for the elimination of ASE and supports an ASE contrast of 10'1-10!2 even at a PW
power level [76]. An additional plasma mirror at the end of the laser system can reduce
the ASE level by an additional 3-4 orders of magnitude.

1.7.3 Nonlinear rotation of polarization ellipse (NER)

The nonlinear temporal filtering technique based on the nonlinear rotation of the po-
larization ellipse has been intensively investigated in the past [77, 78, 79, 80, 81] and
the physics of the process is well-known [21, 82]. The physical process of NER is based

on the optical Kerr effect.

Let us start with a description of the polarization state.
An elliptical polarization can be considered as a linear com- E
}

bination of two counter-rotating circularly polarized waves
E_ and E; [21, 83| (see Fig. 1.17)

E = E+O'+ + E_U_ (162)

oy = (x+iy)/V2 (1.63)

where o_ and o, correspond to left-hand and right-hand
Figure 1.17:  Elliptical

polarization viewed as
E_ are the amplitudes of these circular components, x and ,  combination of two

circular polarization unit vectors respectively, and £, and

y are Cartesian coordinates. Thus, if £ = 0 we get right- counter-rotating circular
hand circularly polarized light, if F, = FE_ the light is Waves

linearly polarized and when E, # E_, the light is ellipti-

cally polarized.

The nonlinear polarization induced by these components of the electric field in
an isotropic medium with only an instantaneous electronic response () = Xg})m =

3Xg(5?§,;)yy = 3)(%)% = 3)(553’,)@) can be also represented through two components [21]:

Pny =Pyoy+Poo_ (1.64a)
Py = 02X (| Bx|*+2|E5 ) By = eoxY (B, E_)Fx (1.64b)

where xV*(E;, E_) and x"*(E,, E_) correspond to the effective nonlinear suscepti-
bilities which depend on the amplitudes of the electric fields F, and E_. Introducing

the nonlinear polarization term from (1.64) into the wave equation equation (1.3) one
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can obtain wave equations for the two counter-rotating circularly polarized waves:

e+ XYH(Ey, E-) 9*Ey(z,t)

V2Ei<z7 t) = CQ atg

(1.65)

where ¢ is the permittivity of a medium. Solving the wave equations (1.65) in the form
of plane waves (1.66a) we get that their phase velocities v,+ = ¢/ny depend on the

ratio between the amplitudes F.

E(z) = A e/, 4 A_e™=*/°q_ (1.66a)
ni =ng +2xP(|EL|® + 2| Ex[?) (1.66b)

where ng = /¢ is the linear refractive index of the medium. In the case of an elliptical
polarization Ey # E_ the contribution of both components to the optical Kerr effect
will not be equivalent. As a result, the refractive indices for the £, and E_ components
and thus the phase velocities are different. Equation (1.66a) can be rewritten in the
form:

E(z) = (A4e’oy + A_e o) ehm? (1.67)

where k,, = 1(n4 +n_)w/c is the mean propagation constant and 6 = $(ny —n_)wz/c.
Equation (1.67) describes a wave with the same ellipticity as the initial one (1.62) but
rotated through an angle 6. In other words, the elliptical polarization rotates without

a change of the ellipticity.

The expression (1.66b) can be rewritten in the form:

2 2 2X(3) 2 2
ni=ng(1l+ Y (\Ei] +2]Eﬂ) (1.68)

and thus
2X(3) 2 2
0

Taking into account the equation (1.69) and replacing w = 27¢/\, one can express the

rotation angle 6:

3) 2)
X 2 2y 2T

="+ (E_|"—|E — 1.
o (B = )T (1.70)

Let us now replace the term |E.| by parameters, that are understandable in an ex-
periment. Elliptically polarized light can be obtained by passing a linearly polarized
light through a quarter waveplate. The angle v between the fast axis of the quar-
ter waveplate and the plane of the light polarization determines the ellipticity of the
polarization. The amplitudes |EL| of the circular components can also be expressed

through the angle . Let us assume a linearly polarized wave with an amplitude of the
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electric field £ and a polarization in the plane formed by the z-axis and the propaga-
tion direction perpendicular to the x and y axis. The quarter-wave plate at the angle

~ transforms the linear polarization into an elliptical one with semi-axes F, and FEj

. E, = Ecos~y (1.71a)
X By = Esin~y (1.71b)

For simplicity, let us limit the angle v by the range

Figljlre 1'18:, Elliptical p‘olar— [0,7/4] in order to ensure that E, > Ej,. Then, one
ization obtained from a linear

polarization, using a quarter " write

waveplate aligned at an angle

7 between the fast axis and the E,=(Ey+E_)/V2 (1.72a)
linear polarization of the seed Ey=(E, —E)/ NG) (1.72h)

Combining (1.71) and (1.72) one can obtain

1 :
|EL | = §|E|251n(27) (1.73a)

1
|E_|? = —§]E]28in(2’y) (1.73b)
Using this equation, one can express the rotation angle 6
3) 2
0= —g—%wy? sin(QW)TWz (1.74)

Taking into account that ny = 3x®) /(4n2epc) and I = 2ngeoc| E|? we get

)
nol = |E|? (1.75)

and thus
1 2« ) 1 )
0= -3 Tnﬂz -sin(2y) = —gB()\, I)sin(2y) (1.76)

where B(A, I) is the value of the accumulated B-integral.

Principle of temporal filtering based on rotation of the polarization ellipse

In the NER, the nonlinear temporal filtering occurs between two crossed polarizers.
The first polarizer makes the polarization highly linear and the second polarizer blocks
the beam. Two \/4 waveplates are placed between the polarizers. The first \/4

waveplate is aligned at an angle v to define the ellipticity: 7 = 0 corresponds to an
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unchanged linear polarization, whereas v = £ /4 correspond to the case of right-hand

and left-hand circular polarization.

ﬂ Nonlinear & H
medium, n, U
Polarizer

N/4 at vy A/4 at m/2+y

Figure 1.19: Principle of nonlinear temporal filtering based on rotation of the polar-
ization ellipse. The first quarter waveplate transforms the linear polarization of the
input beam into an elliptical polarization which at low pulse intensity is transformed
back into linear polarization by the second quarter waveplate which is crossed with
respect to the first one. In case of high intensity and a nonlinear medium between the
plates, a polarization rotation will occur resulting in an uncompensated ellipticity at
the second waveplate and thus a leak through the polarizer. The input beam must be
highly linearly polarized as in the case of XPW

At low intensity this ellipticity is turned back to linear by the second waveplate.
When a high intensity is reached in the main pulse, the elliptical polarization between
the quarter waveplates is rotated according to the mechanism described above. The
accumulated B-integral and the ellipticity of the polarization determine the rotation
angle. Since the polarization is rotated at high intensity, the second quarter waveplate
does not turn the polarization back to linear. After the second quarter waveplate the
rotated intense part of the light will have a polarization component orthogonal to the
initial linear polarization. This allows to select the most intense part of the laser pulse

using the second polarizer which is crossed to the one at the input.

The efficiency of temporal filtering using NER can be obtained from the geometry
for the case of flat-top temporal and spatial shapes of the pulse and can be expressed
1
as

n = sin” f cos®(27) (1.77)

where 6 is the rotation angle of the polarization and + is the angle between the plane of
the polarization of the seed and the fast axis of the first quarter waveplate. However,
the real beam has a Gaussian pulse shape. This must be taken into account and can be

done using a calculation of the weighted arithmetic mean of the efficiency. In addition,

lsee appendix A
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the B-integral also depends on the intensity. As a result, one gets

cos?(27) [ sin?(1/3 - Bpeare 20/ sin(27y))e =2/ dt

n(v, 7, B) = — (1.78)
[ e/ dt

where B, is the B-integral accumulated at the peak intensity. Similar manipulations
are required to take into account the spatial intensity distribution of the beam which
depends on the exact implementation of the filtering scheme. Equation (1.78) was
derived in a collaboration with colleagues from Laboratoire d’Optique Appliquée (LOA)
located in Palaiseau, France.

Experimental results as well as a practical implementation of NER in a hollow-core

fibre will be presented in the chapter 5.



Chapter 2

Diagnostics of the temporal

contrast of ultrashort pulses

2.1 Introduction

In the chapter 1 we have learned that the temporal contrast is important and that
there are modern techniques for its enhancement. However the existing techniques
are limited and further improvement of the temporal contrast requires investigation of
reasons of its degradation.

Before doing the investigation of the temporal contrast it is worth to review the
available techniques for temporal contrast characterization. It is also important to
ensure that the available characterization tools are reliable enough for our investigation.
In this chapter I am going to talk about techniques for characterization and analysis of
the temporal contrast. In particular, the rough characterization with a photodiode, and
the working principles of Wizzler and high-dynamic cross-correlators will be considered.
This is followed by a detailed description and an investigation of the reliability of the
commercially available Sequoia cross-correlator. 1 will show that this device is not
reliable and suggest a modification of the optical scheme in order to make it reliable

for high-dynamic range characterization.

2.2 Characterization using a photodiode

There are a few techniques available for the characterization of temporal contrast.
The simplest technique uses a conventional photodiode with a temporal resolution of
about ~ 1ns and a set of calibrated neutral-density (ND) filters. The main peak is
integrated by the diode which in fact measures its energy rather than its intensity. The

duration of the ASE is much longer than the temporal resolution of the photodiode

45
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(~ 1mns). Saturating the photodiode with the main pulse in most cases makes the
ASE visible. On the other hand, adding a set of calibrated ND filters makes the
main pulse visible. Assuming that the pulse re-compression is perfect, the ratio of
Epuse X F/Easg X Tpp/Thuse gives an estimate of the ASE intensity contrast. Here
Easp and Epyee are integrated oscillograms of the ASE and the main pulse, F' is the
attenuation of the ND filters, Tpp is the time resolution of the photodiode, and T}yse

is the duration of the re-compressed pulse.

This technique is simple and works well [48] but it does not provide reliable infor-
mation about the detailed temporal shape of the ultra-short light pulses, especially in
the vicinity of the main peak. The characterization using a photodiode is usually used
to identify pre-pulses on the nanosecond time scale. The following characterization
techniques work mainly on the picosecond and femtosecond timescale and do not allow

the temporal contrast on tens of nanoseconds to be characterized.

2.3 Wizzler

There are also various interferometric techniques which provide information about the
light intensity as well as the temporal and spectral phases. Here I will focus on a high-
dynamic version of interferometric characterization implemented in the commercially
available Wizzler device [84, 85, 86] and in its high-dynamic range version, Wizzler HD
[87], from Fastlite. Both devices are similar and use the same physical principles. This
type of device is useful for re-compression as it gives information about the phase of
the re-compressed pulses and can be used as a feedback for an acousto-optic modulator

such as Dazzler in order to compensate high-order dispersion.

Wizzler diagnostics is based on self-referenced interferometry [84]. The beam to be
measured is split and XPW filtering is applied in one arm. This is done to obtain a
reference pulse with a short pulse duration and a clean temporal profile when compared
with the second arm. As a result we get two beams: F(t) and Eyet(t) ~ |E(t)|*E(t).
These two fields can be represented in the spectral domain as E(w) and FEyef(w). One
of the beams is delayed and combined with the second one. The resulting interference
pattern is measured by a spectrometer. One can write the expression of the measured

spectral density
S(w) = |Bret(w) + E(w)e™"|* = |Erwet (W) * + | EW)[* + f(w)e™ + f*(w)e™  (2.1)

where 7 is the delay between the two beams and f(w) = Eyef(w)E*(w). After that, the
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inverse Fourier transformation is applied to get the representation in the time domain
FT.7HS|(t) = Efg(—t) @ Bret(t) + B (—t) @ E(t) + f(t = 7) + f* (=t —=7)  (2:2)

The first two terms are related to the autocorrelation functions of the two beams and
thus centered around zero, while the functions f and f* are centered at around ¢t = 7
and t = —7. Thus, in case of large 7 the latter will not overlap with the autocorrelation
functions and can be numerically extracted. One need to take only f or f* because
they are identical, so let us choose f. Calculating the Fourier transformation from the
iwr

function f(t — 7) we get the resulting function g(w,7) = f(w)e™” with the argument

corresponding to the difference of the phases of the reference and pulse to be measured:

9(w,
9(w,

arg|g

—-—|

T)] = ¢ret(w) — P(w) +wT (2.3a)
)| = | Eret (W) || E(w)] (2.3b)

The phase of the reference pulse is unknown, however it can be assumed and then an
iterative numerical method can be applied. In case of a near to transform-limited seed
pulse, the spectrum of the XPW pulse is v/3 times broader than the spectrum of the
input pulse and the linear chirp is 9 times smaller [75, 86]. This is correct for pulses with
¢® < 78 /3 where ¢3) is responsible for the linear chirp: ¢ = 0%¢(w)/0w?|.
Thus, in this case, the temporal phase ¢t can be neglected and the phase of the pulse
to be measured can be directly derived from (2.3a). The spectral intensity is usually

derived from a separately measured spectrum of the input beam.

To increase the accuracy of the characterization, an iterative method is applied
in the Wizzler software. At the first iteration, the XPW phase ¢, is neglected and
¢(w) is derived. Since we know the relation of the seed signal and its XPW signal,
the obtained phase ¢(w) can be used to calculate the reference phase ¢pf. It is then
used at the second iteration to derive ¢(w) more precisely using equation (2.3a). A few

iterations allows the phase to be derived with a good accuracy.

The dynamic range of the Wizzler is determined by the optical scheme and the
measurement electronics (camera or line sensor) of the spectrometer. Unfortunately,
the dynamic range of the conventional Wizzler does not exceed 4-5 orders of magnitude.
In [87], which presents an implementation of the high dynamic Wizzler system, the high
dynamic range phase information is extracted in a single shot. The Wizzler HD shows
a dynamic range of up to 8 orders of magnitude in the single-shot regime and allows the
temporal shape to be characterized with a femtosecond temporal resolution. This is a

good achievement, taking into account the opportunity to derive the phase information,
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which cannot be provided by correlators. In addition, the characterized temporal range
is limited to 10 picosecond in the vicinity of the main pulse and it does not allow the
temporal contrast outside of this range to be characterized.

The temporal contrast in the temporal range from -10 to 10 ps of the available high
peak power laser systems does not usually exceed 8-9 orders of magnitude and taking
into account the high temporal resolution of the Wizzler HD, it can be a perfect tool

to characterize the temporal contrast in the vicinity of the main peak.

2.4 Cross-correlators

However, there is another characterization technique which allows measuring the cross-
correlation function [88, 89, 90, 91, 92]|. In general, the cross-correlation function can

be expressed as:

Teo(r) = / R()I(t — 7)dt (2.4)

where R(t) is a reference signal and I(¢ — 7) is the signal to be measured. Today, it is
common to characterize pulse contrast using a cross-correlator.

There are several types of these devices and the first one to be considered is a
self-referencing one using the second harmonic of the fundamental as the reference,
i.e. R(t) = I*(t). This is a third-order cross-correlator measuring the sum-frequency
[91, 92] of the signal and the frequency-doubled signal. It is assumed that the frequency-
doubled pulse is shorter and its temporal profile is substantially cleaner than the incom-
ing pulse, thus it can be used as a reference signal. Technically, the frequency-doubled
signal is mixed with the fundamental and the third harmonic is analysed as a function
of the relative delay between the fundamental and the second harmonic. Since the
cross-correlation function /oo (7) is asymmetric this measurement delivers information
about both, the leading and trailing slopes of the measured laser pulse. However, since
the frequency-doubled signal still contains all the temporal artefacts of the measured
pulse (pre-/post-pulses), artificial ghost artefacts can appear in the measured tempo-
ral trace. The details of this are considered later in 4.2. It is important to note that
third-order cross-correlators do not deliver information about the temporal phase.

Another type of a high-dynamic range cross-correlator uses a reference beam from
another source R = Ig(t) with a different wavelength. Both signals are mixed to
generate the sum frequency or the difference frequency in a second-order process in a
nonlinear crystal [90]. With this technique one can shift the resulting correlation signal
to the visible range which allows this type of device to be used for characterization

pulses in the blue and UV ranges.
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It is worth mentioning the opportunities for single-shot characterization using cross-
correlators [93, 94, 95]. However, the dynamic range of such devices is lower than that
of scanning type third-order cross-correlators. The latter are commercially available
and despite the lack of information about the temporal phase, they are widely used for
high-dynamic range characterization of ultra-short pulses.

Modern third-order cross-correlators provide an incredible opportunity to charac-
terize laser pulses with energies close to a mJ at a high dynamic range of up to 10*3.
When laser pulses are measured over such an extreme intensity range, the diagnostics
itself has to be checked to ensure that it does not introduce artefacts that could be

misinterpreted as components of the real pulse shape.

2.5 Sequoia cross-correlator

There are several commercial cross-correlators available on the market. The commer-
cial Sequoia cross-correlator provided by Amplitude Technologies [91] is one of the most
widely used and reliable cross-correlators for the characterization of the temporal con-
trast of ultra-short pulses. The temporal resolution of this device is about 100-200 fs.
A modified version of the conventional Sequoia cross-correlator is mainly used in this
thesis. Hence, it is important to ensure that it is reliable enough for the investigation of
the temporal contrast. In this section I am going to talk about the reliability of Sequoia
and those details which must be taken into account when the measured Sequoia traces
are analysed. I will discuss in detail the optical scheme of the conventional Sequoia
and then, in section 2.5.3, I will discuss questions related tot he dynamic range of the
Sequoia.

There are a few generations of the Sequoia device. In both of them the sum fre-
quency signal generated in a non-collinear configuration is analyzed. The conventional
Sequoia uses an unfocused beam for this purpose whereas the new generation of this
device — Sequoia HD has a proprietary focusing scheme inside. We will see that this

detail can be crucial.

2.5.1 Aperture effect in Sequoia cross-correlator

It has been experimentally found during the pulse characterization, that the fronts of
the main pulse in the temporal trace measured using the Sequoia depend on the size
of a flexible aperture located in front of the bulk compressor. The flexible aperture is
aligned coaxially with the laser beam, leading to radial clipping of the spatial intensity
profile. Cross-correlation traces with and without spatial clipping are shown in Fig.

2.1a. There is a strong dependence of the leading front below 5 ps on the diameter of
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an aperture placed in front of the bulk compressor. A similar effect was achieved when
the flexible aperture is located in front of the Sequoia. However, since the beam size
is smaller there, it was more difficult to observe.

A similar experiment was carried out with orthogonally oriented slits in front of the
compressor (Fig. 2.1b). The leading front of the main pulse in the measured traces

was only sensitive to the vertically oriented slit, i.e. the vertical spatial clipping of the

beam.
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(a) Cross-correlation trace with an unclipped (b) Cross-correlation trace measured with

beam (black curve) and with the beam an unclipped beam (black curve), the beam

clipped using a flexible aperture (green curve) clipped using a vertically oriented slit (green
curve) and with a horizontally oriented slit
(red curve)

Figure 2.1: Cross-correlation traces measured when clipping the spatial mode of the
beam in front of the compressor. This figure shows that the measured temporal trace
depends on the input beam profile

Despite the fact that Sequoia device has its own optical scheme, it has to be con-
sidered as a black box which is supposed to deliver accurate information about the
temporal parameters of the input pulses when the measurements are performed ac-
cording to the user manual [96]. The user manual does not mention the fact that
the shape of the measured traces depends on the spatial beam profile. Hence, the
dependence of the temporal profile on the spatial beam profile can indicate that the
Sequoia is an unrealiable characterization tool. On the other hand one can assume that
the pulse has different temporal contrasts in the orthogonal directions and it strongly
depends on the radius of the beam. Before concluding anything about the Sequoia
device, it is important to ensure that the beam has the same temporal contrast in the
orthogonal directions. A beam rotation about the propagation axis was employed for
this purpose by using a home-made rotator [97] designed and built by colleagues from

Max Born Institute. Its scheme is shown in Fig. 2.2 and it allows rotating the beam
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along the propagation axis.

(a) 2D view (b) 3D view

Figure 2.2: Principle optical scheme for the beam rotator [97] for rotating the beam
along to its propagation axis. The rotator aligned at the angle ¢ leads to a beam
rotation angle of 2¢

Since we rotate the beam, the polarization of light is also rotated which, in turn,
can impact the following propagation of the pulse and lead to wrong characterization.
Thus compensation of the polarization rotation is necessary and it was implemented
using an achromatic A\/2 waveplate. This was followed by a vertical slit which was
inserted into the beam in front of the compressor, as in the previous experiment. The
rotation angle was gradually increased from 0°(corresponding to point 1 in Fig. 2.3)
to 90°(corresponding to point 9 in Fig. 2.3) with an approximate step of ~ 11°. If the
laser beam has a different temporal contrast in the vertical and horizontal directions,
the leading front of the main pulse should significantly depend on the rotation angle.

Fig. 2.3 shows that the leading front of the main pulse does not depend on the
rotation angle. However, we observe differences in the trailing front of the main pulse.
This fact does not mean that the temporal shape depends on the rotation angle and
this phenomenon will be explained later in the section 4.3.

The observed difference of the signal level in front of and behind the pulse is a result
of the measurements being taken at different alignment conditions. An “active” or a
non-fixed optical element slightly changes the beam alignment, especially the position
and angle of the beam. Taking into account the fact that the distance that the beam
travels in the compressor is a few metres, as well as the sensitivity of the Sequoia to
the beam position, it can be assumed that this is the reason for the observed difference
of the noise level.

A similar experiment was performed with the aperture shifted from the axis of
the laser beam in order to characterize the temporal contrast not in the center of

the beam but on its edge, and shows that the temporal contrast does not depend on
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Figure 2.3: Cross-correlation traces obtained at different angle of the laser beam rota-
tion. Different colors correspond to a different rotation angle

the radial coordinate. This experiment yields the same result. Both results indicate
that the measured beam has no difference in temporal contrast depending on spatial
coordinate. This result confirms the proposition that the observed effect is an issue of
the conventional Sequoia. Moreover, the presented result means that the Sequoia is
not reliable because the measured temporal profile depends on the spatial parameters
of the input beam.

In order to identify the reason of this issue one must consider the principle of the
conventional Sequoia instrument which is shown in Fig. 2.4a. The input beam is
attenuated by a set of neutral density filters and then split into two parts. The second
harmonic (SH) is generated in one arm and used as a reference beam. The nonlinear
character of the interaction results in a SH pulse that is shorter and temporally more
“clean” than the input pulse. Thus it can serve as a reference beam. The two beams,
the fundamental and the second harmonic, meet non-collinearly in a second nonlinear
crystal to generate a sum-frequency wave (see Fig. 2.4c). The resulting wave has the
frequency of the third harmonic (TH) of the fundamental beam. The relative delay
between the fundamental and the SH in the TH crystal is controllably scanned using
a motorized linear stage in the SH arm. The third-harmonic signal, generated in a
non-collinear interaction, is measured by a photomultiplier (PMT) as a function of the
time delay. The gain of the photomultiplier can be controlled by the applied high-
voltage. Changing the latter allows a dynamic range of 10* to be covered. A set of

neutral density filters at the Sequoia input is used in addition. The combination of
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attenuation and tuning the photomultiplier allows for approximately 13-14 orders of
magnitude of the registered signal to be reached. The value of the measured signal
obtained from the PMT is divided by the attenuation of the filters and the gain of the

PMT giving the intensity value at a certain time.

The limit of the dynamic range of the third-order cross-correlator is determined
by the direct generation of the third harmonic (TH) from the fundamental signal
in both arms of the instrument. It is well-known that the odd components of the
nonlinear polarization are not equal to zero in any media and thus the corresponding
nonlinear effects are unavoidable. Since the generated cross-correlation function has
the frequency of the third harmonic (TH) of the input beam, it must be separated from
the third harmonic signal that is directly generated by the fundamental beam through
the third-order susceptibility x® in the nonlinear crystals. Unpublished results of the
SHARP project show that because of this reason, collinear third-order cross-correlators

do not support a dynamic range above 107 [66].

The non-collinear interaction is chosen to increase the dynamic range above 107.
The angle between the beams plays an important role. Increasing the angle of the
non-collinear interaction allows the directly generated third harmonics and the sum-
frequency cross-correlation signal to be spatially separated. However, increasing the
angle between the beams reduces the overlap of the SH and the fundamental beams in
the crystal, hence reducing the TH signal. Thus, a high dynamic range (> 10'?) can
be reached at a certain angle between the fundamental and the SH, when the balance
between the efficiency of the sum-frequency generation and sufficient damping of the

parasitic third harmonic signal is reached.

Since the reference arm is mechanically scanned, there are reasons to be concerned
about the pulse-overlap in the crystal where the cross-correlation signal is generated.
Unfortunately, it is challenging to simulate numerically or calculate analytically the
measuring process. However, this interaction is very important, because as it was
experimentally demonstrated, that the outcome of the measurement depends on the

incoming beam profile only if a vertical slit is used.

A vertical slit was applied in the SH arm in front of the non-collinear interaction
in the Sequoia in an attempt to reduce the impact of the spatio-temporal coupling by
cutting the second harmonic beam. It is shown in the figure 2.4a in grey color and
marked as an additional vertical slit. In this position, the vertical slit cuts spatially
the second harmonic beam but not the fundamental which stays unchanged. However,
since the thin slit cuts the SH beam which is used as a reference, the clipping has
the potential to decrease the dynamic range of the cross-correlator. Since there is no

theoretical model or a reliable simulation an experiment was performed. The width
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Figure 2.4: Principle schemes of third-order cross-correlators and the illustration of the
non-collinear interaction used for the generation of the cross-correlation beam
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of the slit was gradually decreased from a width of 1 mm. The cross-correlation trace
was measured for every width of the slit. The experiments have shown that there is an
optimal width of the slit, which allows the influence of the spatial profile to be decreased
without degrading the dynamic range of the Sequoia cross-correlator. The width can
be sensitive to the angle between the fundamental and its second harmonic. The
vertical slit in the SH arm has minimized the impact of the spatio-temporal coupling
and cancelled the dependence of the measured temporal shape on the spatial beam
profile. This approach allows the conventional Sequoia to be improved and made it
reliable with minimal changes to the scheme.

A similar investigation was done with the Sequoia HD cross-correlator. It was found
that it does not have the spatio-temporal coupling issue. This can be associated with
the proprietary focusing system implemented to focus both beams participating in the
non-collinear sum-frequency generation. It may also indicate that the non-collinear
sum-frequency generation is responsible for the observed issue.

The results presented in the following part of the thesis were obtained using the

modified Sequoia with the vertical slit in the SH arm.

2.5.2 Temporal artefacts caused by the characterization using

a third-order cross-correlator

Since the third-order cross-correlator is a self-referenced device, the reference pulse can
cause temporal artefacts which do not exist in the temporal profile of the pulse to be
measured. As it was mentioned above, the second harmonic is generated in one arm,
after splitting the income beam into two beams. The temporal shape of the second
harmonic beam is the square of the temporal shape of the initial, fundamental, beam.
Thus, it contains all the temporal structures of the fundamental pulse, such as the
pre-/post-pulses. The SH signal is scanned temporally against the fundamental to
generate the cross-correlation signal. As a result, the post-pulses in the SH generate
artificial pre-pulses and pre-pulses generate artificial post-pulses in the measured cross-
correlation trace. The artificially generated pre- and post-pulses have the same shape
as the pre- and post-pulses in the fundamental. For instance if the main pulse of
the fundamental is asymmetric, the generated artificial pre-pulse is also asymmetric.
Figure 2.5 illustrates this mechanism, where the blue curve is the temporal shape of the
fundamental and the orange curve is the measured cross-correlation trace. Obviously,
the position and the intensity of the pre-pulse can be well predicted if the position and
intensity of the post-pulse are known. The intensity of the artificial pre-pulse is always
the square root of the post-pulse intensity and the absolute value of the temporal

position at the position of the post-pulse.
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Figure 2.5: Simulation of the generation of pre-pulses during high-dynamic range char-
acterization using a cross-correlator. Characterization of the temporal shape in the
blue curve leads to the measured correlation trace shown in the red curve

To identify and avoid any impact of the diagnostics on the results, three types of
third-order cross-correlators were used in the current work: the commercial Sequoia
[91], the Sequoia HD (Amplitude Technologies) and the home-made high-dynamic
range cross-correlator. The devices enabled a temporal resolution of ~ 180 (Sequoia)
and ~ 60fs (home-made). All three devices employ different optical schemes and
use different optical elements. Thus, a comparison of the temporal traces measured
with the help of these devices aims to minimize any possible impact associated with
a certain implementation of the cross-correlator on the measured temporal contrast.
In the home-made and Sequoia HD cross-correlators the fundamental and the second
harmonic beams are focused by cylindrical mirrors into the crystal where the sum fre-
quency is generated. This allows for a better temporal resolution to be reached and
avoids the issues discussed in section 2.5.1.

A comparison of the traces obtained by the conventional Sequoia and Sequoia HD
(Fig. 2.6) allows identifying an additional artefact (7 ~ 15.2fs) generated by the
optical scheme of the Sequoia HD. The figure also shows that the Sequoia HD has a

lover noise level compared with the conventional device.

2.5.3 Characterization of high dynamic range

Let us now discuss the dynamic range of Sequoia. Since it covers more than 12 orders

of magnitude, it is necessary to ensure that the device is correctly calibrated and shows
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Figure 2.6: Cross-correlation traces measured using the conventional Sequoia (red
curve) and the Sequoia HD (black curve). The comparison highlights a temporal
artefact generated by the optical scheme of the Sequoia HD. It also shows a lower noise
level of the Sequoia HD

the real dynamic range. In this section I will discuss the dynamic range of the Sequoia
and a way to verify it using thin glass plates.

Technically the dynamic range is characterized by the minimal ratio achieved be-
tween the peak intensity and the noise level. The level of noise is estimated by two
measurements when the signal in one of the two arms of the cross-correlator is blocked
(see Fig. 2.7). The maximum of the two signals determines the noise level taken for
the dynamic range estimation.

Another important parameter determines the linearity of the measured dynamic
range. This parameter was measured by using uncoated glass plates installed in front
of the cross-correlator (Fig. 2.8).

Two glass plates with different thicknesses (145 um and 1.06 mm) were used. The
values of the refractive indexes were cross-checked between the given catalogue value
and the value calculated from the time of appearance of the post-pulses. The reflection
coefficient of the glass plates at normal incidence can be obtained using the Fresnel

formula )
ny —ng
nq + N9

R= (2.5)

where n; and ny are the refractive indices of the first and the second medium. This,
in turn, yields information about the attenuation of the post-pulses. These values
are represented by the square and fourth power of the first and second post-pulses
respectively.

Figure 2.9 shows the measured cross-correlation traces. The post-pulses generated
by the double internal reflection in the different glass plates are marked by letters and

the number gives the order of the pre- or post-pulse. Number 1 is related to the first
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Figure 2.7: Demonstration of the optical noise level in the Sequoia by blocking the
beam in the fundamental and the second harmonic arms
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Figure 2.8: Experimental check of the linearity of the dynamic range of the Sequoia
cross-correlator. Two thin glass plates are placed in front of Sequoia

internal double reflection, and number 2, to the second internal double reflection.

Two pre-pulses (-1a and -1b) can also be seen in Fig. 2.9. These artificial pre-pulses

are generated by the SH in the cross-correlator (see above).

The values of the intensity calculated using the value of the refractive indices and the
results of the experimental measurements are presented in Table 2.1. For a conventional
Sequoia device, the measured trace (Fig. 2.9, Table 2.1) shows a good agreement with
the theoretically calculated pre- and post-pulses. The difference of 2 at the intensity
level of 1076 is not significant and may be explained by imperfections in the glass plates
(surfaces that are not clean or the plate not being strictly perpendicular to the beam).

This leads to the conclusion, that the Sequoia cross-correlator was calibrated correctly.
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Figure 2.9: Scheme of marking the reference post-pulses. Green and purple curves
represent the pulses generated by the double internal reflection in the thin plates and
those which are generated by the cross-correlator as a result of the characterization

Calculated intensity Measured intensity

# Delay, [ps] [arb. units] [arb. units]

Thin glass, s = 145 pm, n = 1.523

la 1.5 1.8x1073 1.3x1073
2a, 2.9 3.4x1076 1.7x1076
-la -1.5 3.4x1076 2.1x107¢
Thick glass, s = 1.06 mm, n = 1.48
1b 10.5 1.4x1073 9.9%x1074
2b 20.9 1.96x1076 9.8x1077
-1b -10.5 1.96x1076 9.6x107"7
Thin + thick glasses
la + 1b 11.9 2.6x107° 1.21x1076

Table 2.1: Table for comparison of the parameters of the pulses obtained from the ge-
ometry and medium of the glass plates and measured using the Sequoia cross-correlator
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Saturation effects in a third order cross-correlator

The nonlinear optical processes in a cross-correlator, such as SHG or the sum-frequency
generation may show a saturation effect [98]. When a low level signal is measured, all
filters are removed from the beam path in the Sequoia device. Thus, the full power
input beam goes to generate the SH signal. If the SHG process is saturated, it produces
a lower SH signal than it would generate without the saturation. As a result, the
generated cross-correlation signal is also weaker compared with that what would be
generated without the saturation of the SH. This leads to a lower ASE level detected

by the Sequoia and an artificial increase of the temporal contrast in the measured trace.
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Figure 2.10: The saturation of the peak intensity measured using the Sequoia. Black
triangles are the experimental data, whereas the red curve corresponds to fitting to a
power law with an exponent value close to 3

On the other hand, the measured absolute peak intensity must grow as a cubic func-
tion of the input intensity. Figure 2.10 demonstrates how the peak intensity changes
when varying the input beam energy. The laser energy was tuned using the combi-
nation of a half-wave plate and a polarizer. The level of saturation depends on the
beam parameters. In this case (Tgynm = 25 fs, beam diameter d &~ 4 mm in front of the

Sequoia) the peak signal starts to be saturated when the energy level exceeds 0.7 mJ.



Chapter 3

Investigation of temporal contrast

on the picosecond time scale

3.1 Introduction

In the previous chapter techniques suitable for the high-dynamic range characterization
of temporal contrast have been presented. We have seen that the commonly used
Sequoia cross-correlator has issues and found a way to make it more reliable.

From the moment that Double CPA (DCPA) was demonstrated [17], only little
research has been performed to understand and improve the temporal contrast of
Ti:Sapphire laser systems. The reason for this could be the availability of plasma
mirror technology that works well even for PW laser systems and that allows the
problem of the temporal contrast to be solved, although only for low repetition rate
systems. DCPA with XPW filtering allows for strong suppression of the ASE level but
this technology is still limited by the damage threshold of diffraction gratings in the
stretcher to an ASE level of ~ 107'% of the main pulse. Thus, this technology can be
successfully used for new generations of Petawatt lasers and slightly above. However,
the problem with the long pre-pedestal at the leading edge of the main pulse which ap-
pears on a picosecond time scale remains unsolved. Currently, several scientific groups
are working on improving the temporal contrast of high-power laser systems [99, 100].
Previous publications considered pedestals in the picosecond time range appearing at
both edges of the main pulse to be related to scattering of the stretched pulse off
the diffraction gratings in the stretcher [101]. During the last few years, parametric
processes are actively used for temporal contrast cleaning [102, 103]. The temporal
range of interaction of parametric processes is limited by the duration of the pulses
participating in the interaction. By shortening the duration of the pump pulse, the

temporal range of the temporal artefacts (parametric fluorescence, pre-pulses) can be
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significantly reduced. Parametric processes are not in the scope of this work and thus
will not be considered in detail.

In this chapter I am going to consider assumptions known in literature, their exper-
imental validation, original experimental results and relevant discussion. The chapter
starts with an investigation of the possible dependence of the temporal contrast on
spectral clipping which can occur in a stretcher or a compressor. In the section 3.3
the influence of different stretcher/compressor designs is discussed. After that, the

birefringent-cause degradation of the temporal contrast will be presented in section 3.4

3.2 Impact of spectral clipping in a stretcher or a

compressor on the temporal contrast

One of the possible sources of temporal degradation mentioned in the literature [7],
are spectral clippings that can occur in the stretcher or compressor. Since the clipping
can occur in a complex part such as the stretcher, when the pulses are not transform-
limited, it may impact the temporal contrast. This can be experimentally investigated
and this we are going to do in this paragraph.

Spectral clippings can occur in stretchers and compressors due to the limited size
of optical elements, such as the diffraction grating. This effect and its potential influ-
ence on the temporal contrast has been discussed in detail [47]. The authors of [47]
developed a simulation method to predict the possible contrast distortion caused by
this sort of clipping. The simulation in [47] has shown that the possible influence is
comparatively low and lies in the sub-picosecond time range in the area around the
main peak. The tools currently available for high dynamic characterization do not
support high temporal resolution at that high dynamic range and thus these features
are difficult to observe. It is worth to remind that the Wizzler allows the pulses to be
characterized with a high temporal resolution, however the dynamic range of the avail-
able devices is practically limited by 4 orders of magnitude. The Wizzler HD was not
commercially available when this investigation was performed. It is nonetheless worth
trying to increase spectral clipping in the experiments and to observe the measured
cross-correlation traces.

Several experiments with spectral clipping were performed with two types of stretch-
ers: the stretcher based on prisms and the stretcher based on a reflective diffraction
grating. There is an area, in both stretchers (and compressors), where all spectral
components propagate co-linearly. This place is in front of the back reflector, injecting
the beam back through the stretcher/compressor for the second path. Spectral clipping

may be easily arranged here by using a screen to block certain spectral components
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and it is then quite simple to check the theory with this approach.

This section starts with the experimentally obtained curves using the prisms-based
stretcher and these are shown in Fig. 3.1. In the first series of experiments, the beam
was clipped on both the blue and red sides of the spectra (Figs. 3.1a and 3.1b). Both

clippings are clearly visible in the spectra.

It can be seen in Fig. 3.1a and 3.1b that the changes to the temporal trace are
visible with higher clipping, as presented in the blue curve. The changes behind the
main pulse can be neglected due to their smallness. There is a big distortion of the
broad pre-pulse at around -6 — -3 ps which has almost disappeared in the blue curve.
The spectrum was clipped separately on both the red and blue sides in the second
experiment and Figs. 3.1c and 3.1d show that only the clipping on the blue side of
the spectra results in changes to the pre-pulse. The explanation of this result requires
further investigations and it stays unresolved here. Concerning the leading front of the

main pulse, no distortions of the main pulse are observed.

A similar experiment was performed using a reflective diffraction grating-based
stretcher and the results are shown in Fig. 3.2. These results are markedly different to
the results in Fig. 3.1 as there is a significant broadening of the re-compressed pulse

and “wings” start to appear when the clipping is on the red slope.

In the third case, the spectrum was clipped in the compressor based on the reflective
diffraction gratings, and the results are shown in Fig. 3.3. Despite to significant spectral

clipping, no changes are visible in the measured temporal traces.

It is necessary to explain the difference between the pulse clipping in the stretcher
and compressor based on the reflection diffraction gratings. The difference in clipping
in the stretcher with a reflection grating (Fig. 3.2) and in the compressor (Fig. 3.3)
results in different re-compressed pulse shapes. Peak broadening is observed for clipping
in the stretcher but not in the compressor. The beam size is the cause of this observed
difference [47] as the beam is much smaller in the stretcher compared to the compressor.
The beam must be expanded prior to the compressor to avoid optical damage of the
diffraction gratings. The beam size inside the compressor smoothens the effect of the

beam clipping, as mentioned in [47].

The system reacts very differently in the case of the prisms-based stretcher. This
may be associated with the sign of the chirp, the stretching ratio or the specific dis-
persion properties of the prisms-based stretcher. The spectral clippings in all of the
experiments is significant and is directly observable in the spectra. This situation has
a low probability of occurring within in a real laser system because clipping would be
easily detected. However, the significant level of clipping was induced in order to detect

changes in the temporal trace.
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Figure 3.1: Spectral clipping in the stretcher based on prisms and the corresponding
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Figure 3.3: Spectral clipping in the compressor with two reflective diffraction gratings

Only one experiment has shown significant changes in the shape of the main pulse.
It is worth comparing this result with the numerical simulation using the methods
from [47]. The software implements direct ray tracing taking into account a limited
beam size with a super-Gaussian spatial profile of intensity. A compressor based on
two parallel reflective diffraction gratings is simulated. A beam of a limited size gets
diffracted on the first diffraction grating resulting in an angular distribution of the
spectral components. The diffracted light falls on the second diffraction grating of
limited size. Adjusting the size of the grating may lead to a situation where the beam
gets clipped on the edge of the grating. This clipping is both, spatial and spectral
within the aperture of the laser beam. The red or blue slopes of the spectrum can be
clipped in the described way. The Fourier transformation of the resulting spectrum
gives the temporal shape of the pulse in the focal plane. The simulation shows the

similar pulse shape distortion in both, the blue and red side clipping of the spectra.

Since the changes of the fronts of the main pulse were only observed experimentally
in the case of the reflective diffraction grating-based stretcher, the experimental curve
for this experiment is taken for the comparison presented in Fig. 3.4. The main pulse
in the experimental curve (Fig. 3.4, black) was fitted (thin blue curve) by a Gaussian
function in order to obtain the approximate temporal response of the Sequoia cross-
correlator. A convolution of the simulation curve with the Gaussian fit was performed
to simulate the process of characterization with the Sequoia and the resulting curve

shown in green is in Fig. 3.4.

Similar broadening near the main pulse at an intensity level between 10~° and
1073 of the main peak maximum can be observed in the experiment (red curve in

Fig. 3.4) and in the results of the numerical simulation (green curve). The simulation
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therefore shows a rather similar effect for the rough spectral clipping. The good match
between the calculated and measured curves in the pedestal below 10~° confirms that
the pedestal may appear because of the spectral clipping. In this case, the spectral
clipping must be significant, as presented in Fig 3.3a. In this case the spectral clipping

will degrade the pulse duration also as can be seen in Fig. 3.4.
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Figure 3.4: Experimental curves and simulation of spectral clipping in a compressor
with reflective diffraction grating. The black and red curves correspond to the mea-
sured temporal traces with unclipped and red-side clipped spectra respectively. The
green curve shows the results of a numerical simulation where the spatial and spectral
clippings are simulated in a scheme based on two parallel reflective diffraction gratings.
In the simulation the spectrum was red-slope clipped

The experiment with the spectral clipping has shown the viability of the numerical
simulation model implemented. Currently available high dynamic range characteri-
zation methods do not allow for the effects of small spectral clipping to be observed
due to the limited temporal resolution at high dynamic range. The considered case,
where significant clipping can appear, can be easily detected within a real laser system

analysing the pulse spectrum and duration.
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3.3 Comparison of stretcher/compressor configura-

tions

There are different designs of the stretcher/compressor combination that are used in
CPA laser systems. Currently, the influence of their particular design on the temporal
contrast has not been sufficiently studied. Various stretcher/compressor schemes were
studied in terms of aberrations and wavefront distortions only. However, a particular
implementation of the stretcher/compressor as well as the dispersive elements used can
also impact the temporal contrast near the main peak. An attempt to perform this
investigation is known in the literature [99, 101], where the influence of different optics
in a stretcher on the long pre-pedestal (marked in red in the Fig. 1.9) was investigated.
The authors of [99, 101] concluded that the use of a transmission diffraction grating
in the stretcher gives a shorter pre-pedestal and a better leading edge than in the case
of using reflective diffraction gratings. It is also suggested in [99, 101}, and continued
in [104], that the observed difference can be explained by the roughness of the optical
surfaces of the elements that make up a stretcher or compressor. Moreover, the authors
of [105] suggest that both, the pre- and post-pedestals appearing around the main peak
may be explained by parasitic scattering in the stretcher and compressor. This section
shows results of a comparison between different designs of stretchers and compressors.

Their role and influence on the temporal contrast is clarified.

Cross-correlation traces, related to the three stretcher/compressor pairs described
in section 1.6, are presented in Fig. 3.5. The red and black curves in Fig. 3.5 are
related to the laser system configuration with prisms and reflective diffraction grating
stretchers. The blue curve is related to the case of the transmission diffraction grating-

based stretcher.

Since the impact of the scattering on the pedestal of the main peak is considered
in the literature, I start with a discussion of the pulse contrast in the vicinity of the
main peak in the time range from -2 to 2 ps, then consider the preceding region and the
trailing region following the pulse. It can be seen that the leading and trailing edges of
the main peak show significant differences. The observed difference reaches more than
two orders of magnitude at -1 ps. The configuration with the transmission diffraction
grating-based stretcher shows a shorter leading edge compared to the stretcher based
on the reflective diffraction grating, similar to what is published in [101]. However the
difference in the length of the leading pedestals is smaller than is presented in [101].
The leading edge is short and steep in all three configurations of the CPA system.
It does not show a long and growing leading front of the main pulse, as is commonly

visible in high-power laser systems. Usually, the pre-pedestal has a duration of tens and
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Figure 3.5: Comparison of Sequoia traces obtained with the bulk-based compressor,
the stretcher based on transmission diffraction gratings (blue curve), prisms (red curve)
and the stretcher/compressor configuration with reflective diffraction gratings (black
curve)

even hundreds of picoseconds. Our results support the conclusions presented in [101]
that the stretcher with transmission gratings is better for temporal contrast, however
the reasons for this phenomenon discussed in [101] are not convincing. In chapter 4
I will present my vision of the problem and reinterpret the results from [99, 101]. In
particular I will argue that the long pedestal in front of the main pulse is often observed
in high-peak power Ti:Sapphire-based laser systems and that this pedestal is generated
from the coherent post-pedestal in CPA systems. It its turn, the post-pedestal is the
artefact caused by the Ti:Sapphire medium itself.

It is worth drawing attention to the long pre-pulse in the range -6 — -2 ps that is vis-
ible in figure 3.5. The shape of it slightly varies depending on the stretcher /compressor
configuration. However, this long pre-pulse is stable and is slightly changed only by the
spectral clipping discussed in 3.2. Unfortunately it is still unclear what can be source
of this pre-pulse. Excluding this peak, all three stretcher/compressor configurations do
not show any other pre-pulses at least until -420 ps.

Concerning the publication [105] which shows that scattering in the stretcher is
responsible for the long pre-pedestal which is marked in red in 1.9 and as long as tens
of picoseconds, one can say that our system in the tested configurations does not show
this typically observed long pre-pedestal. The nature of this long pre-pedestal is not
caused by scattering and together with the post-pedestal it will be considered and
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explained in detail in the chapter 4.

3.4 Specific issues of high-power cascades

The main differences between a high-power laser and classical front-end are the scale
and scope. A power laser system consists of more amplifiers which allow the delivery
of higher energy and, as a consequence, higher peak power and intensity. Higher
pulse energy creates the need for a larger beam diameter to avoid a high intensity.
This, in turn, may lead to unwanted phase distortion or an optical breakdown of the
optics in the laser chain. High aperture and energy prevent the use of dispersion
control devices, such as the Dazzler and Mazzler, in high power cascades. This limit is
associated with difficulties in making specific large crystals with the required optical
quality. In principle, it is still possible to use a Pockels cell with a big aperture to
cut out temporal artefacts in the nanosecond time range. However, this means that
a large amount of glass is placed in the beam path resulting in an undesirable change
in the B-integral value. On the other hand, large optical quality Ti:Sapphire crystals
with a thickness of several centimetres are commercially available. Their size makes
these crystals expensive and, as a consequence, the crystals are not cut at the Brewster
angle, but a normal cylindrical geometry is applied. These limitations affect the design
of high-power cascades, which in turn, impacts the temporal contrast.

It is well-known that the Brewster cut of the active
medium is designed to keep the laser light linearly polar-
ized to suppress the second, orthogonal, polarization com-
ponent. It significantly reduces the depolarization due to
non-ideal alignment of the optical elements and other fac-
tors. The Ti:Sapphire crystal is a birefringent medium,

where two perpendicular polarization components co-exist.

A crystal is usually not perfectly aligned by angle and,

Figure 3.6: Orientation
and selected direc-
larization and 7 axis of the crystal is small but not zero. tion of the birefringent

This leads to decomposition of the linear polarization of the Ti:Sapphire crystal

seed into two perpendicular polarization components in the

as a consequence, the angle between the seed pulse po-

crystal. The orthogonal polarization components propagate with different speeds in-
side the crystal due to the difference in the refractive indices. This leads to the delay
of one component with respect to the other one. Usually, the 7 direction is used for
amplification due to the higher cross-section, which determines the gain factor. For

the Ti:Sapphire crystal, the 7 component corresponds to the extraordinary wave, con-
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sequently, o corresponds to the ordinary wave.

The intensity-driven changes of the refractive index and the population inversion
[106] will change the difference between n, and n,. However, this effect is neglected
in this investigation and the delay of the post-pulses, introduced by birefringence, is
estimated only. The corresponding refractive indices of a sapphire crystal at 20°C are
n. (800nm) = 1.7522; n, (800nm) = 1.7601 [107, 108]. As a result, the 7 component
(extraordinary wave) propagates faster than the o component (ordinary wave). After
the first pass through the crystal, we obtain two perpendicularly polarized pulses with
a delay A between them, determined by the thickness of the birefringent crystal and
the difference between the refractive indices. The ratio in intensity at the exit of the
crystal will be different from the intensity at the entrance due to the difference in
emission cross-sections of the m and ¢ components of the polarization.

A Brewster cut crystal would filter the parasitic polarization. However, crystals in
high power cascades are usually cut for a normal incidence of light. Another option,
to filter the parasitic delayed component, would be a reflective polariser, placed after
the crystal. However, it makes the scheme more complicated and expensive.

It is complicated to implement the optical scheme in a way that makes the beam
propagate in a flat plane. Usually there is a slight variation of the beam height on the
optical elements between passes. This will cause a polarization rotation effect while
propagating through the cavity of an amplifier. Thus, the polarization components
will be slightly rotated with respect to the birefringent planes of the crystal and as a
result, both the main and delayed polarization components will have a projection on
the 7 and o axis. The second pass through the crystal will again split the pulses in
time. Considering their projections on the axis of the crystal, there are two pulses in
both 7 and o directions with different delays. The m component will consist of pulses
with zero and A delays, whereas the ¢ component will consist of two pulses with
A and 2 x A delays. The following passes only increase the number of post-pulses.
Therefore, a number of post-pulses will be observed at the exit of the crystal, with
a delay according to the difference between the refractive indices of the orthogonal
polarization components. The resulting temporal shape is quite complicated, however
one can say that the number of post-pulses generated in such a way linearly depends
on the number of passes in a multi-pass amplifier. If the birefringence of the crystal

has the opposite sign, it will cause pre-pulses instead of post-pulses.



Chapter 4

Investigation of the ragged pre- and

post- pedestals

4.1 Introduction

The chapter is devoted to the part of the pulse shape which was never in focus in
previous studies of pulse contrast. I am going to discuss the temporal region which
follows the main pulse and impacts the temporal contrast before the main pulse. I
start this chapter with an introduction to a new diagnostics method which allows
coherent /uncoherent parts of the measured temporal traces to be distinguished. Then,
in section 4.4.1 I discuss a long pedestal appearing in front of the main pulse in high-
power lasers based on the use of Ti:Sapphire crystal. I will explain its nature and
show that it originates from the pedestal after the main pulse. The new diagnostics is
actively used in this investigation. Then I focus on the temporal area lying after the
main pulse and identify the source of the parasitic post-pedestal. In section 4.4.4 and
4.4.5 T will present a plausible theory for the appearance of the post-pedestal. Finally I
consider the pulse shape of a home-made high-field (100 TW) laser system and analyse
it in 4.5.

It is necessary mentioning that some parts of the results presented in this chapter
are strongly related to a publication [109] where I am the corresponding author who

prepared the first draft of the manuscript.

4.2 Diagnostics of coherence

There are two articles, both published in 2008 [110, 111], which describe a mechanism
leading to pre-pulse generation from a post-pulse. These two publications are the

experimental and theoretical descriptions of a series of nonlinear processes, leading to
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generation of artificial pre-pulses in CPA lasers. The physical phenomena behind these
mechanisms not only significantly impact the temporal contrast but can also be used to

investigate which parts of the re-compressed pulses are coherent with the main pulse.

The mechanism, discussed in [110, 111] may be split into a few steps. The temporal
shape can be assumed to consist of a main pulse and a post-pulse. The post-pulse is
considered to be coherent with the main peak. This situation for example may happen
if the post-pulse appears through double internal reflection in an optical element such
as a thin lens, active medium or a window in a Pockels cell. After being stretched,
two similarly stretched pulses, deriving from the main pulse and the post-pulse, are
obtained. If the delay between the pulses is small enough, the stretched pulses will
overlap in time. When the pulses are strongly chirped, the temporal evolution of the
pulse follows its spectral evolution but the chirp introduced by the stretchers is not
constant over the whole spectral range of the pulse spectrum. The time axis may then
be presented as a nonlinear axis of wavelengths or frequencies. The overlap causes
an interference pattern in the time domain due to the coherence of both pulses. This
interference pattern depends on many factors, including the dispersion introduced by
the stretcher, the delay between pulses and their relative intensities. The modulation of
intensity induces phase distortions because of the intensity dependence of the refractive
index and, as a result, the modulation pattern is imprinted on the temporal phase of

the light propagated in a nonlinear medium.

The value of the nonlinear refractive index ns and the propagation length deter-
mine how strongly the intensity profile will be imprinted on the shape of the spectral
phase. The phase of the stretched pulse will be modified according to the interference
pattern only in the area of temporal overlap of the main pulse and its replica. The
re-compression stage may be considered as an inverse Fourier transformation, which
finally makes two pulses appear temporally symmetric with respect to the main pulse
[112]. These are now post- and pre-pulses. The described mechanism works in both
directions and the energy transfer is possible also in the reverse direction from pre-pulse
to post-pulse. The observed effect is a disadvantage of the Chirped Pulse Amplification

technique.

Along with the disadvantages, these phenomena may also provide tools for temporal
contrast investigation. The fact that interference is involved leads to the conclusion that
only artefacts coherent to the main pulse will generate pre-pulses as discussed above.
This leads to an interesting fact: one can use the described phenomena to obtain infor-
mation about the coherence of the temporal artefacts. This may form the basis for
a powerful technique for determining the coherence of parts of the measured temporal

trace. This may help in the analysis of the measured temporal cross-correlation traces.
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In [110], a theoretical prediction for the energy of the pre-pulse generated from the
post-pulse is given (4.1).
Epre—puise/ Eo =~ 0.58 B*°W (4.1)

where the term W is the relative energy of the post-pulse, the B is the “breakup”
integral value indicating the accumulated nonlinear phase, Ej is the energy of the main
peak, and FEpe_puise 15 the energy of the generated pre-pulse. It is worth mentioning
that a flat-top pulse profile is considered in [110]. Thus, the impact of the stretched

pulse shape is not taken into account.

A numerical calculation, presented in [47] shows a similar dependence:

Eore—putse1/ Eo ~ 0.343B% ] (4.2a)
Eore—putse2/ Eo =~ 0.042B* J? (4.2b)

where J is the relative intensity of the post-pulse compared to the main pulse, and
Eore—puise,1 and Epe_puise2 are the energy of the first and second order pre-pulses,
respectively. Equations (4.1) and (4.2) offer the opportunity to predict the intensity of
the first replica only. However, the physics of this mechanism will also lead to second-

and higher-order pre-pulses; [47] also contains predictions for higher orders.

A series of experiments were carried out in order to show how the generation of a
pre-pulse from a post-pulse works. The simplest way to show the generation of the
pre-pulse is to introduce a thin plane parallel glass plate into the laser beam. Internal
double reflection on the glass plate surfaces makes for a well-defined post-pulse in the
temporal trace. The accumulated nonlinear phase (B-integral) depends on the pulse
intensity, the nonlinear refractive index of the medium ny and the propagation length.
The nonlinear phase gets accumulated during the pulse propagation through the laser
system. Thus, a pre-pulse will be generated from the post-pulse and its energy will
be proportional to the B-integral accumulated after the glass plate. The energy of the
generated pre-pulse decreases while moving the glass plate from the stretcher towards
the pulse compressor. The most energetic pre-pulse can be generated when the glass-

plate is located just in front of the stretcher.

In order to be confident that the B-integral of the system is not small, it was
artificially increased. This can be implemented by changing the optical path in an
additional transparent material placed in the stretched pulse. Since the ns of air is
comparably small, the B-integral of the system can be dynamically changed by placing
plane parallel glass plates of different thicknesses into beams of different diameters.
A 1:1 Kepler telescope was designed in front of the bulk compressor for that purpose

and this telescope provides a variation in the diameter and thus also the intensity. It
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is schematically illustrated in Fig. 4.1. A quartz medium was used as the nonlinear
medium. The beam size, energy and pulse duration determine the intensity, while the
material and geometry of the medium determine the ny and the interaction length. The
additionally accumulated nonlinear phase (B-integral) can be estimated using equations
(1.28) and (1.29).

This reference plate
Bulk glass

Stretcher, from Master
amplifier oscillator

Compressor Diagnostics

Figure 4.1: Scheme of experiment where the influence of the B-integral on the forma-
tion of a pre-pulse from a post-pulse was investigated. A thin glass plate creates the
reference post-pulse and a 1:1 telescope with a set of parallel glass plates changes the
value of the accumulated B-integral in front of the re-compression stage

A thin glass plate was placed in two different positions, either in front of the amplifi-
cation stage or behind the re-compression stage. In the first case, the relative amplitude
of the pre-pulse (related to the post-pulse) yields information regarding the impact of
the nonlinear phase accumulated in the amplifier and the compressor. In the second
case, it indicates the impact of the second harmonic generated in the cross-correlator.
In Fig. 4.2, the resulting cross-correlation traces are presented for the stretcher based
on the transmission diffraction grating and the bulk compressor.

Figure 4.2 shows that the thin glass has created two post-pulses. The delay between
the pulses is determined by the thickness and the value of the refractive index of the
glass plate. The glass plate thickness is approximately ~ 340 um. The intensity ration
between the main and post-pulses provides information about the ratio between the
refractive indices of the glass and the air in the laboratory and can be simply estimated
by using the Fresnel equation (2.5), if a normal angle of incidence is assumed.

There is good agreement between the two curves except for the region of the pre-
pulse, at approximately ~ —4 ps. When a thin parallel glass plate is placed into the
beam in front of the stretching stage this leads to the creation of a post-pulse . Then,
both the main pulse and the post-pulse are stretched and overlap in time. Further
propagation and re-compression leads to the generation of a pre-pulse through the
mechanism discussed above. The result can be seen in the black curve in Fig. 4.2. The
pre-pulse in the red curve corresponds to the pre-pulse generated in the Sequoia as was

mentioned in paragraph 2.5.2. As expected its intensity is the square of the intensity
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Figure 4.2: Sequoia traces measured for a different location of the reference glass plate
in the experiment aiming at checking the impact of the B-integral on the temporal
pulse shape. The reference plate was located in front of the Sequoia (red curve) or in
front of the stretcher with the transmission grating (black curve)

of the corresponding post-pulse.

In the second experiment, the glass plate was located only in front of the stretcher
and the B-integral value was varied by using bulk glass plates of different thicknesses
installed inside the telescope (see Fig. 4.1). The obtained curves are shown in Fig. 4.3.

It can be seen that, despite the glass plate being located only in one position,
different intensities of the pre-pulse can be observed. The B-integral values are 0.1 and
lradian. As was predicted in [110], the energy and hence the intensity of the pre-pulse
at the higher B-integral value is higher than in the case at the lower B-integral value.

In principle, it allows for a measurement of the B-integral value in different parts
of the laser system. However, as was mentioned above, the real temporal trace can
not be measured without the “artificial” pre-pulse produced by the Sequoia if the B-
integral value is low (it will be masked by the “ghost” pulse generated by the SHG).
Due to the fact that the SH signal generates a pre-pulse on the measured curve, the B-
integral value of the system can only be approximately estimated if it exceeds a certain
value. This minimum measurable value of the B-integral depends on the intensity of
the post-pulse.

The post-pulse created through the double internal reflection in the plane paral-
lel glass plate may indicate changes of the accumulated nonlinear phase in a part of

the laser system. Any temporal structure coherent with the main pulse produce corre-
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low B-integral
— high B-integral (<1)

Intensity, arb.units

Time delay, ps

Figure 4.3: Impact of a high B-integral value in the Sequoia characterization of the
measured temporal trace. The black curve corresponds to the impact of the charac-
terization by the Sequoia only, while the red curve shows the mixed impact of both
effects

sponding symmetric pre-/post-structures in the same way and with comparable relative
amplitude as the reference post-pulse does. The accumulated nonlinear phase shift can
impact the temporal contrast if coherent structures such as post-pulses exist in the

pulse shape.

4.2.1 Generation of pre-pulses from post-pulses, numerical

simulations

Modern numerical simulation methods are powerful tools which enable a better under-
standing of physical mechanisms. The described mechanism was simulated using the
Miré software[113]. It is a reliable simulation tool developed by CEA, France to simu-
late the propagation of light in laser systems. It can be used to simulate many physical
phenomena taking place in a laser system by solving the nonlinear Schrodinger equa-
tions [114]. It allows for a broadband optical pulse simulation with a pulse duration
limited by the slowly varying envelope approximation (Tgwnm > 15 fs) [115]. Version
5.27 of the Miré simulation software was used in this work. The Miro6 software was used
to illustrate the processes relating to the generation of pre-pulses from post-pulses.
The considered optical scheme is shown in Fig. 4.4 consists of a laser source produc-
ing ultra-short light pulses (Tfwnhm = 30fs). A post-pulse is then added and the resulting

temporal profile is stretched. It then propagates through a nonlinear medium and is
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afterwards re-compressed in a compressor with a similar configuration as the stretcher
but with a dispersion of the opposite sign. Simulations are performed with parameters
which reflect the most common stretcher /compressor configurations used in high field
laser systems. A stretcher/compressor pair based on reflective diffraction gratings was
considered. An incident angle of & = 41° and diffraction gratings with 1480 grooves
per millimetre are common for many high-power laser systems. The B-integral value
for the simulations was chosen to be B ~ 0.35 4+ 0.05 radians, representing the case of

many amplifiers.

Compressor

S

Oscillatorg L J Stretcher Nonlinear
. T .

phase

Post-pulse generation Diagnostics

Figure 4.4: Scheme of the simulation. A part of the seed is split, attenuated, delayed
and mixed with the major part to create a post-pulse. Then the pulse is stretched, the
phase is changed, the pulse re-compressed and it is measured

The time delay of the post-pulse in the initial temporal distribution was varied
as well as the distance between the diffraction gratings in both the stretcher and the
compressor in order to change the duration of the stretched pulse. This was done to
show the difference in the generated pre-pulses as a function of the delay and stretching
factor. Both of these factors impact the interference pattern caused by the overlap of
the stretched main pulse and the post-pulse and, as a result, significantly impact the
intensity of the generated pre-pulses.

Figure 4.5 shows a number of curves related to different delays of the post-pulse.
This figure shows the case, when the distance between the reflection diffraction gratings
is about 40 cm. This is related to a stretched pulse duration of approximately Teynm ~
100 ps. These simulations show that the re-compressed pre-pulses, generated through
the SPM process, can be chirped. It is visible that the generated pre-pulses, which have
a comparatively long delay have a longer pulse duration than the main pulse. This
is best seen in Fig. 4.6b, where the full width at half maximum is presented for each
post-pulse delay. The chirp of the stretched pulse is not linear. Thus, it has different
values of the main pulse and post-pulse. As the result, the pre-pulse appears to be
slightly stretched after the dispersion compensation of the main pulse.

Figures 4.6a, 4.6c and 4.6d illustrate the evolution of the other parameters of the
pre-pulses, such as the peak intensity and the relative temporal shift due to the above-

mentioned nonlinear chirp. The distances between the gratings in the stretcher of 10,
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Figure 4.5: Results of the numerical simulation showing the evolution of the generated
pre-pulse depending on the delay of the post-pulse. The intensity, duration of post-
pulses as well as the accumulated B-integral value are the same for all presented curves
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20, 30 and 40 cm correspond to stretched pulse durations Teenm ~ 26, 51, 77 and 100 ps
respectively. Concerning the relative temporal shift, the distance from the main pulse
and the generated pre-pulses is not the same as the distance between the main pulse
and the corresponding post-pulse. The difference in their appearance in time can be
positive or negative depending on the chirp parameters. The time difference between
the delays of the pre- and post-pulses with respect to the main pulse is called the relative
temporal shift. These values are presented in Fig. 4.6¢c. The figures demonstrate the
complexity of the mechanism of generation of the pre-pulses. The relative time shift
of the generated pre-pulses can exceed tens of picoseconds depending on the positions

of the post-pulses.

It is worth noting that there are also pre- and post-pulses of higher order. In
particular, the second and third replicas appear on both the leading and trailing edges of
the temporal trace. The simulation was performed with only one post-pulse. However,
a real system has many post-pulses which can interact with each other generating sets
of multiple pre-/post-pulses. All of these factors create a complicated picture in which
the complicity grows strongly with the number of peaks, making the analysis almost
impossible. From this, it can be concluded that the number of post-pulses must be

minimized for further improvement of the temporal contrast.

One can see that the generated pre-pulses are not transform limited and shifted to-
wards the main pulse when the stretcher with the reflective diffraction gratings is used.

The increase of the pre-pulse duration additionally decreases the its peak intensity.

Both (4.1) and (4.2) show that the energy of the generated pre-pulse depends on
the relative intensity or energy of the post-pulse and the square of the accumulated
nonlinear phase (B-integral value). The latter depend on the relative intensity of
the stretched pulse (1.28). Thus, the envelope of the stretched pulse determines the
efficiency of the process of energy transfer and, as a result, it determines the temporal
region in which the pre-pulse may appear. The energy of the pre-pulses can be derived
from the simulation. Since pre-pulses created as an internal double reflections were
considered in [47], the pulse duration of the created post-pulse is similar to the pulse
duration of the main peak. Thus, the relative intensity of the post-pulse is this case is

the same as the relative energy. The only coefficients in (4.1) and (4.2) are different.

Let us have a look how the energy of the generated pre-pulse depends on the delay
of the post-pulse. The red points in Fig. 4.7 show this dependence for the cases where
there was a distance 20 cm (Tgypm ~ 51 ps) and 40 cm (Tgynm ~ 100 ps) between the
reflective gratings. The black curves correspond to the normalized amplitude of the
stretched pulse. One can see that the energy of the generated pre-pulses reproduce

well the shape of the stretched pulse.
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Figure 4.6: Results of the numerical simulation showing the evolution of the generated
pre-pulse on the properties of the post-pulse delay. The figures represent the cases when
the seed duration is 7gnm = 30fs, and the reflective diffraction gratings compressor at
the incidence angle of 41° is used. The distance between the gratings is 10, 20, 30 and
40 cm. The accumulated nonlinear phase is B =~ 0.35rad
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Figure 4.7: Dependence of the pre-pulse energy on the post-pulse delay derived from
the simulation (red dots) and the amplitude of the stretched pulse (black line) for
different distances between the reflective diffraction gratings in the stretcher

Since SPM is a third-order process, it appears logical that the pre-pulse energy
depends on |E|?, not |E|? (in the B-integral) as in equations (4.1) and (4.2). So, one

can write an equation which takes into account the envelope of the stretched pulse

[stretched<t)
Bl) 43
z=0 ( ) \/Istretched(t = 0) ( )

- 1 Epostfpulse

2 E

Eprefpulse

Eo

z=L

where Igiretchea(t) 18 the intensity of the stretched pulse at the time delay ¢ of the post-
pulse (not the corresponding pre-pulse), Epost—pulse/ Folz—o is the relative energy of the
post-pulse just after the post-pulse creation, and Epre—puise/ Eol.=1 i the relative energy
of the generated pre-pulse. The coefficient 1/2 derived from the simulations is close to

0.58 which is presented in [110] for a flat-top pulse profile.

Finally, it is worth checking the quadratic dependence of the energy of the first
pre-pulse on the B-integral values. In these simulations, a single post-pulse was added
to the temporal profile, as in the previous scenarios. The seed energy was then varied
to change the B-integral value and the resulting curves are presented in figures 4.8a
and 4.8b. The relative energy of the first pre-pulse and post-pulse are shown in figures
4.8¢c and 4.8b, respectively. It can be seen that the energy of both pulses depend on
the B-integral value. The solid line in Fig. 4.8c is calculated using equation (4.3). It
fits well the simulated data below value 1. The observed discrepancy between equation
(4.3) and the simulated dots can be the explained by simplicity of the equation which

cannot take into account the complex interaction while the pulse propagates.
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Figure 4.8: Results of a numerical simulation showing the evolution of the energy of
the generated pre- and post-pulses on the B-integral value accumulated between the
post-pulse appearance and the re-compression. The case of two parallel diffraction
gratings is presented. The distance between the gratings is 40 cm corresponding to a

stretched pulse duration Tyt etchea ~ 100 ps
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4.3 Investigation of the observed asymmetry of the

main pulse

One can notice that the temporal traces presented in the figures 4.2 and 4.3 show an
asymmetry of the main pulse as well as the pre- and post-pulses. The temporal shape
looks as if the main pulse and other pulses “sit” on a second longer and lower intensity
pulse shifted by half a picosecond. This is clearly visible in Fig. 4.9. Moreover, it
follows from the figures 4.2 and 4.3 that this shifted pulse remains insensitive to the

changes of the accumulated nonlinear phase which can indicate their incoherent nature.
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Figure 4.9: Pedestal of the main peak observed in the cases when the compressor is
based on bulk glass. The experimental data (black curve) with the peak fitted by the
Gaussian function (red curve) and the long Gaussian pedestal

If we get back to the comparison of stretchers presented in section 3.3, one can see
in Fig. 3.5 that the asymmetry is visible in the case of stretchers with a transmission
diffraction grating and prisms only. These two configurations show a shorter leading
front compared to the trailing front. This is not the case for the reflection diffraction
grating.

It is important that the stretchers based on the transmission diffraction grating and
the prisms use the same compressor based on SCHOTT SF6 glass. In fact, the second
pulse exists only in the case of the compressor based on bulk glass. The optical path in

the bulk compressor has a significant value (=~ 40 cm). One can assume an incoherent
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scattering inside the bulk glass compressor. This explains the delayed nature of the
“hump” and its insensitivity on the accumulated nonlinear phase.

It is well-known that optical defects are unavoidable in transparent optical elements
and always need to be taken into account. Optical glasses are classified by several
classes of purity and each class of purity determines the number and sizes of the defects,
such as bubbles. Table 4.1 presents information about the classes of SCHOTT glass

used for the bulk compressor.

Bubble class Standard VB EVB

Maximum cross section in mm?

per 100 cm? of glass volume
Maximum quantity
per 100 cm?

0.03 0.02 0.006

10 4 2

Table 4.1: Bubble classes of SCHOTT class reflecting the purity of the material. VB
— increased bubble selection, EVB — extra increased bubble selection) [116]

If the assumption of the scattering origin of the “hump” is correct, then the up-
per limit of the scattered light can be estimated using Table 4.1 and compared with
the obtained result. The diameter of the laser beam in the bulk glass compressor
is approximately ~ 3cm and thus, the area is ~ 7cm?. The path length inside the
glass (SCHOTT SF6) compressor is 4 x 10 = 40cm?®. On the other hand, for stan-
dard SCHOTT glass according to Table 4.1, the area of the bubbles is approximately
~ 8.25 x 10~ cm?. The ratio of the area of the bubbles to the beam is approximately
~ 825 x 1073/7 = 1.2 x 107%. This means that, in the case of the stretcher with
the transmission diffraction grating, the level of scattered light is below 10~* of the
peak intensity of the main peak. This level can be slightly higher in the case of the
prisms-based stretcher. The prisms (OHARA Glass) in the stretcher will contribute to
the scattering. Indeed, the trailing pedestal in the case of the prisms-based stretcher

is higher than in the case of the transmission grating (Fig. 3.5).

4.4 The problem of the long pedestals lying on the
both sides of the pulse

In the previous section 4.2 we have learned the diagnostics which allow coherent parts
of the pulse shape to be distinguished. Here I am going to discuss an application of
this new diagnostics to our investigation and the problem of the appearance of a long

pedestal in front of the main pulse. As was mentioned in 3.3, it is commonly assumed
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[99, 101], that this pedestal is associated with the design of a stretcher. I am going
to present an alternative point of view about the origin of this parasitic pre-pedestal.
I will show that the pre-pedestal is generated by the post-pedestal lying behind the
main pulse. Then I will try to identify the source of the post-pedestal and discuss the

possible reasons of its appearance.

4.4.1 Investigation of the pre-pedestal appearing at delays of

tens of picoseconds

The experiments showing generation of a pre-pulse presented in section 4.2 were per-
formed with the stretcher delivering a low stretching factor. The pulse duration in
that case is approximately 10ps. The stretching factor and thus the stretched pulse
duration delivered by the stretcher with the reflective diffraction gratings is one or-
der higher (~ 100ps). This has motivated an experiment, as described in 4.2, using
the configuration with the reflective diffraction gratings. The B-integral of the system
was increased by several thick glass plates installed in the 1:1 telescope before the
re-compression stage. The resulting curves at low and comparatively high B-integral

values are presented in Fig. 4.10.
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Figure 4.10: Results of the variation of B-integral value at longer stretched pulse

duration in the configuration when the stretcher and compressor are based on the
reflection diffraction gratings
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The red curve in Fig. 4.10 is measured without the thin glass plate and at a low
B-integral value. The blue curve represents the shape for a high B-integral value. The
introduced glass, and thus the value of the B-integral, corresponds to approximately B
~ 1. The blue curve shows that the temporal shape of the main pulse front is changed
and a ragged pre-pedestal has appeared. Moreover, the structure of the pre-pedestal
looks similar to the post-pedestal behind the main pulse. The cyan curve in Fig. 4.10 is
mirror image of the ragged post-pedestal and is used to check the similarities between
these pedestals. It can be seen that the blue curve repeats well the shape of the cyan
curve at low values of the delay from the main peak and shows a slight temporal
shift at longer time delays. The shape is similar, however the timing of the structures

increasingly changes further away from the main peak.

The pre-pedestal at a high value of the B-integral can be explained in a similar
way as the pre-pulses generated through interference and SPM processes. Moreover,
the observed temporal mismatch between the curves in Fig. 4.10 indicates a nonlinear
(from high-order dispersion) chirp of the main pulse. A similar shift was observed
in [110] for single pre-pulses, as well as in the simulations in 4.2.1. This leads to
the important conclusion that the ragged post-pedestal lying behind the main peak is
coherent to the main peak. This coherence is required for the interference involved in

the described mechanism.

It is obvious that the duration and the shape of the stretched pulse directly limit
the duration of the generated pre-pedestal. It is also apparent why no corresponding
pre-pedestal was observed in the experiments with other types of stretcher/compressor
configurations. The stretched pulse was substantially shorter in the case of the trans-
mission diffraction grating (~ 10ps). Consequently, the intensity of the stretched
pulse decreases faster with increasing the time delay compared with the case where
the reflective gratings are used. This, in turn, impacts the efficiency of the generated
pre-pedestal as follows from equation (4.3). It also explains the difference demon-
strated in [99, 100]. In the latter, the temporal trace measured in the configuration
with a transmission diffraction grating-based stretcher has shown a shorter pre-pedestal
and leading front of the main pulse compared with the stretcher based on a reflective
diffraction grating. The authors of [99, 100] explained the worse temporal contrast in
the case of the reflective diffraction gratings-based stretcher by the roughness of the
optical surfaces of the reflective diffraction gratings and a parasitic scattering inside
the stretcher. At the same time, the stretching factor provided by the stretcher with
transmission diffraction grating is much smaller compared with the reflective diffrac-
tion grating, and the results presented in [99, 100] can be treated in the way presented

above: the shorter pre-pedestal is caused by the shorter duration of the stretched pulse.
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The reduction of the stretched pulse duration leads to the shortening the pre-
pedestal which is beneficial. On the other hand, this also leads to an increase of
the accumulated nonlinear phase and, hence, an increase of the pedestal amplitude.
However, the stretched pulse shape practically limits the area where the pre-pedestal
gets generated. In addition, the amplitude of the generated pre-pedestal is up limited
by the amplitude of the pre-pedestal at the corresponding delay. Thus, depending
on the laser system and the particular requirements for the temporal contrast, the
duration of the stretched pulse needs to be optimized. However, too short stretched
pulses significantly increase the risk of self-focusing leading to optical damage of the

amplification crystal and other optics.

In principle, the pre-pedestal, as well as the post-pedestal can be filtered out using
available nonlinear filtering methods. However, it will be shown in the following that
the amplification cascades also generate a post-pedestal and then a pre-pedestal. Thus,
temporal filtering, excepting the plasma mirror, cannot help in avoiding the generation
of the pre-pedestal. In the following paragraph we attempt to understand the nature

of the post-pedestal aiming to cancel the conditions of its formation.

Measurements with all available stretcher/compressor pairs (Fig. 4.11a) indicate
that the temporal structures in the post-pedestal are very stable and match well, with
the noted exception of a few peaks which stem from reflections from the optical elements
within the transmission grating-based stretcher. The post-pedestal neither depends on
the stretching factor nor on the dispersive element used in the stretcher. Moreover,
all available master oscillators with different dispersion compensation schemes were
compared, yielding again nearly the same shape of the post-pedestal. Finally, the
Ti:Sapphire crystal in the amplifier was also changed to a crystal from a different
batch with a slightly different doping concentration and this also did not impact the

structure of the post-pedestal.

To avoid possible artefacts due to the diagnostics, the measurements were repeated
using a home-made third-order cross-correlator, which provides a higher temporal res-
olution but a lower dynamic range. Figure 4.11b shows that the home-made cross-
correlator reproduces the observed structures in the post-pedestal, showing additional
finer substructures. The curves are shifted in the y direction for better comparison.
From all of these experiments it can be concluded that the trailing pedestal does not
depend on the stretcher/compressor configuration, the amplifier, the diagnostics or on
the dispersion compensation type in the master oscillator. It is worth noting that the
stretched pulse duration in the case of the transmission grating-based stretcher and the
stretcher with prisms is low compared with the case of the reflective diffraction grating-

based stretcher. The orange curve in Fig. 4.11a shows the approximate shape for the
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stretched pulse for the cases of stretchers with prisms and the transmission diffraction
grating. If the observed post-pedestal appeared as an artefact of the CPA, it would
definitely be shorter than the stretched pulse duration. It is seen that even after 70 ps,
the observed pedestal is still very stable and reproducible in all three configurations of

the laser system.
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post-pedestal,

The post-pedestal starts at a relative level of ~ 1078-10~7 with respect to the
maximum of the main peak. This level depends on the particular laser system, the
re-compression of the pulses and the accuracy of the characterization. The ragged
structure, as visible in Fig. 4.11, identically reappears for different configurations of the
Ti:Sapphire system. It has a very stable and reproducible shape with an intensity decay
which scales approximately as P(t) ~ exp(—t/30), where t is the time in picoseconds.

In order to analyse this situation, the laser system needs to be simplified as much
as possible. However, there is a significant problem if the CPA stage is excluded and
the work is only performed with the master oscillator. Currently, there is no available
characterization device which allows the temporal contrast of a master oscillator with
sufficient dynamic range to be characterized. This is associated with the low pulse
energy at the exit of a Kerr mode-locked master oscillator. However, this measurement
has in fact already been performed at Laboratoire d’Optique Appliquée (LOA) [117].
Their results were published more than 15 years ago [117]. With the consent of the au-
thors of [117] I present their result here in the red curve in Fig. 4.12. The measurement
was performed at LOA using a home-made cross-correlator. The characterized master

oscillator is based on a Ti:Sapphire and is commercially available from Femtolasers.
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The black curve shows the regular temporal shape of our CPA system.
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Figure 4.12: Cross-correlation trace of a master oscillator investigated at LOA 15 years
ago [117] (red curve) in comparison with the investigated front-end (black curve) and
an OPCPA laser system without a Ti:Sapphire-based oscillator but with Ti:Sapphire
used in an amplifier (green curve)

There is a perfect match between the ragged temporal structures of both shapes.
This indicates that the long trailing pedestal is already present in the radiation of
Ti:Sapphire Kerr mode-locked oscillators. Moreover, no triangular pedestal around
the main peak is seen indicating that the triangular pedestal appears after the master
oscillator in the CPA stage.

The observed trailing pedestal has several specific features, including coherence with
the main pulse (different from ASE), a ragged character and a duration exceeding ~
100 ps, where it reaches the detection limit. The pedestal appears independently of the
stretching arrangement employed. In multi-terawatt and particularly PW Ti:Sapphire
laser systems, where the value of the B-integral cannot safely be kept below 1 rad,
the post-pedestal unavoidably leads to the appearance of the mirror symmetric pre-
pedestal. An analysis of the literature on high dynamic range characterizations of
different Ti:Sapphire high peak power laser systems [76, 101, 100, 118, 119, 120, 121]
leads to in the conclusion that similar trailing pedestals have been observed in all
Ti:Sapphire CPA laser systems.

Therefore, it can be concluded, based on the literature [117] and the experimental
data, that the coherent post-pedestal is already present in the output of the Kerr-lens

mode-locked master oscillator. Moreover, the picosecond structure does not depend
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on a particular realization. In order to resolve this problem, it appears reasonable to
suspect that the trailing pedestal is generated inside the Ti:Sapphire gain medium or
that it may occur due to a global factor, such as the intrinsic medium — air, which is
a nonlinear medium for the laser pulse to propagate through.

It is important to mention that most likely our cross-correlator does not allow good
resolution of the structures in the post-pedestal. The period of the oscillations in the
ragged pedestal is about the temporal resolution of the Sequoia cross-correlator, mean-
ing that the ragged pedestal may have more fine structure which cannot be measured
with the currently available high-dynamic range characterization methods. Spectral
and temporal analysis may shed some light on possible reasons which lead to post-
pedestal generation. The further analysis is based on the assumption that the real
temporal shape of the post- and pre-pedestals is not far from the measured curves,

even if the structure of the pedestals are not fully temporally resolved.

4.4.2 Investigation of a parametric-based front-end as an al-

ternative to the Ti:Sapphire-based oscillator

Some issues regarding the temporal contrast degradation could be potentially resolved
by using a new type of a front-end laser system, in which no Ti:Sapphire-based master
oscillator is used. One of these issues is the generated post-pedestal which plays a key
role in limiting the temporal contrast on the picosecond scale.

The new type of front-end uses an Yb-fibre laser instead of a classical mode-locked
Ti:Sapphire-based oscillator. This is a source of comparatively long femtosecond pulses
of 7 ~ 200-300fs at wavelength of A\g = 1030-1040nm [122]. The fibre-based laser
delivers the best possible energy stability of all available ultrafast laser sources. A
passive Carrier Envelope Phase (CEP) stabilization technique based on a parametric
process including broadband generation is used [123, 124]. The scheme can deliver
CEP stabilized ultra-short pulses of a few optical cycles at a wavelength of Ay =
1.6 um. A second harmonic generation stage is employed to transform this into light
at \g = 800nm. The second harmonic generation additionally improves the temporal
contrast. Its resulting temporal shape in this case is the square of the initial shape (if
the temporal trace is normalized to its maximum). This trick allows optical pulses of
a few cycles of the optical field with a good temporal contrast to be achieved.

The significance of this scheme for our investigation is the absence of a Ti:Sapphire-
based master oscillator. This allows for a check regarding whether the ragged post-
pedestal appears in amplification cascades or only in a Ti:Sapphire based master oscilla-
tor. It is the principal moment which shows the severity of the generated post-pedestal

problem. If the pedestal is generated in a master oscillator only, the seed can be gener-
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ated with a Ti:Sapphire-free source. The described OPA-based front-end with a fibre
laser is a good option. However, if the post-pedestal is generated in a Ti:Sapphire-based
amplifier, it is a principal limiting factor for the temporal contrast on the picosecond
time scale for high-power Ti:Sapphire-based CPA laser systems.

The fibre-based front end can help to clarify the situation. However, the pulse
energy at the exit of a such front-end is too low for the high-dynamic range character-
ization using available devices. This requires an additional amplifier, which includes
a Ti:Sapphire crystal. However, the system does not include a conventional master
oscillator with a Ti:Sapphire, which enables an indirect conclusion if an amplifier with
Ti:Sapphire generates the post-pedestal.

A measured temporal trace of such a system, which contains the ragged post-
pedestal, is shown in Fig. 4.12 by the green curve [109]. Even with the slightly
different relative intensity, it reproduces the shape of the post-pedestal presented in
the other curves obtained with a conventional master oscillator based on a Ti:Sapphire
crystal. This result means that the post-pedestal is generated in a Kerr mode-locked
master oscillator but also by Ti:Sapphire crystals in amplifiers. Another indication
for the origin of the post-pedestal during amplification in Ti:Sapphire amplifiers is the
additional measurement performed at the MBI 100 TW Double-CPA High-Field Laser
system (HFL) [76]. The laser system used in this investigation is an exact copy of
the HFL front-end with the same level of ASE and the post-pedestal. XPW nonlinear
filtering, installed in the HFL, reduces the ASE, as well as the post-pedestal, by four
orders of magnitude. Despite the temporal filtering applied, the measurements at the
exit of the laser chain clearly show the recovery of the post-pedestal level in amplifiers
(see Fig. 4.13). There is a good match with one of the temporal traces from the
front-end, which does not have any filtering.

A Ti:Sapphire-free front end does not allow for the generation of the post-pedestal
to be avoided. Moreover, if a temporal filtering technique is applied after the front end,
the ragged pedestal will appear again in the following amplification cascade. As the
major part of the B-integral is usually generated during the last two passes through the
crystal in an amplifier, nonlinear temporal filtering will not help to avoid the generation
of the pre-pedestal. The only way to avoid this is to find the physical reason for its

generation and to cancel or significantly reduce it.

4.4.3 Investigation of a possible impact of air on the coherent

post-pedestal

There are several possible reasons for the ragged trailing pedestal. One possible reason

is a Raman effect in the air inside the laser beam path, including the paths inside the
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Figure 4.13: Temporal contrast of the MBI High Field laser system (red curve) and
the temporal contrast of the front-end (black curve)

oscillator and the amplifier. Intense ultra-short laser pulses of high intensity may induce
rotations of Ny and Oy molecules [125, 126], which make up 99 % of the composition
of air. This high intensity can be reached while focusing the seed in a crystal inside
the cavity of a master oscillator. The Raman effect influences the refractive index of
the air medium. A mixture of two kinds of molecules can create a complex modulation
of the refractive index in the section following the main pulse. The characterization
process smoothens the measured temporal trace through convolution with the temporal
response function of the Sequoia cross-correlator. The resulting temporal shape can

have a periodicity comparable to the measured temporal traces.

To validate this assumption, the pulses in the trailing pedestal were checked to
see if they exhibited a periodic structure. It is worth splitting the part behind the
main peak pulse in the temporal trace and to try to find regular frequencies by using
the Fourier transform method. The temporal trace was clipped just after the main
peak and the slow decay of the post-pedestal was compensated by dividing by an
exponential function presented in Fig. 4.14a. The compensation of the slow decay is
necessary otherwise the coherent structures with relatively short delay contribute more
to the spectrum compared with the structures with long delays. The resulting temporal
trace is presented in Fig. 4.14a. The Fast Fourier Transform (FFT) was calculated
after manipulation of the temporal trace. Several FFTs with different parameters were

calculated and compared. They did not show any stable and reliable peaks. One of



4.4 The problem of the long pedestals lying on the both sides of the pulse 93

the resulting spectra is shown in Fig. 4.14b.
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Figure 4.14: The modified post-pedestal and its spectrum. The spectrum does not
show unique frequencies

In the case of rotations of the molecules in air it would have a strict periodicity,
at least for a few periods of the molecular rotations. This means that the molecules
of air do not play a significant role in the ragged post-pedestal generation. The ab-
sence of Raman-induced artefacts due to air has been verified by experimentally filling
the oscillator, compressor, cross-correlator and amplifier with argon gas. Argon is an
atomic gas and thus has no molecular rotations. A constant gas flow was implemented
to maximize the possible impact of the gas. The proportions of the molecules of N,
O, and argon were significantly changed. This should change the measured temporal
traces if the air medium was involved. The Sequoia traces, obtained with argon gas,
are presented in Fig. 4.15.

The curves in Fig. 4.15 were measured over a period of one day. The plot legend
reflects the time at which a certain curve was measured. The experiment was started
at regular conditions. Then, the argon flow was turned on and a few more curves were
measured. After that, the flow was switched off, the cavity opened and the system
ventilated for the final measurements. The amount of O, and Ny differed significantly
in all three stages: before pumping the argon, with the argon and after the oscillator
cavity ventilation. However, despite a few minor changes in the two peaks between 2
and 3 ps in the trailing edge, no substantial impact of the atmospheric gas was observed.
Moreover, the observed difference was not reproducible. Another important detail is

that the peak at around 3 ps started growing after the ventilation of the cavity.
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Figure 4.15: The influence of argon gas in the master oscillator, compressor and Sequoia
cross-correlator on the measured temporal traces. Curves of different colors show the
evaluation of the spectral shape on the pumping and the ventilation procedures

It is visible in Fig. 4.15 that, at certain stable conditions, with argon or without,
the temporal profile is well reproducible. The only transition process for which the
gas flow changes introduces the observed difference in a very limited time range (at
around 3 ps). This experimental result may serve as indirect confirmation that air is

not responsible for the generation of the post-pedestal.

4.4.4 Raman effect in sapphire as an explanation of observed

pedestal

The Raman effect can be involved into the process of the post-pedestal generation,
even, if the post-pedestal does not occur due to the Raman response of air. It is
reasonable to assume that internal vibrations of the Ti:Sapphire crystal itself can be
the mechanism which leads to the appearance of the post-pedestal. The Ti:Sapphire
active medium is a sapphire crystal which is doped with Ti** ions. The doping level is
comparatively low and the host crystal — sapphire, known as corundum or aluminium
oxide AlyO3 — determines the Raman properties of the crystal. The generation of the
post-pedestal might be associated with vibrations of the crystal lattice of a sapphire
crystal.

An aluminium oxide crystal forms the basis of various laser crystals, for instance,
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the most well-known laser crystal, ruby (Cr>T:AlyO3). It can be found in nature as
a mineral, called corundum, or, more rarely as sapphire or ruby crystals. Of course
synthetic sapphire crystals are used in laser systems. This is associated with special
requirements of optical quality and the absence of unwanted chemical impurities. The
latter may significantly change the optical properties of sapphire. Moreover, chemical
impurities, such as chromium (Cr) and titanium (Ti) ions allow the optical properties
of the crystal to be manipulated.

Ti:Sapphire-based lasers are vibronic lasers where the lattice vibrations or phonons
play a key role in the light amplification process [44, 127, 128, 129]. The internal
vibrations of the crystal lattice play an important role in a formation of the broadband
emission spectra. If it is assumed that phonons in a Ti:Sapphire crystal play a role
in the process of generation of the post-pedestal, certain oscillation modes must be
supported by the crystal lattice of the Ti3T:Al,Os.

There are several techniques which allow for the study of atomic dynamics or vibra-
tion modes of materials. The most used techniques are infrared (IR) spectroscopy and
Raman spectroscopy [130]. Phonon modes contribute to the IR or Raman processes
under different conditions [130], which are complimentary in most cases. This means
that a phonon mode will be active in either IR or Raman measurements. Here, we will
consider Raman spectroscopy only. This is associated with an opportunity to measure
a sample in a Raman spectrometer in an interesting frequency range.

Raman spectroscopy is a spectroscopic method which uses the Raman scattering
effect, which is based on the inelastic scattering of incident light on vibrating molecules.
The resulting light has a frequency shift from the frequency of the incident light. The
frequency shift yields information about the vibration mode of the molecules. Usually,
the vibration modes are incoherently excited by an argon or helium-neon (He:Ne) laser
beam in a Raman spectrometer. The resulting scattered light from the sample is
passed through a notch filter, suppressing the frequency of the exciting beam, and is
then analysed by a spectrometer.

It can be assumed that the periodicity in the observed post-pedestal is a repre-
sentation of a Raman mode and thus with respect to Fig. 4.14b, the frequency of the
phonons must be in the range 0.3-1.9 THz which corresponds to 10-64 cm™! (see the top
scale in Fig. 4.14b). The related Raman wavenumbers are calculated using a simple
equation (4.4). X

. v

p=S=- (4.4)
The Raman scattered light has a low intensity level compared with the incident light.
The initial laser beam must have as narrow a spectral bandwidth as possible as a

frequency shift is being measured and the filter for separating the scattered light con-
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taining shifted frequencies must have a steep enough spectral function to measure small
shifts. The Raman shift is usually measured in cm™! units and the measured Raman
wavenumbers usually lie in the range starting from ~ 100cm™! to a few thousands
of cm™!. Usually, frequencies below 100 cm™! are difficult to detect due to the small
difference between the frequency of the incident light and the frequency of the Raman

scattered light. It is necessary to suppress significantly the signal from the laser line.

Equation (4.5) is used to calculate the Raman shift. It includes the excitation

wavelength \g and the shifted wavelength A of the light, registered by the spectrometer.

1 1

According to (4.5), a 100 cm ™! Raman shift corresponds to the wavelength A &~ 636.8 nm

when using a laser with an excitation wavelength of \y = 632.8 nm. In case of a 50 cm ™!

L ghift cor-

shift, the spectrometer must detect a wavelength of ~ 634.8nm; a 10cm™
responds to &~ 633.2nm. It is difficult to construct a filter with a sufficiently steep
spectral function and high attenuation coefficient. This is the main reason why mea-
surements of frequency shifts below 100 cm™! require special filters, which have a very
steep spectral edge and a high suppression coefficient. Modern filtering methods allow

for the measurement of Raman spectra starting from 8cm™1.

Special ultra-low fre-
quency filters [131] or reflective diffraction grating-based monochromators [132] can be

used for that purpose, but these devices are usually extremely expensive.

There is another issue with Raman characterization of the Ti:Sapphire crystal. The
luminescence line of the crystal is quite broad and in the case of using a He:Ne gas
excitation laser, the Raman shifted wavelengths will be in the spectral range of the
luminescence line. It is impossible to resolve the resulting Raman lines due to the

strong luminescence of the crystal.

However, as was mentioned above, the host crystal is sapphire, and titanium ions
are a trace component. It is thus reasonable to assume that the Raman modes of a
Ti:Sapphire crystal will not be significantly different to modes of a synthetic sapphire.
Titanium ions may slightly change the position or the intensity of the lines or introduce
a few more lines, but they will not change the spectral pattern of the sapphire. This
leads to the conclusion that the Raman spectrum of a synthetic sapphire crystal of

similar quality and purity is similar to a titanium-doped sapphire Raman spectrum.

A series of Raman measurements have been carried out using a LabRAM HD Evo-
lution spectrometer (HORIBA). The spectrometer has an Ultra-Low Frequency (ULF)
Raman Module [131] to measure spectra shifts down to 10cm™'. A He:Ne (wavelength

A = 623.8nm) laser is used as the excitation source. Unfortunately, the ULF Raman
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module is strongly related to a particular wavelength and thus there is no opportunity
to use a laser with a shorter wavelength.

Figure 4.16a shows the Raman spectrum of a conventional sapphire substrate used
for scientific investigations. It clearly shows several peaks, which match with the Ra-
man modes of sapphire, presented in the literature [133, 134]. The peaks are accom-
panied by a huge background, which is associated with chemical impurities in the
substrate. Figure 4.16b demonstrates the reference spectrum of silicon, which is used
for the calibration process of the LabRAM HD Raman spectrometer. The inset in Fig.
4.16b shows the magnified part of the spectrum in the range up to 200 cm~. This plot
is presented here to show the artificial nature of the peaks below 10cm™! and to prove
that the weak peak near 50 cm™! is not a measurement artefact.

Figure 4.16¢ shows the Raman spectrum for a clean sapphire substrate without
the background signal. Both figures 4.16c and 4.16a show peaks around 380 cm™!,
717.5cm™! and an important weak peak at around ~ 50cm™! lying in the range of
the frequencies derived from the spectrum of the post-pedestal which is presented in
Fig. 4.14b. A shorter excitation wavelength e.g., argon (wavelength A = 488nm),
would allow for a Raman shift with greater confidence to be registered. The shorter
wavelength might measure the Raman spectrum of a Ti:Sapphire crystal, used for laser
light amplification.

The low-frequency mode in the measured Raman spectra indicate that the lattice of
the Sapphire crystal may support the eigenmodes in the frequency range of the struc-
tures observed in the post-pedestal. This result supports the assumption that phonons
can play a central role in the process of generation of the post-pedestal observed in the

time domain.

4.4.5 Discussion of observed effects

The experimental results presented in 4.4.1 have shown that the ragged pedestal, which
appears in front of the main pulse, has a structure that clearly resembles the post-
pedestal. Figure 4.10 clearly shows that the leading pedestal and the trailing pedestal
are mirror-symmetric, in particular, in the vicinity of the main pulse. The same struc-
ture in the pre-pedestal can be observed in the post-pedestal. This finding confirms
that the leading pedestal was generated from the trailing pedestal, which is coherent
with the main pulse. The coherence of the post-pedestal is required according to the
physics of the process described in 4.2.
It is confirmed that a Ti:Sapphire-based master oscillator generates the post-pedestal.

This findings follows from the experimental measurements of the temporal profile of the

seed pulses from the commercial master oscillator at LOA (Fig. 4.12). This includes
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a Ti:Sapphire crystal, several dielectric mirrors and a dispersion compensation scheme
based on several chirped mirrors. The laser system was used in configurations with
master oscillators either with dispersion compensation based on prisms or chirped mir-
rors. This did not show the difference in the temporal contrast. Thus the Ti:Sapphire

crystal is the most probable source of the post-pedestal.

One might propose that the specific temporal profile is caused by constructive
interference of eigen modes of the resonator, which form the laser cavity. The discrete
eigen modes might form such a complicated temporal profile while forming ultra-short
pulses in the Kerr-lens mode-locking. However, a pedestal, formed in a such way must
be symmetric around the main peak. In additional, the post-pedestal is also observed
when the parametric-based front-end is used. The latter creates pulses in a parametric
process with generation of a white light and therefore Kerr-lens mode-locking can be

excluded from the consideration.

The majority of ideas cannot satisfy the condition that the generated pedestal
follows the pulse and in the case of a low B-integral it does not exist in front of the main
peak. The most reasonable solution may be that an ultra-short pulse induces a stress in
the medium because of the high peak intensity. This can explain the asymmetric shape
of the temporal contrast. An ultra-short pulse initiates physical processes which then
change the temporal shape. In other words, the post-pedestal is a result of self-induced

processes.

This process may happen in air or in a Ti:Sapphire crystal. There are no assump-
tions about the air except the considered Raman response of air molecules. However,
the investigation presented in 4.4.3 shows that the Raman effect in air is negligible.
This leads to the conclusion that the post-pedestal is generated inside the Ti:Sapphire

crystal and is associated with the inner structure and atoms constituting the crystal.

It is well-known that Ti:Sapphire is a vibronic crystal and phonons play an impor-
tant role in the laser parameters of the crystal [135]. The vibronic nature provides
the broad emission spectrum [128]. The first idea thus might be that phonons, collec-
tive lattice vibrations, could be responsible for the generation of the pedestal and that

somehow the phonons can be displayed in the measured cross-correlation traces.

Phonons in a sapphire crystal could be a good explanation for the observed post-
pedestal but in this case, the crystal must support the observed frequencies (shown
in Fig. 4.14b). The vibrational modes in a crystal can be either Raman-active or
IR-active. The presence of Raman-active modes was investigated in section 4.4.4.
The measured Raman spectra showed that there is a high probability, that these low-
frequency and thus low-energy phonon modes can exist in a sapphire crystal and thus

must exist in a Ti:Sapphire crystal. The presence of IR-active modes was not investi-
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gated because of the lack of required instruments.

It is important to explain, how the lattice vibrations of certain frequencies are
induced. The answer can be given by one of mechanisms known in literature. For
instance let us consider the Impulsive Stimulated Raman Scattering (ISRS) [136, 137,
138, 139].

Impulsive Stimulated Raman Scattering (ISRS)

Let us assume that a vibrational mode with the frequency €2 is supported by the
medium. In the classical stimulated Raman scattering, the incident light with frequency
wy gets scattered on the Raman-active mode resulting in the photon w; = wy — Q.
However, if the spectrum of the incident light is broad enough and includes both
frequencies w; and ws, it can be a driving force for the phonon. In this case, the
higher-frequency photon with the frequency ws gets coherently scattered into lower
frequency photon w; producing the coherent phonon with the frequency €2 = wy — wy
and causing a red-shift of the incoming pulse spectrum. In other words, the phonon is
generated by frequency mixing of the spectral components of the incident light which is
characterized by a broad enough spectrum. Coherent phonons are collective oscillations
of the crystal lattice components which are characterized by a high spatial and temporal

coherence. In other words, ISRS process forms a standing wave in a medium.

In theory a coherent phonon is described as a harmonic oscillator with the amplitude

Q
Q) |, ,dQ()
dt? dt

where (/27 is the natural frequency of the oscillations, § is the damping parameter,

+ 28 +Q2Q(t) = F(t) (4.6)

and F(t) is the driving force caused by the broadband light. The damping constant
7—d_e%;)hasing‘

force F'(t) depends on the process leading to generation of the coherent phonon. In the

characterizes the dephasing time of the phonon mode as § = The driving

case of ISRS, it is given in the following

1 Ox
F(t) = e (@>kl ELE, (4.7)

where M* is the reduced mass of the crystal lattice, da/(0Q) is the Raman tensor of
polarizability, and E} and E; represent the spectral components of the electromagnetic
field of the incident light. The mechanism is called impulsive because of the short
time acting driving force F'(t) compared with the period of the phonons. ISRS is a

resonant process and has to satisfy energy conservation and the wavevector laws. The
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field components Fj and E; must satisfy the phase-matching conditions

W — Wi = Q (48&)
ki — k=K (4.8Db)

where K is the wavevector of the phonon, k; and k; are the wavevectors of the corre-

sponding photons w; and wy, respectively.

It is worth mentioning that despite the broad spectrum, the pulses are stretched
and therefore have a long pulse duration. According to literature, the post-pedestal
can be generated by either the transform-limited pulses or stretched pulses with the
duration exceeding 1ns. This creates a question if ISRS works in these conditions or
not. The problem of coherent generation of a coherent phonon requires additional

investigations.

It is known from literature that if a IR-active phonon mode is excited in a medium
it may induce a macroscopic polarization which, in turn, can cause an electromagnetic
radiation at the frequency of the phonon [139]. Thus, the presence of IR-active modes
in the range of interest can be confirmed by direct measurement of the THz radiation

from the sapphire crystal.

Another question is why the post-pedestal is observed in the temporal traces mea-
sured using the Sequoia device because it requires that the light of the post-pedestal
is lying in the same spectral range as the main pulse. This is associated with the fact
that the Sequoia can characterize pulses in a comparably narrow spectral range only.
Thus, it is not clear why the coherent oscillations lying in the same spectral range as

the main pulse.

The light forming the post-pedestal must have a similar direction and spectral
parameters to be observed in the cross-correlation trace. The spectral range of the
emission forming the post-pedestal can be estimated. Some parts of the laser system
and the used characterization technique have a spectral selectivity. The stretcher, as
well as the compressor, both based on reflective diffraction gratings, can transmit only a
spectral bandwidth of at maximum 150 nm. This range is limited by the geometry and
the chosen incident angle. The high-dynamic range characterization method also has
spectral selectivity because of the nonlinear crystals and optics, the frequency doubling
and the sum-frequency generation nonlinear processes that are used for characteriza-
tion. Nonlinear crystals have a dependence of the efficiency on the wavelength at a
certain angle which is needed to fulfil the phase matching requirements. This means
that the approximate spectral bandwidth of the generated post-pedestal is limited to
the range A\ ~ 750-850 nm.
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The measured cross-correlations traces are presented with a logarithmic vertical
scale meaning that the ragged structures with an oscillating shape in a logarithmic scale
are in fact post-pulses if the vertical scale is linear (see Fig. 4.17). These post-pulses
have a well reproducible shape in the range of two orders of magnitude of intensity.

The physical process generating them must be extremely stable and reproducible.
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Figure 4.17: Coherent post-pedestal presented in the linear vertical scale

During amplification the energy stored in the active medium is not fully depleted.
A certain amount of electrons are still in the excited state and are able to emit light.
The ions of the corresponding electrons are surrounded by an oscillating environment.
The phonons affect the susceptibility of electrons leading to its modulation [140]. The
phonons may impact the excited electrons leading to their transition to the lower level
leading to the light emission. Moreover, it can even create a direction selectivity of
the emission which may depend on the phase of the phonon. However, to support the
coherent post-pedestal, the process must be also coherent. In this case it would lead
to the coherent emission at the wavelength of laser transition observed as the post-
pedestal in the time domain. This theory for now is speculative and requires a serious
investigation of this series of processes.

If this theory regarding the phonon nature of the observed post-pedestal is correct,
other vibronic crystals must also show a similar effect. This could be possible to check
with a laser system based on a Cr:Forsterite crystal. This requires a high-dynamic

range characterization tool for the corresponding wavelength of A = 1.24 ym.
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4.5 Analysis of a measured pulse shape of a high-

field laser system

This section is dedicated to the analysis of a measured pulse profile of the home-made
100 TW High-field laser system at the Max Born Institute (MBI). I am going to show
how to apply the obtained knowledge.

The high-field MBI laser system employs a Double-CPA technique [76]. It consists
of a front-end with temporal filtering based on cross-polarized waveform generation
(XPW) followed by a second stretcher, several amplifiers and the final compressor,

which is based on two reflective diffraction gratings.

A prototype of the new Sequoia HD cross-correlator was used for the temporal
contrast characterization. A part of the beam is taken for the measurement then
attenuated down to the energy level E ~ 0.5mJ in front of the cross-correlator. Fig.
4.18a illustrates the pulse shape. The curve is measured before a plasma mirror at
half-of-full energy with the smallest available step of the Sequoia HD (17.8fs). The
curve demonstrates a clean temporal trace in the temporal range from -550 to -100 ps
with a level of ASE ~ 107!*. The temporal contrast was further improved by removing
the intense pre-pulse at approximately ~ —50ps. Since the laser system includes a
few uncoated optics it was assumed that the pre-pulse is caused by double internal
reflection in an optical element. Its refractive index was assumed to be close to the
refractive index of glass. The refractive index and the pulse delay deliver information
about the approximate thickness of the optical element. The source of the pre-pulse
was identified to be a dielectric mirror mounted with the rear surface towards the pulse.
As a result, the uncoated side of the mirror caused the pre-pulse as a reflection of the
main pulse. The following main pulse is reflected from the dielectric coating inside
the substrate of the mirror. When the mirror was changed and mounted properly,
the pre-pulse with the relative delay -50 ps has disappeared. The improved contrast is
presented in Fig. 4.18c.

Fig. 4.18b illustrates post-pulses generated in the last cascade caused by the bire-
fringence of the Ti:Sapphire crystal. There are three equidistant pulses of similar peak
intensity level, which correspond to three passes through Ti:Sapphire crystal. A sim-
ple calculation shows that a 0.5 mm glass plate (n = 1.5) may cause a post-pulse with
a delay at approximately ~ 5ps. Without a very thin glass plates in a beam path,
the birefringence of the active medium is the only reason for post-pulses below 5 ps.
Obviously, these post-pulses will bring about pre-pulses with a shifted delay through
the mechanism, described in 4.2. However, if the post-pulses are generated in the final

amplification cascade, no pre-pulses are usually observed after that.
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(c) Cross-correlation trace measured for the 100 TW laser at MBI. The pre- and post-
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artefacts. The long post- and pre-pedestals generated by the Ti:Sa crystal and SPM
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Figure 4.18: Features of temporal contrast of the home-made 100 TW MBI laser system
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The thickness of the Ti:Sapphire crystal in the last cascade of the High-Field MBI
laser system is 35 mm. Taking into account the difference in refractive indices of the
orthogonal polarizations, the delay between the post-pulses generated by the birefrin-
gence can be estimated to be approximately | x An/c a 0.922 ps, close to the 0.988 ps
derived from the cross-correlation trace. The difference can be explained by the differ-
ence in the refractive indexes of the crystal in the scheme and the refractive indexes,
derived from the literature ([107, 108]). An additional path length due to the small

angle between the beam and the crystal due to the amplifier geometry is negligible.
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Figure 4.19: Block diagram of the 100 TW high-field MBI laser system

The leading front of the main pulse is steep in the temporal trace in Fig. 4.18c. The
temporal contrast at -7ps is 5 x 10°. The pre- and post-pedestals that are discussed
in previous paragraphs are clearly visible. In addition, several pre- and post-pulses are
observed starting from -100 ps in front of the main pulse. The most intense pulses are
marked. There are two pairs of pulses (B and C) and a triplet A. The pulses in the
groups B and C are equidistant. This may be an indication that they are generated
by the SH beam in the Sequoia. However, the relative intensity of the pre-pulses does
not follow a square relationship (4.2). The lower-than-expected peak intensity of the
pre-pulses can be explained by the large step of the scanning, which is approximately
~ 250 fs in the range -100 — -10 ps. The pre-pulses are not measured properly due to
the large time step. As seen in 4.2.1, the pre-pulses generated by SPM usually have a
shifted delay. This temporal shift increases with increasing the absolute delay of the
post-pulse. No temporal shift in the generated pre-pulses is observed.

The characterization process was simulated. The main peak was fitted by a Gaus-
sian function for the simulation. Then three intense post-pulses with a related delay of
18.5ps (A), 39.4ps (C) and 93.5ps (B) were added to the main peak simulating the
intense post-pulses observed in the measured temporal trace. After that, the charac-
terization was simulated as described in section 2.5.2. The correlation was calculated
between the resulting shape and its square. The resulting curve, as well as the real
measured curves, are presented in Fig. 4.20. The pre-pulses at -93 (C), -18 (A) and
-76 ps match well, except for the amplitude. These three pre-pulses are generated by
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the characterization device. The pre-pulse at -38 ps (B) is real and generated by SPM.
The real measured pre-pulse is slightly shifted closer to the main peak. This is an

additional indication that is it is generated by SPM as was discussed in section 4.2.1.
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Figure 4.20: Analysis of the measured temporal traces of the MBI 100 TW laser. Black
curve shows the measured temporal contrast. The main peak was fitted by a Gaussian
function. It has been taken for the simulation. Three post-pulses (A, B and C) as
in the measured trace were then added. Then, the second harmonic was simulated
by taking the square of the initial shape and the correlation calculated between the
fundamental and its second harmonic. The red curve shows the result of simulation of
the characterization using a third-order cross-correlator. The pre-pulses matching the
simulation with lower peak intensity do not exist in the real temporal profile of the
measured pulses

There are two pre-pulses with a delay similar to the delay of the post-pulse A. The
pre-pulse with the same delay as the post-pulse delay is a replica due to the cross-
correlation. However, the second pre-pulse at approximately ~ —16ps is real. It is
generated due to the nonlinear phase shift. In principle, an approximate B-integral
value of the part of the laser system between the reflection producing the post-pulse,
and the last re-compression stage can be extracted if the envelop of the stretched pulse
is known. It is obvious that both pre-pulses will disappear if the corresponding post-
pulse is removed. Its source was identified as an internal double reflection in a XPW
crystal which is not carefully aligned. When it is aligned properly, the crystal does not
cause the post-pulse as can be seen in Fig. 4.18a.

An ultra-fast Pockels cell was used in the system with a rising time approximately
~ 300 ps. This corresponds to the duration of the stretched pulse. It helps to give a
comparably clean temporal shape. A further plasma mirror filters the entire region in

front of the main peak and suppresses the intensity of the pre-pedestal and pre-pulses
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by four orders of magnitude. Together, this provides good parameters of the temporal
contrast of the particular high-field laser system.

Now, it is necessary to mention the characterization of high power laser systems.
There are certain requirements for the energy and intensity of the characterized pulses.
The Sequoia, for instance, is suitable for the characterization of a front-end with an
energy of approximately ~ 1mJ, 20 fs pulse duration with corresponding spectral width
and few millimetre diameter of the beam. However, what can be done with higher
energies? For instance, if a PW level laser system needs to be characterized. There are
two correct ways to do this. First, one can attenuate the compressed beam down to
the mJ energy level using reflective optics, then scale the beam size down to the size
of the input aperture of the characterization device and characterize it. This way is
the most appropriate. However, it is often complicated to deal with high power beams
of a large size. As an alternative, a small part of the spatially expanded beam at full
energy must be characterized. It is also necessary to repeat the measurements at several
points along the beam aperture to ensure that the temporal contrast is the same for
the whole aperture. However, the characterization procedure is often different. A high-
field laser system usually is attenuated by simply switching off of several pump lasers.
The following characterization is done properly, except for the energy of the beam
produced by the laser system. This incorrect characterization is clearly visible in the
obtained temporal traces. The pre-pedestal will be generated anyway in any high field
laser system. The confidence about it is associated with the fact that the B-integral
value and the stretching factor are high enough to lead to pre-pedestal generation in
high power cascade. If the temporal contrast of a high power laser system is measured
properly before any nonlinear filtering, such as with a plasma mirror, the pre-pedestal

will be visible in the temporal trace and have relative intensity level of > 1077,
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Chapter 5

Temporal contrast improvement
using rotation of the polarization
ellipse in a gas-filled hollow-core

waveguide

5.1 Introduction

In the previous chapters we have highlighted issues of modern high-power laser systems
based on Ti:Sapphire material and the CPA concept. Here, I am going to discuss a
technique aiming at temporal contrast enhancement. Information presented in this
chapter is useful not only for Ti:Sapphire-based laser systems but can be applied to
modern fibre- and thin-disk based lasers using material different from Ti:Sapphire to

generate laser light.

Nonlinear temporal filtering is a commonly used attribute of modern ultra-fast
lasers. The mostly used XPW technique has several issues, one of them is the low
efficiency, which typically does not exceed 25%. XPW can also significantly destroy
the spatial beam profile and the surface of the XPW crystal is subject to degradation.
To avoid this, a short hollow-core fibre is used in front of the XPW in order to improve
the spatial parameters of the beam [141]. As was mentioned in 1.7.3, nonlinear rotation
of the polarization ellipse can be an alternative to the widely used XPW tehcnique. This
chapter describes in details the NER-based technique and suggests an implementation

involving a hollow fibre.

It is important to mention that a part of the results presented in this chapter is

going to be published in an article where I am the corresponding author.
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5.2 Delayed Kerr effect and the choice of a medium
for NER

One can see that there are different media which can be used for the temporal filtering.
It is important to choose one medium or a group which suits the best our application.
In this paragraph, it will be explained what medium is the most appropriate for NER.

Since NER is based on the optical Kerr effect, the optical Kerr response plays
a central role in the choice of the medium. There are several physical mechanisms
contributing to the Kerr response of a medium which differ in terms of physical origin
and time range. The fastest term contributing to the optical Kerr response is associated
with anharmonicity of the electron oscillations in a strong electromagnetic field and it
was considered in 1.2.1. This optical response is fast, even on the femtosecond scale,
and is usually considered to be instantaneous [21]. The second mechanism contributing
to the Kerr response on the femtosecond scale is associated with the molecular structure
of the medium. It relates to the orientation of the molecules in liquids and the Raman
response in gases. This physical mechanism is slower compared to the electronic Kerr
response [82]. Free electrons also contribute to the optical response on the femtosecond
scale.

The electronic contribution to the nonlinear refractive index can be written as [82]:

ia(w)

An(w) = ny(w)|E* + 2—k0

(5.1)
The term «a(w) is responsible for absorption.
In the case of a comparably slow Raman response, the following equation applies,

which includes the electronic and Raman contributions [82]:

An(w) = na(w) / R()|E(r,t —t)[?dt’ + % (5.2)

) 0
The variable ¢ is t' = t — 7. The nonlinear response function R(t) includes both the
electronic and Raman responses. Assuming the electronic response to be instantaneous,

this function can be written as:

R(t) = (1= fr)o(t) + frhr(t) (5.3)

The term fg in (5.3) represents the fractional contribution of the Raman response.
The hp term reflects the form of the Raman response in time [82].

It is known from literature that different materials were used for NER: air [79, 80],
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liquid CS, [78, 81] and other gases [77]. In [79] a high efficiency of ~ 60 % at a mJ seed
energy level was demonstrated, but the slow nonlinear response of air did not allow
to transmit short pulses and led to clipping of the pulse spectrum. The majority of
the optical Kerr response of air at low ionization originates from molecular Ny and Os.
Both molecules have the above-mentioned Raman contribution within the intensity-
dependent part of the refractive index nsy. This is caused by their molecular nature.
The Raman contribution is higher than the instantaneous electronic contribution and
the characteristic time of the Raman response in the case of air is approximately
~ 70 fs. This means that the optical Kerr response of air is changing during the pulse
duration (this is the case of a classical front-end with 7 ~ 30fs.) and the value of
the optical Kerr nonlinearity depends on time. This effect is unwanted because it can
lead to temporal distortion of the beam profile. Similar observations happen with CSs,
used in [81] for nonlinear filtering. Molecules introduce a term into the Kerr response
which is not instantaneous for femtosecond pulses [21]. The additional contribution
appears to change the temporal beam profile and makes the theoretical prediction more
complicated. Moreover, in the case of chirped pulses, it leads to spectral clipping or
spectral selection. Since we deal with ultra-fast pulses, it is worth considering media
with only the instantaneous optical Kerr effect. Atomic gases, such as noble gases can
be a good option for NER.

To be used for nonlinear temporal filtering, the NER technique must be energy
scalable. However, self-focusing [142, 143] and ionization [144, 145, 146] limit the
maximal intensity and, therefore, the scalability. The self-focusing process may bring
the beam into the regime of filamentation. This increases the intensity and leads to a
higher level of ionization and, as a result, it limits the efficiency of the NER filtering.
Since noble gases have the highest values of the first ionization potential, they are the

best option for this nonlinear temporal filtering technique.

5.3 Implementation of the temporal filtering tech-
nique

As it was discussed above, the ultra-short duration of the pulses dictates the choice of
the nonlinear medium for the temporal filtering based on the rotation of the polarization
ellipse. Noble gases have been chosen as the medium for NER in our experiments. Let
us concentrate on the implementation scheme for the temporal contrast improvement.
The existing literature shows a wide range of proposed and tested schemes for the
NER. Those include a cavity [79], a hollow-core fibre [77] or even a simple spatial filter

with two lenses [80].
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Because of the large value of the B-integral required (see 1.7.3), it is logical to scale
the length of the nonlinear interaction. In addition, since the rotation of the ellipse
depends on intensity, it is worth choosing an optical scheme which has eigenmodes in
order to avoid a situation where the enhancement of the temporal contrast is a function
of the radial coordinate. Thus, we have two options: a cavity formed by two spherical
mirrors such as the cavity of a regenerative amplifier or a hollow-core fibre (HCF). The
pulse injection/ejection system of a regenerative cavity is based on a manipulation of
the direction of the linear polarization. Since we are going to operate with an elliptic
polarization, it appears challenging to implement this option. Thus, it was decided to
use an HCF.

HCF may support the necessary length of interaction and provide a good control
over the effective nonlinear interaction that cannot be reached by a simple focusing
of the laser pulses in a medium. As will be shown below, it has eigenmodes and
thus also acts as a filter of the spatial mode. Variation of the HCF geometry may
be used in order to add flexibility to the filtering scheme. The length and the inner
core radius of HCF can be varied, giving flexibility and an opportunity to work in
comfortable conditions. The large B-integral value also leads to a significant spectral
broadening. The resulting spectrum can be efficiently re-compressed in the following.
HCFs are widely used in modern systems [141, 147] for a broad spectrum generation
with subsequent post-compression. A HCF guides the beam in order to reach a certain

filtering efficiency and broadening without unwanted ionization.

5.3.1 Hollow-core fibres

A hollow-core fibre is not a classical fibre but a capillary tube where the refractive index
value of the cladding is higher than the refractive index of the core. Optical fibres of
this kind are lossy and do not act as a good conductor of light compared to classical
optical fibres. Conversely, manipulations with the HCF must not lead to unwanted
additional losses.

The field propagation in a HCF can be expressed as
E(r,w) = F(r,0)A(w)e == (5.4)

where F(r,0) is the transverse field distribution, A(w) is the spectral mode amplitude
and v is the propagation constant.

Let us consider the HCF in the configuration of a right circular cylinder of a radius
a which is large compared with the optical wavelength (a > X). Let us also assume

that the pulse power P is below the critical power of self-focusing P < P,... In these
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conditions and at low-losses in HCF one can determine the modes F(r, ) [148]. Those
modes are transverse circular electric modes TEy,,, transverse circular magnetic modes
TMy,, and hybrid modes EH,,,, (n # m) with both, electric and magnetic fields. The

n and m coefficients are integers characterizing the propagation mode.

The losses in the case of using a HCF are determined by the losses of the eigenmode
and the coupling conditions. The attenuation constant for eigenmodes is inversely
proportional to the bending radius a o< 1/R and thus, it is important to minimize the
bending of the HCF which can be achieved using stretched fibres. The expression for
the attenuation coefficient for the EH,,,, spatial modes in the case of straight dielectric

hollow-core fibres can be expressed as:

wm A\ 2 2 —1
O, = 5.ba
( 2m ) 203/ 1? — 1 ( )

y = [Pt (5.5b)

where v is the ratio between the refractive indices of the cladding and the core, uy,, is

the mth root of the equation J,,_1(uym) = 0 where J,, is the Bessel function of the first
kind. For instance, uj; = 2.40483, uis = 5.52008, w13 = 8.65373. Equation (5.5) gives
the attenuation constant in the units of decibel per unit of length. In order to use the
calculated value in the equation for the power or intensity degradation (P(z) = FPye™*%),

the attenuation constant must be expressed in units of reciprocal length

In 10
alem™!] = nl_O

- a[dB/cm] (5.6)
Fig. 5.1a illustrates the losses for the EHy,, modes. One can see that the EHy;

mode has the lowest attenuation coefficient and the attenuation grows significantly

with the number of the mode.

The coupling conditions are determined by the overlap of the spatial mode of the
input beam and the spatial eigenmodes of the HCF. When a Gaussian spatial mode is
coaxially focused into a HCF, only EH;,, modes are excited [149]. Let us consider the
coupling conditions. For this we need to know the spatial distributions of the input

mode and the EHy,, modes of the fibre which are expressed below:

2

EGaussian<T) = E067T2/U (57&)
Egn,,, () = EoJo(uimr/a) (5.7b)

where ¢ is the radius or the half-width at the level 1/e of the maximum, 0 < r < a,
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Figure 5.1: Losses and efficiency of the coupling into a hollow-fibre calculated for EH;,,
modes and a silicon cladding of the fibre

Jp is the zero-order Bessel function of the first kind. The coupling efficiency is then

2
(foa e /" Jo(ulmr/a)rdr>

oo a 58
Jo e rdr - [ I3 (urpr fa)rdr (5:8)

Mm =

Fig. 5.1b illustrates the coupling efficiency for different eigen modes depending on the
core radius of the fibre and the input beam radius 0. The optimal coupling efficiency
is achieved for the EHy; mode when o/a = 0.64. As mentioned above, the eigen modes
of higher orders experience higher losses and only the lowest mode survives in a long
HCF. Taking into account these two facts the high-order modes can be neglected at
long length of a HCF and it can be considered as a single-mode fibre [149]. Theoretical
transmission of EHy; in a HCF can be above 95% in case of a good input coupling

[149, 150]. However, practically it does not usually exceed 70 %.

Ionization [144, 145, 146] and self-focusing in the HCF [13, 142, 28] limit the maxi-
mal throughput intensity, i.e., the input energy of the pulses. However, the thresholds
for ionization and self-focusing can be increased. Circular polarization decreases the
nonlinear response of media [21, 151, 152] and the level of ionization [153, 152, 154].
The ionization threshold needs to be estimated for elliptical polarization, and lies be-

tween those for the linear and circular ones [144].
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To estimate the critical power of self-focusing one can use equation (1.33):

2
g

47'('71077,2

(5.9)

cr

for the EHy; beam mode o = 1.86225 [28].

It is important to know the ionization level in order to avoid unwanted effects. The
ionization rate for linearly polarized light can be estimated using the Ammosov-Delone-

Krainov equation [144, 146]:

By @D+ mD! (4B T )
= — * ] P Wt 1
w =G P = et \ i ‘ (5.10a)
|Cpere |2 = 22" (0*T(n* + 1" + D) (n* — 1*)) 7! (5.10b)
E(t
wy = _lEOL (5.10¢)
2m. kb,

where n* = Z(E!/E,)"/? is the effective principal quantum momentum, / is the orbital
quantum momentum, m is the magnetic quantum momentum, 7 is the charge of the
atom residue, E, is the ionization potential of the level, E]’; is the ionization potential
of hydrogen, I* = n* — 1 is the effective value of the orbital quantum number, I' is
the Euler gamma function and E(t) is the instantaneous electric field. Using equation

(5.10) one can estimate the free-electron density caused by the electric field:

t
— [ w)d¢
ne=Ny|1l—e — (5.11)

where Ny is the density of neutral atoms which can be obtained using the ideal gas law
PV = NET (5.12)

where P is the gas pressure, V' is the gas volume, NV is the number of atoms, T is the

gas temperature and £ is the Boltzmann constant.

The ionization threshold can be estimated as the level when the change of the

refractive index caused by the electron gas is well below the one caused by the Kerr
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effect [143]:
% o) (5.13a)
2w0 Nnalp .1oa
e2n,
= 5.13b
Wp —_—— ( )

where w, is the plasma frequency, e is the charge of the electron and ny(p) is the
nonlinear refractive index of gas. The function ny(p) is linear.

The pressure gradient of gases can additionally decrease the negative effect of the
ionization [155] at the input of a HCF. Ionization at the HCF input leads to energy
losses and beam defocussing. This, in turn, leads to a worse input coupling and lower
transmission of the HCF. Differential pumping allows the effective nonlinear interaction
length to be controlled better. This brings stability to the optical scheme.

Equation (5.14) expresses the evolution of the pressure in the HCF with distance

in the case of differential pumping [156, 157].

b = i+ 20— (5.14)

with py and py, the pressures at the entrance and exit of the HCF respectively, L is the
length of the HCF, and z is the propagation distance. Since the nonlinear refractive
index linearly depends on the gas pressure, the nonlinear refractive index is proportional
to the square root of the propagation distance: na(z) o< v/z.

As it was mentioned in 5.2 noble gases can be considered as the perfect medium for
the NER because their Kerr response has only the electronic Kerr contribution. Noble
gases provide a significant range of values of ny, and have a comparatively high first
ionization potential because of the closed outer electronic shell (Table 5.1). The values

presented in the Table 5.1 are measured for linear polarization.

Medium ny, cm?/W Ionization
[158]([159]) potential, eV [160]

Helium  0.34(0.31) x 10720 24.58

Neon 0.85(0.87) x 10720 21.56

Argon  T7.96(9.7) x 1020 15.75

Krypton — 18.9(22) x 10=% 14.00

Xenon 54.8(58) x 10720 12.12

Table 5.1: Values of ny and the first ionization potentials for noble gases

The dependence of the refractive index on the gas pressure ny(p), the intensity
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and the propagation length determine the efficiency of temporal filtering as well as the
factor of the spectral broadening. The gas pressure allows the effective value of ny to
be smoothly tuned [161, 162].

5.4 Experimental setup

In this section I am going to describe parameters of a particular implementation of a
filtering method for the temporal contrast enhancement. The principle of the scheme
of the experiments is presented in Fig. 5.2. A CEP-stabilized front-end laser system
(1.3mJ, 1kHz, 30fs) was used as a seed source. The energy of the beam is attenu-
ated by a classic combination of A/2 waveplate and polarizer which consists of four
reflective polarizers. The latter is also used as a part of the temporal filtering scheme
to generate the highly linear polarization required for the improvement of temporal
contrast. The nonlinear temporal filtering takes place between two crossed polarizers.
Two achromatic \/4 waveplates are placed between the polarizers. The first /4 wave-
plate defines the ellipticity level which at low intensity, when no rotation occurs, is
turned back to linear by the second waveplate. A thin broadband polarizer (aligned
perpendicular to the first one) selects the high-intensity part of the laser pulse after
the re-collimation of the HCF output. The extinction coefficient of the scheme that
determines the improvement of the temporal contrast was > 2.4 x 103. Ten standard
chirped mirrors from Ultrafast Innovations (PC42) and two thin wedges were used to
re-compress the pulse and to get an almost Fourier Transform Limited (FTL) pulse

duration.

Wizzler UPS

Ti:Sa N
Reflective 30 fs e A : Periscope
. 0.3 mJ ompressor with A
polarizer 1 kHz chirped mirror g
f=+1m
ﬂ Polarizer
HCF: d,.. — 250 pm, 1 — 46 &
T il : T — pn ‘Cl’n : D %H Ag
1 l f: 1
I ITI /4 at +1lm

/24y Ag

Distance, x.

Figure 5.2: Principle of the experimental scheme of the nonlinear filtering method
based on elliptical polarization rotation



118 Nikita Khodakovskiy

The laser beam is focused into the HCF (deore = 250 um, I = 46 cm) by a concave
mirror(f = +1m). A pressure gradient was implemented at the coupling plane of the
HCF to avoid ionization. It also helps to minimize contamination inside the fibre
which appears when the pressure is static. The input of the HCF was pumped down,
while the gas was applied at the fibre output. Both, the pump and the gas flow ran
permanently creating a constant pressure gradient inside the fibre. It is worth noting
that the values of pressure given below represent the the pressure at the exit interface
of the HCF (py in the equation (5.14)). The experiments were performed with argon
gas. The seed energy was limited to 350 uJ because of the relatively low level of the
ionization threshold for the HCF that was used in experiments. A longer fibre with

larger core radius would allow higher energy throughput.

5.5 Results and discussion

Before presenting the experimental results, it is worth to remind how the NER efficiency
can be estimated. The basic theory of this filtering technique was presented in section
1.7.3. In that section, the equation for the conversion efficiency of the NER filtering

was presented:

cos*(27) | Sinz(l/S'Bpeak€72t2/T2 sin(2y))e~2/7 dt
n(nm B) = - e (5.15)
f e—2t2/72 ¢

This equation is used in this section in order to compare the theoretical estimations
with the experimental results. It is important to note that the conversion efficiency
only is considered. The experimental conversion efficiency is defined as the ratio of the
energy measured after the second polarizer to the energy measured just in front of it.
It does not include the energy losses caused by the fibre. These losses must be added
to the conversion efficiency in order to see the full picture of total energy losses. In our
experiments the HCF transmission was approximately ~ 56 %.

As well as in section 1.7.3 the ellipticity is expressed through the flattening param-

eter:
a—>b

f= =1—tgly| (5.16)

where a and b are the semi-axes of polarization ellipse and a > b; v = [—7/4,7/4] is
the angle between the fast axis of the first A\/4 wave plate and the polarization plane
of the seed. Higher values of the flattening parameter correspond to higher ellipticity.

Thus f =0 and f = 1 correspond to the circular and linear polarization respectively.
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Figure 5.3: Dependence of the efficiency of temporal filtering on the pressure of argon
gas (pg) in the HCF. Dots of different colors correspond to experimental results for dif-
ferent flattening that is indicated in the plot legend. The curves show the corresponding
theoretical curves derived accordance with the equation (5.15)

Figure 5.3 shows the experimental data in points and the corresponding theoretical
curves derived using the equation (5.15). The pulse duration was taken to be 7 =
30/v2In2fs.

One can see in the Fig. 5.3 that efficiency of NER increases with increasing the
ellipticity. In the case of the highest ellipticity, the maximal efficiency was not achieved
due to the limits of the experimental setups and chosen parameters of the HCF. Ton-
ization and self-focusing limited the maximal gas pressure and the input pulse energy.
Only short fibre (I = 46 cm) was available for the experiment. However, a longer fibre
with a larger core radius would provide a higher efficiency and flexibility to use other
noble gases with a lower ny. Despite this, a nonlinear filtering efficiency of 46.8 % was
achieved in these experiments.

Since the pulses accumulated significant nonlinear phase, self-phase modulation
leads to a large spectral broadening. The black curve in Fig. 5.4 represents the broad-
ened spectrum (FWHM = 200 nm) obtained at a pressure of 1100 mbar for argon and
highly elliptical polarization (f = 0.84). Rugged structures and spikes in the pulse
spectrum that typically accompany SPM broadening [155] are absent and the resulting
spectrum is smooth. The seed spectrum (FWHM = 42 nm) is shown in light grey. The
polarization rotation with further filtering by a polarizer of the rotated, most intense
part of the pulse, plays a key role in obtaining the demonstrated smooth spectrum.

The broadened spectrum was measured after the second polarizer where the low
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Figure 5.4: Seed spectrum (grey) and 5.5 times broadened (black curve) spectra after
NER along with the temporal phase (red curve)

intensity background (non-rotated part) is filtered out. Since the spectral shape is not
Gaussian, it is practical to calculate the spectral width through the Root-mean square
(RMS) bandwidth by calculating the variance:

»  Jw(w)dw [ wi(w)dw)”
~row () e

Variance = (w?) — (w)

The spectral width can be estimated then as
Awpwam = 2V21n 2 - Variance (5.18)

The experimental spectra were converted to the frequency domain and then the spectral
width was estimated using equations (5.17) and (5.18). The evaluation of spectral
broadening of the NER signal as a function of argon gas pressure is presented in Fig.
5.5.

The temporally filtered pulses were then re-compressed to their transform limit.
This step is required to show the principal possibility to re-compress the resulting
chirped pulses. A Wizzler from Fastlite [84, 85, 86] was used for the characterization of
the re-compressed pulses as it allows ultra-short femtosecond pulses to be characterized
down to approximately 7 &~ 4fs. Measured durations of the re-compressed pulses are

shown by the red points in Fig. 5.6. One can see that durations close to the FTL were
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Figure 5.5: The dependence of the spectrum broadening factor on the gas pressure
(Pp) for the NER signal. Dots of different colors correspond to different flattening

achieved.

It is obvious, that the shape of the spectral intensity and the spectral phase affect
the quality of the re-compressed temporal profile. A more smooth spectral shape allows
a better re-compression and higher quality of the re-compressed pulse to be reached.
This is visible in Fig. 5.7, where data derived from the Wizzler measurements are
presented. The duration of the measured pulses is approximately Tnm ~ 5 fs.

It is also worth noting that the few-cycle regime was easily achieved at several levels
of ellipticity. The shortest pulse duration at 1 bar pressure in case of two different
flattenings was measured to be ~ 5fs. The dependence of the re-compressed pulse
duration on the gas pressure is shown in Fig. 5.6. In addition, the Fourier Transform
Limited (FTL) pulse duration is also shown in the figures.

Currently, there are no devices suitable for high dynamic range characterization
of the temporal contrast of few-cycle pulses. Devices such as the Sequoia and Tundra
cross-correlators do not support ultra-short pulses and the required spectral width. For
instance, it was observed that a substantial part of the pulse spectrum goes through the
optics inside a Tundra cross-correlator. Thus, the direct improvement of the temporal
contrast was not measured, because it is currently not possible. However, according
to the theory of the NER-based filtering technique, the measured extinction coefficient
of the cross-polarizers determines the improvement of the temporal contrast. For the

demonstrated scheme, the extinction was > 2.4 x 10® and thus the improvement of



122 Nikita Khodakovskiy
25 50 25 50
4 & FTL,fs. 4 & FTL,fs.
. . [ ]
20k ® duration, fs. Jao 20+ ® duration, fs. al 4140
* n
8 @ [

- o - (] o
s15p * 130 3. § st . 130 %
© . °© T . 2
S [} =) * L} k)
h * 02 910k 120 £
g 1or s . 1 3 R 5
2 Sec o0 < "eel

"“‘ 5 = ¢ $3g20 o 10
5r ° *3 o |10 I oo 1
° . - .
° m
0 ® | | | | 0 0 | 1 N 1 N | N 1 0
0 250 500 750 1000 1250 0 250 500 750 1000 1250
Pressure, mbar Pressure, mbar
(a) flattening = 0.38 (b) flattening = 0.70
T T T T 50
12t * A
. A
0L A 440
) . A
@ A Efficiency, % ° A
N L - ) . °\o
5 8[ e duration, fs ‘. ‘ 130
© = FTL (Wizzler), f ! 2
3 6f 0
S & FTL (from spectra ), fs A ’ 2 e 20
8 A ‘el 8y ° 120 &
£ 4t e ]
{10
5L A
A
A
0 A A ! ! ! ! 0
0 250 500 750 1000 1250

Pressure, mbar

(c) flattening = 0.84

Figure 5.6: Dependence of the pulse duration, FTL and efficiency of NER filtering for
different flattening derived from the experimental data



5.5 Results and discussion 123

1.0 -
0
2]
ow 08F = -
= o
5 @ |
S 06} 3. i
®© iC
2 |
@ 04F 30 20 0 0 10 20 4
2 Time, fs
£
0.2+ .
Measured
- - -FTL
0.0 ) ] . ] . ] /. ] . ] .
-40 -30 -20 -10 0 10 20
Time, fs.

Figure 5.7: Temporal pulse shape reconstruction with (green line) and without (red
dashed line) taking into account the spectral phase information for flattening f = 0.84
and P = 1100 mbar

the temporal contrast is estimated to be above 3 orders of magnitudes. The spatial
parameters of the output beam are improved by the HCF acting as a spatial filter. The
spatial intensity distribution shows a perfect Gaussian shape in both directions and a

round shape of the output beam mode.

Since the technique is based on a third-order process, it is important to ensure that
there is no degradation of the energy stability. The energy stability measured in front
of the fibre, after the fibre and after the second polariser (NER signal) are 0.3 %, 0.35 %
and 0.53 % RMS respectively.

It is worth noting that NER filtering was applied to pulses with duration of Tgepm, ~
30fs. The resulting pulses have duration 5fs. This pulse duration is suitable for
applications but not for amplification in high-power cascades. Since the temporal
filtering is accompanied by significant spectral broadening, one can use longer pulses at
the exit of the front-end. Since the longer pulses correspond to a narrower bandwidth,
the NER technique might relax the conditions for a millijoule front-end design in terms
of the spectrum width which, in its turn, makes the laser system simpler. On the other
hand it seems to be more reasonable applying this technology to significantly longer
pulses with duration of hundreds of femtoseconds. The NER technique is reasonable
to be used with the available fibre-based and thin-disk based lasers with the central

wavelength Ay = 1030 nm and a long pulse duration.
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To conclude, the technique of temporal filtering by rotation of polarization ellipse in
a hollow core fibre filled with noble gases has several advantageous features. Together
with a smooth spectral broadening to a level that supports high quality re-compressed
pulses of single oscillations, it demonstrates a filtering efficiency of 46%. Taking into
account the transmission of the HCF, this value is comparable with the efficiency
which can be reached with the commonly used XPW. The filtering efficiency of the
NER technique can be improved to above 50 % and the energy level of the seed can
be increases to above 1 mJ with a longer HCF. Moreover, the optical scheme does not
contain crystal surfaces susceptible to degradation. It is also worth mentioning some
disadvantages of the NER comparing to the XPW. The weak side of NER is the input
beam coupling with the HCF input. The technique is sensitive to alignment and the

filtering efficiency can significantly drop down when the coupling is not accurate.



Conclusions

The signal-to-noise ratio in the time domain of laser pulses is one of the most important
laser parameters. The temporal contrast of laser pulses plays a key role in high intensity
light-matter interactions involving solid targets. The gradual growth of available laser
peak intensities increases the role of pulse contrast and imposes higher requirements for
the temporal contrast of ultra-fast pulses used in experiments. The major goal of this
work is an investigation of re-compressed laser pulses on the picosecond time scale in
the vicinity of the main peak. The current state of the problem with temporal contrast
in high peak power laser systems with an emphasis on Ti:Sapphire related technologies

has been discussed in details.

A new method for characterization of the coherence within the temporal shape of
laser pulses in CPA systems was developed and applied. The diagnostics for high-
dynamic range characterization based on a third-order cross-correlator was improved

in order to reduce the measurement uncertainty.

A set of commonly used stretcher/compressor configurations were developed and
compared aiming to find a possibility to improve the temporal contrast of re-compressed
pulses, especially concentrated on steepening the leading front. This includes reflec-
tive diffraction grating-based, transmission diffraction grating-based and prisms-based
stretcher and compressor schemes. This investigation has identified a coherent pedestal
behind the main peak. The coherent pedestal degrades the temporal contrast at the
leading edge of the main peak. It was found that it originates from the Ti:Sapphire
medium and cannot be cancelled. Moreover, it sets the principal limit of temporal

contrast achievable in Ti:Sapphire CPA lasers.

The nonlinear filtering method based on the rotation of the polarization ellipse
(NER) in combination with a differentially pumped hollow-core fibre was proposed and
investigated. It was found that this method is a good alternative to cross-polarized

wave generation (XPW), which is commonly used to improve the temporal contrast.

The new NER technique demonstrates high filtering efficiency of 46%. Simulta-
neously it allows for a substantial improvement of the temporal contrast to the same
level as XPW (103-10%). The NER filtering in a HCF supports a spike-free highly
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broadened spectrum and, thus, modulation-free spectral amplitude and phase. This
leads to a better re-compression of pulses and improvement of the temporal contrast
in the vicinity of the main peak on the femtosecond time scale.

An extension of this method to a longer hollow-core fibre (HCF) may provide an
opportunity to use higher input pulse energy (several millijoules and above) and other
gases with lower values of the nonlinearity. This may support higher nonlinear filtering
efficiency together with even larger broadening, and may allow comparably long pulse
of hundreds of femtoseconds to be used as a seed. This relaxes the requirements for

the front-end and the technique can be efficiently applied in Yb-based fibre lasers.



Appendix A

Derivation of the formula for the
NER efficiency using the Jones

matrices

Equation (1.76) describes how to estimate the angle of the ellipse rotation. However it
is not enough to understand how the filtering works. In this section I will go through
the optical scheme and derive the equation for the formula for the efficiency of the
NER technique. This equation was obtained in a collaboration with LOA.

According to the principles of NER shown in Fig. A.1, we take a linearly polarized
light, transform it to the elliptic polarization. Then the intensity caused rotation
occurs. After that, the second quarter-wave plate compensates back the ellipticity of
the polarization for the low intense light, and the vertical polarizer blocks the horizontal

component of the polarization.

ﬂ Nonlinear & H
medium, n, U
Polarizer

N4 at y AN/4 at ©/24y

Figure A.1: Principle of nonlinear temporal filtering based on rotation of the polar-
ization ellipse. The first quarter waveplate transforms the linear polarization of the
input beam into an elliptical polarization which at low pulse intensity is transformed
back into linear polarization by the second quarter waveplate which is crossed with
respect to the first one. In case of high intensity and a nonlinear medium between the
plates, a polarization rotation will occur resulting in an uncompensated ellipticity at
the second waveplate and thus a leak through the polarizer. The input beam must be
highly linearly polarized as in the case of XPW

The transformations of the polarization are purely geometric except the rotation of

127
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the ellipse, which is described in section 1.7.3 and therefore one can try to describe the

system.

Jones formalism

There is a tool to operate with the polarization components of the complex electric
field. This tool is called the Jones calculus [163]. First of all one need to represent our

complex field. The Jones formalism suggests to use a matrix for this purpose:

(B |E,|e
Q)

In order to simulate the polarization change by the optical element one need to cal-
culate the product of the matrix of the corresponding optical element and the matrix
describing the orthogonal components of the electric field (A.1). For example let’s

consider a polarizer. The Jones matrices for the horizontal and vertical polatizers can

10 00
Joip = , Jivp = A2
LHP (0 0) LVP <O 1) ( )

Thus, the change of the polarization state can be derived as

(7)-6 0 () -

One can see that it simply chooses the horizontal component of the polarization. The

be expressed as

rotation of the polarization ellipse can be performed by using a rotation matrix:

Rla) = <cosa —sin 04) (A4)

sin  Cos«

where « is the rotation angle.
The most complicated element in our scheme is the quarter-wave plate. A wave

plate can be represented as

ip/2 0
Juwp(¢) = (60 6_i¢/2> (A.5)

where ¢ is the introduced phase shift. For instance a half-wave and the quarter-wave
plates cause the ¢ = 7 and ¢ = 7/2 phase shifts, respectively. Since the value of the

phase is real ¢ € R one can use the Euler’s formula for the exponential representation
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of the complex number and present the equation (A.5) in a different form

(A.6)

Fael6) = (Cos(¢/2) +isin(¢/2) 0 )

0 cos(¢/2) — isin(¢/2)

In our case, the quarter-wave plate is aligned to be at the angle v with respect to
the horizontal axis. To obtain a matrix for a rotated optical element, one need to use
the rotation matrix (A.4):

Jwe (¢, @) = R(a) - Jwe(d) - R (a) (A7)

resulting in

Jwe (6, 0) = <COS(¢/2) + isin(¢/2) cos(2a) isin(¢/2) sin(2«) ) (A8)

isin(¢/2) sin(2a) cos(¢/2) — isin(¢/2) cos(2a)

The quarter-wave plate ¢ = /2 can be then expressed as

(1 +icos(2a))/v2 isin(2a) /v/2
Jowp (@) = . . (A.9)
isin(2a)/v/2 (1 —icos(2a))/v2
Since the first quarter-wave plate is aligned at the angle v one can simply substitute
a by . However, in the case of the second quarter-wave plate, the angle 7/2 + v will

lead to the equation

(A.10)

(- icos(2))/V2  —isin(2y)/V2
Jowp(T/24+7) = ( —isin(2y)/vV2  (1+ icos(2’y))/\/§>

To calculate propagation of the electric field through the series of components one
need to calculate the product of the corresponding Jones matrices in the reverse order.
In the case of NER this leads to

Exgr = Juve - Jowe(m/2 + ) - R(0) - Jawe () - Junp - Einput (A.11)

One can get

0
E = A12
NER (—iEx sin 0 cos(27)> ( )

where 6 is the rotation angle of the polarization ellipse caused by the high intensity

(1.76) and -y is the rotation angle of the first quarter-wave plate. The intensity of the
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field can be found using

E

E
1-E'E=(E E) ( ) (A.13)
y
Where ET is the conjugate transpose of the field E. This is resulting in

Ingr = sin? 0 cos®(2)|E,|? (A.14)

The input beam is linearly polarized in the horizontal direction |E,|?> = [iypu. Thus,

the efficiency can be expressed as

I
n= [NER = sin” f cos?(27) (A.15)

input
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Abstract

The temporal contrast of optical pulses produced by high-peak power laser systems
is important for laser-matter applications, such as table-top particle accelerators and
sources of attosecond pulses in the extreme ultraviolet and X-ray ranges. Currently
available laser technologies cannot provide a temporal shape of an ultra-short pulse
at high energy which is absolutely pre-pulse free. This work is dedicated to issues of
the temporal shape of light pulses generated by Chirped Pulse Amplification (CPA)
lasers based on the widely-used Ti:Sapphire technology. This analysis is performed
at the low picoseconds time scale around the main pulse and in a dynamic range of
intensity > 10'°. An overview of the current state of the problem is presented as well
as a detailed discussion of the many related aspects including the characterization of
laser pulses over a high dynamic range and the technologies for nonlinear temporal
filtering that are required for the suppression of pre-pulses and improvement of the
leading front of the laser pulse.

The most commonly used diagnostics for characterization of laser pulses over a high
dynamic range, including third-order cross-correlators, have been considered in detail.
It has been shown that this method can introduce artefacts into the measured traces.
An improvement to the optical scheme of the commercial Sequoia cross-correlator has
been suggested. A method to indicate coherent parts of laser pulses has also been
proposed.

Commonly used schemes for optical stretchers and compressors with different dis-
persive optics have been compared and investigated. It was shown and proved, for
the first time that the nonlinear processes occurring during propagation of a stretched
pulse result in the generation of a ragged pre-pedestal from the post-pedestal which
is coherent to the main pulse. The key role of the ragged post-pedestal as well as its
coherence have also been highlighted for the first time in this work. An explanation
for the observed phenomena is given. It has also been shown that the post-pedestal is
the key limiting factor of the picosecond temporal contrast in CPA Ti:Sapphire-based
laser technology.

Highly efficient nonlinear filtering technology based on rotation of the polarization
ellipse in gases and a post-compression technique have been combined to to improve
the temporal shape of laser pulses on the femtosecond and picosecond time scales.
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Zusammenfassung

Der zeitliche Kontrast von Laserpulsen ist fiir viele Anwendungen mit Verwendung von
intensiven Laser Pulsen bedeutsam. Mit gegenwértig verfiigharen Technologien kénnen
keine Ultrakurzzeitpulse mit hoher Energie erzeugt werden, deren zeitliche Form frei
von Vorpulsen ist. In dieser Arbeit wird die Problematik des zeitlichen Kontrastes
von Lichtpulsen untersucht, welche von Lasern basierend auf der weit verbreiteten
Ti:Saphir Technologie mit Chirped Pulse Amplification (CPA) erzeugt werden. Diese
Untersuchung wird innerhalb des Picosekundenbereiches um den Hauptpuls und mit
einem Dynamikbereich von > 10 durchgefiihrt. Es wird ein Uberblick iiber den
gegenwartigen Stand der Problematik gegeben, sowie eine detaillierte Diskussion von
vielen verwandten Aspekten, einschlieflich von Methoden zur Charakterisierung mit
hohem Dynamikbereich und zeitlich nicht-linearen Filtern, welche zur Unterdriickung
von Vorpulsen und der Verbesserung der fiihrenden Flanke des Laserpulses notwendig
sind.

Die am haufigsten verwendete Charakterisierungsmethode mit hohem Dynamik-
bereich durch Kreuzkorrelation in dritter Ordnung wurde im Detail betrachtet. Es
wurde gezeigt, dass Charakterisierung mit hohem Dynamikbereich zu “Artefakten” in
den Messkurven fiihren kann. Eine Verbesserung des optischen Aufbaus von “Sequoia”
Kreuzkorrelatoren wurde vorgeschlagen. Ebenso wurde eine Technik zur Identifizierung
koharenter Anteile in Laserpulsen vorgestellt.

Schemata von Aufweitern und Kompressoren mit unterschiedlichen dispersiven Op-
tiken wurden verglichen und untersucht. Erstmalig wurde gezeigt, dass die nichtlin-
earen Prozesse, welche wahrend der Propagierung eines gestreckten Impulses entste-
hen, einen struckturierten Vorsockel aus dem Nachsockel generieren, der koharent
zum Hauptimpuls ist. Die Schliisselrolle des strukturierten Nachsockels sowie seiner
Kohéarenz wurden in dieser Arbeit zum ersten Mal aufgezeigt. Eine Erklarung der
beobachteten Erscheinungen wird prasentiert. Es wurde ebenfalls gezeigt, dass der
Nachsockel ein Schliisselfaktor in der Begrenzung des zeitlichen Kontrastes im Pikosekun-
denbereich von CPA Ti:Saphir basierter Lasertechnologie ist.

Hocheffiziente nicht-lineare Filtertechnologie basierend auf einer Drehung der Po-
larisation in Gasen und eine Nachkompressionstechnik wurden kombiniert um die Puls-
dauer auf wenige optische Zyklen zu verringern und den zeitlichen Verlauf der Laser-
pulse zu verbessern.
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