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« C omHOUW JIOTUKOU HEJL3sI yepes HaTypy mepeckounth! Jloruka mpemyragaer Tpu
cayvas, a ux muaanon! OTpe3arh BeCh MWIJIMOH M BCE HA OAWH BOIPOC O KOMMOpTE
ceetu! Camoe nerkoe paspemenue 3anauu! Cobia3uTeNLHO ACHO, U AyMaTh He HAIO!

I'naBuoe - nymarnr He Hamo! Bces :kusHenmHas TaliHa Ha OBYX HNEUYATHLIX JUCTKAX
ymemaercsa! »
®Enop Muxanmosuu locroesckum, Ipecmynaenue u Haxaszanue. Yacto 3, rmasa 5, 1866.

« You can’t skip over nature by logic! Logic presupposes three possibilities, but there are

millions! Cut away a million, and reduce it all to the question of comfort! That’s the easiest

solution of the problem! It’s seductively clear and you musn’t think about it. That’s the great
thing, you mustn’t think! The whole secret of life in two pages of print! »

Fyodor Mikhailovich Dostoyevsky, Crime and Punishment. Part 3, Chap. V, 1866.



ii



Acknowledgements

The three years of my PhD program laid an important milestone regarding both my skills and
personal fulfillment. Although being individual, this thesis work has been strongly rooted in a
cooperative work and thus would not have been possible without the collaboration, support and
advise of numerous people.

First, I would like to express my deep gratitude to my PhD advisor, Stéphane Sebban,
who carefully introduced me to the new experimental and theoretical environment, and whose
numerous contributions turned out essential to the success of this thesis. Throughout those
years, I highly benefited from his overarching knowledge of the mainsprings of plasma-based
soft X-ray lasers, but also from his comprehensive know-how, ingenuity, ubiquitous and constant
support, as well as his fruitful advise. Moreover, I strongly appreciated the balance between
his leadership, which defined the framework and main directions of my work, and the freedom
and trust he granted me, which enabled building up my own experience. In addition to his
expertise, I deeply enjoyed his availability, untiring motivation and his unfailing good mood,
which altogether had a great impact on the positive course of my work.

My acknowledgements are then devoted to Julien Gautier for his remarkable availability,
dynamism, backing, kindness and very good mood. I would also like to warmly thank Fabien
Tissandier. As the previous PhD student in the team, he gave me useful feedbacks, provided me
numerous valuable insights into the field of study and kindly supported me. I am also thankful
to the leader of my FLEX group, Philippe Zeitoun for his support and enlightening discussions.

The experimental work has been strongly tied to the collaboration with the laser team
members, Jean-Philippe Goddet and Amar Tafzi, whose diligence was highly appreciated.

I acknowledge the numerous and various help and contributions from the main collaborators
and co-authors. To this regard, I would like to praise Eduardo Oliva and Gilles Maynard, who
developed numerical tools to model the complex underlying physics introduced hereby. I am
strongly grateful for their valuable cooperation and discussions to explain observed phenomena.
I particularly appreciated the availability, heed and assistance from Eduardo Oliva.

Then, I thank Hyung Taek Kim and Kyung Hwan Lee for their worthwhile contributions to the
collaborative work. I want to warmly thank the former collaborator for his warm welcome when
I visited APRI petawatt laser facilities in Gwangju late 2012.

I also want to pay special tribute to Jaroslav Neidl, Mickaella Kozlova and Viktoriia E. Nefedova
for their rewarding collaborative efforts during joint experiments.

As strong collaboration links prevail between FLEX and SPL teams, I would like to fervently
thank members of both teams, particularly Guillaume Lambert, Agustin Lifschitz, Kim Ta
Phuoc, Cédric Thaury, Alessandro Flacco and the SPL group leader Victor Malka. My thanks
are also devoted to Boris Vodungbo for his support and cooperation efforts and contributions.
Additionally, I wish to show gratitude to the director of LOA, Antoine Rousse, who welcomed
me and strives to improve the laboratory visibility and working environment.

I feel also indebted to people responsible for the technical support, whose contribution allowed
a smooth operation of the experimental facilities. First and for all, I deeply thank members of the
mechanical shop: Jean-Loup Charles and Michael Martinez. I would like to particularly cheer
the kindness, experience and diligence of Jean-Loup Charles, which substantially impacted on
my work.

Then, I thank Pascal Rousseau, Thierry Lefrou and Gregory laquaniello, who took care of
automation and vacuum systems in «Salle Jaune» experimental facilities.

I wish also to thank the past and present students as well as post-docs, with whom I shared

iii



my office for the conversations and contributions to a nice working environment: Emilien Guil-
laume, Andreas Doepp, Rémy Léhé, Igor Andryash, Benjamin Vauzour, Lu Li, Benoit Mahieu,
Florian Mollica, Antoine Doche and Loann Pommarel. I would like to show a special esteem
to my friend Emilien Guillaume, whose thesis work also took place in «Salle Jaune» within the
same time window. I thoroughly appreciated sharing our individual PhD experience enjoyed
his good mood, readiness to help, his continuous moral support as well as numerous beneficial
dissuasions.

I also want to show gratitude to Frangois Sylla, CEO of the SourceLab laboratory spinoff,
who supported efforts to develop high-density gas targetery.

I want to warmly thank the members of secretary team — Patricia Touillier, Sandrine Tricaud,
Octavie Verdun, Carole Gratpanche and Lucie Huguet — for their efficiency, kindness and strong
commitment to help and smooth out paperwork.

At last, I would want also to thank the jury members for their time and careful review of
my manuscript, as well as for their remarks and the fruitful discussions they initiated.

Finally, I would want to thank my family for its strong moral backing all over those years

and also, without which all my academic course until the last steps of this PhD would not have
been possible.

iv



Contents

Introduction 1

Chapter 1 Introduction to coherent soft X-ray sources 5

1.1 Coherent soft X-ray sources . . . . . . . . . . .o e 6

1.1.1  Synchrotron radiation . . . . . . ... .. ... 0 oL 6

1.1.2 High-harmonic generation . . . . . . ... ... ... ... ... ..., 8

1.2 Plasma-based soft X-ray lasers . . . . . . .. . ... ... L. 12

1.2.1 Population inversion in a plasma . . . . . ... ... . oL 12

1.2.2  Overview of the development of collisional soft X-ray lasers . . . . .. .. 17

1.3 Seeded collisionally-pumped OFI plasma-based soft X-ray laser chain . . . . . . . 23

1.3.1 Source performances and limitations . . . . . . ... ... ... ... ... 23

1.3.2  Prospective applications . . . . . . .. ... 0oL 28

1.4 Conclusion . . . . . . . e 30
Chapter 2 Physical processes in seeded collisional OFI plasma-based soft X-ray

lasers 31

2.1 Laser-plasma interaction using an ultrashort pulse . . . . .. ... ... ... .. 32

2.1.1 Typesof ionization . . . . . . ... ..o 32

2.1.2 The « Optical Field lonization regime » regime: ionization rate . . . . . . 37

2.1.3  Energy distribution of electrons and ions . . . . . . ... ... 40

2.2 Plasma kinetics . . . . . . .. 44

2.2.1  Atomic Processes . . . . . . o i e e e e 44

2.2.2  Evolution of electrons’ and ions’ temperature . . . . . . .. ... ... .. 47

2.3 Population inversion, gain and radiative transfer . . . . . . .. ... ... ... 52

2.3.1 Laser effect in the soft X-ray range . . . . . . . . . .. ... ... ... .. 52

2.3.2 Gaindynamics . . . . .. L 57

2.3.3 Saturation intensity . . . . . .. ... L 62

2.4 Propagation of an ultrashort infrared pulse in plasmas . . . . . . ... ... ... 63

2.4.1 Propagation equation . . . ... ... L Lo oo 63



Contents

2.4.2 Beam refraction . . . . . .. ... e 67

2.5 Modeling the amplification of HH by a plasma amplifier . . . . . ... ... ... 72
2.5.1 Field equations . . . . . . . . . ... 73
2.5.2  Atomic description . . . . ... Lo 74
2.5.3 Amplification of a HH seed pulse . . . . . . .. ... ... ... ... .. 76

2.6 Conclusion . . . . . . . . . e e 78
Chapter 3 Modeling of a high-density krypton plasma waveguide 79
3.1 State of the art of waveguiding techniques of high-intensity laser pulses . . . . . 80
3.1.1 Relativistic self-guiding . . . . . . . . . . ... ... 80
3.1.2 Capillary discharge plasma waveguide . . . . . ... ... ... ... ... 81
3.1.3 Hollow capillary tube . . . . . . . .. ... 82
3.1.4 Optically-preformed plasma waveguide using the «ignitor-heater » technique 83

3.2 Numerical modeling of plasma waveguiding . . . . . . .. .. .. ... ... ... 89
3.2.1 Waveguiding conditions . . . . . . . . ... oo 90
3.2.2 Numerical model . . . . . . ... Lo 94
3.2.3 Numerical investigation of a range of parameters . . . . . . . ... .. .. 100

3.3 Conclusion . . . . . . L 107

Chapter 4 Experimental investigation of a high-density soft X-ray plasma am-

plifier

vi

4.1

4.2

4.3

4.4

4.5

109
Experimental arrangement . . . . . ... oL o000 oo oo 110
4.1.1 «Salle Jaune» experimental installations . . . . . . .. .. ... ... ... 110
4.1.2 Experimental setup. . . . . . . . ... 113
Elongated high-density gas jet target . . . . . . . . .. .. ... ... ... 115
4.2.1 Design of a rectangular nozzle . . . . . . .. ... Lo L. 115
4.2.2 Experimental characterization of rectangular slit nozzles . . . . . . .. .. 118
Diagnostics . . . . . . . e 122
4.3.1 Waveguide diagnostics . . . . . . . . .. .. oo 122
4.3.2 Soft X-ray diagnostics . . . . . . ... Lo 124
Experimental results . . . . . . ... L oL 125
4.4.1 Characterization of the plasma waveguide . . . . . . ... ... ... ... 125
4.4.2 Guiding efficiency . . . . ..o L Lo 132
4.4.3 Characterization of the soft X-ray laser emission . . . .. ... ... ... 135
4.4.4  Correlation between waveguiding quality and SXRL signal strength . . . 142
Conclusion . . . . . . o e 145



Chapter 5 Characterization of a high-density HH-seeded plasma-based soft X-ray

laser
5.1 Development of the HH-seeded soft-X-ray laser at 32.8 nm . . . . . . .. ... ..
5.1.1 Experimental setup. . . . . . . . .. o
5.1.2 Spectra . . . . ..
5.1.3 Far-field Energy distribution and output energy . . . . . . . .. ... ...
5.1.4 Seeding signal strength level . . . . . . . . .. ... oo
5.2  Gain dynamics measurement . . . . .. ... Lo oo oo e
5.3 Maxwell-Bloch modeling . . . . . .. .. ... ...
5.3.1 Temporal structure of the amplified HH field . . . .. ... ... ... ..
5.3.2 Regimes of amplification of the resonant HH field . . . . . . ... ... ..
5.3.3 SXRL pulse buildup . . . . .. .. ...
5.3.4 Final SXRL pulse duration and discussion . . . . . .. ... ... .....
5.4 Extracted energy . . . . . . ... e e

5.5 Conclusion . . . . . . e

Chapter 6 Control of the polarization of plasma-based soft X-ray lasers
6.1 Existing circularly-polarized soft X-ray sources . . . . .. .. .. ... ......
6.1.1 Synchrotrons and Free Electron Lasers (FELs) . . ... ... ... ....
6.1.2 High-harmonic sources . . . . . . . . . . . .. ...
6.2 Efficient scheme for a circularly-polarized plasma-based soft X-ray laser . . . . .
6.2.1 Experimental setup. . . . . . . . ..o
6.2.2 Four mirror-phase shifter . . . . .. ... ... oo
6.2.3 Rotating analyzer . . . . .. . . ...
6.2.4 Measurement of the SXRL polarization . . .. ... ... ... ......
6.2.5 Output beam profile & energy . . . . . .. ...
6.3 Maxwell-Bloch model of amplification of polarized radiation . . . . . . ... ...
6.3.1 Adaptation of equations to various states of polarization . . . . . . . . ..
6.3.2 Final energy and duration of the circularly polarized soft X-ray laser . . .
6.3.3 Polarization of the amplified HH signal . . . . . .. .. .. ... ... ..

6.4 Conclusion . . . . . . . . e e,
Conclusion
Appendixs

Appendix A OFIKinRad atomic code

147
148
149
153
154
157
159
162
163
165
166
169
175
176

177
178
178
178
179
179
180
184
185
189
190
190
193
199
201

203

209

209

vii



Contents

Appendix B Laser spectral lineshape

Appendix C Focusing light by means of an axicon lens
Appendix D Design of elongated rectangular slit nozzles
Appendix E Gas and plasma density diagnostics
Appendix F Polarization state recovery

Appendix G List of publications and conference contributions

viii

213

215

219

227

233

237



Introduction

Over sixty years have elapsed since the first demonstration of laser operation. The development
and utilization of the properties of those coherent sources proved to be a breeding ground for var-
ious innovations and led to significant breakthroughs in a wide scope of domains, from biology,
chemistry and material sciences to industry. Stimulated emission, underpinning the laser oper-
ation, was first achieved in the microwaves domain by Townes en 1953 [Gordon et al., 1954] and
then extended into the light spectrum by Prokhorov and Basov in 1958 [Basov and Prokhorov,
1958], before being experimentally demonstrated two years later by Maiman [Maiman, 1960].

The development of such sources in the soft X-ray range arouses great interest since they allow
applying the powerful coherent imaging techniques at low wavelengths, where very high spatial
resolutions and tiny focal spots are promised. Although the declension of laser wavelengths has
rapidly stretched from the infrared to the ultraviolet domain, notably thanks to the advent of
nonlinear optics, the development of lasers in the soft X-ray range was substantially slower.
Indeed, limitations intrinsic to this wavelength range turn the architecture using conventional
”active media” in a resonant cavity inappropriate. In this perspective, other methods have been
envisioned to overcome those bottlenecks and plasmas turn out suitable media to achieve this.

Plasma-based soft X-ray lasers are achieved through laser-plasma interaction in a solid or
a gas. The emission of coherent light results from a two-step process. First, a significant
population of so-called « lasing ions », which display atomic transitions suitable for emitting
in the soft X-ray range, is generated. Secondly, this transition is « pumped » in order to
promote stimulated emission, whose properties determine the coherence of emitted light. Since
such plasmas exhibit high-gain coefficients, amplification of coherent light over a single pass
proves to be a viable approach.

Aside from being compact and rather inexpensive, plasma-based soft X-ray lasers turn out
enticing since they can emit a large number of photons in one single pulse [Rus et al., 2002]
(up to 10'9). Indeed, laser operation can be observed in two regimes. One regime is called the
« ASE » (Amplification of Spontaneous Emission) mode, where the plasma amplifies its own
« noise », stemming from spontaneous de-excitations from the upper to the lower level of the
laser transition. By comparison, the « seeded » regime is implemented through the plasma
amplification of an external coherent signal, whose wavelength is tuned to the laser transition
of the plasma.

Successful work has been carried out over more than one decade at Laboratoire d’Optique
Appliquée, which notably lead to the implementation of a soft X-ray laser chain with a plasma
amplifier and an oscillator with a high-harmonic source [Zeitoun et al., 2004]. The seeded regime
allows a dramatic improvement of the spatial properties of emitted radiation, such as the beam
divergence and wavefront [Goddet et al., 2009], compared to ASE. Moreover, such sources exhibit
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Introduction

a very narrow linewidth and are intrinsically jitter-free.

Compared to other types of sources delivering coherent photons, such as Free Electron Lasers
(FELs) or high-harmonic sources, plasma-based soft X-ray lasers find a niche for multiple ap-
plications by retaining their own advantages.

Besides those merits, four main elements affect the competitiveness of the source. First, the
duration of plasma-based soft X-ray emission has been limited to date to the picosecond range,
thus making the source unsuitable to probe the ultrafast dynamics of phenomena or for appli-
cations requiring high intensities on target. Therefore, the reduction in duration of emission
appears as a new challenge to enhance the capabilities of plasma-based soft X-ray lasers.
Secondly, applications like soft X-ray coherent diffraction requires a significant number of pho-
tons. High-harmonic seeded plasma-based soft X-ray lasers display very good focusability. How-
ever, the available photon yield is still moderate and demonstrated energies remain below the
1 pJ level to date. Indeed, a great amount of emitted photons are part of ASE and worthwhile
efforts are thus needed to improve the extraction of the plasma amplifier gain by the amplified
high-harmonic pulse.

Third, the polarization of the source has been either undefined or restricted to linear po-
larization. Namely, circular polarization widens the potential of conventional nanometer-scale
resolution probing sources and proves to be an extremely valuable tool to investigate a wide
range of phenomena from biology to material science, including dichroism and chirality. Hence,
controlling the state of polarization turns out to be a new milestone in the development of
plasma-based soft X-ray lasers.

At last, the resolution that can be expected from probing techniques using a coherent source
is given by the operated wavelength. Indeed, the collisional pumping scheme is only efficient
in the soft X-ray range. Thus, one has to resort to other pumping schemes to reach a shorter
wavelength.

This manuscript summarizes the work, which aimed at addressing the first two development
foci and partially the third one, while the perspective of reducing the operated wavelength lies
beyond the scope of this thesis. The work was centered on the development of a collisionally-
pumped OFTI plasma-based soft X-ray laser with krypton, which emits at 32.8 nm. The outline
of the manuscript is the following:

Chapter 1 presents the scientific landscape surrounding the development of collisionally-
pumped OFI plasma-based soft X-ray lasers, and the challenges associated with the implemen-
tation of laser action in the soft X-ray range.

Chapter 2 introduces the theoretical principles, which underpin the physics of such lasers
operating in a seeded regime. A description of the laser transition pumping process, the plasma
kinetics, the propagation of the driving laser pulse and the radiative transfer is presented. This
section also introduces the principle of an innovative technique, named « Collisional Ioniza-
tion Gating », which was used to demonstrate femtosecond duration from plasma-based soft
X-ray laser emission. This method constitutes the fulcrum upon which the experimental data
in chapter 3, 4 & 5 are based.

Chapter 3 presents an optical waveguiding technique used to overcome challenges associated
with the requirements of the « Collisional Ionization Gating » technique. The critical
parameters for efficient waveguiding are stated and their relative importance discussed using a
numerical model.

Chapter 4 describes the experimental characterization of elongated plasma amplifiers imple-



menting the aforementioned waveguiding technique. The guiding quality of the driving laser
pulse and its correlation with the laser signal strength are discussed.

Chapter 5 shows the experimental investigation of an ultrashort plasma-based soft X-ray
laser. The seeding technique was employed to probe the gain dynamics of the plasma amplifier,
but also to generate nearly-collimated high-quality beams. A time-dependent Maxwell-Bloch
code has been used to derive the duration of the emitted soft X-ray laser pulses.

Finally, chapter 6 reports the demonstration of an efficient architecture used to achieve a
high-harmonic-seeded circularly polarized soft X-ray laser. An existing Maxwell-Bloch code was
modified to describe the amplification of a polarized seeding resonant field and corroborate the
experimental observations.
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Chapter 1

Introduction to coherent soft X-ray
sources

Coherent soft X-ray sources have aroused great interest for many years since they open
the way to a wide scope of innovative and multi-disciplinary application fields. The
main advantages of those sources involve the achievable high-resolution for imaging,
the focusability over small dimensions and the possibility to investigate previously
unexplored areas in physics requiring energetic photons. Amid existing coherent soft
X-ray sources, one can distinguish sources obtained from synchrotron radiation and
laser-driven sources. The latter include high-harmonic and plasma-based soft X-ray
lasers.

The development of the source performances is focused on the increase of the photon
yield, the reduction of the duration of emission, the control of the field polarization,
the enhancement of the wavefront quality, the increase of the repetition rate, as well
as the improvement of both spatial and temporal coherence.
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Chapter 1. Introduction to coherent soft X-ray sources

1.1 Coherent soft X-ray sources

1.1.1 Synchrotron radiation

Synchrotron sources. A synchrotron is a large-scale facility used to stock particles, which are
accelerated by an electric field and maintained on fixed circular trajectories thanks to powerful
magnets adapted to their energies in a synchronous way (see fig. 1.1). The oscillation of particles
accelerated up to relativistic speeds results in the emission of photons from the infrared to the
hard X-ray range. More specifically, a strong Doppler shift due to the particles’ speed allows
reaching the X-ray range. This facility is able to provide energetic beams but the coherence of
radiation is very low. Nowadays, a dozen of facilities of this type exist, from ESRF and SOLEIL
in France, BESSY in Germany, to APS and Spring-8 in USA and Japan respectively. Those
sources are attractive because of high repetition rates (as high as a few tens of MHz), high
brilliances (as high as 10*°photons/s/mrad?/mm?/(0.1%bandwidth) demonstrated at ESRF -
3rd generation), a natural narrow angular collimation and a wide range of available wavelengths
(photon energy tunability from the very far infrared (a few THz) to the hard X-ray range (0.1
nm)). However, the statistical processes caused by the emission of synchrotron radiation limits
the minimum pulse duration (a few tens of picoseconds).

Figure 1.1: Schematic of SOLEIL synchrotron, Saint-Aubin, France. The emitted light is collected at
different locations of the ring.

Free Electron Lasers (FELs). While initially centered on the development of sources in
the hard X-ray range, the demonstration of emission of soft X-ray photons from FELs is more
recent. By contrast to synchrotrons, the principle of FELs is to obtain coherent light from
synchrotron radiation through its interaction in an undulator with the electron beam producing
this synchrotron radiation. The undulator is illustrated in fig. 1.2 consists in a periodic structure
of magnets, which compels electrons to oscillate transversely to emit radiation.

Coherent photons are obtained from SASE effect (Self-Amplified Spontaneous Emission). An
electron bunch with a uniform density distribution is first accelerated to relativistic speeds and
then injected into the undulator. The deviation from the magnetic field causes the electrons to
wiggle and emit synchrotron radiation within a certain energy bandwidth. The emitted photons
travel slightly faster than the electrons and interact with them within each magnetic field period
of the undulator. Depending on the phase to each other, electrons are either accelerated or

6



1.1. Coherent soft X-ray sources
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Figure 1.2: Schematic of the structure of magnets used to generate XFEL radiation [McNeil and Thomp-
son, 2010].

decelerated, which prompts faster electrons to catch up with slower ones. Thereby the electron
bunch density is periodically modulated by the radiation, creating a so-called ”microbunching”
effect. Then, the structured electron beam amplifies only certain photon energies. The micro-
bunch structuring causes photons to have very similar phase, thus leading to quasi-coherent FEL
emission. The wavelength of the emitted radiation at the resonance depends on the electron
energy, as well as on the magnitude and periodicity of the undulator field according to the
relation [Dattoli et al., 1993]:

em __ )\u 2
Ap 2p’y(1 + k%) (1.1)
where A, is the undulator period, v is the relativistic factor and « is the so-called undulator
parameter which is proportional to the magnetic field inside the undulator. The number p is
the order of the so-called emitted non-linear harmonics. Their intensity decreases sharply as p
is increased.

Among existing sources, the most emblematic is probably LCLS (Linac Coherent Light
Source) in Stanford, California [Emma et al., 2010]. The facility, opened in 2009, is able to emit
very bright beams at wavelengths ranging from 0.14 nm to 2.3 nm. Three millijoule beams of
a few femtoseconds duration have been demonstrated. Other facilities include European XFEL
in Germany [Schwartz, 2004] and SCSS (Spring-8 Compact SASE Source) in Japan [Shintake,
2006]. In the soft X-ray range, FLASH facility in Hamburg [Tiedtke et al., 2009] provides uJ
level pulses of a few tens of fs in the wavelength range between 3 and 30 nm.

The lack of temporal coherence due to a noisy initial process is encountered with SASE
XFELs. To overcome this problem, the injection seeding technique has been successfully imple-
mented [Lambert et al., 2008] with a laser tuned to the resonance of the XFEL. This method is
at the heart of this thesis work and will be more precisely introduced in chapter 2. A tempo-
rally coherent seed, such as high-harmonic (HH) is injected into the XFEL and gets coherently
amplified. The output beam quality is characterized by the initial good properties of the seed.
Furthermore, because the saturation regime is more quickly reached, the technique allows the use
of shorter undulators for an equivalent amount of output photons. In the harder X-ray range
where the availability of such seed is lacking, a self-seeding technique has been implemented
by seeding the laser with its own beam. [Amann et al., 2012]. Unprecedented intensity and

7



Chapter 1. Introduction to coherent soft X-ray sources

monochromaticity was demonstrated, which allows pioneering innovative experiments involving
manipulating atoms and imaging molecules.

Figure 1.3: (a) Overview of LCLS facilities. (b) Undulators’ hall used to generate X-rays (the whole
length exceeds 130 m).

However, while displaying excellent beam properties, those facilities featuring a linear ac-
celerator and undulators are very large (see fig. 1.3) and expensive both to build and operate.
In this perspective, laser-driven sources, such as high-harmonics and plasma-based soft X-ray
lasers turn out attractive alternatives.

1.1.2 High-harmonic generation

High-harmonic (HH) generation results from the coherent and nonlinear response of individual
atoms under a strong electric field. High-harmonic radiation is obtained by focusing an intense
beam (with an intensity in the order of 10*® — 1014WW/cm?) into a target consisting of molecules
[Lynga et al., 1996], atomic clusters [de Aldana and Roso, 2001], a gas [L’huillier et al., 1991] or
a solid [Gibbon, 1996]. The resulting is composed of a set of frequencies, which are multiples of
the frequency of the driving laser.

High-harmonic generation in solid targets

When an intense laser pulse interacts with an optically-polished solid target, a dense plasma,
which acts as a mirror is generated. This so-called ”plasma mirror” reflects the high-intensity
laser pulse and its non-linear temporal response can lead to the emission of high-order harmonics
in the form of a train of attosecond pulses [Nomura et al., 2009]. An illustration of this process
is presented in fig. 1.4(1).

The first demonstration of high-harmonic generation (HHG) on solid targets was pioneered in
the late 70s and early 80s [Burnett, 1977; Carman et al., 1981] thanks to intense nanosecond C'Os
lasers at 10.6 um focused on solid targets, which then turned into plasmas over the interaction.
The development of those sources stalled at the expense of HHG in gases, where more accessible
interaction regimes were then available.

However, the recent advances in laser technology combined with the introduction of powerful
numerical simulation tools have prompted research on HHG in plasmas to gain momentum. The
most efficient way for HHG in plasmas is achieved by focusing an intense laser pulse of a few
10s of fs onto an initially solid target.
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Figure 1.4: (1) Illustration of HHG on plasma mirrors. (2) Results form Particle-In-Cell simulations
of such HHG showing the electric field ((a) & (b)) and the corresponding spectra ((c) & (d)). The
cases (a) & (c) correspond to a regime where CWE dominates, whereas (b) & (d) show similar data but
when ROM dominates. The red dashed curves in (a) and (b) show the intensity profiles of the trains of
attosecond pulses obtained when filtering groups of harmonics in the spectra (red dashed lines in (c) and
(d)) [Thaury and Quéré, 2010].

Two dominant mechanisms of HHG can be identified in case of ultrashort laser pulses:
Coherent Wake Emission (CWE) [Quéré et al., 2006] and the Relativistic Oscillating Mirror
(ROM) [Lichters et al., 1996]. Those mechanisms occur in different regimes and lead to very
different distortions of the reflected field, and to very different harmonic spectra (fig. 1.4(2)
(c) & (d)). Indeed, the periodic temporal distortion of the reflected wave is associated with
the emission of high-harmonic pulses, which prove to be the ”signature” of the laser-plasma
interaction (blue curves in (fig. 1.4(2) (a) & (b))).

In case of infrared driving laser pulses, CWE becomes efficient at moderate intensities of a few
10" W /ecm?. In this process, harmonics are emitted by plasma oscillations excited in the sharp
density gradient at the plasma surface. These plasma oscillations are triggered in the wake of
returning bunches of fast electrons (the so-called ”Brunel electrons”) [Brunel, 1987] generated
by the laser field. Because this process occurs periodically once every laser optical cycle, the
spectrum of the HHG emission consists in harmonics of the laser frequency. The fig. 1.4(2) (a) &
(c) shows that the emission spectrum is extended up to the maximum plasma frequency w;***.
Data correspond to a vector potential ag = 0.2 and w;”“‘” = 10wjgser-

The ROM process occurs for intensities above a few 1081 /cm?. In this case, outgoing jets
of electrons at the plasma mirror surface are accelerated by the laser field up to relativistic
velocities. This oscillating mirror gives rise to a periodic Doppler shift of the reflected beam,
and thus to HHG of the incident frequency. The fig. 1.4(2) (b) & (d) illustrate this process in
case of ag = 5 and w)"** = 15wigser-

Beyond wy"**, ROM is the dominant source of HHG, whereas below w"**, both CWR and ROM

coexists and their relative contribution depends on the laser intensity.

HHG on plasmas has been successfully developed, either as a tool to better understand
non-linear interaction, on which the harmonic signal provides information, or as a way to obtain
collimated beams of coherent light at short wavelengths. Among recent developments, we can cite
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the generation of isolated attosecond pulses (the so-called ”attosecond lighthouses”), by rotating
the instantaneous wavefront direction of an intense few-cycle laser driving field [Wheeler et al.,
2012].

Finally, the possibility to operate at high-repetition rates offer significant prospects for further
developments.

High-harmonic generation in gas targets

HHG in gases was first demonstrated in 1967 [New and Ward, 1967] with the 3rd order. The
use of driving lasers with higher intensities led to the observation of ever increasing HH orders.
In 1997, the 300th order has been observed in helium [Chang et al., 1997]. Increased generation
efficiencies were pioneered implementing phase-matching [Seres et al., 2005; Takahashi et al.,
2007] or quasi-phase matching schemes [Zhang et al., 2007; Zepf et al., 2007]. Other architectures
used a so-called ”two-colors” scheme, boosting the frequency conversion efficiency by tuning the
HH lines to ion resonances [Elouga Bom et al., 2009].

In case of a gas target, the generation of HH can be understood from both microscopic and
macroscopic points of view. The microscopic approach is about the individual response of an
atom under a strong field, whereas the macroscopic one is related to the phase relationship
between the emitters, which is imposed by the laser field.

Microscopically, the behavior of individual atoms can be described with a semi-classical
model [Corkum, 1993], as illustrated in fig. 1.5. From a very simple overview, the emission arises
from the absorption by an atom of n incoming photons of energy E and the subsequent emission of
one photon of energy nE. Following interaction with the intense laser field, the atom is ionized
and an electron can free from the Coulomb potential barrier by tunneling effect. Ionization
occurs twice over an optical cycle (because of maxima and minima of the electric field over a
period). Then, the stripped electron is being accelerated by the laser electric field. Under linear
polarization, the change of sign of the electric field within an optical period causes the electron
to turn back in the same direction in which it was accelerated. When approaching the atom
nucleus, the electron can recombine with its parent ion. Within this last step, high-harmonic
radiation is emitted with a photon energy:

Eﬁlﬁon =U;+ E (1.2)

where Uy is the atomic ionization potential and F is the kinetic energy gained by the electron
by its acceleration.

Macroscopically, multiple atoms emit HH radiation in the zone of interaction. The elec-
tromagnetic fields emitted by the dipole can interfere constructively and therefore add up con-
structively. A good phase-matching condition is then needed to efficiently generate a HH signal.
Appropriate conditions [Durfee et al., 1999] for generation can be met adjusting the energy,
duration and focal spot position of the driving laser, but also on the gas pressure along with the
Gouy phase by adapting the aperture of the laser driver beam.

The spectrum of emission depends on the used targets and is characterized by a discrete
emission, where the signal is confined around frequencies corresponding to an odd multiple of
the driving laser frequency. The spectrum displays a rapidly decaying amplitude at the lowest
orders, then a bandwidth with a set of fairly intense HH frequencies and finally a sharp cut at the
highest energies. According to the quantum approach to describe HHG (Lewenstein model), the
cutting energy is determined by the atomic ionization (U;) and ponderomotive (U,) potentials.
The maximum energy of HH photons is:
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Figure 1.5: Three-step high-harmonic generation process. (a) Tunnel ionization. (b) Acceleration of the
electron by the laser field. (c) Radiative recombination on the ground state with emission of a photon.

maxr

photon ™ 1.3U; + aU,

(1.3)

with a = 3.17 [Lewenstein et al., 1994]. The odd HH generation in a gas is explained by
the fact that, during dipole interaction, the absorption of a pair number of photons cannot
lead to the simultaneous conservation of energy and momentum. Such an emission spectrum is
illustrated in fig. 1.6a in case of argon.

(a) (b)
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Figure 1.6: (a) Spectrum of HHG obtained from argon irradiated by an ultrashort IR pulse of intensity
101W/em?. (b) Low divergence far-field profile of the HH beam.

Aside from being compact and inexpensive, high-harmonic sources display a wealth of at-
tractive features. Regarding spatial properties, those sources exhibit highly collimated beams
[Ditmire et al., 1996] (fig. 1.6b) and a nearly diffraction-limited wavefront [Gautier et al., 2008].
The emitted radiation is fully polarized and the state of polarization can be tuned [Fleischer
et al., 2014]. From a spectral point of view, HH emission has been demonstrated over a very
wide range of wavelengths and down to the so-called ”water window” with neon, and helium at
energies of 300 eV and 450 eV respectively [Takahashi et al., 2008]. Furthermore, their wave-
length is tunable. Finally, short duration pulses are demonstrated down to the attosecond
range (10718s) [Paul et al., 2001].

The main limitation of HH sources is linked to the photon yield. Indeed, challenges are
met to keep the coherence between the driving field and the generated HH signal over a large
distance. Larger interaction volumes can be implemented using long focal length optics but
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Chapter 1. Introduction to coherent soft X-ray sources

the intrinsically limited coherence length prevents significant enhancement in the photon yield.
In this perspective, HH-seeded plasma-based amplifiers provide an appropriate solution to this
challenge.

1.2 Plasma-based soft X-ray lasers

Since the first experimental demonstration of laser effect in ruby in 1960 at a wavelength of 694.3
nm [Maiman, 1960], significant research efforts have been made to widen the scope of operating
wavelengths. In 1972, it had been shown for the first time that, in case of laser-driven plasmas,
stimulated emission can significantly contribute to the enhancement of certain spectral lines in
the soft X-ray domain [Jaeglé et al., 1971].

The laser effect hinges on the population inversion between two energy levels of an element
atomic transition. In this configuration, stimulated emission is promoted and leads to the
generation of coherent photons, whose properties characterize laser emission. Extending the
operating range of lasers in the soft X-ray range faces two main difficulties.

First, a large energy gap between the atomic levels of the laser transition, corresponding to the
emission of soft X-ray photons, is required. Energies of a few tens to hundreds of electron-volts
(eV) are therefore needed. The fact that binding energies of solids or molecules only reach at
best a few eV illustrates the unfeasibility of the approach using conventional active media. The
solution consists in resorting to plasmas populated with multi-charged ions, which display
those energetic transitions. Lasing in the soft X-ray range requires strong plasma ionization as
the energy difference between two levels of a transition gets larger with the increasing charge of
the nucleus.

Second, traditional lasers operating in the visible to IR use resonant optical cavities to amplify
radiation over multiple passes. This architecture is irrelevant in the soft X-ray range because
of the lack of very high-reflectance mirrors at those wavelengths. Moreover, in most cases, the
gain lifetime of plasma active media is too short to allow amplification over numerous passes.
But, fortunately, high gains are promised, which turns one-pass amplification practical.

Radiation from such soft X-ray laser plasmas is characterized by Amplified Spontaneous
Emission (ASE). In this regime, the bound electrons populating the upper excited level of the
laser transition tend to de-excite spontaneously and emit photons at the transition wavelength.
This initiates a coherent amplification of those photons by the plasma through stimulated emis-
sion. Because of the stochastic nature of spontaneous emission, the resulting emission is weakly
spatially coherent. We will see in chapter 2 & chapter 5 that the emission properties can be
greatly enhanced resorting to the so-called « seeding technique ».

1.2.1 Population inversion in a plasma

Achieving a population inversion is carried out through a pumping process, which populates
the excited levels of bound electrons of multi-charged ions and allows, as showed in section 2.3.1,
a larger population in the upper level than in the lower level of the laser transition.

Two main schemes have been proposed and experimentally investigated to yield a population
inversion: the recombination and the collisional pumping schemes. The fig. 1.7 shows the
ion species and the range of wavelength they can operate respectively. Besides, a inner-shell
ionization scheme has been pioneered.
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Figure 1.7: Envisioned ion species and their lasing wavelengths regarding recombination (H-like and
Li-like ions) and collisional (Ni-like ions) pumping schemes.

Inner-shell ionization

This scheme was first proposed by Duguay et Rentzepis in 1967 [Duguay and Rentzepis, 1967].
Its principle is depicted in fig. 1.8 and relies on photoionization of a plasma, which occurs when
the energy of an incoming photon is equal or greater than the binding energy of the electron
bound to the atom. This process involves the absorption of the photon by the atom, which results
in freeing an electron. By contrast to recombination and collisional pumping schemes, inner-shell
ionization involves the removal of an electron from the atom inner-shell. This process occurs for
high energy incoming photons in the wavelength range of X-rays and for a short duration pulse.
The hole created by the removal of an inner-shell electron from shell K is then being occupied
through the de-excitation of an electron from the outer-shells, which results in the emission of
a high-energy photon.

In this pumping scheme (fig. 1.8), the lower level of the laser transition is the ground level
of the ion. The resulting emission in the soft X-ray is transient and ultrashort for two reasons.
First, multiple processes, such as collisional ionization of a lower charged ion, populate the lower
level of the laser transition and hence reduce the lifetime of the population inversion. Second,
the Auger de-excitation depopulates the upper level of the laser transition. This de-excitation
is a non-radiative process and the radiated energy is transferred to a bound electron, which is
then freed. The Auger effect is ultrafast and also leads to a reduction of the time window, in
which a population inversion is achieved.

The population inversion requires drastic conditions for the pump beam. The pumping
pulse should be sufficiently intense and ultrashort in order to minimize the occurrence of Auger
ionization for the upper level, and the population of the lower level. Another hurdle in the
implementation of this pumping scheme is linked to the synchronization of amplified emission
with the generation of the amplifying plasma. Experimental approaches resorted to the use of
X-ray Free Electron Lasers as a pump beam [Zhao et al., 2008; Rohringer et al., 2012] or the
use of betatron emission [Ribicre et al., 2010].

Despite the difficulties deeply associated to its principle of operation, inner-shell ionization
pumping features many advantages, such as the possibility of amplifying very short wavelengths
[Kapteyn, 1992] (~ 1.5 nm for Z = 10) over ultrashort durations (j 100 fs) thanks to light species
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Figure 1.8: Principle of the X-ray lasing scheme using inner-shell photo-ionization illustrated in the
particular case of neon. The X-ray pump can be generated by the interaction of an IR laser with a
plasma or from FEL emission. The amplified wavelength corresponds to a few nanometers.

(Z = 10). Furthermore, the required pump energy is quite small when considering the very short
amplified wavelength [Eder et al., 1994].

Recombination pumping scheme

The theoretical model of plasma recombination pumping scheme has been introduced by Gudzenko
and Shelepin in 1965 in case of hydrogen [Gudzenko and Shelepin, 1965] and has been then ex-
tended for hydrogen-like [Seely et al., 1985] and lithium-like [Jaeglé et al., 1986] species. The
principle of this process is illustrated in fig. 1.9. It consists in generating a dense highly ionized
(of charge Z+1) plasma. In those conditions, some recombination mechanisms preferentially
populating the excited states of the ion of charge Z can be promoted. Thus, ultrafast de-
excitation via radiative collisional cascade towards the lower excited levels of this ion allows
building up a population inversion.

The resulting laser effect occurs for H-like transitions 3d +— 2p or Li-like 5f — 3d or 4f — 3d
transitions (fig. 1.9). In both cases, those schemes are characterized by a strong spontaneous
emission rate for the lower level of the laser transition, whereas the upper level is pumped by
radiative cascades from highly charged atomic levels. The latter have been earlier populated
by collisional recombinations from the fully ionized continuum (case of H-like transitions) or
by collisional and dielectronic recombinations from the He-like ground state (case of Li-like
transitions). Those mechanisms were highlighted for the Balmer line of C VI by theoretical
[Pert, 1976] and experimental [Pert, 1976] works. We can notice that the laser effect cannot
take place with the ground state as the lower level, because the collisional ionization of the
plasma contributes to build up a significant population of the ground level.

The advantages of this X-ray lasing scheme lie in the intrinsic ultrashort nature of the laser
transition (down to a few tens of femtoseconds), as well as in its ability to be operated for short
wavelengths (shorter than those induced between the excited levels) that can reach the so-called
« water window » (between 2.34 and 4.4 nm), for which numerous applications in biology can
be envisioned.

Nevertheless, the challenges associated with the implementation of such a scheme are numer-
ous [Zeitoun, 1994]. The experimentally demonstrated gains are weak. In case of H-like lithium
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Figure 1.9: Principle of the recombination pumping scheme.

emitting at 13.5 nm, the gain was reported to be less than 10 em™!. Besides, saturation regime
has not yet been achieved. Actually, this lasing scheme requires drastic experimental conditions.
The first difficulty is to use ultra-intense [Penetrante and Bardsley, 1991] pulses to generate fully
ionized species in case of H-like ions or He-like species in case of Li-like ions. Secondly, obtaining
a population inversion is based on ultrafast emptying of the lower level of the laser transition
via a radiative transition, and first of all on a high collisional recombination rate to populate the
upper level. The latter rate varies as a function of ng /Te with n. the electron density and T, the
electron temperature. Thus, appropriate conditions are met for an electron density of 102!em =3
and an electron temperature limited to a few tens of eV. However, the ionization mechanisms
of solid and gas targets are strongly relying on collisions, which leads to a significant plasma
heating. In this view, the previously stated conditions appear contradicting.

Nevertheless, techniques were proposed to reach those stringent thermodynamic require-
ments. The use of ultrashort driving laser pulses (a few 10s of fs) allows strongly ionizing the
medium through tunneling effect, which limits plasma heating. However, this is far from suffi-
cient and this should be combined to techniques enabling ultrafast cooling of the plasma [Pert,
1976]. In this perspective, the proposed methods include the electromagnetic confinement of
the plasma [Suckewer et al., 1985] to increase the radiative losses, the increase of the thermal
conduction via wall contact [Kim et al., 1989], or the use of a gas mixture with low Z species
(hydrogen for example).

The prospective laser transitions for this scheme are the 3ds/, — 2p3/; transition at 9.81 nm
for lithium-like neon [Eder et al., 1991] where a maximal theoretical gain of giae = 130 em ™!
is computed for n, = 5 x 1020 ¢m ™3 and T, = 40 eV; as well as two transitions for hydrogen-
like nitrogen [Hulin, 2001]: the 2pgs + 1s;/p transition at 2.48 nm (gma, = 1100 em™! for
ne =6 x 102 em=3 and T, = 15 eV) and the 3ds5/o +> 2p3/p transition at 13.39 nm (gmasr = 190
em ™! for ne = 102 em ™3 and T, = 20 eV).
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Collisional pumping scheme

The collisional pumping scheme, achieving a population inversion in a plasma thanks to electron-
ions collisions, was first proposed in 1975 [Elton, 1975]. This scheme relies on the generation
of hot electrons to pump the laser transition. Its principle is illustrated in fig. 1.10 in case of
krypton IX, which was used in this thesis work. A good picture of the atomic processes involved
in the laser transition can be given by a three-level system, in which the upper laser level is
pumped by collisional excitations from the ground state. The electrons stripped from atoms
collide those ions and promote ground state populations to excited levels.

Pumping of the laser transition is implemented if the average energy of electrons is at least
equal to the energy of the upper laser level. The de-excitation of the upper level down to the
fundamental level is forbidden by quantum selection rules, whereas de-excitation to the lower
laser level is very probable. Moreover, the radiative transition between the lower laser level and
the fundamental level is fast enough to empty the lower level and offer advantageous conditions
for implementing a population inversion.
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Figure 1.10: Schematic of the collisional excitation scheme in case of Kr IX (Ni-like).

This population inversion occurs in certain conditions of density and temperature and will
provide the prerequisite for stimulated emission, i.e. lasing, to occur.
Strong emission necessitates a large fraction of lasing ions population. Hence, the most favorable
lasing species for this scheme are ions exhibiting full valence shells. Those turn out resistant to
further ionization processes over a wide range of both electron density and temperature. This
stability ensures the generation of a large population of ions likely to emit. Neon-like, Nickel-like
and Palladium-like ions were shown to be very stable species.

Preliminary work conducted in 1985 [Matthews et al., 1985] reported strong amplification
with this collisional pumping. Saturation in such amplifiers was demonstrated in 1992 [Carillon
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et al., 1992]. The collisional scheme is the most widely used and yields high gains. This scheme
requires hot and dense plasma, which therefore turns easy to implement. Available wavelengths
with this pumping scheme spread from 3 to 60 nm. This architecture has been mainly achieved
by irradiating solid or gas targets with lasers, but also by electric discharge.

Amid the various considered plasma pumping schemes [Daido, 2002], the collisional pump-
ing scheme proved to be the most successful one since it turned out robust, demonstrated high
gains and was the only one, which allowed to reach the saturation regime. This thesis is focused
on the implementation of the collisional pumping scheme in a krypton plasma.

1.2.2 Overview of the development of collisional soft X-ray lasers

Since the mid-90s, most developments of soft X-ray lasers focused on the collisional pumping
scheme. Various techniques to implement this scheme have been developed and their timeline
has been strongly impacted by the parallel progresses on driving lasers.

Quasi-Steady State (QSS) pumping

The first soft X-ray lasers taking advantage of collisional excitation were achieved using fusion-
class laser facilities using high-energy (a few hundreds of Joules) and long duration (a few
nanoseconds). The excitation scheme is known as Quasi Steady State (QSS) pumping. In
this pumping scheme, the population of the energy levels of the plasma lasing ions reaches an
equilibrium. The maiden run of this scheme was demonstrated in 1985 at LLNL (Lawrence
Livermore National Laboratory) [Matthews et al., 1985]. Those lasers deliver pulses of a few
mJ with a duration of about 100 ps. First plasma-based soft X-ray lasers exhibiting high a
gain-length product were demonstrated in 1985 at 20.6 nm [Matthews et al., 1985] and 18.2 nm
[Suckewer et al., 1985]. This experiment was carried out using the then most powerful laser
delivering kJ-class pulses.

Rather long media are obtained focusing the laser beams onto a focal line using a cylindrical
lens or an off-axis spherical mirror, as illustrated in fig. 1.11. The long duration of the pump
pulse allows for a significant inverse-Bremsstrahlung heated electrons, which are used to pump
the laser transition of a multi-charged ion.

Soft X-ray
emission —

e S0lid target

Soft X-ray
emission

Laser pulse
(a few J, a few ns)

Figure 1.11: Illustration of the QSS pumping principle.
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This regime allowed achieving very short wavelength, such as 3.56 nm in case of Ni-like gold

[McGowan et al., 1992a]. However, the reported gain coefficients were very low (2 em™!). The
use of shorter pulse duration driving lasers (j 100 ps) made it possible to reach higher ioniza-
tion degrees and higher electron temperatures, which lead to higher gain coefficients. In those
conditions, saturated amplification was demonstrated for Ni-like silver at 13.9 nm [Zhang et al.,
1997] and Ni-like tin at 11.9 nm [Ros, 1999].
Further developments allowed generating lower wavelengths and included the use of a pre-
pulse, which enabled reaching saturation. Considering the fairly long lifetime of the amplifying
medium, this type of laser can operate in a double-pass configuration, which allows increasing
the energy of the emitted pulse and improving the optical quality of the beam without any ad-
ditional pump energy. This architecture was successfully implemented at PALS (Prague Asterix
Laser System) facilities. This installation operates a Ne-like Zn QSS soft X-ray laser emitting
at 21.2 nm thanks to a driving laser using a half multi-pass laser cavity [Ceglio et al., 1988].
The system delivers pulses of a few mJ per pulse with a duration of about 100 ps.

(a) (b)
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Figure 1.12: (a) Laser pumping scheme of the Ne-like Zn QSS laser operated at PALS. (b) Profile of the
beam displaying a 3.5 x 5.5 mrad divergence, an energy of 4 mJ per pulse (about 10'* photons) and a
pulse duration of 150 ps.

However, this scheme faces strong limitations because refraction effects prevent from in-
creasing laser intensities and reaching saturation. The use of a pre-pulse can help overcoming
this problem by creating a weakly ionized pre-plasma allowing a lower electron density gradient
and improving the absorption of the main long pulse [Rus et al., 1997]. A few cm long plasma
amplifiers can thus be created. Besides, a two-filament technique was implemented to balance
refraction and reach saturation [Lewis et al., 1992].

Numerical and experimental studies showed that the use of shorter pulses (less than 100 ps)
leads to more favorable conditions for the collisional pumping scheme. Indeed, a faster pumping
process allows higher plasma heating on the timescale when the relevant multi-charge ions are
generated. As a consequence, this results in higher amplification of X-rays and reducing the
energy required to achieve the plasma amplifier.

The main drawbacks of this pumping scheme are related to their very low repetition rate and
the high cost of high-energy laser installations. Moreover, the demonstrated pulse durations are
long and lie in the range of one hundred to a few nanoseconds.
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Transient pumping

Following the development of QSS lasers, a so-called ”transient” pumping scheme has been in-
troduced. Actually, the emergence of CPA (Chirped Pulse Amplification) techniques to deliver
ultrashort and ultra-intense pulses for the driving laser led to the development of the transient
pumping scheme.

The principle of this scheme is illustrated in fig. 1.13 and consists in decoupling the generation
of lasing ions and the pumping of their laser transition. In this purpose, a long pulse and a short
pulse are used. The long pulse (several hundreds of picoseconds) of moderate intensity (about
10*2W/ecm?) is used to generate Ne-like or Ni-like ions at a relatively low electron temperature.
This plasma is then irradiated by a short pulse (several picoseconds) of high intensity (about
10'5W/em?). The free electrons are then heated and collide with ions to promote the bound
electrons of the ion ground level to the upper level of the laser transition. A population inversion
can therefore be generated. Soft X-ray emission is then observed in the direction of the progres-
sive wave [Kuba et al., 2000]. This method uses a grazing incidence geometry to deposit energy
step by step over a long length to allow photons to be effectively amplified as they propagate,
despite the short duration of the gain (a few picoseconds).

Grazing incidence
short pump pulse
(a few ps)

. Solid target

Soft X-ray
emission

Long pre-pulse
(a few 100s ps)

Figure 1.13: Illustration of the QSS pumping principle.

This pumping scheme is called transient because, contrary to the QSS process, this excitation
scheme allows substantial gain to be achieved whereas the population of atomic levels did not
have time to reach their equilibrium. The lifetime of the pumping process is significantly inferior
to the the characteristic timescale of the plasma ionization. While typical gains with the QSS
scheme are about 5 em ™!, the transient pumping method yields gains of about 50 cm™!.

Besides, compared to the QSS pumping scheme, this technique allowed a significant reduction
of the required energy to generate lasing ion species. This scheme was first proposed in 1989
[Afanasev and Shlyaptsev, 1989] and then first demonstrated experimentally in 1995 [Nickles
et al., 1997] with Ne-like Ti. This operation has been achieved then with other Ne-like and Ni-
like species [Kuba et al., 2000; Dunn et al., 1998], while the saturation regime was first realized
with Ne-like Ge using an inhomogeneous wave [Kalashnokov et al., 1998].
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The fig. 1.14 shows the demonstration of lasing action by the team of J.J. Rocca down to the
range of 10 nm [Wang et al., 2005].
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Figure 1.14: Experimental spectra of lasing action obtained from Ni-like species from rubidium to tel-
lurium. Very good shot-to-shot stability is observed [Wang et al., 2005].

Moreover, higher repetition rates (about 10 Hz) can be reached. A Grazing Incidence Pump-
ing (GRIP) technique has been more recently introduced [Keenan et al., 2005]. The short pulse
responsible for the laser transition pumping is focused at grazing incidence onto the target. This
configuration takes advantage of the short pulse refraction to improve the coupling between the
pre-plasma and the pump. This setup allows operation at rates up to 10 Hz. A variant, dubbed
DGRIP (Double-pulse Grazing Incidence Pumping), improves the beam stability and the rep-
etition rate. It has been demonstrated at LASERIX facility with 10 Hz laser at 18.9 nm with
energies surpassing 2 pJ [Zimmer et al.,, 2010]. Other such facilities are operated at JAEA
(Japan Atomic Energy Agency) in Japan [Ochi et al., 2007] and at GIST (Gwangju Institute of
Science and Technology) in South Korea [Kim et al., 2008].

The transient scheme was initially demonstrated on solid targets, but it has been extended to
gas ones with a first experiment in 2002 using Ni-like Xe emitting at 9.98 nm [Lu et al., 2002].

The spatial profile of output soft X-ray laser emission is strongly inhomogeneous. Similarly
to the emission from QSS soft X-ray lasers, the temporal coherence is high, whereas its spatial
coherence is low. The advent of the transient pumping scheme allowed a significant reduction of
the duration of emission, compared to the QSS scheme. The shortest duration demonstrated for
transient soft X-ray lasers yielded 2 picoseconds [Klisnick et al., 2002]. Those QSS pumped soft
X-ray lasers now operate at electron densities of a few 102°cm™3. An improvement of the spatial
coherence of the source has been demonstrated by resorting to a seeding technique [Wang et al.,
2008]. In this case, pulse durations as short as 1 ps have been measured [Wang et al., 2014].
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1.2. Plasma-based soft X-ray lasers

OFI collisional pumping

This pumping scheme is used in this thesis work. The use of ultrashort and intense driving
lasers (of duration below 100 fs) is relatively recent and was motivated by the availability of
higher repetition rate laser systems based on Ti:sapphire technology and delivering ultrashort
and intense pulses. The OFI plasma-based soft X-ray laser scheme was first proposed in 1989
[Corkum et al., 1989]. This scheme was described theoretically in 1994 [Lemoff et al., 1994] and
demonstrated experimentally shortly thereafter [Lemoff et al., 1995] with a lasing line at 41.8
nm obtained from a xenon plasma column. However, while opening the high repetition rate
sources, the lack of proper understanding of the physics of interaction at the time delayed the
development of those sources. A saturated amplifier in the xenon was only achieved in the early
2000s [Sebban et al., 2001] and shortly after in krypton [Sebban et al., 2002] at 32.8 nm.

This scheme is illustrated in fig. 1.15 and is implemented focusing an ultrashort (a few 10s
of fs) high-intensity (over 10'7 W /em?) infrared pulse into a gas [Sebban et al., 2002] target.
Contrary to QSS and transient pumping geometries, the plasma amplifier is generated longitu-
dinally as the intense IR pulse propagates. The interaction between an ultrashort and intense
laser pulse with a plasma induces the so-called ”optical field ionization” (OFI) of atoms. This
process results in successively stripping electrons within the very strong electric field, till getting
highly charged ions, displaying transitions with energy gaps corresponding to the soft X-ray
range. Subsequently, collisions of hot electrons with multi-charged ions allow pumping the laser
transition.

Ultrashort IR pulse
(afew 10s fs)

5

Soft X-ray

\ Gas target
& emission

Figure 1.15: Illustration of the OFI pumping scheme.

For OFT plasma amplifiers, lasing species are ion species exhibiting a full atomic sub-shell.
Those elements prove stable and ”resistant” to further over ionization. This overionization
can come from OFT or ongoing collisional ionization initialed by the significant generation of hot
electrons, which turns vital for pumping the laser transition. Hence, the stability of those species
will maximize the fraction of ions that may be effectively pumped and then emit in the soft X-
ay range. Eight times-ionized neon, xenon and argon prove to be very stable species. Their
lasing transitions are summed up in table 1.1 and the four-level pumping scheme is illustrated
in fig. 1.16.

Amid the advantages of this approach, the generation of the lasing ions population and
pumping are implemented with the same ultrashort laser pulse, thus making the approach
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Chapter 1. Introduction to coherent soft X-ray sources

y Ton | A Pd-like Xe (n=4) | Ni-like Kr (n=3) | Ne-like Ar (n=2) |
Transition 5d-5p 4d-4p 3p-3s
Wavelength 41.8 nm 32.8 nm 47.8 nm

Table 1.1: Transitions of common OFI plasma-based soft X-ray lasers

Ar9+ Kr9+ Xe9+
1P, 2p53d" 1P, 3d4f1 Y NE— 1P, 5d95f1
15,2p53p" 15,3d%4d! 15,5d95d"
Lasing Lasing 18,5d%f" - Lasing
> @ 46.9 nm > @ 32.8 nm > @ 46.9 nm
[ [ [}
S P,2p53p’ 0 P,3d%p! B A P,4d%p!
N - -
] 1] 1]
o o o
£ £ £
w w w
1S,2p® 15,3d10 15,4d10
Ar8+ Kr8+ Xe8+

Figure 1.16: Simplified scheme of the laser transition levels associated with ions Ar8+, Kr8t and Xe87.
Red arrows stand for populating processes resulting from electron-ion collisions. Purple arrows denote the
radiative transitions. Electron energies for pumping the upper levels of the laser transitions are presented
in eV.

more simple, compared to transient [Afanasev and Shlyaptsev, 1989] and quasi-steady state
(QSS) [Kungwirth, 2001] plasma-based soft X-ray lasers. Such low energy requirements can be
provided by tabletop laser drivers implementing CPA techniques.

The gain of such OFI plasma amplifiers depends on the electron density, the propagation

of the driving laser and its polarization, which impacts the heating of electrons and thus the
efficiency of pumping. Those sources have been demonstrated at high repetition rates reaching
10 Hz and yielding pulses of a few picoseconds with energies of several 100s of nJ [Bettaibi,
2005].
Waveguiding the driving pulse using hollow capillary tubes [Mocek et al., 2004] or plasma cap-
illary discharge waveguides [Butler et al., 2003] allowed increasing the length of the amplifying
medium and thus a boost of the photon yield. More recently, the demonstration of high-density
plasma waveguides [Chou et al., 2007; Lin et al., 2007] opened promising prospects. The work
of this thesis comes in line with those developments.

Electric discharge pumping

In parallel to laser-driven plasma-based soft X-ray lasers, an alternative to achieve collisional
pumping relies upon the use of electric discharges. This work has been successfully led by the
team of J. Rocca from 1985.

The first demonstration of a soft X-ray laser operating with this principle was performed at
CSU in 1994 [Rocca et al., 1994; Vinogradov and Rocca, 2003]. In this scheme, the gas confined
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1.3. Seeded collisionally-pumped OFI plasma-based soft X-ray laser chain

in a capillary tube and a very high electric current (a few kA) with a very steep rising edge (a few
10s of ns) generates a significant population of lasing ions. The Ohm heating process is yielding
heat electrons, which then pump the lasing ion laser transition through collisional excitation.
The main virtues of those lasers are related to their ability to run at fairly high frequency (4
Hz) and deliver high energy pulses (a few mJ). Those characteristics were reached in Ne-like Ar
emitting at 46.9 nm [Macchietto et al., 1999]. However, this scheme makes it difficult to reach
shorter wavelengths as this would require higher currents, which lead to instabilities rapidly
degrading the uniformity of the plasma required to efficiently amplify photons. Moreover, the
duration of those pulses is restricted to the nanosecond range.

The system is illustrated in fig. 1.17 and consists of a gas confined in a few cm long capillary
tube. Lasing action was obtained through the direct excitation of the plasma medium by a
pulsed discharge. This setup benefits from the efficient deposition of electrical energy into a
plasma. A very high intensity (a few kA) is sent via conducting plates at the extremities of the
tube. A very fast, low-impedance electrical discharge is generated and creates a uniform plasma.
This extreme ultraviolet laser delivers pulses of a few mJ at high repetition rates (10Hz) with
about 100 ns pulse duration. It successfully operates the 3p-3s atomic transition of Ar8+ at 46.9
nm with argon.

In order to implement such a few cm-long emitting plasma, a capillary discharge waveguide is
achieved (see section 3.1.2) the lasing ions are mixed with hydrogen.

(a) (b)

Figure 1.17: Capillary discharge EUV laser developped at CSU operating at 46.9 nm. (a) Principle. (b)
Experimental setup (Colorado State University).

Nevertheless, this type of soft X-ray laser is limited to both long wavelengths and pulse
duration (about 1 ns). But the compactness of the system, the large available energy (mJ) and
its operating rate (10 Hz) turn it into an remarkable source.

1.3 Seeded collisionally-pumped OFI plasma-based soft X-ray
laser chain

1.3.1 Source performances and limitations

In the same way as QSS and transient soft X-ray lasers, collisional OFI plasma-based soft
X-ray lasers display an inhomogeneous spatial profile of emission, which limits the range of
potential applications. These emission features are due to the fact that ASE corresponds to the
amplification the plasma own "noise”, made of incoherent spontaneous emission.
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Chapter 1. Introduction to coherent soft X-ray sources

However, aside from being compact and rather inexpensive, plasma-based soft X-ray lasers turn
out enticing since they can emit a large number of photons in one single pulse [Rus et al., 2002]
(up to 10' photons) within a very short line width (dv/v ~ 107°).

The low coherence of those sources lead to envision the plasma, not as a source in itself,
but as an amplifier in a soft X-ray laser chain where an external coherent source is used to
seed the plasma. The « seeding architecture » has been proposed by T. Ditmire and then
demonstrated at Laboratoire d’Optique Appliquée in case of collisional OFI amplifiers using a
high-harmonic source as a seed. Such an experimental setup is illustrated in fig. 1.18. Those
sources exhibit high-quality optical properties and adjustable linear polarization [Zeitoun et al.,
2004]. More recently, this geometry has also been adopted regarding transient plasma-based
soft X-ray lasers and showed similar beam quality improvements [Wang et al., 2008]. However,
the amplified high-harmonic energy remained quite low (100 p©J) because of a rather small gain
region induced by the plasma hydrodynamics [Oliva et al., 2009].

Delay line

16 mJ, 350 fs

IR beam
\ Lens

IR Pump beam

1.44J,301s -

Gas cell
(argon)

High-harmonic source

Toroidal mirror

el . .
Spherical mirror

Soft X-ray / Gas cell
laser A filter (krypton)

)

“Oscillator”

“Amplifier”

Figure 1.18: Architecture of a soft X-ray laser chain comprising an ”oscillator” (high-harmonic source)
and an "amplifier” (plasma).

The following paragraphs summarize the previous achievements regarding a HH-seeded col-

lisionally pumped OFI krypton plasma-based soft X-ray laser. The results presented in this
thesis are built upon those previous achievements.
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1.3. Seeded collisionally-pumped OFI plasma-based soft X-ray laser chain

Beam spatial quality. The fig. 1.19 illustrates the spatial profiles of a plasma-based soft
X-ray laser emission obtained with krypton at pressure of 50 mbar using a pump beam intensity
of 1018W/em?. The Gaussian-like far-field profile and the low divergence of the high-harmonic
beam are maintained over the amplification in the plasma.

Qe
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Figure 1.19: (a) Energy distribution of the amplified spontaneous emission. (b) Energy distribution of
the soft X-ray plasma-based X-ray laser (in case of krypton-filled cell) [Tissandier, 2011].

Beam wavefront quality. As far as the spatial wavefront is concerned, the HH beam ex-
hibits a near-diffraction wavefront [Gautier et al., 2008] and those attractive characteristics care
preserved when being amplified by the plasma [Goddet et al., 2009]. The fig. 1.20 shows the
phase deformations are even reduced over propagation. While a A/2.5 quadratic normal shift
of the wavefront deformations has been measured for HH, it was found to reach A/11 for the
seeded soft X-ray laser signal. This nearly corresponds to the diffraction limit according to the
Maréchal criterion [Born and Wolf, 1959], for which AAgyrs = A/14.
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Figure 1.20: (a) Wavefront of the high-harmonic signal. (b) Wavefront of the HH-seeded soft X-ray laser.
[Tissandier et al., 2010b]. Aberrations get corrected thanks to spatial filtering in the plasma amplifier.
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Chapter 1. Introduction to coherent soft X-ray sources

Those excellent properties promise very good soft X-ray focusing characteristics, which are
essential to minimize losses and maximize on-target intensity.

Emission spatial coherence. Regarding the source coherence, the HH-seeded plasma-based
soft X-ray lasers display excellent features. It keeps the very good spatial coherence of HH
[Ditmire et al., 1996]. The fig. 1.21 illustrates this result with a Young slit experiment with
adjustable slit separation. A system of fringes is observed with a contrast depending on the
spatial coherence between the interfering secondary sources defined by the slits. The ampli-
fied spontaneous emission is mostly incoherent because of the stochastic nature of spontaneous
emission. This translates into a rather large cone of emission of a few tens of milliradians. By
contrast, the HH and HH-seeded SXRL emissions are spatially coherent and have a divergence
in the order of 1 mrad (see fig. 1.19).
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Figure 1.21: Results of Young slit pair interference experiment for the output of a seeded laser amplifier
emitting at 32.6 nm. (a) - (d) Interferograms for different slit separation. (e) Plot of the degree of
coherence as a function of the slit separation [Wang et al., 2006].

Emission temporal coherence. The temporal coherence is related to the spectral linewidth
of the source and characterizes the timescale on which photons are found to have a defined phase
relationship between each other. It can be measured using a varying optical path difference
interferometer consisting of a Fresnel double mirror system with slanted angles [Joyeux et al.,
1995]. This system introduces a tunable time delay between two parts of the same source, which
then interfere and yield a system of fringes whose contrast depends on the temporal coherence of
the source. The fig. 1.22 illustrates those results for both ASE and the amplified HH signals in
case of a collisional OFT krypton plasma at 30 mbar. As expected the fringe visibility decreases
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1.3. Seeded collisionally-pumped OFI plasma-based soft X-ray laser chain

as the delay increases. The coherence time 7. of the pulses, defined by the time difference at
which the visibility is decreased by a factor 1/e, is not the same for the two cases investigated.
It was estimated as 5.1 & 0.2 ps for the seeded SXRL pulse and slightly larger at 5.5 £ 0.3
ps for the ASE SXRL pulse. According to the Wiener-Khinchin theorem, the evolution of the
fringe visibility with the delay is the Fourier transform of the spectral density of the source.
The spectral profiles have been calculated from the fitted visibility variations, and correspond
to spectral Voigt profiles with a full width at half-maximum (FWHM) of Av = 89 £ 6 GHz
(AN =3.240.2 107 m) for the seeded SXRL and Av = 75 +8 GHz (AX = 2.7+ 0.3 10713
m) for the ASE. We can notice that the linewidth of the amplified HH is slightly larger than
the ASE linewidth. Indeed, the initial linewidth of the HH signal is far larger than the laser
transition linewidth. The plasma amplifier gain leads to a sharp narrowing of the amplified HH
signal [Tissandier et al., 2010a].
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Figure 1.22: Temporal coherence in case of ASE (red) and HH-seeded soft X-ray laser (blue) [Tissandier
et al., 2010a].

The source has been demonstrated to be Fourier-limited [Guilbaud et al., 2010] thanks to a
measurement of the temporal coherence and the gain dynamics yielding the same value of 5 ps.

Pulse duration. Plasma-based soft X-ray lasers have been limited to the picosecond range
[Klisnick et al., 2002; Wang et al., 2008] for more than one decade, consequently restricting the
field of applications.

In 2005, the ”seeding technique” was used to measure the time evolution of the gain of
a soft x-ray laser amplifier [Mocek et al., 2005]. The HH seed pulse was injected into the
plasma at different delays with respect to the plasma generation. Strong amplification was
observed when the seed pulse is synchronized with the gain period. The fig. 1.23 illustrates
those measurements, which were done with a Xe®t plasma emitting at 41.8 nm. The study
was carried out for low electron densities ranging from 5 to 25 Torr and showed a significant
reduction of the time window, in which amplification takes place. This behavior is expected to
affect the pulse duration in the similar way.

The main objective of this thesis was to explore the gain dynamics and the amplification
regime of the seeded high-harmonic when operating significantly higher gas densities. Indeed,
as the pulses emitted from OFI collisionally-pumped SXRLs are Fourier-limited, a broadening
of the soft X-ray laser linewidth resulting from an increase of the electron density paves the way
for generating ultrashort pulses.
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Figure 1.23: Measured amplification factor of the seeded Xe8T laser for various gas pressures, as a
function of the delay between the SXRL plasma generation and seed pulse injection [Mocek et al., 2005].

Polarization. Additionally, the polarization of HH-seeded plasma-based soft X-ray lasers has
been restricted to linear polarization [Zeitoun et al., 2004]. Another focus of this thesis has been
associated with the development of a circularly polarized plasma-based soft X-ray laser.

1.3.2 Prospective applications

The development of ultrashort plasma-based soft X-ray lasers, as well as the control of their
polarization open new prospects for those sources and promise the ability to carry out research,
at the laboratory-scale, in areas that were previously restricted to the XFEL community.

Time-resolved nanometer-scale applications

The development of intense ultrashort coherent X-ray pulses has granted scientists a very useful
access to a wide range of research areas. A first application involves the use of the intense
X-ray radiation to create previously unexplored exotic states of matter [Liu et al., 2014]. Mat-
ter interaction light in the soft X-ray range is dominated by photoionization. When subjected
to ultrashort and intense coherent soft X-ray radiation, electrons are suddenly removed from
molecules and leave them in a so-called ”super-excited state”, where coupled electronic and
nuclear dynamics are ultrafast. Probing those photoionization-driven dynamic phenomena is
possible thanks to advanced coincident molecular imaging techniques [Gagnon et al., 2008].

Secondly, those sources make also possible to get an insight into the ultrafast dynamics in mat-
ter. Thanks to times scales relevant to atomic or molecular dynamics, ultrashort coherent X-ray
sources allow monitoring transient elementary processes in atomic or biology occurring on the
femtosecond timescales. Applications include ultrafast [Vodungbo et al., 2012] and molecular
physics [Zhou et al., 2008]. Finally, those intense soft X-ray sources also help pioneering high-
contrast imaging at nano-meter spatial resolutions, notably opening prospects in biomedicine.
When combined with new diffractive imaging techniques using iterative phase retrieval algo-
rithms, those sources make wavelength-limited nano-imaging possible. Furthermore, intense
pulses allow for the possibility to perform single-shot measurements, using for instance coherent
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diffraction imaging techniques [Raines et al., 2010]. Apart from saving time, those techniques
are essential when it comes to studying rapidly degrading biological samples. Furthermore, when
subjected to such intense radiation, samples may be destroyed and the use of femtosecond-scale
sources allows imaging those samples right before their destruction.

Those innovations were mostly driven by the development of expensive and large-scale facilities
such as synchrotron and FELs, thus restricting their access and flexibility of use for laboratory-
scale research. In this perspective, the advent of compact high-harmonic sources provide com-
petitive tools to investigate space- and time-resolved phenomena. On their side, when seeded
with HH, plasma-based soft X-ray lasers benefit from the many merits (spatial and temporal
coherence, diffraction-limited wavefront) of HH while providing far more energetic pulses. One
drawback is the impossibility of tuning the source wavelength but the sources still proves relevant
for material and molecular structures imaging. The main drawback of HH-seeded plasma-based
soft X-ray sources is that amplification of HH is performed at the expense of the soft X-ray
emission final duration. For more than a decade, the duration of these sources has been limited
to the picosecond range [Wang et al., 2008]. We will show that the introduced technique, named
Collisional ITonization Gating allows breaking this duration barrier.

Applications of polarized soft X-ray sources

Areas of applications for circularly-polarized coherent X-ray sources involve dichroism in various
materials. For instance, unequal absorption of right- and left-handed circular polarization allows
investigating folding and binding structures of proteins [Greenfield, 2006]. Hence, the structure
of molecules can be revealed and their conformational changes due to the environment, interac-
tions or mutations monitored.

Circularly polarized soft X-ray radiation finds also fruitful applications in the study of magnetic
domains at nanometre-scale spatial resolutions. The magnetic contrast arises from the depen-
dence of the X-ray absorption cross section at inner-shell absorption edges of aligned magnetic
atoms on the relative orientation of the photon spin and the local magnetization direction. In
this framework, the detection of the X-ray Magnetic Circular Dichroism (XMCD) [Schutz et al.,
1987] proved to be extremely useful to study the magnetic properties of atoms, such as their
spin and orbital magnetic moment. Moreover, the use of ultrashort pulse allows unveiling ultra-
fast magnetization and demagnetization dynamics in matter [Vodungbo et al., 2012; Stoll et al.,
2004].

One burgeoning subject is related to the observation of chiral structures, notably in biology.
Samples are said to be chiral when their configuration cannot coincide with their mirror image
by any sequence of translations and rotations. Chiral properties turned to be of keen interest re-
garding molecules [Contini et al., 2012], crystals [Zhang et al., 2013], clusters [Micali et al., 2012],
nanoparticles [Zhang et al., 2014] or metamaterials [Kuwata-Gonokami et al., 2005]. Those fea-
tures can be reported studying the difference in optical response of the substance to left- or
right-handed circularly polarized light. The fig. 1.24 illustrates quadrupole helix structure do-
mains in DyFe3(B0s)y. Probing such a material with circular polarization of variable helicity
leads to intensity maps portraying the material specific helix structure [Usui et al., 2014].

The development of compact and rather inexpensive plasma-based soft X-ray lasers proved
attractive since they promise a high number of photons per shot [Rus et al., 2002] combined with
excellent optical [Goddet et al., 2009], previously only available in large-scale facilities [Acker-
man et al., 2007]. The development of an efficient photon-rich circularly-polarized plasma-based
source paves the way for single-shot measurements of various polarization-sensitive phenom-
ena. Aside from a quicker measurement time, the opportunity to carry out single-shot imaging
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Figure 1.24: (a) Sample of DyFe3(B0Os3)s. (b) Helicity-dependent back-reflection intensity maps for
different azimuthal angles of the sample.

can be particularly appreciable when considering rapidly degrading biological samples. Imaging
techniques could envisage single-shot holography [Eisebitt et al., 2004]. Another potential ap-
plication of the source can be pump-probe experiments, such as X-ray christallography [Boutet
et al., 2012], because of the source intrinsic absence of jitter.

1.4 Conclusion

The development of high-performance coherent soft X-ray sources is nowadays mainly driven
by the synchrotron scientific community, as XFELs provide very high-brilliance beams, which
foster many breakthroughs in chemistry, biology, non-linear optics or the creation and study of
previously unexplored states of matter. However, those sources are very large and expensive,
thus limiting their availability for laboratory-scale research. In this perspective, being compact
and cheaper, laser-driven soft X-ray sources appear as worthwhile alternatives.

While keeping their own intrinsic advantages, the development of HH-seeded plasma-based soft
X-ray lasers turns out enticing since it allows approaching performances of large-scale facilities in
some parameters. However, the fairly long duration of the emitted pulses (a few picoseconds),
the modest output energy (a few 100s of nJ) and the restriction to linear polarization limit
the scope of potential applications. The work of this thesis mainly aimed at pushing back those
limitations introducing a technique to substantially reduce the pulse duration while boosting the
output energy. Besides, work has been carried out to extend tune the polarization of plasma-
based soft X-ray lasers to circular polarization.
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Chapter 2

Physical processes in seeded
collisional OFI plasma-based soft

X-ray lasers

This chapter summarizes the main underlying theoretical principles behind lasing
action in collisionally-pumped Optical Field Ionized (OFI) plasma-based soft X-ray
lasers. OFI plasmas are achieved by focusing an ultra-short and intense infrared laser
pulse (=~ 10'¥W/cm?) into a gas column and thus promptly generating a sizable popu-
lation of lasing ions within the intense IR laser field, which are then pumped through
collisional excitation. The seeding of the plasma amplifier by a high-harmonic signal
is described as well as the associated radiative transfer.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

2.1 Laser-plasma interaction using an ultrashort pulse

2.1.1 Types of ionization

To generate photons of energies in the soft X-ray range, one needs to create highly charged ions.
In the case of OFI plasma-based lasers, the interaction medium is implemented by focusing an
intense pulse of tens of femtoseconds duration with a high intensity (> 10W.cm™3) into an
ideal gas. In this part, the different mechanisms leading to the generation of a plasma of highly
charged ions are presented.

Considering the simple Bohr model, the intensity of the laser field has to match the binding
strength of the electron to the atom, in order to strip it from the atom’s orbitals. For low field
strengths, ionization occurs only if the absorbed photon energy exceeds the atom’s ionization
potential. This process depends on the laser intensity and the atom cross section. For high field
strengths comparable to the atomic intensity, non-linear processes occur. The most important
processes are multi-photon [Becker and Faisal, 2005], tunnel [Popov, 2004] and suppression-
barrier [Delone and Krainov, 1998] ionization.

The amount of generated free electrons and conversely the population and charge of ions depend
on the ionization potentials of different types of atoms, the laser intensity and its wavelength.
Here, we will concentrate only on the laser field strength i.e the intensity. But, in the next part,
we will see that the field components play an essential role in the electrodynamics of atomic
system, which impacts the pumping process of the ion’s transitions.

Electrons are trapped in the Coulomb potential that links them to the atom nucleus. Depend-
ing on the laser intensity undergone by the atom, the potential barrier can be either suppressed
or lowered. For barrier-suppression ionization, the laser field should be very strong to leave free
electrons. When the laser field is less intense, the potential barrier gets distorted and electrons
can also be freed by tunnel ionization. This latter case corresponds to the so-called optical field
ionization (OFTI).

In 1965, Keldysh pioneered the theory of ionization for strong field interaction.This study
showed that tunnel and barrier-suppression ionization are two limit cases of the same phe-
nomenon, which corresponds to the non-linear ionization. Keldysh distinguishes two regimes,
defining a parameter -, such that [Keldysh, 1965]:

w:./% (2.1)

where U, is the ionization potential of the material and U, the ponderomotive potential,
defined as the free electron quiver energy. This corresponds to the average kinetic energy of the
free electron oscillating in the laser field.

o 2
U, = m[ A (2.2)
where e, ug, me, ¢, I and A are respectively, the electron charge, the vacuum permeability,
the speed of light in vacuum, the laser intensity and its wavelength. In the low frequency and
high intensity limit (v << 1), tunnel ionization and barrier-suppression ionization will occur.
When ~ >> 1, multiphoton ionization occurs. Experimentally, a mixture of both regimes is
observed, as no sharp frontier exists between those ionization phenomena.
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e Multi-photon ionization:

Considering the interaction of a moderate intensity field with matter, photoelectric effect
from a unique photon is impossible, as the material ionization potential is usually much
greater than the laser photon energy. Actually, transitions between free or bound atomic
levels are in the range of a few eV to tens of eV. High-power lasers are usually operating
in the infrared wavelength range (Ti:Sapphire), where photon energies are below the eV
threshold. Hence, those photons cannot ionize atoms or ions.

(a) (b) (c)
A V(x) A V(x) A V(x)
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Figure 2.1: (a) Coulomb potential of an unperturbed ion. The trapped electron has a binding energy U;.
(b) Hlustration of multi-photon ionization. An electron can simultaneously absorb n photons of energy
hw. Electrons are released with minimal kinetic energy. (b) In Above-threshold Ionization (ATI), the
electron is stripped through multi-photon ionization but absorbs more photons than required to be freed
and thus retains a non-negligible momentum.

However, laser-induced breakdown is observed at moderated intensities. This phenomenon
is enabled by the simultaneous contributions of several photons to ionization, as illustrated
in fig. 2.1. We can notice that the atomic binding potential remains undisturbed by the
laser field. Multi-photon ionization predominates at field intensities between 10! and
1053 W.em ™3 [Agostini et al., 1968]. Its efficiency depends on the intensity of laser radiation,
which rises as the flux of photons crossing a given surface increases. The probability of
multi-photon ionization increases with the ”photon density”.

Resulting from ionization thanks to a large number of absorbed photons, the final kinetic
energy of the electrons is given by the Einstein formula:

E; =nhw — Uy (2.3)

where n is the number of absorbed photons needed for multi-photon ionization, w the laser
frequency and Uy, the binding energy.
The rate of multi-photon ionization is proportional to the field strength:

PMFI X E?Non (2.4)
where Npy, is the number of absorbed photons.
Similarly, an electron can absorb more photons than strictly necessary to free it from the

atom. This process is known as Above Threshold Ionization (ATI) [Agostini et al., 1968].
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Ei=(n+s)hw—Us (2.5)

where s the excess number of photons absorbed. This process takes place in the field of the
parent ion and thus, conserves the momentum. Considering an initially immobile electron,
its motion is governed, under a laser field by the equation:

dv e

— () = ——EKE(t 2.6

0 =B (26)
For a field polarization defined by the parameter ¢ (¢ = 0: linear / ¢ = 1/2: circular), the
transverse field components are written:

E, = U nd E, = U1 -¢)

2.7
€pC €gC ( )

The term ¢ describes the dependence on the laser field polarization. ¢=0 or 1/2 corre-
sponds to linear and circular polarization respectively. Under a laser electric field Ey of
frequency w, the electron of mass m. oscillates and gets a kinetic energy given by:

e2F

Earr = We; [gbcosz(wt) +(1— gb)sinz(wt)] (2.8)

The magnetic effects are here neglected.

Barrier-suppression and tunnel ionization:

This regime corresponds to the low frequency-high intensity limit of the Keldysh parameter
defined in the relation eq. (2.1). At higher laser intensities (> 103W.cm™2), the field is
strong enough to significantly distort the Coulomb potential. This strong laser field reaches
the order of magnitude of the electron-atom binding potential and thus a pertubative
approach, as considered for multi-photon ionization, is no more possible.

A quasi-static treatment can be used here because the laser frequency is far smaller than
the atomic frequency. This corresponds to the case where the laser photon energy is very
small compared to the atomic transition energy. In this case, we can consider that the
electron could respond adiabatically to the applied laser potential. Hence, the laser field
E can be considered to be static.

The barrier-suppression ionization (BSI) regime corresponds to an extreme case where the
laser intensity is very high and therefore allows an electron to be directly freed. This can
be simply described for an atom of hydrogen. The required intensity to strip the electron
is easily derived from the Bohr model for an electron of charge e and mass me, placed on
an atom orbit of radius:

h2

mee?

~ 0.53 x 107 ¥mA (2.9)

Tq =
r, is the Bohr radius and the bound electron is subjected to the Coulomb potential E,:

1 e
drreg 12 fem (2.10)
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2.1. Laser-plasma interaction using an ultrashort pulse

(a)

where €j is the vacuum permittivity. Therefore, the intensity required to free an electron
must be at least equal to the intensity:

1
Io = eocEq ~ 3.45 x 101W.em ™2 (2.11)
The BSI model can be generalized to H-like atoms superimposing an external static field
to the nucleus potential [Bethe and Salpeter, 1957]. An effective charge can be defined as:

Ur

7% =
Un

(2.12)
with Uy, the ionization potential of the atom or ion, and Uy = 13.6eV the ionization
potential of hydrogen. Therefore, the Coulomb potential V describing the contributions
of the atom and laser fields can be written:

Z2
X

Viz) = (2.13)

The distortion leading to freeing an electron from the Coulomb potential is illustrated in
fig. 2.2 ¢).

Imposing the maximum value of V, obtained from stating (0V/02)z=s,,.. = 0, equal to
the ionization potential, the value of the field needed to free an electron can be obtained:

Ut
_ 14
Epst = q7.c3 (2.14)
(b)
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Figure 2.2: (a) Coulomb potential of an unperturbed ion. The trapped electron has a binding energy U;.
(b) Mlustration of tunnel ionization. When the laser field strength is approaching the binding potential,
tunneling effect can occur and lead to a release of electrons. (c) Barrier-suppression ionization happens
for higher field strength for which the potential barrier is completely lowered.

From equation eq. (2.14), a threshold intensity for BSI to happen can be derived in case
of linear polarization [Augst et al., 1991]:

4 % 107
XioU;l[ev]

3 [W.cm ™2 (2.15)

lin
IBSI ~
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Z ‘ Ground levels ‘ UrleV] ‘ Ipsi[W.em™2] ‘
Kr1 | [Ar]3d1%4s%4p° | 14.00 | 3.10 x 10
Kr 1T | [Ar]3d™04s24p° | 24.36 | 7.00 x 101
Kr III | [Ar]3d'04s%4p* | 35.67 1.44 x 107
[
[
[

]

]
Kr IV | [Ar]3d%4s%4p® | 50.85 | 3.34 x 10%
KrV | [Ar]3d1%4s%4p® | 64.69 | 5.60 x 101°
Kr VI | [Ar]3d04s%4p! | 78.49 | 8.43 x 10%
Kr VII | [Ar]3d'%4s®> | 109.13 | 2.32 x 106
Kr VIII | [Ar]3d4s? | 125.80 | 3.13 x 10'6
Kr IX [Ar]3dY 233.00 | 2.91 x 107
Kr X [Ar]3d’ 268.20 | 4.14 x 10%7

Table 2.1: Tonization energies (source: NIST database) and required barrier-suppression intensities for the
10 first ionized states of krypton. Ground levels are expressed as a function of the electronic configuration
of argon: [Ar] = 1522522p53s23p°.
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For circular polarization, the intensity threshold is twice the value reported in relation
eq. (2.15). It should be noted that Stark effect at those high intensities (> 1014W.cm™2)
is non-negligible and modifies (a few eV) the ionization potential. However, the formula
eq. (2.15) turns relevant to assess the required laser intensity to created lasing ions.

In case of krypton, the table 2.1 gives the ionization potentials as well as the thresh-
old intensities for barrier-suppression ionization Igg; for various ion species in case of a
circularly polarized field.

These conditions for strong field can be interpreted by a laser period of oscillation greater
than the characteristic time for an electron to cross the potential barrier. The -« perimeter
can also be expressed as the ratio between two frequencies:

wo
= — 2.16
=2 (2.16)
where wg is the laser frequency and wy a characteristic frequency corresponding to the
average time 7 for an electron to cross the potential barrier of length (:

. Ur 22U
—1 th ==L d v= 2.17
T=1/v wi 5 o v oo (2.17)
where e is the elementary charge and v the average speed of an electron. Hence,
E
wp = — (2.18)
2m.Ug

and then, the v parameter reads:

v2meUp (2.19)

Y = Wwo oE

The tunnel ionization occurs for lower intensities than those required for BSI and its prin-
ciple is depicted in fig. 2.2 b. This process is dominant for low frequencies and intensities
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roughly between 10 and 10°W/cm™2. In the Keldysh model, its rate increases in an
exponential way with the field:

U3/2
Ptunnel X €TP <IE,> (220)

2.1.2 The « Optical Field Ionization regime » regime: ionization rate

The Optical Field Ionization (OFI) regime for creating a highly charged plasma uses high-
intensity pulses with a duration far greater than atomic timescale (2.419 x 107'7s). Therefore,
one can consider a quasi-static laser field at the first moments of laser-plasma interaction. The
Keldysh parameter is quite large and multi-photon ionization dominates. However, because the
intensity is rather low and the ionization energy is far bigger than photon energy, the ionization
rate is moderate. Then, as the intensity rapidly surges with time, the probability of tunnel
ionization soars and a lot of electrons are generated, before finally reaching the BSI regime
when the intensity reaches its peak. Globally, tunnel ionization dominates in OFI plasmas.

The tunnel ionization rates were first calculated in case of static laser filed in 1966 [Smirnov
and Chibisov, 1966; Perelomov et al.; 1966]. Derived from Ammosov-Delone-Krainov theory
(ADK) [Ammosov et al., 1986], the tunnel ionization rates were later corrected. The ADK
theory evaluates the OFI rate of the quantum system solving the Schrédinger equation involv-
ing parabolic coordinates and using the asymptotic form of the wave-function in semiclassical
approximation. The tunnel ionization rate for an atom whose electronic configuration is deter-
mined by (n, I, m) (respectively the main, orbital and magnetic quantum numbers) is [Pert,
1999]:

Ur

“ T 2.21
b (221)

Wa
WEXDK = ?Cﬁ f(l,m)UI

2n* —|m|—1
o (Ur 32 g, g 2 (U \*"?E,
Ur\"" Ea eon |2 (V)" Ea
Uy E P13\ Uy E

where Uy and Uy are the ionization energies for the ion under consideration and hydrogen
respectively, E, the atomic field strength and w, the atomic frequency:

e*me

h3

n* is the effective main quantum number, defined for an ion of charge Z-1, as:

~ 4 x 1010571 (2.22)

Wqg —

Un
Ur

The Cp+; and f(I,m) coefficients from the ADK treatment are written [Ammosov et al.,
1986):

n* =2 (2.23)

@ﬁ:(%> X — (2.24)

and,

(2.25)

2L+ 1)1+ | m|)!
T = ST o 1= [ |
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The expression of the rate of tunnel ionization in equation eq. (2.21) is valid under a static
field. When considering a varying field, one can consider the instantaneous rate eq. (2.21) valid
at each instant t. Besides, the polarization of the filed has also to be taken into account. A
transverse field propagating along z can be written:

E(z,t) = E(2) [cos(wot)x + ¢ x sin(wot)y] (2.26)

where ¢ is a parameter, ranging from 0 to 1, linked to the field intensity and describing
the polarization. Under those conditions, the field components E, and E, can be written as a

function of the intensity:
21 2I(1 —
Ex:,/—‘b and EyZ,/M (2.27)
€pC €oC

For the general case of an elliptical polarization, the rate of tunnel ionization can be linked
to the equation eq. (2.21):

2 1—-¢ 73 1-¢ 73 0

When comparing linear and circular polarization cases, the corresponding rates are linked
through the following formula:

Wcirc 7T23
N (2:29)
ADK

where the field strength E is expressed in atomic units. We can notice that, in case of circular
polarization, the rate of tunnel ionization is significantly greater compared to linear polarization.

In plasma generation, thanks to an intense field, the ions are created in the rising edge
of the ulstrashort pule, i.e. within a few tens of femtoseconds. In the ADK model, electrons
are assumed to be stripped one after another. Hence, all intermediary ion charges are being
generated within the field. The evolution of ions’ populations as the field is increased can
therefore be computed as well as the evolution of the ionization degree:

do0 — Wi (Dpo(I)
(2.30)
C%k == ,Elljj))K(I)Pk(I) + WXEI?(I),%A(I)

where WX% 5 and py are respectively the tunnel ionization rates and density in case of an
ion ionized k times. The ionization rates follow the field strength and increase exponentially.
The terms ng i are significant only in the intensity window whose lower limit is their intensity
threshold Ipgr and upper limit defined when the k-times ionized ion gets overionized.

The 0-D numerical code OFI-adk (G. Maynard, LPGP, Orsay) solves the tunnel rate equations
eq. (2.30).

The fig. 2.3 shows the evolution of the ionization degree of krypton under an intense field.
The large range of intensities where the Kr%t is present is illustrated in fig. 2.3 (b). The ion
exists between 2x 1016W.cm =2 and 2 x 101" W.ecm ™2, i.e. remarkably over one order of magnitude
in intensity. This is explained by the ion stability because its n=3 electron shell is complete.
The distribution of field intensity in the interaction medium will be non-homogeneous due to
propagation. Hence, the ion stability promises to efficiently fill the interaction medium with
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Figure 2.3: (a) Evolution of the average ionization degree within the field. The pulse duration and
intensity are respectively 35 fs and 6 x 107W/em?2. (b) Average ionization degree as a function of the
instantaneous pulse intensity.

Kr¥t lasing ions.
The fig. 2.4 reports the successive creation and depletion of ion species through tunnel ion-
ization and overionizaton of a krypton gas subjected to an ultrashort IR pulse of intensity
6 x 101" W.cm™2.

Relative ions’ populations

10"
Intensity (W/cm?)

Figure 2.4: Evolution of krypton ionization states within the ultrashort intense field. The pulse duration
and intensity are respectively 35 fs and 6 x 101" W.cm™2.
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2.1.3 Energy distribution of electrons and ions

As previously reported, the Ne-like, Ni-like and Pd-like ions prove very convenient species for
the collisional pumping scheme to be efficiently implemented. They turn very stable over a
wide range of electron densities and temperatures. A description of the laser transition level of
Ni-like krypton is presented in fig. 2.5. Collisional excitation populates all the excited atomic
levels from the ion ground state. For an appropriate determination of the involved collisional
and radiative processes, as well as considering the lasing action is taking place over fairly long
timescales (a few picoseconds), radiative decays from higher levels also pumped by collisional
excitations should also be taken into account.

The K78 has 28 electrons distributing over the first three shells n = 1, 2 and 3. Following colli-
sions with hot free electrons, bound electrons lying in the fundamental level of the ion (1573d'°)
are excited towards upper levels. There is no resonant transition between level 15y3d%4d' and
the fundamental level, whereas the radiative decay from level 1P;3d%4p' to the fundamental
level is very fast (the radiative lifetime is about 10.5 ps). An population inversion can therefore
be conveniently created between levels 1593d°4d" and 1P;3d”4p', which corresponds to a laser
emission at 32.8 nm. The schemes are similar for xenon and argon.

Ground state of Co-like Kr (1s2 252 3p® 3s2 3p 3d?)

De-excitations 1 l l r

3d° 5f
—F P
— 3D, 3d° 4f
—— P
3d? 4d — D,
Upper level S,
\3P1
3d? 4p
D, - Laser
1 Transiti
Lower level 1P, @ 32.8
3P, ..
Collisional
Fast excitation
radiative
transition

Ground state of Ni-like Kr (1s2 2s2 3pf 3s2 3p® 3d'9)

Figure 2.5: Schematic description of the laser transition levels associated with the K73t ion. Red arrows
stand for collisional excitation populating processes resulting from electron-ion collisions. The purple
arrow denotes the 3d%4d j—g — 3d°4pj—; laser transition and the blue one shows the fast radiative decay
from the laser transition lower level. Electron energy required for pumping the upper level is 145 eV. of
the collisional excitation scheme in case of Kr IX (Ni-like).

The fig. 2.5 shows that electron temperature plays an important role for pumping the laser
transition. To implement a population inversion, electrons contributing to pumping the laser
transition should have energies at least equal to the energy difference between the transition
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2.1. Laser-plasma interaction using an ultrashort pulse

upper level and the fundamental level. As far as Kr®t is concerned, hot electrons of 145 eV
minimal energy should be generated.

Heating processes. As previously reported, the generation of hot electrons is pivotal to the
efficient collisional pumping of lasing ions transitions. In the following, the most important
plasma heating processes are discussed.

e Above-threshold ionization (ATI):

In ATI process, the electron absorbs more photons than required to be freed from the atom
or the ion. This leaves the free electron with significant momentum. The polarization of
the field of the pumping beam has a decisive impact on the temperature of the electrons
generated through optical field ionization.

To optimize collisional pumping in an OFI plasma, the driving pulse should be circularly
polarized to produce hot electrons able to excite the lasing ions and yield a population
inversion between the desired levels.

The equation eq. (2.8) gives the kinetic energy of electrons considering a field with a
polarization defined by the parameter ¢. In the considered model, electrons are assumed
to to be stripped independently and only subjected to the laser electric field. The ion
field is overlooked. Moreover, secondary collisions of electrons with their parent ions are
neglected.

When ¢ = 1/2 (circular polarization), the kinetic energy is equal to:

2
; (& E()
EGN = —— 2.31
ATI 4mew2 ( )

Regarding linear polarization (¢ = 0), the gained kinetic energy is:

plin — ©Fo 2(wt) (2.32)
= ——sin“(w .
When subjected to a linearly polarized field, the kinetic energy gained by a free electron
is maximized when the the field E(t) is minimized (eq. (2.32) and eq. (2.7)). However,
the tunnel ionization rate is maximized when the field strength is maximized (eq. (2.21)).
This explains why heating of electrons is less efficient with linear polarization. By contrast,
with a circularly polarized field, the kinetic energy gained by a free electron is constant
over an optical period. The velocity of accelerated electrons will be therefore far higher
and thus the heating.

The ATI heating process scales as A2, hence long wavelengths (generally 800 nm Ti-
:Sapphire lasers) are desirable for collisional pumping schemes. Such optical field ionization
with circular polarization generates a plasma of cold ions and produces hot free electrons
with the required energy to efficiently excite of bound electrons.

e Inverse-bremsstrahlung:

Inverse-bremsstrahlung heating [Pert, 1995] is also known as collisional heating. When
colliding with an ion, an oscillating electron can absorb a photon. This absorbed energy
is converted into heating. In an equivalent way, an electron undergoing an elastic collision
with an ion will have its motion direction altered. Then, a portion of quiver energy will be
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transferred into thermal energy. Electrons hence absorb energy from the electromagnetic
field to conserve angular momentum in the presence of ions. This is the reverse process
of bremsstrahlung emission of radiation, where electrons get slowed and deflected in the
presence of the ion field and then emit photouns.

The rate of energy absorption by electrons from an electromagnetic field can be determined
from the ”impact approximation”. This approximation is discussed by Pert [Pert, 1995]
and is valid for long wavelengths, where the scattering time is short compared to the period
of the electromagnetic wave. Considering classical collisions, the momentum transfer is:

Ze? ) 21 ( % )
orp=2r|— | =n({l4+-————"-—— 2.33
( me ) vi (Ze2wo/me)? (2.33)
Because the timescale on which collisions occur is shorter compared to the period of the
electromagnetic wave and as the field contains a number of periods, the cross section should
be integrated to take account of multiple collisions and the laser pulse duration. Doing so

yields the absorption rate [Pert, 1995]:

pH;:4n%ni<Z¥)21HMA)<;MK&M—F;7+Jn@)—1> (2.34)

Mme ) g

where v ~ 0.577 is he Euler-Mascheroni constant, v, the electron velocity after collision,

el

meWwo

(2.35)

Vg =

x the ratio of quiver energy to thermal:

2

mevU
r=—21 (2.36)
2kpT,

and

3

_ 8(kpTe)” (2.37)
Z2etwim

The heating induced by inverse-bremsstrahlung effect depends on the density of ions and
the laser pulse duration. The absorption rate is calculated from the momentum transfer
cross section. It was shown that inverse-bremsstrahlung heating has a negligible contribu-
tion when compared to ATI heating [Sebban et al., 2003]. The collisional processes, along
with the intensity and polarization of the field determine the profiles of the electron energy
distributions. These distributions are calculated using Fokker-Planck equations following
the method introduced by Pert in 1999 [Pert, 1999]. Then, their relaxation over time will
be considered in the following section about plasma kinetics.

Relativistic effects:

The previously described OFI and ATI processes do not take into account relativistic
effects, which occur in the presence of an ultra intense field in the intensity range of
10'8W/em?. This contribution has been described [Smirnov and Krainov, 1998] in case
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of linearly polarized fields and tunnelling of relativistic electrons was found to be negli-
gible. However, this is no more the case considering a circularly polarized field [Krainov,
1999], but the contribution remains small. Compared to classical calculations, the peak of
electron energy distribution is found to be shifted by the following factor:

e2\2]
=1 2,
Jret + 8rm2ciey (2.38)

where I is the laser intensity. Considering pumping with 800 nm Ti-Sapphire lasers,
the resulting electron energy distribution gets shifted by a few eV compared to classical
predictions.

Electron energy distribution. The energy distribution of electrons is mainly due to the
kinetic energy that the circularly-polarized field confers to electrons freed essentially through
tunnel ionization. The fig. 2.6. These results are given by the OFIKinRad plasma kinetic code
(see Appendix A). The integral of the energy distribution of electrons has been normalized
to 1. For the linearly polarized case (blue curve), the electron population follows a Maxwell
distribution in energy. In the circularly polarized case (red curve), the energy distribution
has a complex shape and is shifted towards higher electron temperatures. The different peaks
correspond to various charge states of krypton. Reminding that the minimal temperature of
electrons to pump the K%t transition at 32.8 nm is 145eV, we see the linearly polarized field
produces only a few electrons having the required energy. Only 8% of produced electrons will be
able to pump the laser transition. By contrast, the circularly polarized field allows the generation
of hotter electrons. The figure reports 70 % of produced electrons with an energy higher than
145 eV.
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Figure 2.6: Electron energy distribution in case of a linear (blue) and circular (red) fields for a gas cell
with 30 mbar of krypton (ng; = 7.4 x 10'7em=3). The pump beam intensity is 6 x 1017W/cm?2.
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Energy distribution of ions. Similarly to electron heating, the electromagnetic field confers
ions kinetic energy. The initial distribution of velocities of atoms in the gas is a maxwellian
function depending of the gas temperature. In a simplified model, the motion of ions and
electrons under an electric field E is:

dv; Ze dv e
t)y = —KE(t d —(t)=——EKE(t 2.
(0= 2CB() and G0 = —B() (2:39)
Thus, the speed of ions can be expressed from the electron velocity:
v =z, (2.40)
m;

As me/m; is very small (7x 107 in case of krypton), the ions will virtually acquire no velocity.
The ion energy distribution keeps a Maxwell distribution profile after optical field ionization,
while being shifted towards higher energies. Typically, in OFI plasmas, ion temperature is a
few eV for gas densities in the range of 10®¥cm=3. A study showed [Maynard et al., 2007] that
OFlI-induced heating of ions is limited to only 9 meV.

2.2 Plasma kinetics

This section presents the temporal evolution of electrons and ions temperature, as well as the
plasma amplifier gain after optical field ionization. Because OFI occurs on very short timescales
(tens of femtoseconds) compared to the plasma kinetics characteristic time (picosecond range),
one can treat the state of the plasma resulting from OFI (previous section) and its evolution
separately.

2.2.1 Atomic processes

The electron and ion kinetics is determined by a number of atomic processes. In OFI plasmas,
the electron temperature is high whereas ions are cold. Collisions between ions and electrons will
therefore lead to energy transfer between those two species and therefore modify their respective
temperatures. Besides, plasma hydrodynamics after ionization is characterized by an ambipolar
diffusion of species. Thus, a hydrodynamic transfer of heat from the plasma hottest zones to the
coolest ones occurs. Moreover, the ponderomotive force resulting from laser-plasma interaction
leads to charge separation and oscillation of particles within the field. This also affects the
plasma temperature.

Electron-ion thermalization. The interactions between ions and electrons lead to an energy
exchange, such that both species tend towards thermal equilibrium. The state of OFI plasmas
are essentially determined by Coulomb interactions between charged particles. The Debye sphere
characterizes the volume of influence of a particle Coulomb potential. Its radius is determined

by the Debye length:
kpT,
Ap =L when T.>>T, (2.41)
Ne€

When considering hot electron temperatures, the Debye length is big and the number of
particles in the Debye sphere, which can interact with each other, is high.

A collision cross section can be introduced to apprehend the electron-ion collision rate.
Because the mean distance between particles is very low compared to the Debye length, one
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can consider a uniform Coulomb potential applying to all particles. In these conditions, the
electron-ion collision cross section can be derived from the Rutherford formula, considering an
electron with solid angle {2 and a speed v, colliding with an immobile ion of ”infinite” mass.

dow 1 [ Ze2 \?
daé =1 <m€v2> Sin'(0/2) with dS) = 2wsinfdl (2.42)
The total cross section then reads:
doe; w( Z2\2 [T sind
i = L) =~ — —_df 2.43
7 / ds) 2 <mevg> /0 sint(6/2) (243)

An average collision frequency 7g; can be derived from the equation eq. (2.43). It corresponds
to the number of collisions between two particles per second.

VUi = Ny < Oeijle > (2.44)

n; is the ion density. Averaging over the electron speed is necessary to take into account the
distribution of speeds. A calculation [Delacroix, 1994] of this quantity yields:

_ V2 et NeZ
 16mel /me (kpT.)3/?

with A, the Coulomb logarithm. It is a parameter defined as the ratio between the Debye
length and the minimal distance between the two particles:

InA (2.45)

Vei

32 (kpT.)3/?
0 Z+/Te

Considering electrons and ions have Maxwell energy distributions, electrons and ions ther-
malize themselves with their respective temperatures T, and T;:

A = 8me (2.46)

ar;  dI. T, -T.

= — = 2.47
dt dt Tei ( )
where 7¢; is the electron-ion equilibration time, defined as [Spitzer, 1962]:
3memik/B32 (T,  T.\*?
Ty = oy e (2.48)
8v2mn; Z%etn(A) \m;  me

Therefore, combining equations eq. (2.47) and eq. (2.47) in the case where T; << T, yields:

dl; 8 neet  me T;
— = - 21in(A)—m——m——(1—- — 2.4
dt 3 4 n( )\/mekBTe m; ( Te> ( 9)

Spitzer defined a self-collision time [Spitzer, 1962], which gives an assessment of the time
taken to remove any anisotropy from the group of electrons and therefore achieve equilibration.
At equilibrium, the energy distribution takes a Maxwell distribution shape.

_ (3m!PkpT)%/?
e = 5.712mne* Z4n(A)

We can notice that 7.; > 7., which means electrons reach equilibrium more rapidly than
ions.

(2.50)
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

Plasma hydrodynamics. Apart from electron-ion collisions and their resulting exchange
of energy, the hydrodynamics of the laser produced plasma plays a role in the evolution of
the temperature of plasma species. Because of the large difference of mass between ions and
electrons, electrons are diffusing far quicker than ions. The electron and ion species diffuse at
velocities corresponding to their respective temperatures. In OFI plasmas, ions are relatively
cold whereas electrons are hot. In those conditions, electrons leave the interaction volume
rapidly at a average speed of v, = \/kpT./me. They leave behind them a zone with a positive
charge density. Because of the charge separation, an electric field is induced, which slows down
electrons and tends to accelerate ions. Therefore, an equilibrium is reached where electrons and
ions diffuse at a speed far smaller than the initial electron speed but significantly greater than
the ion velocity. This speed is known as the ambipolar diffusion speed wvgq:

kBTe
m;

Vad = (2.51)

This speed is valid for the initial times of the plasma expansion, when the density gradi-
ents are steep. Over longer timescales, the plasma expansion speed is governed by the plasma
hydrodynamics. When considering laser-induced plasmas, the plasma hydrodynamics are due
to the ions and electrons pressures. The equations of state in the case of ideal gases including
ionization are:

P.=ne(ye — 1)&
(2.52)
Py =ni(vi — 1)&

where &, and &; are electrons and ions energies respectively, and 7, = v; = 5/2, the ratio of
specific heats. The electron and ion densities are related by n. = Z*n;, where Z* is the mean ion
charge. Assuming Maxwell energy distributions, the temperature of the two species are given
by:

2

T, — 2 £ . 2.
e/t ngge/z ( 53)

Experiments and numerical calculations [Dunne et al., 1994] in case of linearly polarized
light in recombination schemes showed that a significant plasma expansion takes a few hundreds
of picoseconds. Although OFI plasmas produce far hotter electrons, the plasma effects on the
evolution of temperature are not significant, even at high densities. This is due to the fact that
this contribution occurs on far longer timescales compared to the gain lifetime, and hence is not
expected to have a dominating effect on soft X-ray emission.

Influence of ponderomotive force. The interaction of an ultrashort and intense IR pulse
with a plasma induces longitudinal fields. Those excited plasma fields are in the order of a
few GV/cm and are used in electron acceleration schemes. An energy transfer between those
fields and ions can occur. The radiate pressure from the intense IR pulse leads to electrostatic
perturbations in the plasma and generates a ponderomotive force, which contributes to expel
electrons from the optical axis where the laser intensity is high.

In case of an electromagnetic wave defined as: E(t) = FEypcos(wpt), the ponderomotive force per
unit volume reads [Landau and Lifchitz, 1969]:

F,= “p VE? (2.54)
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where wy, = \/4mn2/m. is the plasma frequency.
This force applying to ions and electrons are different and relate through the following

relation [Eliezer, 2002]:
F, F
b~ Ppe (2_ 55)
Me my;
The equation eq. (2.55) shows the ponderomotive force that ions undergo is very weak
compared to that on electrons. As far as electrons are concerned, they get displaced, which
contributes to plasma collective effects affecting their temperature.

2.2.2 Evolution of electrons’ and ions’ temperature

The plasma kinetics is described using the OFIKinRad atomic code (see Appendix A). The
algorithm allows modeling the plasma amplifier in one point in the space notably in terms of
atomic populations and gain with respect to key parameters, such as gas pressure, laser intensity
and field polarization. This code only observes the temporal dependence and does not take into
account the plasma hydrodynamic expansion and its radiative losses.

Evolution of electrons’ temperature

Electron kinetics. The previously discussed sources of heating produce an electron energy
distribution, upon which subsequent atomic physical processes will depend. Electron heating in
OFT plasmas is mainly dominated by ATT and to a lesser extent inverse-bremsstrahlung heating
(at high densities). The electron energy distribution is assumed to be thermal and it can there-
fore be treated with a Maxwell-Boltzmann distribution of characteristic temperature 7,. This
approximation is relevant locally. A 0D approach can therefore be undertaken considering the
different parts of the plasma are in local thermal equilibrium. There are two main approaches in
modeling electron energy distributions. One is a Monte-Carlo method [Pert, 1999] and considers
binary collisions in a statistical sample. The other, called Fokker-Planck method [Pert, 2001], is
based on Boltzmann equations with a collisional term. The first one fails to properly describe
the high energy tail of hot electron distributions and turns out noisy when a large number of
particles is considered. The Fokker-Planck method is computationally much faster and more
accurate.

The Fokker-Planck equation for an electron energy distribution f(€,r,t) reads:

af  of of

e
- e — — (E B
6t+v or me( tvx )8Ve

=S+ Cei + Chee (2.56)

This equation is defined as a function of time t and position r where S, is a source term,
derived from ionization processes, and C,; and C.. the electron-ion and electron-electron col-
lision terms respectively. The rate of collision strongly depends on the initial electron energy
distribution. The knowledge of the temporal dependence of this rate is very important since it
affects the evolution of atomic populations over time. The inelastic electron-ion collisions mod-
ify the average entry of electrons, whereas the electron-electron collisions are elastic and impact
the energy distribution while maintaining the energy level. The collision terms are determined
[Rosenbluth et al., 1957; Pert, 2001] taking into account a diffusion term and a frictional term
slowing down the electrons.

The fig. 2.7 gives the temporal evolution of the average ionization degree obtained from the
OFIKinRad code in case of a 30 mbar krypton gas cell with laser intensity of 5 x 10'"W/cm? in
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

circular polarization. This evolution takes place after OFI and reports the effects of collisional
ionization, which results in an increase of the average ionization degree. The rate of increase
gets lower as time elapses because electron energy decreases and higher charge states are more
difficult to ionize. The curve gives the time window, within which amplification can take place
thanks to the presence of Kr®F ions. Its lifetime is about 9 ps in those conditions.
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Figure 2.7: Temporal evolution of the average ionization degree right after OFI occurring within a few
tens of femtoseconds. Data are shown considering a gas cell with 30 mbar of krypton.

The fig. 2.8 shows the evolution of the electron temperature. It decreases monolithically
mainly because collisions are responsible for energy transfers with cooler ions.
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Figure 2.8: Temporal evolution of the electron temperature following OFT in case of a gas cell with 30
mbar of krypton.
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2.2. Plasma kinetics

The fig. 2.9 reports the temporal evolution of the energy distribution of electrons in case of
a circularly polarized field. The profile tends to a Maxwell distribution as electrons and ions
exchange energy and subsequently thermalize. This distribution profile is reached about 30 ps
right after ionization, which amounts to a far longer timescale compared to the Kr%F lasing ion
lifetime.
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Figure 2.9: Temporal evolution of the normalized electron energy distribution in case of a gas cell with
30 mbar of krypton.

Evolution of ions’ temperature

In this part, the contributions of the previously discussed energy transfer mechanisms to ion
heating are discussed. Those elements have been studied [Maynard et al., 2007] and showed
that, in case of OFI plasmas, ion-ion coupling turns out to have the main impact on the ion
temperature during the soft X-ray emission time window, i.e. a few picoseconds.

Electron-ion collisions. The evolution of ions temperature due to the collision with hot
electrons is given by the Spitzer formula with the relations eq. (2.47) and eq. (2.48). Considering
T, << T, we can write:

dT;
g = Veile

(2.57)
_ —97Z%n, —3lin(A
Vei[s™1] = 3.2 x 10 9% T.[eV]
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where M is the atomic mass number, Z the ion charge and In(A) ~ 10. When considering
a krypton gas cell of 30 mbar, this contribution to the heating of ions amounts to less than 10
meV over the soft X-ray emission timescale.

Plasma hydrodynamics. The plasma hydrodynamic expansion takes place through the am-
bipolar diffusion with a velocity of the order of \/ZT./M. Considering the hottest electrons,
this velocity is only 1073um/ps [Maynard et al., 2007] and can therefore be neglected when
compared to the size of OFI plasmas, i.e. in the order of tens of um.

Wake and ponderomotive effects. The ions sitting in the wake of the IR pulse gain a
kinetic energy equal to [Maynard et al., 2007]:

wake __ 1 Q2
ion — vaosc
This formula is expressed in atomic units [a.u.], where v,s. is the electron quiver velocity.

Numerical simulations [Andreev et al., 2002] were performed for the interaction between an
ultrashort IR pulse in a gas, taking account of the plasma hydrodynamics in a ”cool fluid”
approximation. This contribution is limited to a few meV.
The ions are also subjected to the transverse ponderomotive force. The same simulations showed
this contribution can also be neglected. From the equation eq. (2.54), considering a Gaussian
pulse of duration 7, the kinetic energy gained by ions is:

[a.u.] (2.58)

prond. 1 Z%me (et 9 2 9
ion ™ 357707 <w0a0> mec”  [a.u. (2.59)

where a is the electric field vector potential (related to the pulse intensity) and wq the pulse
radius.

All in all, within the soft X-ray emission timescale of a few picoseconds, electrons and
plasma effects don’t have the time to heat the ions significantly. Moreover, in OFI plasmas,
electrons are 'too hot” compared to ions to be able to somewhat heat them. Indeed, the formula
eq. (2.49) shows, counter-intuitively, that the proclivity of electrons to heat ions is lower when
their temperature is bigger.

Ion-ion coupling. In OFI plasmas, ion heating is actually mainly due to the initial coupling
effects between ions. Because of the high electron temperature, the Debye length is much
larger than the average distance between two ions. In these conditions, a One Component
Plasma (OCP) model [Fortov et al., 2006], in which the electrons are supposed to form a frozen
neutralizing background, can be applied to describe the properties of the plasma ions. The
ion-ion coupling is determined by the coupling parameter I', defined as the ratio between the
average Coulomb potential energy and the ion kinetic energy:

ZZ

= - 2.60
<ry>T; ( )

where 7;; is the mean distance between ions and Z=8 in case of a K78t amplifier. For a
krypton gas cell of 30 mbar, the coupling parameter is about 400, which means the plasma is
highly correlated.

The initial pair correlation between the ions is strongly out of equilibrium, which leads to an
excess of potential energy. Thus, the system should relax by transferring a part of its potential
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2.2. Plasma kinetics

energy to the kinetic one. A rough estimate of the equilibrium temperature can be calculated
within the harmonic oscillator model. It has been shown the ratio I'/T'y, where Iy is the initial
value, tends to the asymptotic number of 2.23 [Maynard et al., 2007]. Hence,
Ze? zZ?
Too=——— =223 = T/=045
< Ty > Tz < Ty >

[a.u.] (2.61)

This calculation is valid for I'y >> 1. Because there is only one ion in the sphere of radius

74, one can write for krypton ion density n; in [em ™3]

4
§7T <ry>n;=1 (2.62)

Therefore, one can derive from the previous relations:

783.688

1.18 x 108
crg>= A8XIT 1 and T & 133088 (2.63)
n1/3 ' < T >
The relations eq. (2.63) lead to:
T ~7.489 x n}/®  [em ™ (2.64)

The fig. 2.10 illustrates the evolution of the final ion temperature due to ion-ion coupling
effects in case of krypton as a function of the neutral density of the krypton plasma. For a 30
mbar krypton gas cell, which corresponds to a neutral atomic density of 7.4 x 10'7cm ™3, the
final ion temperature reaches about 6.7 eV.
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Figure 2.10: Evolution of the final ion temperature due to ion-ion coupling effects with respect to the
neutral krypton gas density.

The ion relaxation timescale is given by the period at which kinetic energy oscillates, i.e.

half the plasma period and keeps at least one order of magnitude below the soft X-ray emission
duration.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

2.3 Population inversion, gain and radiative transfer

2.3.1 Laser effect in the soft X-ray range
Laser operation

Laser effect is based on the amplification of stimulated emission of electromagnetic radiation.
When being excited, electrons bound to atoms take discrete positions in orbitals, which cor-
respond to specific energy levels governed by quantum theory. Considering a simple two-level
system, as illustrated in fig. 2.11, three processes can occur.

(a) (b) (c)
Upper level ! Upper level ! Upper level
hv
A
NW — W gy | W
hv hv hy NN —>
hv

! Lower level ! Lower level ! Lower level

Figure 2.11: (a) Absorption. (b) Spontaneous emission. (c¢) Stimulated emission. The energy discrepancy
between the lower and the upper level is E = hv.

Transitions can only occur between discrete transition levels. When lying in the lower level,
bound electrons can absorb an incident quantum of energy and be promoted to the upper level.
When lying in the upper level, two processes can occur. First, excited bound electrons tend to
naturally de-excite and emit a photon to minimize their energy and come back to equilibrium.
We talk about ”spontaneous emission”. The emission is stochastic under temporal and
spatial considerations. Secondly, being subjected to a quantum of energy corresponding to the
energy difference between the upper and lower levels, the electron de-excites and emits a photon
identical to the incident photon in phase, energy, frequency and polarization. We talk about
”stimulated emission”. Compared to spontaneous emission, the characteristics of stimulated
emission can be apprehended by the notion of light coherence, which leads to intrinsic properties
of laser light.

The amplification process was first described by Einstein in 1917 [Einstein, 1917]. Assuming
that electrons are in thermal equilibrium, the ratio of populations between the upper and lower
levels is given by the Boltzmann equation:

Nu  u hv

N g exp <_kBT> (2.65)
where NV, and N, are respectively, the populations of atoms in the upper and lower levels,

and g, and g;, the associated degeneracy factors. The coefficient kp is the Boltzmann constant,

hv = E, — E; (with h, the Planck’s constant) and T is the temperature at equilibrium.

Taking all three processes described in fig. 2.11, the rate equation governing the population of

the upper level is:

dN,
dt

= BluUI/Nl - Bule/Nu - AulNu (266)
—_—— —_——— ——

absorption  stimulated emission spontaneous emission
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2.3. Population inversion, gain and radiative transfer

In equation eq. (2.66), U, is the spectral energy density in Jm 3.Hz~!. Tt corresponds
to an energy per unit volume within a spectral interval dv. Namely, laser emission occurs at
a defined frequency within a linewidth (see Section section 2.3.1). The total intensity I can
thus be defined integrating the spectral intensity I, (W.m2. Hz~!) over the emission spectral
lineshape:

I = /L,S(V)dy with I, =c¢x U, and /S(V)dy =1 (2.67)

with ¢, the speed of light and S(v), the normalized spectral profile of the emission linewidth.
The term By, U, N; corresponds to the absorption of an incident photon of energy hr by an atom
lying in the lower level. B,;U, N, denotes the stimulation of the decay of an atom in the upper
level down to the lower level by an incident photon. Finally, A,;N, denotes the spontaneous
emission rate, where A,; is the absorption Einstein coefficient, whose expression is given by
[Louisell, 1973]:

_ 8r2e? g

Aul v | du |? (2.68)

" 3e0cBh g

where d,; is the transition dipole moment of the atom. This term is related to the so-called
oscillator strength associated to a particular atomic transition. It can be shown that [Hawkes
and Latimer, 1995]:

9uBu = 9Bl = B (269)
Considering a system in stationary equilibrium, we can write

BluUVNl = BulUuNu + AulNu (270)

Hence, taking into account the relation eq. (2.65), the ratio between spentaneous and stim-
ulated emission is:

A hv
_ 1 2.71
BU, 6xp<k:BT> (2.71)

This relation in a simplified case illustrates the challenge associated with achieving laser
action down to the soft X-ray range. In equation eq. (2.71), spontaneous emission indeed
outpaces stimulated emission when v increases. Hence, implementing a population inversion
gets tricky and conventional laser techniques in the visible and IR ranges cannot be adapted to
far shorter wavelengths.

The population inversion is satisfied when, taking into account the degeneracy factors, the
population of the upper level is bigger compared to the lower level. This translates into an
non-equilibrium state of the atomic level system with initial conditions defined by:
Ny - N

Ju g1

If we consider a uniform gain medium with a cylindrical shape, a radiative transfer equation
in terms of spectral intensity (W.cm™2.Hz~') can be derived from the rate equation eq. (2.66) :

(2.72)

al, =~ 1dI, N, _ Nl) hVI,,S(u)
c 4

Q
e + PR T Buz(V)gu (gu a — + NuAul(V)S(V)hyi (2'73)
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The first term of the right-hand side of equation eq. (2.73) corresponds to the stimulated
emission and absorption. This term contributes to coherent amplification of light. The second
term represents the fraction of spontaneous emission irradiated within a solid angle 2, which
corresponds to emission within a cylindrical medium. Defined in fig. 2.12, this solid angle can
be written:

wd?
Q= — 2.74
4(L — 2)? (274)
L
Q
z”z+dz

Figure 2.12: Schematic of a cylindrical gain medium.

The following relation determines the population inversion between the laser transition
levels:
Nu Nl

AN = — — — (2.75)
Ju g1

A gain coefficient g(v) and emissivity j(v) can then be defined:

g(V) = Nuastim(V) — Nlo'stim(l/) = Ustim(V)AN
(2.76)

Jjv) = Nuhl/Aul(V)S(l/)%
where ogim (V) and ogps(v) are the cross sections, respectively for stimulated emission and
absorption. The stimulated emission cross section is defined by:

hv
Ustim(y) = ?Bulgus(y) (277)
Therefore, equation eq. (2.73) simplifies to:
dl, 1dI, .
—_— -—(2) = I, 2.
ey 4 20 ) = g1+ 500) (2.78)

If we assume the gain and the emissivity are constant over the propagation direction within
the cylindrical gain medium, the equation eq. (2.78) can be easily integrated and the spectral
intensity then reads:

L(2) = L (9% — 1) + Lge% (2.79)
g

where I,0 = I,(z = 0) is given by the initial conditions. In the amplification of spontaneous
emission (ASE) regime, where the plasma amplifies its own noise, only the term % (e9% — 1) holds
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in the right-hand side of the expression eq. (2.79). In case of injection seeding of the amplifier,
an additional term [, adds up and gets amplified over propagation in the plasma.

The expression of intensity buildup in equation eq. (2.79) is only valid for low values of intensities.
In this case, a so-called "low-signal gain” is defined. Considering an inhomogeneous Doppler
broadening of the line shape (where S(vp) = 1/Avpwpn with Avpwmar, the full width at
half-maximum (FWHM)), its value defined at the centre of the emission line width is:

hv

= — Bug AN 2.

90
Assuming a spectral integration over a Gaussian lineshape, the intensity of the lasing line is
given by the Linford formula [Linford et al., 1974]:

) 3/2
1 s Jo (egoL — 1)
I(L) = 24| 7= AVGauss — —F——— 2.81
(L) 2V In2 ve 90 +/goLe9oL ( )

Considering a Lorentzian line shape, the equation takes the form:

. goL 1 3/2
I(L) = @Aymemziou (2.82)

2 90 +/goLegoL

A generalized formula taking into account a position-dependent gain coefficient and the
different values of spontaneous and stimulated linewidths for either Gaussian or Lorentzian line
shapes has also been derived [Tommasini and Fill, 2000] and fits better experimental conditions.

When intensity increases to a certain level, the population of the upper level of the laser
transition depletes because of strong stimulated emission. The population inversion, and thus
the gain, dwindles. The amplification of signal ceases increasing exponentially and reaches the
"saturation” regime, from which intensity linearly increases. This behavior is illustrated in
fig. 2.13.

Intensity (a.u.)

100 1 2 3 4 5

Propagation length (mm)
Figure 2.13: Saturation behavior of the amplified emission in case of ASE. The signal surges exponentially

at the beginning and depletes the population inversion, which reduces the gain and results in saturation
of amplification, from where the signal grows linearly.
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It can be shown that, in a quasi-stationary regime, the population inversion decreases with
intensity in the following way:

ANy

AN = =20
1+Isat

(2.83)

where ANy is the initial population inversion, right after pumping, I = f_oooo I,S(v)dv and
Isqt, the saturation intensity that can be expressed as:

]’Ll/o

Lot = — 0
sat Ustim(V)Tu

(2.84)
where 7, is the recovery time of the population inversion. It only depends on the depletion

rate of the transition upper level.

As a consequence, the profile of the gain will follow the formula:

9o
g=—"7r 2.85
s (2.85)

The saturation length decreases as the gain increases and has the following expression:

1 4rAN
Loyt = —1 _ 2.
! go " <QBulNuTu> ( 86)

Spectral linewidth

As previously reported, both emissivity and gain coefficients depend on the spectral lineshape
of emission. The lineshape S(v) is such that:

/OO S(v)dv =1 (2.87)

The spectral profile of the emission line depends on plasma properties and ongoing broad-
ening mechanisms accompanying emission. Four main sources of line broadening exist [Griem,
1974]:

1. The natural broadening, which defines the minimal linewidth. It is linked to the non-
infinite lifetime of the radiative upper level.

2. The Doppler effect. Heating of ions causes frequency shifts of the central emission fre-
quency in the laboratory frame of reference.

3. Collisions of ions mainly with electrons, which limit the lifetime of the radiative upper
level.

4. Stark broadening. The variations of local electrostatic fields due to neighboring ions leads
to a shift and a split of energy levels.

Those broadening mechanisms can be divided into two categories: homogeneous or inhomo-
geneous broadening. The homogeneous mechanism includes the so-called natural broadening,
given by spontaneous emission rates, and the collisional broadening. The Doppler and Stark
broadening effects are inhomogeneous mechanisms. Some alterations of the profile may be due
to ion turbulence and additional ion-ion interactions [Griem, 1986].
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Their impact on the laser lineshape is discussed in Appendix B. At low atomic densities
corresponding to a krypton pressure of 30 mbar, the total broadening can be assessed to be Av
= 2.4 x 10! Hz (using OFIKinRad code). Spectral gain narrowing leads to a reduction of this
value to about 7.5 x 100 Hz (AX = 2.7 4 0.3 10713 m) [Tissandier et al., 2010a] considering a
5 mm-long K" plasma amplifier. This effect is found to be broadly inversely proportional to
the gain-length product.

The group of Koch proposed in 1994 a description [Koch et al., 1994] of the evolution of
the lineshape with amplification in case of Ne-like selenium emitting at 20.6 and 18.2 nm. The
unidimentional radiative transfer equation was obtained in case of ASE and under stationary
conditions:

dl,(z) _Jo 901, (2) > Sp(u)SL(v,u)
[ } /0 — (2.88)

= 1+ - du
dz Sy (vo) Jo ﬁf[(v,z)SL(v,u)dv

where jo and gg are respectively the values of emissivity and gain in the centre of the the
lineshape in a small signal regime.
A narrowing of the lineshape is reported in the first propagation lengths, because of strong
amplification. However, contrary to experimental observations, no traces of line re-broadening
due to saturation effects is found. Moreover, the homogeneous model does not take into account
the variations of ions velocities because of collisions. Ions are supposed to have a constant
velocity over the characteristic timescale of the radiative process. A more thorough model of
radiative transfer is discussed in section 2.5.
A recent work [Calisti et al., 2013] presented a detailed analysis of the various broadening
processes affecting the intrinsic profile of the Ni-like Ag soft X-ray laser line over an extended
range of plasma parameters, such as the electron density, electron and ion temperatures. The
impact of ionic correlations on the emission lineshape is investigated in case of transient and
QSS pumping schemes.

As a consequence from a spectral perspective, the operation of high-density plasma amplifiers
promises a reduction of the Fourier-limited pulse duration, as an enhancement of the rate of
collisions will broaden the laser emission lineshape.

2.3.2 Gain dynamics

As previously reported, the gain coefficient is directly proportional to the population inversion
following the collisional excitation of Kr®t ions. The fig. 2.14 illustrates the temporal evolution
of the gain in case of krypton gas cell with a pressure of 30 mbar (ng, = 7.4 x 107cm=3) and
a pump intensity I = 5 x 1017W/ cm?. The gain profile features an asymmetric behavior with
a sharp increase during the first moments up to a maximum value and a rather long end tail.
Because of electron-ion collisions, the 4d-4p transition of K78 is excited and the populations
soars right after OFL. The gain reaches a maximum value of about 170 ¢m™! at 2.3 ps, when
the populations of the upper and lower levels are in quasi-equilibrium. The subsequent drop is
primarily explained by the depletion of K7%% lasing ion species, as reported in fig. 2.7. The gain
duration is therefore limited by the lasing ions lifetime. The K78 exhausts less than 10 ps right
after its creation. It should also be pointed that the heat transfer to cooler regions of the plasma
also leads to a reduction of the collisional excitation rate that pumps the laser transition.

As aforementioned, the electron-ion thermalization is effective on the timescale of a few
picoseconds, which is longer than the gain lifetime during which lasing occurs. Thus, this
electron cooling process is not affecting the gain dynamics too much. Over-ionization of the
K18 lasing ion species is mainly responsible for the gain duration.
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Figure 2.14: (a) Dynamics of the population inversion of the 3d%4dj_q — 3d%4p;—; laser transition. (b)
Temporal evolution of the gain (magenta) and emissivity (green) in case of a krypton gas cell of 30 mbar.

The fig. 2.14 shows the temporal evolution of emissivity in the low signal regime. Emissivity
is proportional to population inversion and its behavior is very similar to the gain dynamics.
The fast rise of the collisional excitation rate leads to a strong pumping of the emitting ions.

Towards ultrashort pulse duration

The duration of the pulses emitted from a plasma amplifier is shorter than the gain lifetime and
its fundamental limitation is governed by the Fourier transform of the pulse spectral line width.
Collisionally-pumped plasma-based lasers are generally characterized by an intrinsic very narrow
line width of the atomic laser transition (in the order of Av/v ~ 107 ), which therefore limits
their abilities to deliver ultrashort emission. Recent works demonstrated durations of emitted
soft X-ray pulses between 1 and 2 picoseconds [Sebban et al., 2004; Wang et al., 2008].

To overcome this constraint, recent numerical calculations [Oliva et al., 2012] proposed a
transposition of chirped pulse amplification technique to the soft X-ray range. By stretching
a femtosecond HH seed to duration close to the gain lifetime, this would allow continuously
and coherently extracting the energy stored in the plasma. After compressing the amplified
seed, this scheme theoretically inferred SXRL pulses as short as 200 fs but has not been exper-
imentally demonstrated so far. Other research directions have been considered to bring SXRL
in the ultrafast domain, mainly based on straightforward approach capitalizing on intrinsically
femtosecond population inversion schemes. The so-called recombination scheme in plasmas is an
attractive candidate [Korobkin et al., 1996] (see section 1.2.1), nevertheless it requires drastic
plasma conditions, which have not been implemented to date. More recently, the inner-shell ion-
ization scheme has demonstrated an ultrafast capability in the keV range, however this scheme
requires a very intense hard X-ray pump to work efficiently [Rohringer et al., 2012; Kapteyn,
1992] (see section 1.2.1).

An alternative approach is based on the Collisional Ionization Gating (CIG) of the
gain media [Depresseux et al., 2015b]. This method allows reducing the time window in which
the lasing action takes place by quenching the lifetime of the lasing ions and therefore the gain
duration. In the collisionally-pumped OFI scheme, the amplifier lifetime strongly depends on the
depletion rate of the lasing ion population [Lin et al., 2009] due to collisional ionization during
the lasing process. As a consequence, a reduction in the emission duration can be expected
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2.3. Population inversion, gain and radiative transfer

by favoring the electron-ion collision rate in order to over-ionize the medium and interrupt the
lasing effect. The electron density of the plasma amplifier exactly allows tuning the collisional
ionization rate.

Gain quenching. The temporal dependence of the amplifier gain coefficient is displayed in
fig. 2.15, which illustrates the continuous trend of gain lifetime reduction as the electron density
is increased for a set of five electron densities ranging from 3 x 10¥c¢m =3 to 4 x 102%em™=3. The
increase in electron density results in a steeper rise, an increased value and a shorter lifetime of
the gain coefficient. The data are computed using the OFIKinRad code (see Appendix A).
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Figure 2.15: Temporal profiles of the gain coefficient for a Kr8t plasma amplifier in case of electron
densities ne = 3 x 1018%em ™3, ne = 7.9 x 108¥em ™3, n. = 3.2 x 10em ™3, n. = 1.2 x 102%m =2 and
ne =4 x 1029¢m =3

To explain this behavior, the fig. 2.16 shows the correlation between the collisional ionization
rate and gain lifetime for a set of three electron densities: n, = 6 x 10®¥cm =3 (green), n, =
1.2 x 102%m =3 (blue) and n, = 4 x 102%cm =3 (red). The solid curve displays the gain temporal
profile whereas the dashed line illustrates the evolution over time of the average ionization
degree in the plasma amplifier. For the latter curve, we can distinguish two regimes. The first
regime is delimitated by the grey-tinted area and corresponds to the tunnel ionization that takes
place over a few tens of femtoseconds within the ultra intense IR laser field. Experimentally,
the pump beam duration is 30 fs FWHM for an on-target intensity of 3 x 10 /em ™3, which
allows generating a significant portion of K78t ions. The second regime occurs right after the
passage of the IR pulse and is characterized by the long-duration collisional ionization of the
medium. Although electron collisions with the K78t ion contribute to build up a population
inversion of the laser transition, they also lead to the over-ionization of this ion. The average
ionization degree increases more and more over time because the collision of electrons with ions
generates even more electrons that then collide with ions.

The yellow-tinted zone illustrates the lifetime of Kr8t lasing ions. The range of average
ionization values from 8 to 9 (materialized by the yellow-tinted area) defines a time window, in
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Figure 2.16: Temporal dependence of the K78t plasma amplifier gain coefficient (solid line) and the

average ionization degree (dashed line) in case of n, = 6 x 108em =3, ne = 1.2 x 10%%m =2 and n. =

4 x10%¢m—3

which a population inversion responsible for laser emission of soft X-rays takes place. When the
dashed line exceeds an average ionization degree of 9, the population of Kr%F ions is completely
exhausted and at this time, the plasma amplifier gain completely plummets. We can notice that,
for instance with n. = 1.2 x 102°em ™3, even when the ionization degree surpasses 9, the gain
remains non-zero for about 200 fs. This is explained by the fact that the displayed data only
report the over-ionization of the K78+t ion. In fact, collisional ionization of lower charge species
(Kr™) generates a portion of K8t whose laser transition can be pumped. For a high electron
density of n, = 1.2 x 102°¢m ™3, this time window is about 550 fs.

When increasing the plasma density, the depletion of the lasing ion population becomes fast
enough to provoke an anticipated interruption of amplification in less than a few hundred fem-
toseconds, consequently shortening the duration of the soft XRL pulse. As shown in numerical
calculations from fig. 2.16, increasing the electron density from 6 x 108¢m =3 up to 4 x 102°em =3,
the CIG process becomes sufficiently fast to exhaust the gain within a time window from about
10 ps to slightly more than 100 fs.

Temporal evolution of atomic populations. As described in section 2.1.3, the pumping
efficiency of the laser transition notably depends on the electron temperature of the plasma.
Indeed, hot free electrons are required to achieve a large population inversion.

Considering given laser conditions, the increase in electron density enhances the pumping ef-
ficiency for two reasons. First, the electron temperature increases because of more electron-
electron collisions. The fig. 2.17a illustrates the evolution of the electron temperature as a
function of time following the optical field ionization (OFI) of the plasma. Data were calculated
using 0D OFIKinRad atomic code (see Appendix A) and are shown for a set of electron densi-
ties corresponding to a plasma filled with K78 (i.e. 8 times ionized from the neutral density):
ne =3 x 108em™3, ne = 7.9 x 108¥em ™3, n, = 3.2 x 10%em =3, n. = 1.2 x 102%em 3. Second,
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2.3. Population inversion, gain and radiative transfer

the rate of electron-ion collisions also increases, which leads to a larger population inversion.

As a result, over-ionization of the gain medium is more effective at higher electron densities.
The faster collisional rate exhausts the population of K%t ions, which become promoted to
a higher charge. The fig. 2.17b shows the temporal evolution of the population of the Kr8t
fundamental level for the various electron densities. This population is mainly affected by the
laser ionization and the collisional excitation. This figure illustrates a dramatic reduction of
the lifetime of K78 ions as the electron densities rises. This lifetime shrinks from over 7 ps at
ne = 3 x 1018em ™3 to about 300 fs at n. = 1.2 x 1020¢m 3.
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Figure 2.17: (a) Electron temperature T, (eV). (b) Lifetime of the fundamental level population of the
Kr®t jon.

The fig. 2.18 shows the evolution of the population of the upper and lower levels of the laser
transition. Those populations correspond to the fraction of the fundamental level population of
the lasing ion. The populations of the upper and lower levels first increase because of collisional
excitation through electron-ion collisions and then decay. The subsequent decrease is due to a
diminishing population of the fundamental level (cf. fig. 2.17), which turns unable to compensate
collisional ionization depleting these levels. The relative difference of those populations defines
the so-called population inversion. Because the small-signal gain coefficient is proportional to
the population inversion (see eq. eq. (2.76)), the temporal behavior of those populations is
similar to the evolution of the gain depicted in fig. 2.15.
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Figure 2.18: Evolution of the population fraction of the upper (bold solid line) and lower (thin solid line)
levels of the 3d%4dj—o — 3d%4ps—; laser transition for various electron densities.

2.3.3 Saturation intensity

Furthermore, aside from a dramatic reduction of the amplifier gain duration, increasing the
density leads to a significant boost of the lasing yield mainly caused by the enhancement of the
saturation intensity, thus pushing previous limitations in terms of peak brightness of compact
SXRL sources. Actually, increasing the electron density rises the number of emitters. The
fig. 2.19 shows the monotonous increase of the saturation intensity and the maximum value of
the plasma amplifier gain as the electron density rises.

It should be noticed that the displayed small-signal gain coefficient does not vary significantly
with respect to the electron density. Indeed, this coefficient is the product of the population
inversion and the cross section. The cross section is affected by the SXRL lineshape, which
at high densities is dominated by homogeneous broadening due to collisional excitation and
ionization, which alters the lifetime of the level, thus decreasing the cross section. This decrease
in the cross section is approximately inversely proportional to the electron density. The parallel
increase in the population inversion tends to cancel the decrease from the cross section and
thus yields a small signal gain coefficient that is approximately flat versus density. But the
OFIKinRad atomic code takes into account collisional broadening effects, which translates into
the fact that the reported gain coeflicient is not proportional to the electron density. According
to fig. 2.16, the maximum gain coefficient rises by a factor of 2 when the electron density is
increased by 67. Despite the offsetting effects, a small increase of the gain coefficient is reported
and it stems from the fact that the upper level of the laser transition is being populated by the
contributions from other excited atomic levels in addition to the direct pumping process.

As a conclusion, the main effects associated with the increase of the electrons density are
the hike in saturation intensity and the shortening of the gain duration. Considering n., =
6 x 10¥cm =3 (green) and ne = 4 x 102°cm =3 (red) in fig. 2.16, the gain duration is reduced by
a factor of about 120 and the saturation intensity soars by 2000, whereas the maximum gain
coefficients only slightly increases. Furthermore, it should be noticed that the experimental data
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Figure 2.19: Evolution of the saturation intensity (red) and the maximum gain coefficient (blue) for a
Kr®t plasma amplifier as the electron density is increased.

correspond to a strongly saturated regime, where broadening effects do not play any significant
role. The main contribution comes from the population rates, which are directly proportional
to the electron density. This explains why the amplification factor remains high, while the
small-signal gain coefficient only slightly increases and the gain duration significantly shortens.

The previously described data illustrate that driving high density plasmas opens a promis-
ing path towards the development of ultrafast and energetic plasma-based soft X-ray lasers
[Depresseux et al., 2015b].

2.4 Propagation of an ultrashort infrared pulse in plasmas

The implementation of a long plasma amplifier requires to strongly ionize the medium over its
whole length in order to generate an elongated medium filled with lasing ions. If this condition
is not fulfilled, the resulting soft X-ray emission can be subsequently absorbed by poorly ionized
regions of the plasma. This section presents an overview of the propagation of an ultrashort
laser pulse in a plasma, along with the associated defocusing effects limiting the effective length
over which a lasing medium can be generated.

2.4.1 Propagation equation

We consider here a medium displaying dielectric properties, which is the case of a plasma. The
microscopic expression of the Maxwell equations yields:

VE=2 (2.89)
€0
VB =0 (2.90)
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0B
E=—— 291
V x o (2.91)
1 OE

where E and B are respectively the electric and magnetic fields, p the volume charge density,
€9 the vacuum permitivity and pg the vacuum magnetic permeability. We can notice that
pococ® = 1. Taking the curl vector operator of the expression eq. (2.91) and placing its result
in equation eq. (2.92), we get:

2
- ;%g _V(V.E) - Mo%: — 0 (2.93)
The gradient of the divergence operator applied to the electric field V(V.E) in relation
eq. (2.93) is equal to zero in vacuum. We will consider in the following a transverse wave, whose
electric and magnetic components lie in a plane orthogonal to the propagation direction z. We
will also put aside the temporal dependence of the pulse and focus on the evolution of the field
amplitude as the beam propagates. In those conditions, we can write:

AE

E(r,t) = A(r)e** e, (2.94)

where A is the amplitude of the transverse field and e, a unit vector defining the polarization
direction of the wave. This vector belongs to the plane (x y) orthogonal to the propagation
direction z.

Propagation in vacuum. In vacuum, where there is no charges, the equation eq. (2.93) then
takes the following shape:

(A+KHE =0 (2.95)

with k the wave vector such as k = w/c = 2w/\. Because the variations of the envelope
of A are due to the propagation, these are slow compared to those in the transverse direction
and compared to the field oscillations (described by the term ). The equation eq. (2.95) can
therefore be simplified thanks to the so-called ”paraxial approximation”:

%A 0A 0A
Therefore, the propagation equation reads:
0A
AJA+2ik— = 2.
1A+ 2 55 0 (2.97)

where the operator A| = <aa—;2 + g—;) refers to the transverse Laplace operator.

In the case of a Gaussian beam, the spherical wave defined by the following equation is a solution
to the paraxial equation eq. (2.97):

Wo

?“2 ; 7"2 . .
A(r,2) = Ag— e G e Fare oikzil(2) (2.98)

w(z
We can then define wg, the beam waist, which represents the smallest size of the beam and

2
Zr = Lf\)o, the Rayleigh length. The latter distance corresponds to twice distance from the
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beam focus (where the spot radius equals the waist) to the region where the beam size increases
by a factor of v/2. The expression eq. (2.98) can be decomposed into 5 contributions:

° AO% is the on-axis field amplitude with w(z) the beam radius depending on the propa-
gation coordinate z through the formula:

[ 2
w(z) =woy |1+ 2—2 (2.99)
ZR
2

e »2(=) defines the transverse profile of the field amplitude.

L2
o ¢ Fame corresponds to the phase in the wave plane, where the radius of curvature R(z)

varies according to the relation:

Zi
e ¢ % ig a term describing the variation of the wave phase due to propagation.

¢¢() ig an additional phase term varying by a factor of 7 when z varies from - oo to + co.
¢ is the Gouy phase, expressed thanks to the formula:

((2) = arctan (ZZ) (2.101)

R
This terms describe the w-phase difference the wave takes when crossing the focus region.

From the above-mentioned relations, the angular aperture of the beam can be derived.

6 = lim (“’(2)> = % (2.102)

wWo

Z—00 z

Figure 2.20: Illustration of the evolution of the Gaussian beam size in the focal spot region.
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Propagation in a plasma. In the case of a charged medium, the current density induced
by the electrons stripped from atoms is non-zero. Atoms get further ionized as the laser pulse
propagates in the plasma. The resulting ionization map of the medium depends on the intensity
distribution profile of the beam, which is affected by its propagation in the plasma.

Considering v; and v, as the ions’ and electrons’ velocities, the current density J can be written:

J = —nce(ve — Vi) = —neeve (2.103)

where e et n. are respectively the electron charge and the number of electrons per unit
volume. Here, because of the huge mass difference between the ions and the electrons, we
neglect the oscillations of ions in the electromagnetic field of the laser. Thus, only the electrons
contribute to the current density in the Maxwell equation eq. (2.92). The current density induced
by the valence electrons will be also neglected. Thus, taking into account the electrons’ collisions,
the equation governing the movement of the free electrons can be approximated by the following
relation:

0
me% + MeleVe = —cE (2.104)
with m, is the electron mass and ., the electron collision frequency. Besides, the equations
eq. (2.103) and eq. (2.104) yield:

e2n.

J= E (2.105)

Me (Ve — iw)

Considering that the characteristic timescale of collisions is in the order of a few picoseconds,
we can write v, << w and the expression eq. (2.105) can therefore be simplified:

J =iecLE (2.106)
w

e2n,
€0me’

with w), = the plasma frequency.

Under those conditions, the equation eq. (2.93) reads:

AT
AE+# (1~ |E=V(V.E) (2.107)

The coefficient n = /1 — %’z corresponds to the medium refractive index. The right-hand
side is called the medium polarization term. It can be neglected in the case where the refractive
index inhomogeneities lie in a plane orthogonal to the field E. Taking the divergence vector
operator of the equation eq. (2.92), one gets:

E.V(n?)
2
In particular, as long as n # 0, this term vanishes when the inhomogeneity in n. lies in a
plane perpendicular to E. Moreover, it can also be neglected when the fluctuations of 7 are small
compared to its mean value.
We can notice that when the wave frequency becomes lower than wy, the refractive index becomes
purely imaginary and the wave attenuates sharply in the plasma. Hence, a so-called critical
density n. can be defined for which w = wy:

VE= (2.108)
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Mew?

n,. =

“ 4me?

A wave can thus propagate in the plasma only if the the medium electron density is inferior

to the critical density, which is related to its wavelength. In a practical case, one can use the
formula:

(2.109)

A7
ne ~ 1.74 x 102! <T;p”h) em™3 (2.110)

with A7j.sappn = 800 nm. For wavelengths of 800 and 32.8 nm, the critical density values are
respectively n. ~ 1.74 x 10>'em™3 and n, ~ 10**em=3.

2.4.2 Beam refraction

When a beam is focused into a gas, the field strength is far stronger on axis and therefore, a
larger number of electrons are generated on axis. This configuration corresponds to a lower
on-axis refractive index, which turns the plasma to behave as a diverging lens. Therefore, the
propagation results in a defocusing of the beam combined with a collapse of on-axis intensity.
This phenomenon gets stronger as the initial electron density of the plasma gets higher. In case
of OFI plasma amplifiers, this situation leads to a drop of the laser intensity below the required
threshold to create lasing ions, thus terminating the effective amplifier length. This defocusing
effect, illustrated in fig. 2.21 hampering the beam propagation is known as refraction.

Figure 2.21: Illustration of refraction.

As a first geometrical approach, we consider the ray path in a density varying environment.
According to the Fermat principle, the path light takes to get from one point to another corre-
sponds to the quickest one. This principle derives from the variational principle of least action.
The optical path of rays is stationary and is written:

[ = /nds (2.111)

where s is the curvilinear abscissa.
Considering r, a unitary vector of propagation, the ray path is governed by the Eikonal equation:

dii (n(r);iz) = Vn (2.112)
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Considering a paraxial wave with a refractive index gradient transverse to the propagation,
the equation eq. (2.112) turns:

dn(z) 1 dn()
dz? n(x) =

(2.113)

This equation is valid for a simple 2D case where x and z are respectively the transverse
and the propagation coordinates. When n, << n., the refractive index can be approximated as
following;:

e

nal— (2.114)

2n¢

If we assume the laser pulse induces a linear transverse electron density with the shape,

X

ne(z) = neo (1 - ) (2.115)

To

then, considering 1 =~ 1, the equation eq. (2.113) reads:

A’z 1 neo

— == 2.116

dz?  2n.xo ( )
A gradient transverse to the propagation direction of a beam will deviate the rays towards

the zones of lower densities.

If we note x(0) and 6y the initial position and divergence angle of the ray at z=0, the ray

trajectory is:

2(2) = %22 + 0oz + 2(0) (2.117)

Hence, assuming Vn, = nezg, the deviation imparted by refraction over a length L can
therefore be derived as:

Azfem] = 4.55 x 1072 L2 [em] N2 [um] Vne[em ™) (2.118)

Using another approach, the contribution of the beam refraction can be assessed [Rankin
et al., 1991] defining a characteristic length over which the phase of the wave changes by a factor
of /2. This yields:

L= AN

= 2.119
2N, ( )

This characteristic length gives a ”rule of thumb” for evaluating the significance of refraction.
When this length is smaller than the Rayleigh length, refraction overcomes natural diffraction.
Refraction gets therefore significant when:

Ne > ———5Ne (2.120)

W,
In a practical example, considering a waist size of 15 um and for A = 800 nm, the refraction
effects get significant when the electron density reaches 7.9 x 10'7e¢m ™3, which corresponds to

the conditions with a gas cell pressure of 32 mbar.
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Intensity map and distribution of lasing ions’ population

The propagation of an intense IR pulse is hampered by refraction effects that lead to the beam
defocusing and therefore to a reduction of the zone of laser-plasma interaction. The duration of
ultrashort pulses (30 fs) is significantly shorter than characteristic timescales of the plasma (a
few ps for the shortest cases). The effects of plasma collisions have therefore a negligible effect
on the beam propagation and only optical field ionization (OFI) is to be considered. Losses
from OFI can be neglected. The plasma is considered to be isotropic and thus has no effect
on the beam polarization. In the experimental conditions, the main pulse energy is 1.36 J and
is focused down to a 32 um spot thanks to a spherical mirror of focal length 75 ¢m. In those
conditions, the Rayleigh length is 725 pm.

The impact of plasma refraction is brought to the fore thanks to numerical simulations using

WAKE-EP particle-in-cell code [Paradkar et al., 2013]. This is an extended version of the quasi-
static 2D axisymmetric code WAKE [Mora and Antonsen, 1997]. The code performs moving
window simulations describing laser plasma interaction in the short pulse regime as the beam
propagates. However, the code contains several approximations limiting its validity.
The code is suitable for low to moderate values of the electron density and remains valid for
wp < 0.15wg. This allows saving time by averaging some physical quantities over the inverse
of the laser frequency wg, such as the laser intensity and the particle motion. Second, it is
assumed that in the laser frame coordinate, all physical quantities vary slowly with time. The
quasistatic approximation is applied for the motion of electrons, which turns the model not
relevant for the description of large Raman instabilities. Finally, because of the axi-symmetric
considerations, a beam break-up at very high intensities, notably due to filamentation, cannot
be properly modeled. The studied experimental conditions, which modeled in the following, lie
in the frame of validity of this code.

The fig. 2.22 shows the intensity maps of the pump beam for a 5 mm long plasma under
previously described focusing conditions at the entrance of the plasma in case of vacuum (a),
Prr = 10 mbar (b), P, = 30 mbar (c) and Pk, = 50 mbar (d). The field is considered to be
Gaussian. The intensity maps illustrate the defocusing effects from the plasma that add up to
the natural beam diffraction, shown in fig. 2.22a. We clearly see that those effects get stronger
as the plasma density increases from 10 mbar to 50 mbar, corresponding to atomic densities
of 2.5 x 107em™3 and 1.2 x 10'8em ™3 respectively. The waist dimension gets wider and the
maximum intensity on axis drops more sharply as the beam propagates in the 5 mm-long plasma.
The fig. 2.22¢ (Px, = 30 mbar) & fig. 2.22d (Px, = 50 mbar) show an autofocusing effect at
about 2.5 mm and 2 mm respectively. This effect is stronger on-axis for the highest density
but the beam collapse fails to increase the region where the lasing ions are generated within the
field.

69



Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

(@) 150 -
A9
100
50 0.1
0
-50 0.05
-100
150, 0

r(pm)

z(mm)
(b)
0.15
= 0.1
]
e
0.05
0
(c) 150
100 0.15
=0 0.1
E
0 0.05
-100
-150 0
z(mm)
(d) 150
100 0.15
50
’g 0.1
2 o
-50 0.05
-100
<150 0
z(mm)

Figure 2.22: Evolution of the IR pump beam vector potential as it propagates in vacuum (a) and in
plasmas of electron densities corresponding to P, = 10 mbar (b), Pk, = 30 mbar (¢) and Pk, = 50
mbar.

The fig. 2.23 shows the maps of the average ionization degree of the generated plasma in case
of Pr, = 10mbar (a), Px, = 30mbar (b) and Pk, = 50mbar (c). Here, we consider that the
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plasma properties only depend on the laser intensity and its polarization. The lasing ion species
(Kr8%) are depicted in pale green. Those maps report a reduction of the plasma amplifier size
as the electron density is increased. This means a smaller volume of ion species that can be
effectively pumped, which will result in reducing the amplification and may lead to prevent
reaching the saturation regime of the amplifier. Furthermore, as far as soft X-rays (32.8 nm) are
concerned, lower ionized regions of the plasma (of charge lower than 3) lead to the absorption

of emission.
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Figure 2.23: Maps of ion species resulting from OFI of a 5 mm-long krypton plasma in vacuum (a) of
electron densities corresponding to Px, = 10mbar (b), Pk, = 30mbar (c) and Pk, = 50mbar.

As a result, increasing the electron density reduces the volume and length of the generated
lasing ions’ volume, which prevents the implementation of a saturated amplifier at high electron
densities.
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2.5 Modeling the amplification of HH by a plasma amplifier

The radiative transfer equation, describing the amplification of soft X-ray radiation by the
plasma amplifier, has been described in section 2.3.1. This approach gives in reality only an ap-
proximate view of the underlying physical processes responsible for amplification in the plasma
and is based on two main assumptions. The first one is that the kinetics of atomic popula-
tions is faster than the characteristic timescale of the temporal envelope of soft X-ray emission.
This assumption is called the adiabatic approximation. The second one considers the spatial
coherence of emission is weak, which means that the field is, at each point in space, the sum
of numerous non-coherent contributions whose phases have no relationship with each other. As
a consequence, the total intensity can be written as the sum of intensities from all individual
contributions. This approach is valid under amplified spontaneous emission (ASE) operating in
conditions, where the plasma amplifies its ”own noise”. Actually, the stochastic nature of spon-
taneous emission makes ASE weakly coherent. Besides, the temporal envelope of ASE emission
is larger then the gain recovery time.

The merits of injection seeded plasma-based soft X-ray lasers [Zeitoun et al., 2004] have demon-
strated much improved beam features compared to the ASE operating mode, in terms of du-
ration, spatial coherence and wavefront characteristics. Moreover, the perspective of using this
setup to control the polarization of soft X-ray emission appears promising. In this case, the
amplification of a coherent resonant field is considered. Furthermore, while the seeded signal
(high-harmonics) has a duration of a few tens of femtoseconds, the plasma response characteristic
timescale is usually on the order of a few picoseconds. Therefore, none of the previously-stated
approximations are valid and a more adequate description of this configuration is needed.

The Maxwell-Bloch treatment is an appropriate model for this. It is based on a semi-

classical microscopic approach, known as the Lorentz model. This describes the interaction
between the laser field and a bound electron in terms of a classical harmonic oscillator, but
including quantum effects. The treatment of the electromagnetic field is classical and based
on Maxwell equations, whereas the interaction of the field with atoms is described by non-
relativistic quantum mechanics. This semi-classical approach is cogent to our experimental
conditions, considering the field intensities (~ 10° — 10'2W/cm?). Another approximation is
that the model considers only two ”effective” atomic levels. This means that the population
transfers from and to other levels are taken into account through global "losses” and ”gain”
terms.
In this thesis, the numerical description corroborating the experimental results (cf. chapter 5)
has been performed thanks to DeepOne code, which is based a 1D time-dependent model.
For the sake of computational efficiency, the plasma amplifier is considered to be uniform.
The description of the dynamics of the laser transition populations allows computing a time-
dependent gain characterizing the amplification. Mazwell-Bloch equations consist in a set of
three coupled equations depicting the temporal evolution of three important parameters: the
field E with its evolution due to propagation, the polarization of the medium P illustrating the
interaction of the field with atoms and the population inversion between the laser upper and
lower levels, AN, responsible for the rate of stimulated emission.
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2.5. Modeling the amplification of HH by a plasma amplifier

2.5.1 Field equations

Because of the different timescales involved in the amplification process along the plasma ampli-
fier (tens of femtoseconds for HH pulse duration and a few picoseconds for the plasma response),
a full time-dependent model is needed. The equation describing the propagation of the soft X-
ray field in a non-magnetic plasma is derived from Maxwell equations (see section 2.4.1) and are
written eq. (2.121):

1 O’°E 0J
— -5 —V(V.E) = pu— 2.121
2 o2 ( ) Ko ot ( )
There are two contributions to the current density J = —neeve. One is from free electrons.

Here, we consider those are only subjected to the field and we neglect the electron-ions collisions
that slow down free electrons. This would have actually lead to consider a friction force decreas-
ing the current density J. Under this approximation, the current density from free electrons J®
obeys to the relation:
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(2.122)

The other contribution comes from bound electrons (J(®) = %—Ft’). The polarization of the medium
P describes how the bound electrons oscillate in the presence of an electric field:

P = —ner (2.123)
(b)

ne is the electron density of bound electrons and r is a vector locating the position of the
bound electrons with respect to the atom nucleus.
Besides, the displacement of ions also contribute to the current density. However, because of
the great difference of mass between ions and electrons, this contribution can be neglected.

The interaction of the pulse with the medium induces a charge separation through an am-
bipolar diffusion of species. The induced field providing an opposing force to enforce the charge
equilibrium has a low frequency compared to the field. Hence, the high frequency component of
the field verifies V.E = 0. Therefore the propagation equation eq. (2.121) reads:

1 °E  wj >*P

T2 2 Mg

We consider a transverse field propagating along the z-direction. Hence, it can be written

E = A x ¢/@0t=k2) with A the field amplitude, wo the laser frequency and k = wy /c the wave

vector value. The polarization vector has the same direction and frequency as the field. Thus,

in a similar way, P = P x ¢(“0t=%2)  Therefore, the propagation equation eq. (2.124) can be
expanded:

(2.124)
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The Laplacian can be written A = Ap + g—;, where Ar is the transverse Laplacian. Using
the so-called slowly varying envelope approximation,
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

and neglecting the local temporal evolution of the polarization as its times scale is in order
of magnitude of the plasma response (i.e. much longer compared to the variation of the field
amplitude), we get:

WA _wgdA Wl

ArA— 22?5 — 2@0—2a -

For the sake of simplicity, a one-dimensional model is used and the transverse Laplacian can
thus be neglected. Only the spatial derivatives on the z coordinate are retained. This simplifica-
tion allows a significant computational efficiency but the description of refraction and diffraction
effects is not accounted. This aspect is independently studied with WAKE-EP numerical code

(see chapter 3). All in all, we obtain a first-order advection equation for the electric field:

SA= —powi P (2.127)
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The numerical solution can be more easily obtained solving the propagation equation eq. (2.128)
in the reference frame of a photon, introducing a reduced time 7 = t — z/c and the coordinate
change £ = c¢r. As a consequence, the second-order partial derivative equation is reduced to a
first-order ordinary derivative equation, solvable by standard Runge-Kutta methods:

el — (2.129)
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This equation describes the amplification of soft X-ray emission by the polarization density
as the electric field propagates through the plasma. The second term in the right-hand side
of equation eq. (2.129) illustrates the damping by the free-electron current, which does not
participate in the polarization term. Now, a constitutive relation for the polarization is needed
to describe the field interaction with atoms.

2.5.2 Atomic description

Atomic model The description of the interaction between the soft X-ray laser field and
the medium is carried out through a quantum approach. To study incoherent or dissipative
processes, the density operator formalism is relevant for a statistical description. The density
operator p is defined as the dyadic product of the state with itself:

p =Y >< (2.130)

with 1, the wave function describing the state. The polarization density is derived from
Bloch equations [Sureau and Holden, 1995] and its expectation value is:

P =Tr(pd) =< ¢|P|yp > (2.131)

where p is the density operator, Tr() the matrix trace, and d, the atomic electric dipole.
The temporal variation of the matrix elements of the density operator is given by the Bloch
equation written in the dipole approximation:

)
ihgy = [H, p]

(2.132)
H=Hy—dE
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2.5. Modeling the amplification of HH by a plasma amplifier

where H 4 is the atomic Hamiltonian in the absence of electric field. This term determines
the structure of an atom or an ion. Considering N electrons orbiting an atom, the Hamiltonian
H 4 is written:

N N
m- YR - K
A= 9 P)
i=0 1=0 "
\_v_/
Bound electron kinetic energy  Attraction energy of the atom over electrons
1
" - (2.133)
Tij

Repulsive Coulomb energy between electrons
The temporal evolution of the system is given by the Schrédingier equation:

zhaa\lj — HpV (2.134)

The solutions of this equation are wave functions ¥(rq,...,rn,t) describing the repartitions
of electrons in the atomic structure. The density operator is derived from eq. (2.132) through a
perturbation approach.

Population inversion. Assuming linearly-polarized light and neglecting the second-order
(Zeeman) coherences [Sureau and Holden, 1995], the non-diagonal element of the density matrix
p is governed by the equation:

a:Oul

or

where + is the depolarization rate due to electron-ion collisions (proportional to the electron-

ion frequency), dy; the corresponding dipole matrix element and N,,, N; the populations of the

upper and lower levels of the transition respectively. The equation for the polarization density

is obtained by multiplying the equation eq. (2.135) by the dipole matrix element. A stochastic

source term I' [Chandrasekhar, 1943; Larroche et al., 2000] is added to account for spontaneous
emission:

1B
= —7pu + —du(Nu = N) (2.135)
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Then, the populations of upper and lower levels are computed using standard rate equations

coupled with the electric field:

dyy(Ny — Ni) (2.136)

8N“ = Zk CruNy, + QEI(E P*)

(2.137)
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where Cj; are collisional (de-)excitation and radiative (de-)excitation rates regrouping the
depletion rates of levels (u) and (1), as well as the collisional and radiative rates coupling atomic
levels. Z designates the imaginary part of an expression. Ny are the population of other atomic
levels that strongly interact with the lasing ones. This set of equations allows determining the
dynamics of population inversion and the resulting temporal evolution of the gain. Several
processes determining the amplification of soft X-ray radiation in a plasma can be described.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

In chapter 5, we will see that, in a high-harmonic seeding regime, the amplified HH pulses are
mixed with a noisy ASE signal and that they display two regimes: a so-called dynamic regime,
characterized by Rabi oscillations and an adiabatic regime governed by the evolution of the
amplified field envelope.

This model, upon which DeepOne code is based, has been benchmarked [Wang et al., 2008] to
study the spatio-temporal evolution of an amplified high-harmonic seed throughout a plasma
amplifier.

2.5.3 Amplification of a HH seed pulse

The fig. 2.24 illustrates the simultaneous temporal profiles of the population inversion, the
polarization (through the dipole moment term) and the intensity of the amplified HH field at
the beginning of the plasma (0 mm) and after 1, 2, 3 and 5 mm of propagation.

Qualitatively, the amplified HH pulse is composed of a weakly amplified HH and a wake,
which develops in front of the HH pulse and which embodies the temporal response of the
plasma to the HH resonant excitation. This wake starts becoming predominant after 2 mm of
propagation. The buildup of the amplified HH pulse leads to emptying the population inversion.
This saturation of the population inversion is characterized by Rabi oscillations affecting the
population inversion, the polarization and the amplified pulse in a similar way.

A more detailed description of this amplification regime and its dependance with respect to the
electron density is presented in section 5.3 & section 6.3.2.
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Figure 2.24: Illustration of the amplification over 5 mm of seed HH by a K78 amplifier at an electron
density of n. = 6 x 1018¢m=3. The blue, green and red curves stand for the population inversion (a.u.),
the dipole moment (a.u.) and the amplified HH field intensity (W/em?) respectively.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

2.6 Conclusion

The description of the physical processes associated with plasma-based soft X-ray lasers is com-
plex as it encompasses a set of inter-disciplinary elements belonging to plasma physics, quantum
mechanics and laser physics. The numerical description, based on theoretical models, provides
a valuable insight into experimental observations but the latter also provide a valuable feedback
to improve the post-processing and understanding of numerical results.

Driving high-density plasma amplifier turns out to be a worthwhile research direction as it
promises the generation of ultrashort and intense pulses in the soft X-ray region. Indeed, the
increase of the plasma amplifier electron density leads to a temporal gating of the lasing action,
while yielding more photons per pulse.

However, the propagation of an intense pump IR laser pulse to implement the lasing medium
turns out problematic at very high electron densities. Refraction leads to a defocusing of the
beam, which in turn reduces the volume of laser-plasma interaction. Therefore, guiding the
pump beam proves to be pivotal for the implementation of saturated ultrashort plasma-based
soft X-ray lasers.
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Chapter 3

Modeling of a high-density krypton
plasma waveguide

The development of waveguiding techniques is pivotal to many applications, since it al-
lows increasing the laser-plasma interaction length. This chapter presents an overview
of waveguiding techniques and brings into the fore their merits and limitations.

The «ignitor-heater » waveguiding technique has been investigated since it turns well
adapted for high-density plasmas. The critical parameters to optimize the guiding con-
ditions are introduced and a numerical modeling [Oliva et al., 2015] is used to describe
the complex propagation of an ultrashort and intense infrared driving pulse into an
elongated high-density plasma channel.
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Chapter 3. Modeling of a high-density krypton plasma waveguide

3.1 State of the art of waveguiding techniques of high-intensity
laser pulses

Performances of laser-driven plasma sources, from soft X-ray lasers to particle plasma accelera-
tors, are limited by the length of the laser-plasma interaction. Those limitations are increasingly
predominant at higher plasma densities. To overcome this bottleneck stemming from diffrac-
tion and refraction defocusing effects, several waveguiding techniques have been demonstrated.
Those allow boosting previous performances by increasing the effective length over which a
nearly uniform laser intensity can be deposited. Similarly to optical fibers, the waveguiding
techniques aim at engineering a radial refractive index profile to counterbalance beam defocus-
ing effects. From the refractive index of a plasma 7 = /1 — n.(r)e2/(meeow?), one can see that
lowering the electron density on axis will result in a stronger on-axis refractive index, which
offers appropriate conditions for guiding.

3.1.1 Relativistic self-guiding

The propagation of an ultrashort intense pulse in a plasma induces transverse variations of
the background plasma density. This generally leads to premature defocusing, which causes
the beam propagation to collapse. However, in a uniform fully ionized plasma, relativistic self-
focusing appears as the laser intensity is increased [Esarey et al., 1997; Chen et al., 1998]. The
power threshold from which this phenomenon arises is:

wo

P~ 17 ( )2 [GW] (3.1)

Wp
Considering plasma densities ranging from 1017 — 10'%cm ™3, this threshold translates into a

3-300 TW power requirement.

At high intensities, the dispersion relation of a propagating wave is altered due to the effective

relativistic mass increase of electrons. Under those conditions, the transverse refractive index

n(r) reads [Gibbon, 2005]:

%
N Y ORL

where a(r) is the electric field vector potential related to the pulse intensity. When dn/dr > 0,
the medium behaves as a converging lens. The phase velocity of the wave fronts passing through
the focusing medium can be approximated as following:

(3.2)

2
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Considering a transverse Gaussian beam profile of waist wg, we can write a Taylor expansion
such as:

Avy(r)  wp (1 B a(r)2> (3.4)

c _m 4

Hence, the wave fronts travel faster at the edge of the beam than at its center. From a
geometrical point of view, this causes the rays to bend by an amount determined by their
relative path difference. The maximum value is given by:
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Av,

AL =| Avy(r) |t = |— z=agrR (3.5)

max

where R is the radius of curvature and agr, the maximum focusing angle due to self-focusing
given by:

w2a2

p~0
= 3.6
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Equating agp with ag = A/(mwg) gives a condition to counterbalance natural diffraction:

2
25 g ¢ 3.7
aO - <w§w% ( )

Moreover, the ponderomotive force adds up and is increased for higher pulse intensities. This

causes an ejection of electrons out of the optical axis. The on-axis electron density can therefore
be depleted, which corresponds to a higher on-axis refractive index. This effect is known as
ponderomotive self-channelling. When the laser peak power reaches the critical power, these
two relativistic effects counterbalance refraction and allow the beam to propagate over a longer
distance than the Rayleigh length.
However, a successful guiding over long distances would require maintaining the pulse inten-
sity over the threshold as the beam propagates , which turns out difficult because of the various
competing effects (natural diffraction, over-ionization induced diffraction, instabilities,..). More-
over, nonlinear instabilities and filamentation effects occurring at such high intensities lead to a
break-up of the beam and the subsequent drop in intensity.

3.1.2 Capillary discharge plasma waveguide

The challenge of preforming the electron density to provide suitable conditions to guide the laser
driver has been successfully addressed implementing a capillary discharge waveguide [Spence and
Hooker, 2000]. The underlying principle advocates the engineering of a parabolic plasma channel
[Bobrova, 2002].

Pre-forming a plasma waveguide is carried out through hydrodynamic compression. This
has been done using fast capillary discharges. Such a system is illustrated in fig. 3.1a. In this
approach, a capillary of a few millimeters diameter is filled with gas at low pressure. This gas
is then ionized by a discharge current with a rise time of a few tens of ns, and a peak intensity
of a few kA. Since the current rises rapidly, a skin effect occurs close to the capillary walls and
allows the generation of initial electrons. The large magnetic field generated by the current
then compresses the plasma thanks to the j x B force (with j, the current density and B, the
magnetic field) to drive a strong shock wave towards the capillary axis. Under those conditions,
a plasma channel is then formed just before the generated annular plasma reaches the axis
and collapses. The generated needle-shaped plasma column forms a plasma channel allowing
waveguiding (fig. 3.1b). With this shape, the plasma turns out able to guide a Gaussian beam
with a nearly constant spot radius over propagation, provided that the spot radius is correctly
matched to the curvature of the plasma. In earlier works, guiding of laser pulses with a peak
input intensity of 1.2 x 1017W/em? over lengths of up to 50 mm was demonstrated with low loss
[Spence et al., 2001; Butler et al., 2002].

This guiding technique aroused great interest, notably for electron acceleration [Leemans
et al., 2014]. Indeed, high-intensity laser pulses generate longitudinal plasma waves in their
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Figure 3.1: (a) Schematic of a hygrogen-filled capillary discharge waveguide [Butler et al., 2002]. (b)
Transverse electron density profile [Spence and Hooker, 2000].

wake and long interaction distances are sought to boost the performances of electron beam
sources. This technique has also been successfully implemented to emit coherent soft X-ray
radiation using electric discharge pumping (see section 1.2.2).

Apart from electrical discharge pumping, the gas-filled capillary discharge waveguide approach
has also been successfully implemented in case of collisionally-pumped optical field ionized soft
X-ray lasers [Butler et al., 2003]. The experiment demonstrated the successful driving of an
ultrashort intense pulse within gas-filled capillary discharge waveguides, with increased energy
extraction and reduced beam divergence. This scheme operated the 5d-5p transition of Xe®t at
41.8 nm. Efficient waveguiding over 30 mm allowed to significantly enhance the photon yield.
Notwithstanding, when implemented for plasma-based soft X-ray lasers, the capillary discharge
technique faces intrinsic limitations because of hydrogen used in the gas mixture. Although
essential for waveguiding, the electrons from hydrogen have a low energy and decrease the
overall electron temperature, which results in both low gain and saturation intensity.
Moreover, this scheme is limited to low gas pressures (below 100 mbar, i.e. n, < 2 x 108em=3)
and thus not relevant for our application.

3.1.3 Hollow capillary tube

Guiding laser pulses can be performed by injection into a hollow capillary tube. In this approach,
the pulse is being waveguided via total reflections on the capillary boundaries. This technique,
illustrated in fig. 3.2, shares common ground with step-index guiding, which is achieved by
surrounding a cylindrical core of material by a cladding layer of lower refractive index. In
this configuration, light propagating along the core can be totally internally reflected from
the core-cladding boundary. However, the solid cladding will have a higher refractive index,
thus preventing total internal reflection. Hence the core must be a plasma. The losses can
be counterbalanced considering grazing angles of incidence on the boundaries and thanks to
ionization of the capillary walls by the laser radiation. With the latter condition, the refractive
index can be decreased below unity to allow total internal reflection.

Preliminary works showed the possibility of guiding pulses with a high intensity of 2 x
10Y"W/em? [Jackel et al., 1995; Dorchies et al., 1999]. The transmission over a 126 mm-long
capillary tube was assessed at 26 %. This technique has been successfully demonstrated with a
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Figure 3.2: (a) Simulation of the waveguiding of a focused beam in a hollow capillary tube with COFIXE
code [Cros et al., 2006]. (b) XUV laser signal strength for different capillary tube lengths with various
gas pressure [Bettaibi, 2005].

collisionally excited OFI laser using a capillary filled with pure Xe gas [Mocek et al., 2004]. A
significant increase of the gain length was reported.

Compared to capillary discharge soft X-ray lasers, higher electron temperatures are available,
which bolster the laser transition pumping. Thus, higher gain is demonstrated. However, as
reported in fig. 3.2b, the optimum gas densities (about 5 mbar) are low and therefore, the
saturation intensity remains low. Other limitations include the great sensitivity of the system
to the pointing of the driving laser beam. Indeed, small fluctuations lead to the progressive
destruction of the tube by the high-intensity laser pulse. Moreover, because of the poor heat
conduction of the capillary tube, such lasers can only operate at a low repetition rate.

3.1.4 Optically-preformed plasma waveguide using the «ignitor-heater » tech-
nique

This technique is well adapted to high electron densities. Optically-preformed plasma waveguides
are achieved by pre-forming a plasma channel with a transverse electron density profile that
increases with radial distance from the axis, thanks to a laser beam. The implemented radially-
decreasing refractive index allows waveguiding an intense IR pulse propagating in a plasma, as
illustrated in fig. 3.3.

The implementation of an elongated plasma-based amplifier requires that the pump beam
propagates over the whole gas jet length at high intensity, over the ionization threshold of the
lasing K%t ion. However, at high electron densities, the quickly predominating refraction effects
lead to a reduction of the effective volume in which those species can be generated. Furthermore,
while the interaction region is basically limited to the Rayleigh length, a tight focus is needed
to reach sufficiently high intensity on target. Thus, there is a tradeoff between the interaction
length and the intensity. Those difficulties can nevertheless be overcome by guiding the pump
beam in the plasma. The underpinning idea behind this approach relies on engineering, prior
to the interaction, a higher refractive index on axis in an attempt to counterbalance the radial
spreading of the beam due to diffraction. The underlying principle has similarities with optical
fibers. The challenge consists in tailoring the waveguide size and its radial density gradient
to effectively couple the focused IR beam at its entrance and to subsequently guide the high-
intensity IR pulse, minimizing energy losses. Because of its electron density geometry, the
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Figure 3.3: Illustration of laser pulse waveguiding by means of a pre-formed plasma channel.

waveguide is referred to the so-called ”plasma channel”.

The first demonstration of a plasma waveguide for high-intensity laser pulses was achieved by

taking advantage of hydrodynamic expansion of a plasma column [Durfee and Milchberg, 1993].
In this approach, 100 ps-long laser pulses of about 100 mJ are focused with an axicon to generate
a focal line in a gas at neutral densities of a few 10'%c¢m™3. The details of this setup will be
illustrated later. The intensity along the focal line ranges between 103 and 10"W/em?, which is
sufficient for both ionizing the gas and heating the resulting plasma by inverse bremsstrahlung.
A plasma channel is then being formed as the hot plasma column expands radially over a
nanosecond timescale, driving a shock wave into the surrounding cold gas. This approach has
been used to guide [Nikitin et al., 1999] 50 mJ, 110 fs laser pulses with a peak input intensity
of 101" /em? through 15 mm long plasma. The transmission of the channel was found to be
slightly greater than 50 %.
Since the waveguide channel is pre-formed, the guiding does not rely on a particular channeled
intensity. The method offers more control over the waveguide properties by varying the laser
pulse duration and energy, as well as the delay before pulse injection and the channel length.
Furthermore, it should be noticed that this technique is non-destructive. Compared to capillary
discharge and hollow capillary waveguiding, the plasma channel technique can be implemented
for high electron densities and does not compromise the electron temperature. Therefore, a
combination of high gain and high saturation intensity to yield a large number of photons is
promised.

Principle. The implementation of a plasma channel relies on the hydrodynamic expansion
of a previously ionized plasma. The waveguide is formed using an IR laser beam propagating
collinearly to the pump beam propagation. The method is banking on the ejection of the
generated electrons out of the optical axis. This phenomenon is favored by a heating process
and the plasma expansion, which takes place on the nanosecond timescale. This leads to the
creation of a transverse radial electron density profile on both sides of the optical axis. This
configuration is illustrated in fig. 3.4 and offers advantageous conditions to guide ultra-intense
IR laser pulses compensating diffraction-induced beam spreading.

To pre-form a plasma channel over the whole length of the high-density gas jet, a particular
optical component has been used. It is called an axicon lens [McLeold, 1954]. This optical
component focuses light over a long focal line of several Rayleigh lengths. It has a conical shape,
whose angular aperture determines the length over which an incoming beam can be tightly
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Figure 3.4: Tllustration of an intense pulse waveguiding in a high-density plasma. (a) A waveguiding beam
focused thanks to an axicon lens produces an annular electron density distribution with lower on-axis
density, which provides appropriate conditions for waveguiding. (b) When the plasma channel is formed,
the IR pump beam is focused at its entrance and gets guided over the whole gas jet length.

Axicon. The axicon lens constitutes a key element regarding plasma channel engineering.
This optical component is a conic shape lens, which focuses an incoming beam into a focal line
of several millimeters. The intensity profile is presented in fig. 3.5. In case of Gaussian beams,
the axicon generates a Bessel-like radial intensity profile where on-axis intensity remains almost
uniform over relatively long distances, when compared to focusing properties of conventional
lenses. It can be noticed that an axicon is more efficient in concentrating light in a line com-
pared to a cylindrical lens.

Since their introduction [McLeold, 1954], axicons have found applications in numerous fields
including optical coherence tomography [Ding et al., 2002], optical tweezers [Manek et al., 1998]
and precision laser machining [Rioux et al., 1978].

Its utilization has been notably studied for the formation of extended plasma channels in con-
densed media [Kosareva et al., 2005]. In particular, using an axicon turned out attractive to
generate long plasma channels in gases, including air, through multiphoton absorption. Durfee
and Milchberg [Durfee and Milchberg, 1993] have used an axicon to pre-form a plasma channel
in argon, which then served as a waveguide for another laser beam.

In the present work, the axicon will allow us to create a transverse optical index profile,
suitable for waveguiding the pump beam, over the whole length of the elongated gas jet. The
optical component is drilled to avoid hindering the focusing of the pump beam, as illustrated in
fig. 3.5. Additional information about the focal line produced by an axicon lens is provided in
Appendix C.
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Figure 3.5: (a) Ilustration of axicon focusing coupled to a gas jet for the purpose of waveguiding. (b)
Radial beam profile of a focal line obtained with a 20 degrees-apex angle axicon. The transverse size is
less than 2 microns FWHM.

« Ignitor-heater » scheme. In order to create an elongated high-density plasma amplifier
and counterbalance strong refraction effects, a double pulse scheme has been used. This method
is known as the « ignitor-heater » technique and was first introduced in 1999 [Volfbeyn et al.,
1999] and later experimentaly demonstrated [Butler et al., 2004; Chou et al., 2007]. In analogy
with the transient pumping scheme for soft X-ray plasma-based lasers, it is based on the con-
secutive implementation of ionization and plasma heating processes.

Two pulses allow those processes to occur in a decoupled way:

e The first pulse is named « ignitor » is very short (a few tens of fs) and is used to generate
the first electrons directly within the laser field.

e The second one, dubbed « heater », is long (a few hundreds of ps) and allows heating the
plasma electrons via inverse bremsstrahlung in the field.

The combined action of those two pulses will lead to the formation of a plasma waveguide
in the following four steps, summarized in fig. 3.6

1. Pre-plasma generation: The ultrashort first pulse (« ignitor ») snatches the first electrons
within the field. The required energy is low and generally of a few tens of milli-joules. This
pre-plasma is necessary because the following heating long pulse is not intense enough to
generate a sufficiently ionized plasma.

2. Plasma heating: The second pulse (« heater ») initiates an inverse bremsstrahlung heating
process over a timescale of several hundreds of picoseconds. In this process, an electron
absorbs energy from the laser beam during a collision with an ion. From a classical point of
view, the electron that was oscillating in the electric field is knocked out of phase because
of the collision. The oscillatory energy is then converted to thermal energy.

The characteristic distance between an ion and an electron in a plasma is given by the
Wigner-Seitz radius:

lei = (3.8)
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Figure 3.6: Illustration of the « Ignitor-heater » technique.

The thermal electron velocity is given by:

T.
Ve ki (3.9)

Me

Where kp is the Boltzman constant, T, the electron temperature and m, the electron mass.
If we consider a dense plasma with an electron density and an energy of 10 eV, then the
average time between subsequent collisions is a few femtoseconds and therefore, considering
a long pulse, the main heating mechanism is inverse bremsstrahlung absorption. Here, we
suppose the electron density is sufficiently far from the critical density to neglect parametric
heating effects. Hence, we can assess the heating rate.

In the classic Lorentz model, the equation of motion of an electron in an oscillatory electric
field is:

d . 1
me—v = eEge’™0t — §meyeiv (3.10)

dt

where v,; is the electron-ion collision frequency. We can solve it and derive from it the
time-average kinetic energy of the electron:

2 E2
E = U 3.11
0 2mew§ ( )
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88

Then, the average rate of energy absorption from the electron from the field is [Seely and
Harris, 1972]:

& eQEg
dt Qmewg

Vei (3.12)

22
The term anEogQ corresponds to the thermal energy during collision. In the strong field
eWp

limit where the field potential Uf;eiq >> kpTe, the effective collision frequency is [Silin,
1965]:

A Z%n;etlnA
Vi =~ FML e A (3.13)

3
meTeff

where n; is the ion density, T, the effective temperature such that T,y = kTt + Uieia,
and [nA the coulomb logarithm defined for elastic collisions:

_ 12mneAd,
- Z

A

with Ap = /7215, the Debye length.

Considering %kBTe, the thermal energy of electron, the heating can be assessed for a rect-
angular pulse substituting eq. (3.13) and eq. (3.14) into eq. (3.12). The heating imparted
by a long pulse can therefore be assessed integrating the obtained equation:

(3.14)

AT, o \/3g2/? (3.15)

with &, the energy of the pulse. For such long pulses, the relation eq. (3.15) illustrates
heating is mainly determined by the pulse energy.

Under experimental conditions with a 600 ps long pulse with an energy of about 400 mJ
(~ 10W/em?) focused down to a spot of a few microns, the heating induced by the IR
pulse is about 500 eV.

. Avalanche collisional ionization:

The substantial increase in electron temperature resulting from the ongoing inverse bremsstrahlung

process leads to trickle-down collisional ionization. Collisional ionization takes place during
and after the laser pulse on the timescale of a few nanoseconds. The subsequent increase
in electron density is described by the following formula:

dne
dt

= ne(no — ne)S(Te) (3.16)

where ng is the initial atomic density and S(7%) the collisional ionization rate. The charac-
teristic timescale of the evolution of electron density through cascade collisional ionization
is in the order of several picoseconds for initial densities as high as 10'%c¢m ™3 and lower
than the pulse total duration. Hence, the increase of electron density occurs within the
“heater” pulse time window and is limited by the heating time of electrons. The time
required to reach the saturation of the ionization state depends on the electron density
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from which collisional ionization starts. This explains the use of the ”ignitor” pulse to
generate a pre-plasma.

4. Plasma expansion: After plasma heating and the following substantial production of elec-
trons, the hydrodynamic evolution of the plasma will lead to the formation of a plasma
channel. Because of the significant difference in mass between electrons and ions, the dis-
placement of electrons will prevail. Combined with the radial non-uniformity of plasma
heating stemming from the pulse transverse profile, this results in creating a depressed
density duct through ambipolar diffusion. In particular, hot electrons quickly diffuse out
of the axis because of their low mass and hot temperature. The motion of ions being very
slow comparatively, these electrons will leave behind a space charge region with a greater
population of positively charged species. This results in an outwardly-directed electric
field, which tends to enforce plasma neutrality. The consequence will be slowing down
the electrons and speeding up the ions. The competition between thermal effects and the
action of the electrostatic force will lead to an equilibrium, where both ions and electrons
stream outward at the speed of sound:

ks,
cs =< Z > B¢ (3.17)
m;

Where m; is the ion mass and < Z > the average atomic number. This speed is much
smaller than electron thermal velocity but much greater than thermal ion velocity. This
simultaneous stream of both species at the same rate, or ambipolar diffusion, is referred
to plasma expansion. We can notice this speed is actually larger than the sound speed in
a neutral gas, which creates a propagating radial shock wave. This speed is in the order of
tens of microns per nanosecond (considering an average ionization degree of 3 and electron
temperature in the range of 100 eV). A thermal precursor wave propagates in advance of
the shock wave, in which the heated electrons further ionize the gas collisionally. This
plasma expansion is responsible for the so-called plasma channel with a radial refractive
index distribution suitable for waveguiding.

3.2 Numerical modeling of plasma waveguiding

The propagation of intense laser pulses in high-density plasmas is not straightforward and in-
volves various mechanisms affecting the intensity distribution of the beam, as well as its duration.
The complex propagation of intense IR pulses is characterized by a combination of self-focusing
effects, refraction from the waveguide density gradient and refraction due to strong ionization
induced by the pulse itself [Monot et al., 1992]. Moreover, in charge-displacement and rela-
tivistic regimes, other phenomena add up. For instance, relativistic focusing [Sprangle et al.,
1992] can occur for very large peak intensities over 10'8W/em?. However, the pulse leading
edge may not be focused since forward charge displacement diffracts the beam, canceling the
effect of relativistic focusing. The trailing edge may also be subject to scattering by Raman
instabilities [Antonsen and Mora, 1992]. Besides, for very high peak powers, propagation can be
further complicated since the high-intensity beam may break up because of filamentation [Sulli-
van, 1993]. However, those hurdles can be avoided resorting to a pre-formed plasma waveguide
and when the intense laser beam does not create its own channel.

Simulations have been used to model those physical phenomena in force during propagation
over an elongated plasma waveguide. The model is described in section 3.2.2. In order to
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ascertain the regimes governing the evolution of the pulse intensity as it propagates in the
plasma channel, a ray-tracing model is described at the end of the section 3.2.1. A parametric
study is performed in section 3.2.3 to look at the impact of the waveguide transverse size and
the density gradient for various electron densities and account for the conditions suitable for
advantageous waveguiding.

The plasma channel is considered to be 5 mm long and its radial density is approximated by
a parabolic profile with n.g, the electron density on-axis and n.1, the maximum off-axis electron
density evaluated at r1. Out of the waveguide, the density is considered to drop to 0 for a radial
value rs.
The radial electron density distribution is shown in fig. 3.7 and described by:

2
Ne = Neg X (1—1—%’;:—%) for —rm<r<nr
(3.18)
Ne = (T;‘jyl) X (rg—r) for —ro<r<-—r; and 1 <r<ry

where An = ne1 — nep. This shape will be used as input data to simulate the propagation of
an ultrashort and intense IR pulse in a high-density plasma (see section 3.2.2).
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Figure 3.7: Electron density profile model used for simulations. Here, n.g = 5 x 108¥em™3, no =
10¥%em ™3, 1 = 32um and ro = 90um.

3.2.1 Waveguiding conditions

The most important parameters to ensure an efficient coupling of the IR pump beam into the
waveguide, as well as convenient guiding are:

e The plasma channel transverse size: It is defined from the optical axis to the off-axis peak
electron density, and the radial density gradient. Its size should at least match the waist
of the IR pump beam. Some margin should be preserved because of possible slight mis-
alignment of the incoming beam.

e The numerical aperture of the waveguide: The numerical aperture at the entrance of the
waveguide defines the acceptance solid angle, under which incoming rays will be efficiently
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coupled into the waveguide.
Considering a simple waveguide made of two slices of different refractive index, as illus-
trated in fig. 3.8, the numerical aperture is defined as:

NA. __-
Optic fiber PP

n, cladding - —

n, core Focused IR beam

n, cladding R

Figure 3.8: Schematic of an optic fiber.

N.A. =\/n} —n3 (3.19)

The aim is to make sure the waveguide numerical aperture encompass the light cone defined
by the focusing parameters of the pump beam. This condition is even more important
considering the fact that experimentally, the waveguide geometry should care about laser
beam stability and possible small misalignments.

As an example, with this ”rule of thumb”, for an electron density of 5 x 10'¥c¢m ™3 and
10em ™3, the numerical aperture for an IR beam at 800 nm will be 0.068. This radial
gradient offers convenient conditions when it comes to focus a 50 mm diameter beam with
a focusing optic of focal length 75 cm.

3

The electron density gradient: The difference of on- and off-axis electron densities, and
thus refractive index, defines the numerical aperture of the waveguide, as previously de-
scribed. But, aside from its impact on input coupling, it is also of paramount importance
for efficiently guiding the coupled IR pulse into the waveguide.

If we consider a graded index waveguide with a refractive index difference An = n(wq)—n(0)
between the center and a beam radius wg, a Gaussian beam propagating over a length §z
will experience both defocusing and focusing. The defocusing stems from diffraction and
and its contribution to the beam radius of curvature is:

%R\ o 2k

Focusing is due to the waveguide graded index and its contribution is [Durfee et al., 1994]:

2
Wy

2Andz

w ~

(3.21)

The waveguide compensation for the outward curvature of diffraction, which amounts to
maintaining a constant beam size, can be written: R,, = R4. Hence, the guiding condition
is:
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Aps A1 (3.22)
= 2m2win(0)2  kzg '

2

This condition for a plasma of refractive index n = /1 — ne/n. with n, = T;ZQO, yields a
condition for the electron density difference An. = ne(wp) — ne(0):

1
Ang > 5 (3.23)
TeTW3

with r. &~ 2.82 x 10713 c¢m the classical electron radius.

The relation eq. (3.23) gives a rule of thumb for the needed plasma channel geometry. This
condition is exact for a radial parabolic profile of electron density. We can notice that the
density difference dn. determines the spot size that may be channeled, independent of the
wavelength.

For example, considering a beam size wg = 16um, the required electron density difference
should be over 5 x 10'7em =3,

This condition remains roughly valid for neutral plasma densities below 10'¥cm 3. How-
ever, when considering high-density plasmas, over-ionization induced by the pulse be-
comes very serious. The following ray tracing model proposes to assess the needed density
gradient to overcome natural diffraction and overionization-induced diffraction. For this
purpose, we consider a parabolic electron density profile generated by overionization. This
parabola will modify the transverse structure of the waveguide defined in relation eq. (3.18).

This parabola is defined in eq. (3.24) with the parameters ry and the on-axis density neoo'l .

ne = nG x (1 - %) for —ro<r<r. (3.24)

The radial coordinate 7. defines the intersection between the parabola eq. (3.24) and
eq. (3.18).
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Figure 3.9: Electron density profile taking account of the modification of electron density because of

overionization. Here, neg = 5 x 10¥em™

92

3 ner = 10¥9em ™3, 1y = 32um and 5 = 90um.



3.2.  Numerical modeling of plasma waveguiding

The ray trajectories of a Gaussian beam diffracting and propagating through a parabolic
channel is computed, as following [Fill, 1997]:

w(z) = (wq(2) + we(2) +wo.1.)/3 (3.25)

where wy, w. and wo. ;. are the contributions to the beam size from natural diffraction,
channelling and overionization-induced diffraction respectively.

( 2
wqg = woy/ 1+ (i)

_ ni Z
W, = WQCOS ( e X r1>

| wour = wocosh (1 /Z—S X %)

The condition to perfectly guide the rays amounts to turn the first derivative of the tra-
jectory to zero. This is equivalent to say the rays are parallel to the axis. Under those
conditions, we can make a Taylor expansion of the ray trajectories in equations eq. (3.26):

. 2
wd%w0[1+2(z';>]

We ~ W [1 ~1 (;1)2] (3.27)

(3.26)

,

. 2
wo.1. R Wo [1 +5 (%) ]

where 2y and z; are the characteristic lengths for overionization-induced refraction and
waveguide refraction respectively. Their expression is:

— Ne
20 =To nO;T:
(3.28)
1= 7?:1

Guiding is achieved when the sum of the second order terms of relations eq. (3.27) is zero.
The fig. 3.10 shows that two different regimes can be identified. The figure illustrates how
the characteristic lengths zp (red curve) and z; (green curve) vary as a function of the
electron density at the centre of the waveguide, according to the presented model.

1. At electron densities lower than 1.8 x 10'%em ™3, zp < 2. Natural diffraction dom-
inates and the criterion for waveguiding is similar to the relation eq. (3.22) [Durfee
et al., 1994] but in terms of characteristic lengths:

Z1 — ZR (3.29)
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Figure 3.10: Evolution of characteristic length zo (red curve) with respect to the electron density. The
blue curve stands for the Rayleigh length.

2. At higher densities, z9 < zg. Diffraction resulting from overionization is of primary
importance. The waveguiding criterion thus becomes:

Z1 = 20 (3.30)

Actually compensating this term as much as possible is critical because strong ove-
rionization at the entrance of the waveguide leads to non-negligible coupling losses.
Indeed, those initial coupling losses prove to take the major part in overall losses from
the unguided pump beam.

3.2.2 Numerical model

The influence of the critical parameters affecting the waveguiding efficiency (plasma channel
size, electron density and density gradient) has been explored thanks to numerical simulations
modeling the interaction and propagation of an ultrashort and intense pulse in a plasma. Sim-
ulations were conducted using WAKE-EP particle-in-cell code [Paradkar et al., 2013].

The previously described moving window code (section 2.4.2) simulates laser plasma interaction
in the short pulse regime as the beam propagates. The model is suitable for low to moderate
values of the electron density and remains valid for w, < 0.02wp, thus limiting the validity of
the code to moderate electron densities (about 5 x 1018em=3).

The studied plasma channel geometries correspond to realistic experimental conditions reported
in chapter 4.
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Initial conditions. We will see in the section 4.3.1 that the plasma channel electron density,
defining the waveguide geometry, was probed using a Mach-Zehnder interferometer. However, it
was not possible at this stage to assess the ionization degree of species contained in the waveguide.
Nevertheless, some predictions can be done. The plasma channel was found to absorb a HH
signal with photon energies below 50 eV (cf. section 5.2). According to table 2.1, summarizing
the ionization energies of different krypton ion species, this means that the ionization degree in
the waveguide is at most 3. Besides, the ionization degree can also be guessed comparing the
probed electron density of the plasma channel with the one when the pump beam propagates in
this channel (cf. fig. 4.25). In the latter case, the plasma emits at 32.8 nm and is thus populated
with Kr8t ions. However, the plasma inhomogeneity prevents any precise determination to be
made.

The fig. 3.11 shows a typical experimental transverse electron density profile, which allowed
strong lasing at 32.8 nm. Those data can be fit using a Padé approximant, with the following
parameters:

ne 1+r?(a+bxr?)
Neo 14+exrS

(3.31)

with

nep = 9.2 x 10B8em™ 4= -2.2949 x 107% b= 173762 x 107% ¢ =2.88648 x 10719 (3.32)
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Figure 3.11: Typical experimental (blue) and numerical (black) radial electron density profile of a plasma
channel.

The density of ions, essential for modeling, can be derived assuming a constant ionization
degree close to the optical axis. We consider a transverse profile of the average ionization degree
Z* using the function:

Z*_ 14+ axr?
Zg_l—i—ozer—i—ﬁer

(3.33)
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with

ZF=3 a=3x10"°% g=12x10"" (3.34)

The fig. 3.12b illustrates the ion transverse density profile considering the radial electron
density and average ionization degree depicted in fig. 3.12a. The small hollow in the density of
ions, observed between 75 um and 80 pm may be provoked by a local heating of the plasma
ahead of the shock wave, which drives the plasma hydrodynamic expansion.

(a) (b)

n, (cm?)
n, (cm)

S0 _150 100 50 0 50 100 150 200 S0 _150 100 50 0 50 100 150 200
r (um) r (pm)

Figure 3.12: Radial electron density (black), average ionization degree (green) and ion density (red)
profiles within the plasma waveguide.

Propagation of the intense IR pulse in the waveguide. In the following simulations,
we considered a 250 mJ, 30 fs FWHM pulse at wavelength 800 nm. The beam is focused into
a 16 pm focal spot (I =~ 1.4 x 1018Wem™2) at the entrance of the pre-formed plasma channel.
Those parameters match experimental conditions. Different values of the transverse waveguide
size, radial density gradient and electron densities at the centre of the unperturbed channel were
explored to ascertain their respective roles.

The fig. 3.13 illustrates the distribution of intensity, electron density and average ionization
degree as a result of waveguiding over a 5 mm krypton plasma. In this representation, the
propagation axis is equivalent to the time. The conditions correspond to a waveguide of radius
r1 = 2wq and a density gradient such as nej/ney = 2 for nep =5 X 1018em 3.

The fig. 3.13a shows the effects of strong refraction due to over-ionization in the dense plasma.
After 1 mm of propagation, the intensity drops sharply and rays deflect before being reflected
onto the plasma channel density gradient. The beam refocuses at about 2 mm and diffracts
again.

The fig. 3.13b shows the impact of the beam propagation on electron density. The plot reports
how the waveguide geometry is being affected by the laser beam. At z=0 mm, we see the
strong on-axis ionization generated by the intense IR beam at its focus, at the entrance of the
waveguide. The electron distribution generated by the electric field has a feedback effect on the
propagation of the ultrashort and intense driving laser pulse. When electron density gets high
after focusing and refocusing of the propagating IR pulse, the induced higher electron density
leads to a refraction of the pulse.

Finally, the fig. 3.13c¢ depicts the average ionization degree in the plasma amplifier. The figure
testifies the fact that Kr8t lasing ions are effectively created over the whole plasma amplifier.
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Figure 3.13: Maps of the distributions of intensity (vector potential) (a), electron density (b) and ion-
ization degree (c) as the ultra-intense IR pulse propagates over a 5 mm long plasma amplifier with
neo = 5 x 10¥em ™3, ney/ner =2 and 11 = 2w = 32um. The maps are observed just after the passage
of the IR pulse in the 5 mm-long plasma.
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All in all, the fig. 3.13 reveals the competition between overionization-induced refraction
and refraction in the plasma waveguide. This behavior allows the propagating beam to remain
sufficiently intense to generate Kr%" lasing ions over the whole amplifier length. Those ions are
primarily generated off-axis, therefore creating a lasing volume with an annular cross-section of
emission.
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Figure 3.14: On-axis intensity in case of an ultra-intense IR pulse propagates being guided over a 5 mm
long plasma amplifier with n.o = 5 x 101¥em ™3, nei/ne =2 and 71 = 2wy = 32um (blue). This is
compared to the pulse propagation in vacuum (red) and without the waveguide (green).

The fig. 3.14 highlights the evolution of the squared potential vector as a function of the
propagating length (blue curve). It is brought into comparison with the case of a beam propa-
gating in vacuum (red curve) and also with the case when such a beam propagates without the
waveguide (green). This figure emphasizes the pressing need of resorting to waveguiding when
operating at high plasma densities.

The fig. 3.15 shows the fraction of total propagating energy that is being effectively waveg-

uided inside the plasma channel (blue curve). The portion of the energy that is not being guided
is represented in magenta. The red curve stands for total energy, which means the sum of the
blue and magenta curves contributions.
Total energy decreases for two reasons. First, because a small part of the beam is being absorbed
by the medium and secondly, because a non-negligible portion of the unguided pulse is moving
out of the computation window, as it propagates over 5 mm. The guided component has been
computed integrating the beam energy between the plasma channel dimensions, i.e. radially
from —ry to 1. The transmission of the waveguide, i.e. the portion of guided energy, is found
to be 57 %.
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Figure 3.15: Portion of guided (blue) and unguided (magenta) energy in case of an ultra-intense IR pulse
propagates being guided over a 5 mm long plasma amplifier with n.y = 5 x 1018em =3, ne; /ne; =2 and
r1 = 2wy = 32um. Total energy is represented by the red curve.
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3.2.3 Numerical investigation of a range of parameters

1. Waveguide transverse size: The influence of the plasma channel size, defined by the value

100

of r1, is studied in this paragraph. Simulations are carried out varying the waveguide
transverse size from the previously reported conditions with neg =5 x 1018cm_3, Ne1/MNel
=2 and r; = 2wy = 32um.

As shown in fig. 3.16, a transverse plasma channel size equating the waist of the laser
imparts about 10 % losses right at the beginning. Those conditions are unfavorable, as
the portion of unguided energy overcomes the guided energy after only 3.4 mm of plasma.
The transmission over 5 mm falls to 33.5 %.

For r1 = 1.5wg and r; = 2wy, the whole beam is coupled in the few hundreds of microns
of the amplifier and transmission improves to 51.5 % and 57 % respectively. A further
increase in the plasma channel radius to 1 = 2.5wy and r; = 3wy fails to improve the
overall transmission, which stalls at 57.4 % and 57.6 % respectively.

Therefore, increasing the size of the waveguide to values greater than twice the waist
does not lead to a significant improvement of the total transmission. Because the plasma
expansion is taking place at the expense of the radial density gradient, too large plasma
channels would degrade the waveguiding.
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Figure 3.16: Evolution of the portion of guided (blue) and unguided (magenta) energy as the size of the
plasma channel is varied. The conditions correspond to the propagation of an ultra-intense IR pulse,
guided over a 5 mm long plasma amplifier with n.o = 5 x 1018cm =3 and n/neo =2. Total energy is
represented by the red curve.

2. Radial density gradient: The higher the density gradient, the better the waveguiding. How-
ever, this gradient is given by the plasma heating and the subsequent plasma expansion.
For fixed experimental parameters (gas density, energies, durations and delays between
the ”ignitor” and the "heater”), the density gradient depends on the size of the channel.
A tradeoff between the plasma channel size and the density gradient is thus needed.
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Figure 3.17: Evolution of the portion of guided (blue) and unguided (magenta) energy as the density
gradient is altered. The conditions correspond to the propagation of an ultra-intense IR pulse, guided

over a 5 mm long plasma amplifier with 1.y = 5 x 10%¥em™3 and r; = 2wy = 32um. Total energy is
represented by the red curve.

As shown in fig. 3.17, the waveguide transmission monotonously rises as the electron
density gradient is increased. For low values of ne;/n.o = 1.2, 1.5 and 1.7, losses outclass
the guided part of the beam. Transmissions are respectively 16.8 %, 38.7 % and 47.6 %.
For nei/neo = 2 and 2.5, transmissions as high as 57 % and 67.2 % are computed.
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3. Electron density: The fig. 3.18 shows the evolution of the transmission when the electron

density is varied. The waveguide transverse dimension corresponds to twice the beam
waist, whereas the ratio between axial and off-axis electron density is maintained at 2. For
the latter condition, the density gradient decreases as the overall density becomes lower.
Thus, the waveguide refraction gets lower but overionization-induced refraction also plum-
mets at lower densities.
For axial densities of 1018¢m ™3, 3 x 1018em ™3, 5 x 10%em ™3 and 8 x 10%¢m ™3, the trans-
mission is found to be 68 %, 61 %, 57 % and 49 % respectively. Those data show a sharper
decrease of transmission at higher densities, therefore highlighting the limitations of the
optically pre-formed plasma channel technique.
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Figure 3.18: Evolution of the portion of guided (blue) and unguided (magenta) energy as the electron
density is changed. The conditions correspond to the propagation of an ultra-intense IR pulse, guided
over a 5 mm long plasma amplifier with ne1/neo = 2 and and 71 = 2wg = 32um, for neo = 108em=3 (a),
neo = 3% 10¥em ™3 (b), neo = 5 x 10¥em =3 (¢) and neo = 8 x 10¥em =3 (d). Total energy is represented
by the red curve.

All in all, the numerical study showed that an efficient generation of a high-density plasma

amplifier requires the sharpest density gradients and a channel transverse size with
a radius at least twice the beam waist.
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Towards higher electron densities

Because WAKE-EP PIC code scope of validity is limited to values of the plasma frequency such
as wp < 0.02wy, it was not possible to numerically investigate the guiding conditions at electron
densities higher than ny = 5 x 10'8c¢m ™3 inside the plasma channel.

In the next chapter, we will see that strong lasing has been observed with a plasma channel
of on-axis electron density over ney = 1.5 x 101%m =3 (cf. fig. 4.25). In this case, the electron
density of the plasma amplifier (with the pump beam being guided by the plasma channel)
reached electron densities as high as 1.2 x 102°¢m=3. The very strong soft X-ray signal strength
and the good transmission of 45 % of the IR pump beam by the waveguide corroborate the
prediction that the elongated medium is efficiently filled with Kr8* lasing ions.

In these conditions, the simulations have been carried out using a 3D Particle-In-Cell (PIC)

code (CalderCirc [Lifschitz et al., 2009]) solving a combination of Maxwell and Vlasov equations,
written in cylindrical coordinates. ADK ionization model is considered. The propagation of the
IR pulse is complex and characterized by a combination of self-focusing, refraction from the
waveguide density gradient and refraction due to strong ionization induced by the pulse itself.
Populations of ions with a higher charge are situated in on-axis plasma regions of the plasma.
The strong overionization of the medium at the entrance of the plasma explains the absence of
lower Z species in this region. The displayed data correspond to an averaged transverse profile
of the plasma channel illustrated in fig. 4.25a, considered uniform along the propagation axis.
The initial ionization degree in the plasma waveguide is 3.
The fig. 3.19 shows the spatial distribution of the lasing ion species resulting from the guiding
of the pump beam over the whole gas jet length, considering the waveguide geometry depicted
in fig. 4.25a. The maps are displayed just after the propagation of the intense pulse into the 5
mm-long plasma, which takes over 16.6 ps. The laser pulse propagates from the left to the right
of the maps.
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Figure 3.19: Density maps of krypton ions species generated focusing a IR pump beam with I = 3 x
10*®W/em? into a high-density 5 mm-long plasma channel, which corresponds to experimental conditions
investigated in fig. 4.25a).

The fig. 3.20 shows that lasing ion species are populating the plasma amplifier over the whole
length of 5 mm. The stability of K78t to further ionization over a large range of intensities, as
reported in fig. 2.3, allows implementing an emitting medium with a large and uninterrupted
population of lasing ions over 5 mm. The fig. 3.20 depicts the plasma inhomogeneity, resulting
from the complex propagation of the intense IR pulse.

The CalderCirc simulations show that the experimental waveguide geometry allows efficiently
filling the whole plasma length with K78 ions, which is consistent with the very strong lasing
observed under those conditions. However, the transmission of the IR pump beam by the
waveguide was found to be quite bad (slightly over 10 %), which is not in agreement with the
experimentally measured transmission of 45 % under those conditions. Two possible reasons
can explain this. First, it can be a numerical artifact caused by the fact that the pump beam
duration may become longer than the simulation moving window, thus artificially lowering the
value of the total energy at the output of the waveguide. Second, the ionization degree of the
plasma channel may be higher than expected. Indeed, for a given waveguide electron density
profile, the guiding efficiency increases when the initial ionization degree increases.
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Figure 3.20: Radial distribution of K77, K8t and Kr°f ions at various longitudinal coordinates.

The inconsistency between the experimental observations and the numerical calculations
illustrates the need for a better characterization of the plasma channel initial conditions, which
proves pivotal to understand how the intense IR driving laser pulse propagates in such an
elongated medium.
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3.3 Conclusion

The « ignitor-heater » waveguiding scheme appears as a very adequate technique to achieve an
elongated high-density soft X-ray plasma amplifiers with K73t ions.

Our aim consists in efficiently guiding an ultrashort and intense driving laser pulse into a plasma
with the highest possible electron density. The numerical study showed that achieving an am-
plifier with the highest possible density requires a channel size at least coupled to the beam size
(with a radius at least twice the beam waist), along with the sharpest density gradients.
Experimentally, we will see that a tradeoff between the channel transverse size, the density gra-
dients and the electron density is needed. The laser system of « Salle Jaune » at Laboratoire
d’Optique Appliquée allows reaching advantageous conditions for guiding at high electron den-
sity.

Further work aimed at determining the initial conditions of the plasma channel and the physics
of its hydrodynamic expansion should be carried out to better understand how an intense IR
driving pulse can be advantageously guided into such high-density plasma.
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Chapter 4

Experimental investigation of a
high-density soft X-ray plasma
amplifier

This chapter presents the experimental implementation of the «ignitor-heater » waveg-
uiding technique in a high-density krypton plasma amplifier. The diagnostics used to
monitor the waveguiding conditions as well as the properties of the plasma-based soft
X-ray laser emission over a range of parameters are described. They report a strong
correlation between the emitted signal strength and the waveguiding quality.
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Chapter 4. Fxperimental investigation of a high-density soft X-ray plasma amplifier

4.1 Experimental arrangement

4.1.1 «Salle Jaune» experimental installations

The experimental work of this thesis coincided with the early stages of the rejuvenation of «Salle
Jaune» experimental room at Laboratoire d’Optique Appliqguée. The IR laser system has been
separated from the room where the experiments take place, as illustrated in fig. 4.1. The laser
system is installed in a separate room (”Salle Blanche”) on the top of the experimental room
("Salle Jaune”), in an environment controlled in hygrometry and temperature to allow stable
operation of the laser.

Figure 4.1: Laser and experimental facilities of «Salle Jaune».

The laser system is a 5-stage amplification Ti:sapphire laser chain delivering up to 5 J pulses
at 1 Hz operation. Ultrashort pulses as short as 30 fs are obtained implementing a Chirped
Pulse Amplification technique [Strickland and Mourou, 1985], which consists in stretching out
the pulses temporally before amplification and then compress them to their initial duration after
amplification. This method allows avoiding parasitic nonlinear phenomena occurring at high
peak intensities. The laser amplification is achieved in sapphire crystals doped with titanium
ions.

The laser chain is illustrated in fig. 4.2. It starts with a Ti:sapphire oscillator emitting pulses
of 4 nJ of duration 9 fs at 88 MHz. Its spectrum is broad with a full width at half-maximum
of 150 nm and centered around 800 nm. Those pulses are then stretched out temporally up to
a duration of 20 ps and amplified up to 400 pJ at a rate of 10 Hz. A pre-amplifier increases
the energy up to 2 mJ. Those pulses are then compressed down to 20 fs thanks to a diffractive
prism. The temporal contrast (ratio between the pulse peak intensity and the ASE level) is
enhanced with a XPW (Cross-Polarized Wave) filter [Jullien et al., 2006]. The contrast reaches
up to 10'°, 100 ps (or 107 at 10 ps) from the main pulse. The efficiency of the system is about 15
%. Because it sits upstream from the amplification stages, losses induced by the system can be
compensated, which is not the case for other contrast improvement techniques involving plasma
mirrors. As far as laser-plasma interaction is concerned, a high-contrast is needed to avoid
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“Salle blanche” (Laser room)

Oscillator Stretcher  Pre-amplifier Compressor XPW Stretcher Dazzler
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Figure 4.2: Architecture of the laser system from the laser room to the experimental vacuum chambers.
The laser beam is splitter into three and arrive in ”Salle Jaune” uncompressed. Each of them has its
own system of compression consisting of two gratings. ”P2” beam is composed of a compressed and
uncompressed pulse (see section 4.1.2). Two deformable mirrors (DM) correct the wavefronts of "P1”
and "P2”.

undesired pre-plasma generation from a pre-pulse or a pedestal. The pulses are then stretched
to 600 ps. An AOM (Acousto-optic modulator) or Dazzler is used to control the spectral phase
of the pulses in the aim of pre-compensating the spectral broadening induced by the amplifiers’
gain to offer advantageous conditions for the pulse compression [Verluise et al., 2000]. The pulses
are then amplified by a series of five amplification stages implemented with Ti:sapphire crystals
pumped by Nd:YAG lasers whose frequency have been doubled (532 nm). The amplification
stages are multi-pass amplifiers. The first allows reaching 1 mJ and the second 20 mJ, both at
10 Hz. A spatial filter allows then improving the beam quality. It is achieved with a focal system
and a hole of a few tens of um placed at the focus to clean out the focal spot. The third, fourth
and fifth amplification stages build up the energy from up to 600 mJ, 3 J and 6 J. The size of
the crystal as well as the beam size are increased for further amplification to allow an optimal
extraction of energy while keeping the laser fluence below the damage threshold of about 100
mJ/cm?. The crystals are cooled down with water to limit thermal lensing effects. Because of
still disturbing thermal lensing effects, the pulse rate has been limited to 1 Hz.

The beam out of the fifth amplification stage is separated in 3 independent beams, named P1,
P2 and P3. The main beam is first divided into two by a beamsplitter with 60% in P1 and
40% further splitted with 90% in P2 and 10% in P3. In our experimental setup, P1 is used to
generate the plasma amplifier, whereas P2 serves as the waveguiding beam to implement the
pre-formed plasma channel (see section 4.1.2 & chapter 5), and while P3 is used both to generate
high-harmonics and as a probe beam for electron density diagnostics (see chapter 5).
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Figure 4.3: (a) Beam profile at the output of the fourth amplification stage. (b) Radial profile of the
"top-hat” beam profile. (c) Overview of the laser system in ”Salle Blanche”. (d) Spectrum shape of the
laser oscillator output.

The emission exhibits a broad spectrum and its duration is about 600 ps at the output of
the fifth amplification stage. The amplified beam profile and the spectrum at the level of the
oscillator are shown in fig. 4.3. The spectrum is centered around 800 nm, but is red-shifted
after amplification. The full power laser central wavelength was measured at 808 nm. The laser
beam energy distribution exhibits a nearly ”top-hat” profile (fig. 4.3a &b) and its polarization
is linear along the p-polarization direction.

Afocal systems of lenses are used to relay the image of the output laser beam to the ”beam
shaping” vacuum chamber and to adapt their transverse size to the desired characteristics. The
beam diameters are 60 mm and 30 mm for P1 and P2/P3 respectively. The beams arrive from
the top and are sent to the the compressor chamber where two systems of double gratings used
to compress "P1”7 and ”P2” from 600 ps down to 30 fs sit, whereas ”P3” bypasses those optical
components.

Deformable mirrors are used to improve the focusing quality of beams ”"P1” and "P2” after
compression. The wavefront of the incoming beams is measured by imaging the surface of
deformable mirrors onto a Shack-Hartmann wavefront sensor consisting of an array of micro-
lenses with identical focal lenses. Each one focuses one portion of the beam onto a CCD sensor.
Phase aberrations can be approximated by a set of discrete local phase tilts spreading over the
whole wavefront. Those local phase tilts across each lens can be calculated from the deviation
of the focal spots from the positions of the focus that would produce an aberration-free planar
wavefront. Therefore, a map of the actual wavefront can be recovered and decomposed over
the orthogonal base of Zernike polynomials, each of them corresponding of a particular type
of aberration. The main types of aberrations are tilt, defocusing, astigmatism at 0° and 45°,
horizontal and vertical coma, trefoil and spherical aberrations.
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4.1.2 Experimental setup

The approach to implement Collisional Ionization Gating in an elongated high-density plasma
consisted in exploiting the ”ignitor-heater” plasma channel pre-forming technique (see sec-
tion 3.1.4) to pre-form a waveguide by radially shaping an optimal profile in electron density,
which offers appropriate conditions for guiding an intense IR laser pulse in a high-density plasma.

High-density plasma amplifier. The architecture of the high-density collisionally pumped
plasma amplifier is presented in fig. 4.4. The waveguiding beam is composed of a sequence of a
short (130 mJ, 30 fs) and a long pulse (690 mJ, 600 ps) and is being focused over the whole jet
length thanks to an axiconic lens. The following plasma hydrodynamic expansion produces a
density channel that is appropriate for guiding the high intensity driving laser pulse. Then, the
pump beam (1.36 J, 30 fs) is being focused at the entrance of the channel with a 75 cm-focal
length spherical mirror and being guided afterwards. Hence, an amplifier with K78 lasing ion
species over the whole gas jet length is implemented. A double-coated plane mirror is used in
a 45° configuration to colinearly distribute the waveguiding and pump beams. This mirror, as
well as the axicon lens, are drilled to leave free space focusing IR pump beam into the gas jet.

1.36J, 30fs
IR pump beam
Spherical
mirror
Double-coated
plane mirror
Quarter
waveplate
Ignitor SXRL
amplifier
Heater
S /v

/ Al filter

600 ps

g Waveguiding IR pum

time sequence bzamp \ SXRL

beam

Plasma
waveguide

Figure 4.4: Experimental arrangement of the high-density krypton plasma soft X-ray amplifier.
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Waveguiding beam. The ”ignitor-heater technique” (cf. section 3.1.4) is implemented with
the beam ”"P2” of the «Salle Jaune» IR laser. The uncompressed pulse energy is slightly over
1 J and is splitted with 80 % bypassing the gratings system and 20 % being compressed. Both
pulses are then recombined into a single beam using a thin plate polarizer working at 72 degrees
of incidence, which transmits and reflects cross-polarized beams. The 600 ps and 30 fs pulses
are initially both p-polarized. A \/2 wave plate is used to change the polarization direction of
the fs pulse to the s-direction to allow it to be reflected on the thin plate polarizer, while the
p-polarized ns pulse is transmitted by the device. A A/2 is also placed on the ns beam to control
the relative energy of both pulses within the waveguiding beam P2. The setup is illustrated in
fig. 4.5. There is a 600 ps delay between the two pulses. The transmission from the laser last
amplification stage to the experimental vacuum chamber is 68 %.

ns pulse
P N2

| waveplate

"

p-polarization

Thin plate polarizer

600 ps
« heater » « ignitor »
(690 mJ, 600 ps) (130 mJ, 30 fs)

»

fs pulse
N2
waveplate

s-polarization

Figure 4.5: Recombination system of the waveguiding beam (P2). A/2 wave plates are used to control
the polarization direction of the pulses, as well as their relative energies.

The driving beam ”P1” is turned circularly polarized thanks to a quarter-wave plate. This
allows catering for hot electrons needed to efficiently pump the laser transition. The measured
focal spot is about 38 wm in 1/e?-diameter, as illustrated in fig. 4.6a. In these conditions,
intensity on target is about 3 x 1018W/em?2. This corresponds to about 43 % energy contained
within the 1/e2-diameter of the spot. The rather low quality of the focal spot is notably due to
the two 8 mm on-axis holes on the beam path. For the sake of comparison, the spot size in the
diffraction limit is 29 pm. The transverse diffraction pattern of the focal line of the waveguiding
beam focused with an axicon lens is shown in fig. 4.6b. The transverse intensity pattern has a
FWHM size of less than 2 um and exhibits a Bessel function ring structure, as illustrated in
fig. 3.5. This pattern has been observed using a x20 microscope objective because of spot small
size and also because a high numerical aperture is needed to collect the rays focused by the
axicon.

Both pump and waveguiding beams are overlapped. The transverse position and the tilt of
the axicon are adjusted to make the focal line collinear to the propagation direction of the pump
beam. For this purpose, the pump beam is closed with an iris to increase the confocal parameter
in order to be able to overlap the waveguiding beam with the pump beam over the whole gas jet
length. The gas jet is then aligned with respect to the focal line direction, as shown in fig. 4.7.
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Figure 4.6: (a) Energy distribution (in a.u.) of the pump beam focal spot. (b) Energy distribution (in
a.u.) of the diffraction pattern of the waveguiding beam obtained with the axicon lens.

(a) (b)

Figure 4.7: (a) "Top view” of a rectangular nozzle slit aligned onto the waveguiding beam focal line. (b)
”Side view” of the axicon lens in front of the gas jet nozzle.

4.2 Elongated high-density gas jet target

The perspective of quenching the gain lifetime down to the femtosecond duration (see sec-
tion 2.3.2) hinges on the realization of gas column reaching neutral densities as high as 10!%cm 3.
The aim is to generate an elongated homogeneous plasma spreading over several Rayleigh lengths
in order to reach the saturation regime of the amplifier, but also to improve the spatial properties
of the soft X-ray laser beam.

4.2.1 Design of a rectangular nozzle

To generate such high-density plasma amplifiers, rectangular slit nozzles are used and their
geometry makes it possible to yield a nearly ”top-hat” profile of high-density over several mil-
limeters. The difficulty consists in achieving a long and homogeneous reaching densities over 10
atoms per cm? while displaying sufficiently sharp density gradients to ensure a good laser-plasma
coupling.
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Equipment

The nozzles are adapted on the top of a valve, which controls the the gas flow. A small metal ball
closes the valve under pressure. The valve has an electro-magnet, which applies a magnetic field
on the metallic ball when supplied with a strong current (about 10 A). The ball then undergoes
an electro-motive force which deviates it from the valve inlet and liberates the gas flow.

To realize an interaction medium meeting the previously described requirements, a compressor is
used between the gas bottle and the valve to increase the backing gas pressure. This apparatus
works mechanically boosting the gas pressure thanks an advantageous surface ratios, under the
supply of compressed air. A few tens of bar of gas is needed to reach backing pressures exceeding
100 bar. Tuning the pressure is made by controlling the pressure of compressed air over a range
of a few bar.

Nozzle geometry

The investigation of gas jets has been actively researched since the end of the 1930s in the frame-
work of the development of nozzles for aerospace applications. The engaged technical solutions
(aiming at maximizing the specific impulse, i.e. the outlet gas speed) were unfortunately not
directly transferable to laser plasma interaction, for which efforts are relatively recent.

Actually, to work out gas targets suitable for the needed laser-plasma interaction conditions,
a gas density « top hat » profile with sharp gradients requires high Mach numbers, whereas
a high-density profile calls for moderate gas flow speeds. The Mach number is an important
parameter, characterizing the gas density flow. One talks, respectively, about « subsonic »
or « supersonic » nozzles. The combination of high gas density with sharp gradients appears
contradictory. Therefore, a tradeoff between those two gas flow regimes [Semushin and Malka,
2001] is needed. The required nozzle geometry has to offer « transsonic » gas flow properties
over a length of a few millimeters. Such works were successfully implemented by a team from
Taiwan [Xiao et al., 2004; Lin et al., 2007].
The development of such nozzles yielding nearly uniform elongated density profiles has been the
subject of significant developments at Laboratoire d’Optique Appliquée and is promoted by a
laboratory spinoff, SourceLab.

The design and evaluation of the validity of the nozzle geometry with fluid simulations are
presented in Appendix D. Apart from the backing pressure, the density profiles mainly depend
upon the opening time of the valve as well as the height with respect to the nozzle.

Modeled density profiles

The gas flow from the rectangular nozzles was modeled using a fluid dynamics code (see Appendix
D) The neutral gas density maps at various heights with respect to the nozzle outlet are presented
in fig. 4.8 and fig. 4.9.
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Figure 4.8: Simulated neutral gas density profiles for the 5mm x 500um nozzle at heights h = 0.5 mm
(a), h =1 mm (b) et h = 1.5 mm (c¢) with Pg,=150 bar.
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Figure 4.9: Longitudinal (a) and transverse (b) neutral gas density profiles for the 5 mm x 500 ym nozzle
at heights h = 0.5 mm (blue), h = 1 mm (green) et h = 1.5 mm (red) with Pg,=150 bar.

The geometry of the 0.5 X 5 mm rectangular slit nozzle, illustrated in fig. D.2 has been
adapted to longer slit nozzles of dimensions 0.5 x 10 mm and 0.5 x 20 mm. The density profiles
obtained from those nozzles are presented in fig. 4.10 at a height of 1.5 mm with respect to
the nozzle tip, and compared to the results for the 5 mm-long geometry. The figure shows the
density drops as the nozzle length is increased by a factor corresponding to the ratio between
sectional areas. Similarly, the density gradient decreases with an increase in the nozzle length
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but remains decent for laser-plasma coupling, thus confirming the relevance of this rectangular
nozzle geometry for longer slits.
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Figure 4.10: Simulated longitudinal density profiles at h = 1.5 mm with Pgk,=150 bar for nozzles of
sectional areas 0.5 x 5 mm (blue), 0.5 x 10 mm (green) and 0.5 x 20 mm (red).

4.2.2 Experimental characterization of rectangular slit nozzles

Characterization of the 5 mm x 500 ym rectangular slit nozzle. The neutral densities
of the gas jet at the output of the nozzle has been measured using a tomography technique
(see Appendix E). The gas jet system is described in fig. 4.11. The obtained phase maps are
presented in fig. 4.12. The longitudinal profile actually shows the consequence of a deformation
of the slit on the gas flow. A narrower region of the slit results in a local higher density. The
experimental conditions correspond to a backing pressure Pg,.=150 bar, a valve opening time
Atou»=8 ms and an acquisition of interferograms 12 ms after the closure of the valve.

Nozzle (b)

Valve

Power supply

Figure 4.11: High-density gas jet system (a). A small ball closes the valve under pressure. Electro-magnets
supplied by a 10 A current generate a sufficiently strong magnetic field to deviate the metallic ball and
open the valve, thus liberating the gas flowing through the nozzle. (b) Top view of the 5mm x 500um
rectangular slit nozzle.
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4.2. Elongated high-density gas jet target

The fig. 4.13 shows the experimental evolution of the krypton density as a function of the
height with respect to the nozzle slit outlet for a parametric study involving a variation of the
backing pressure and the valve opening time window.

The fig. 4.14 presents the density profile under experimental soft X-ray lasing conditions. It
corresponds to an optical axis located at a distance h = 1.5 mm from the nozzle tip.
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Figure 4.12: Phase maps in longitudinal (a) and transverse directions (b) reconstructed by tomography
of the 5 mm x 500 pm rectangular slit nozzle, under a backing pressure Pg,=150 bar and for At,,,= 8
ms.
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Figure 4.13: (a) Experimental dependence of the neutral krypton density on the height with respect to
the nozzle tip for Px,=130 bar (red), 140 bar (green) et 150 bar (blue) with At,,,=8 ms. (b) Variation
of krypton neutral density as a function of the valve opening time.
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Figure 4.14: (a) Density map of krypton neutral density under nominal experimental conditions (i.e. h
= 1.5 mm). Transverse (b) and longitudinal (c) density profiles for Pg,=150 bar and At,y, = 8 ms.

Characterization of « long » rectangular slit nozzles. Working out long plasma ampli-
fiers is an interesting focal area for two reasons. First, it promises an increase of the photon
yield. Secondly, ASE emission from those sources is less divergent.

In this perspective, various rectangular slit nozzles have been manufactured and characterized.
The fig. 4.15 illustrates the density gas jets for rectangular sectional areas of geometries 10 mm
x 200 pm, 15 mm x 500 pm, 20 mm x 500 pgm and 30 mm x 500 pm. Data correspond
to a height h=1.5 mm with respect to the nozzle tip. Data are presented using a calibrated
color scales spreading in proportion of the nozzle lengths, in an attempt to better compare the
expected density levels. The longitudinal profiles of density is homogeneous for nozzle lengths
up to 15 mm long. For 20 and 30 mm lengths, the profile maintains relatively sharp density
gradient at the input and output edges but exhibits a ”cone shape” at the center. For 30 mm,
the density at the center is nearly 3 times the value at the edges, thus highlighting the limitation
of the used nozzle geometry for more elongated plasmas. Besides, the average density from the
nozzles is observed to vary in the proportions of the outlet sections ratios.

All data are presented for a backing pressure Pg,=150 bar, a valve opening time At,,,=8 ms
and acquisition time of 12 ms after the closure of the valve.
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Figure 4.15: (a) Neutral density maps for rectangular slit nozzles of sectional areas 10 mm x 200 pm
(a), 15 mm x 500 pm (b), 20 mm x 500 pm (c) and 30 mm x 500 pm (d).
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4.3 Diagnostics

4.3.1 Waveguide diagnostics
Electron density diagnostic

The electron density is probed thanks to a Mach-Zehnder interferometer using a phase-retrieval
technique (see Appendix E). This measurement, illustrated in fig. 4.16, yields single-shot in-
terferograms displaying local phase shifts, which then allow reconstructing 2D electron density
map of the waveguide. Because the transverse and longitudinal sizes of the plasma channel
have very different dimensions (about 100 um x 5mm), a double-arm system with two different
magnifications (1 and 13.3) has been implemented. Due to the high electron density of the
plasma, the frequency of the IR probe beam has been doubled using a BBO crystal (400 nm
probe beam) to limit the effect of refraction and increase the highest measurable electron density
of the plasma (the critical density at 400 nm is about 7 x 102tem™3). The interferograms are
recorded bysynchronizing the cameras with the laser.

The electron density profile is reconstructed via the local modification of the refractive index (
i.e. of the relative phase between the two arms of the interferometer), which imparts a modifi-
cation of the interferential pattern. An Abel inversion technique (see Appendix E) is then used
to derive the plasma electron density maps from the phase shift maps.

IR

® Probe beam

BBO
crystal
2w

Beamsplitter
Delay line

Beamsplitter

t ) Nozzle

Camera

’ A .
il hhll!\."l', ,

Magnification 1

Magnification =10

Figure 4.16: Illustration of the Mach-Zehnder interferometer with two imaging arms of different magni-
fications.
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Guiding efficiency diagnostic

The transmission of the IR pump beam by the plasma waveguide is pivotal to the optimal lasing
of the high density elongated plasma. A low transmission due to a bad coupling between the
pump beam and the plasma channel promises poor lasing. Indeed, in these conditions, refraction
dominates and leads to a shortened medium filled with lasing ions. Furthermore, if the end of
the plasma is weakly ionized, the emitted soft X-ray emission will be re-absorbed.

The quality and quantity of the guided driving pulse were assessed thanks to a system imaging
the pump beam focus and the output of the waveguide at full energy (over 1 J) under vacuum.
The imaging system is illustrated in fig. 4.17. The diameter of the optical components have been
chosen be large enough to collect the entire laser signal after propagation through the plasma.
The system has been set to avoid the deterioration of the optics and the beam is thus first
attenuated using a set of two prismatic uncoated reflecting mirrors (”"wedges”). Each mirror
have about 4% reflectivity and will reject the main fraction of the laser energy.

(a) Camera IR pump
Axicon beam

S

Doublet lens

Doublet lens

Pair of wedges

Nozzle

(b) Camera IR pump
Axicon beam

i

J/

Krypton gas
jet

Guided
beam

Doublet lens
Doublet lens

Soft X-ray laser

Pair of wedges
Nozzle

Figure 4.17: Experimental arrangement of the system of two doublet lenses used to successively image
the pump beam focal plane and the output of the plasma channel. (a) The focal spot of the pump beam
is imaged with no gas. (b) The energy distribution of the pump beam portion transmitted by the plasma
channel is imaged translating the first doublet lens by the length of the plasma.
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After attenuation, a set of two achromatic doublet lenses of the same focal length are used
to image the output of the waveguide at the entrance of microscope objective coupled to a CCD
camera. One of them is translatable to successively image the focal spot of the IR pump beam
in vacuum and the profile of the guided IR pump beam at the output of the plasma amplifier.
As the 1-1 magnification system features a collimated beam between the two lenses, the first
doublet can be simply translated by a distance equal to the plasma length to image output
profile of the IR beam.

4.3.2 Soft X-ray diagnostics
Spectra

The soft X-ray spectrometer consists of a Si0Oy plane mirror, a gold-coated 400 mm-focal length
spherical mirror at 77.5 and 80 degrees incidence respectively, along with a 5mm x bmm grating
with 1000 lines/mm and a soft X-ray 16 bit charge-coupled device (CCD) camera of 2048 x 2048
pixels resolution. The spectra are observed at the tangential focus of the spherical mirror. The
other direction shows the angular divergence of the source. Two light-tight 0.16um thickness
Luxel aluminum filters each with total transmission of 45% have been used to select the soft
X-ray signal from the IR. The setup is illustrated in fig. 4.18. The spectrometer resolution is
about AN~ 5 x 1072,

IR pump
Axicon beam
Krypton gas 6
jet

Al filter
Plane mirror
Soft X-ray laser

Pair of wedges
Spherical

! Nozzle
mirror

Transmission
grating

Camera

Figure 4.18: Experimental arrangement of the spectrometer.
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Far-field energy distribution

The energy distribution diagnostic is composed of a 25 degrees off-axis parabola of focal length
200 mm, a deflecting plane mirror at 80 degrees incidence and a soft X-ray camera of 1024 x 1024
pixels resolution (see fig. 4.19). The system images a plane situated at the level of the filters,
about 1.4 m from the soft X-ray plasma source with a magnification of 0.6. The interferential
multilayer coating of the parabola designed to yield high reflectivity at 32.8 nm was deposited
at Institut d’Optique, France. The reflectivities of the parabola and the grazing incidence are
respectively, 25 and 15 %. Two aluminum filters of 2 x 0.4um and 0.1pum have been used to
isolate soft X-ray radiation from IR radiation. The transmission of each filter has been assessed
at 7 %.
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Pair of wedges
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Figure 4.19: Experimental arrangement of the output energy distribution imaging setup.

4.4 Experimental results

4.4.1 Characterization of the plasma waveguide
Formation of the plasma channel

The timeline of the waveguide generation has been recorded for the 0.5um x 5mm slit nozzle
under experimental conditions corresponding to a neutral krypton density of about 109¢cm =3,
i.e. at a height h=1.5 mm with respect to the nozzle tip, with a backing pressure of 150 bar.
The waveguiding beam is composed of a sequence of a short (130 mJ, 30 fs) and a long pulse
(690 mJ, 600 ps). It is focused over the whole jet length thanks to an axiconic lens and creates,
a plasma channel following collisional ionization and hydrodynamic expansion. The formation
of this channel is being observed thanks to a probe beam at twice the laser frequency for better
transmission in the highly dense medium. The electron density is measured with a Mach-Zehnder
interferometer and an imaging system with a large magnification (about 13), to be able to resolve
the very thin waveguide dimensions.
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(a) « Ignitor »
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« Heater » Probe
Atpulseprobe =0.05ns
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(b)
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Atpulse-probe =0.22 ns
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(c)
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Atpulse-probe =0.55ns
(d)
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Figure 4.20: Generation of the plasma channel for various delays between the ”ignitor” and the probe
beam. The plasma region is observed in the middle of the 5 mm-long gas jet.
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As illustrated in fig. 4.20, the first electrons are being created within the field (a). Heating
and subsequent avalanche collisional ionization lead to an abrupt increase of the number of
electrons (cases (b) and (c)). The heating process causes electrons to move out of the optical
axis. The formation of the plasma channel is therefore being initiated just after the propagation
of the long pulse (d). Then, the plasma expands on the nanosecond timescale (cases (e) and

(f))-
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Figure 4.21: Evolution of the diameter of the plasma channel as a function of the delay between the
waveguiding beam (i.e. the ”ignitor”) and the probe beam.

As reported in fig. 4.21, the plasma is found to expand at a speed of about 23 pm/ns.
Considering the acoustic speed of electrons in the medium from equation eq. (3.17), the electron

temperature should be:

T, ~ 230eV (4.1)
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Figure 4.22: Radial distribution of electron density for the following time delays with respect to the
7ignitor” pulse: At = 0.05 ns, 0.22 ns, 0.55 ns, 1.05 ns, 1.55 ns, 2.55 ns, 3.22 ns, 3.89 ns and 5.6 ns.

The fig. 4.22 illustrates the the average electron density computed from the density maps

obtained sampling the plasma at different delays with respect to the ”ignitor”. The electron
density builds up for delays from At = 0.05 ns to 0.55 ns, as first electrons generated by
the ”ignitor” get heated and foster avalanche collisional ionization. The delay At = 1.05 ns
corresponds to a moment at the end tail of the "heater”. Hence, the electron density continues
to rise but the central region gets depleted due to the beginning of plasma expansion. After the
passage of the sequence of two pulses, the fig. 4.22 shows the expansion of the plasma channel
for delays At = 1.05 ns, 1.55 ns, 2.55 ns, 3.22 ns, 3.89 ns and 5.6 ns. The plasma channel
spreads out and the density gradient plummets. For At = 1.05 ns, the on-axis electron density
is 4 x 10em ™3 and rises up to 7.7 x 10%em ™3 off-axis for a channel diameter of about 50
pm. By contrast, for At = 5.6 ns, the on-axis electron density is 8 x 10¥c¢m ™2 and rises up to
1.5 x 10em ™3 off-axis for a channel diameter of about 180 pm.
The fig. 4.23 shows how the electron density of the plasma channel varies as the height of the
optical axis with respect to the nozzle tip is modified. The plasma region is observed at the
center of the gas jet. The black curve corresponds to normal operating conditions at a height h
= 1.5 mm with a backing pressure of 150 bar for a delay At = 2.55 ns with between the "ignitor”
and the probe beam. The red and blue curves depict the channel transverse density for heights
h = 1.3 mm and h = 1.1 mm respectively. As the height decreases and the neutral gas density
increases, the off-axis electron density maxima increase faster than the on-axis density and the
channel expands to a lesser extent. This leads to a higher density gradient in the channel when
shooting closer to the nozzle.
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Figure 4.23: Radial distribution of the plasma channels following the hydrodynamic expansion of the
waveguide. The data correspond to distances between the nozzle tip and the zone of interaction of 1.5
mm (black), 1.3 mm (red) and 1.1 mm (blue).
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Plasma amplifier density

The fig. 4.24 shows the interferograms obtained using the two different magnifications of the
Mach-Zehnder interferometer (see fig. 4.16). The fig. 4.24a shows that a uniform plasma chan-
nel is generated over the whole 5 mm gas jet length. Self-emission from the plasma is observed
along the channel with white blur on the deflected fringes. This emission has been cut plac-
ing a filter isolating the probing wavelength at 2w. The fig. 4.24b illustrates the strong over
ionization-induced refraction of the pump beam at the beginning of the plasma channel. A large
magnification (x13.3) was necessary to resolve the plasma channel transverse dimension along
with its sharp density gradients on the edges. The interferograms in fig. 4.24c & d obtained with
a large magnification correspond to a zone of about 400um by 700um observed at the beginning
of the plasma channel.

(a) (b)

i,

Figure 4.24: Interferograms of the plasma channel with a magnification of 1 (a) and 13 (c). Interferograms
of the plasma with the pump beam being guided through the plasma channel with a magnification of 1
(b) and 13 (d). The laser pulses propagate from the left to the right.

The fig. 4.25 shows the electron density maps over a length of 300um in case of the plasma
channel alone (fig. 4.25a) and the plasma amplifier, when the pump beam is guided (fig. 4.25b).
Both measurements correspond to the probed zone at the center of the plasma waveguide. Those
were obtained for optimal guiding at the highest demonstrated plasma density, i.e. for a pump
beam focused about 1.55 ns after the arrival of the ”ignitor”.

The plasma channel features a parabolic transverse profile with a 80um wide plasma channel.
The electron density varies from 1.5 x 10%em ™3 on-axis to 5 x 10%em ™3 off-axis, as shown in
fig. 4.25a. The average electron density in the waveguide is considered to be 2.5x 1019¢m=3. The
average electron density of the amplifier was measured 10 ps after the arrival of the pump beam
(fig. 4.25b). We can reasonably consider that K78t lasing ions lie within the waveguide. As the
on-axis region is over-ionized, the amplifier electron density is deemed to be the average value
and reaches 2 x 102%c¢m 3. Because of on-going collisional ionization, this density corresponds
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to an over 60% increase of the actual electron density of 1.2 x 10?°c¢m ™2 at which the lasing
action takes place, because of the on-going collisional ionization reported in fig. 2.16 (dotted
blue curve). The "top view” of the electron density map of the plasma amplifier shows that,
despite the strong overionization in the first millimeter of propagation, the edges of the plasma
channel structure are being maintained, which allows the efficient guiding of the pump beam
over the whole gas jet length.
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Figure 4.25: Experimental 2D electron density map of the waveguide with a 1.55 ns delay between the
main pulse and the ”ignitor” (a) and probed 10 ps after the arrival of the pump beam (b).
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4.4.2 Guiding efficiency

The fig. 4.26 shows the energy distribution of the pump beam at the focal spot (fig. 4.26a)
and at the output of the plasma channel (fig. 4.26¢) in the case of the 5 mm-long high-density
plasma amplifier illustrated in fig. 4.25. When no waveguide is implemented, the driving beam
is strongly refracted and a very weak and divergent IR signal is measured (fig. 4.26b). The
transmitted part of the IR pump beam remains more or less collimated after a few Rayleigh
lengths. A transmission of about 45% is reported. Losses mainly come from the coupling of the
pump beam into the waveguide, as well as the initial strong refraction imparted by the strong
ionization at the focus. When there is no waveguide, the pump beam is strongly defocused
mainly because of ionization-induced refraction, whose impact is predominant at high electron
densities (see fig. 4.26). The transmission is therefore far below 1% and no lasing is observed.
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Figure 4.26: Energy distribution of the IR pump beam focal spot at full energy (1.36 J) in vacuum (a)
and at the output of the high-density plasma amplifier without (b) and with (¢) the waveguide.
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The fig. 4.27 shows the value of transmissions corresponding to various delays between the
waveguiding beam (i.e. the ”ignitor”) and the driving laser pulse.
For a delay of 1 ns between the ”ignitor” and the ”pump beam”, the plasma channel is at its
early stages of hydrodynamic expansion and its transverse diameter is only about 1.5 wq (wy,
laser waist). Simulations (section 3.2.3) showed that channel transverse sizes below 2 wg impart
initial coupling losses, thus lowering the transmission of the driving pulse. A high transmission
as high as 45 % is measured for a delay of 1.55 ns when the channel transverse size is about
2 wg. When the plasma channel further expands, the waveguide transmission only slightly
increases. Indeed, a larger channel diameter improving the coupling efficiency in size is now
counterbalanced by lower density gradients (see fig. 4.22), which decrease the coupling efficiency
for the numerical aperture. Therefore, further plasma expansion virtually does not improve the
overall waveguiding efficiency and only results in a decrease of the electron density (see fig. 4.22),
which decreases the output photon yield.

55 : : : : :
50- . T .
~ 45f 1
)
5 4o '
@
-E 35‘ -
(7]
=
S 30f ]
-
E 25‘ .
20t 1
1 1 1 1 1 1
30 80 100 120 140 160 180

Plasma channel diameter (pm)

Figure 4.27: Transmission of the pump beam for waveguides corresponding to different transverse diam-
eters of the waveguide.

The fig. 4.28 displays the pump beam transmissions for 5 mm, 10 mm, 15 mm, 20 mm and
30 mm-long waveguides, as well as the patterns of the focal spot and the beam profiles of the
IR pump beam at the output of the waveguides. All measurements were carried out with the
same axicon lens achieving a 35 mm-long focal line. The delays between the waveguiding and
pump beams, along with the gas density (by moving the nozzle closer or further from the optical
axis) have been adjusted to maximize the output photon yield (see fig. 4.38). The electron
densities for the 5 mm, 10 mm, 15 mm and 20 mm-long plasma channels were respectively
ne = 1.2 x 102%em ™3, 9 x 10%em =3, 5.5 x 10em ™3, 3.4 x 10¥em ™3 and 2.6 x 10¥Pem 3.
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The output pattern of the pump beam remains fairly collimated for the 5 mm, 10 mm, 15
mm and 20 mm-long channels. The waveguide transmission first significantly decreases to 45
% for the 5 mm-long channel because of the coupling losses. Then, the transmission decreases
almost linearly up to a length 20 mm. For the 30 mm-long channel, the transmission drops
sharply, probably because the focal line did not well coincide with the gas jet over the whole
length. Besides, the pattern looks defocused because it was mechanically not possible to move
the doublet lens to image the plane at the output of the 30 mm-long waveguide.
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Figure 4.28: Transmissions of waveguides with different lengths.
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4.4.3 Characterization of the soft X-ray laser emission
Spectra

When no plasma channel is used to help the driving beam to propagate into the elongated
plasma, no lasing line is observed, as shown in fig. 4.29a. Just a faint zeroth order is recorded,
corresponding to emission from a pre-plasma. The end of the plasma is weakly ionized because
of the strong refraction of the beam at the beginning. Emission from the beginning of the plasma
thus gets absorbed. We can notice the edge of the aluminum filter bandwidth, which cuts the
signals below 17 nm. Advantageous guiding conditions allowed strong amplified spontaneous
emission from the plasma. The recorded signal is presented in fig. 4.29b. It consists of a
saturated zeroth-order emission line and a strong emission line in the grating first order at 32.8
nm. The secondary peaks observed on both sides of the main lines are diffraction patterns from
the supporting grid of the grating. This arrangement however does not allow to see the very
narrow linewidth of the plasma amplifier (AX/\ =~ 1077).
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Figure 4.29: Single-shot recorded spectra of the amplified spontaneous emission from a 5 mm-long plasma
operating at n, = 1.2 x 10?°¢m =2 with no waveguide (a) and with a waveguide (b).
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Far-field energy distribution

The fig. 4.30 depicts the energy distribution of the soft X-ray amplified spontaneous emission
from the plasma. The reported beam profile corresponds to an amplifier electron density of
ne = 9 x 10cm 3. We can notice that the spatial profile is strongly divergent (over 10 mrad)
and is cut by the aperture defined by the filters’ diameter. Moreover, the ASE emission profile
is inhomogenous and features ”hot points”. Those are speckle patterns and arise from the fact
that the plasma is composed of a set of secondary sources displaying a good temporal but low
spatial coherence [Guilbaud, 2005; Guilbaud et al., 2006]. Those secondary sources interfere and
give rise to those over-intensity structures.

The annular shape of the far field beam profile can be explained by refraction of the soft X-rays
because of the plasma density profile with a higher on-axis density and sharp density gradients
on the edges. We can notice that the fact that K78t lasing ions may preferentially populate
off-axis zones of the plasma amplifier (as illustrated in simulations in fig. 3.13c) cannot explain
the observed profile since far-field emission from an annular zone results in a profile filled in the

center.
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Figure 4.30: Output beam profile of the ASE emission from a 10 mm-long plasma with n, = 9x10%em 3.

Recording the output spatial profile allows calibrating the photon yield and the energy
emitted from the plasma. The number of recorded photons depends on the camera quantum
efficiency, its gain, the transmission/reflectivities of the filters/optics and the number of counts
on the CCD chip. One electron-hole pair is created with 3.65 eV of incoming energy. The
number of photons can be therefore assessed with the following formula:

3.65gN,
ph =
HRTEph

where N, is the number of counts, g the camera gain, 1 the quantum efficiency, T the
transmission of the filters, R the reflection factor of optics used to record the signal and E,),
=37.8 eV the energy of one photon. At this energy, the quantum efficiency 7 is about 40 %.
Counter-intuitively, a high gain corresponds to a bigger recorded signal. For photons at energies
of 37.8 eV, 10 electron-hole pairs are created. The integration of the recorded signal in fig. 4.30
leads to a photon yield of 8.4 x 10! photons per pulse, which corresponds to an energy exceeding
4.9 pJ. The source brilliance can be estimated in the order of 10?*phot /s /mrad?, considering a
pulse duration of 100 fs.

(4.2)
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Influence of the pump beam energy, duration and polarization

Aside from the coupling between the pump beam and the pre-formed plasma waveguide, the las-
ing action strongly depends on the pump beam parameters affecting the laser-plasma interaction,
such as its energy, duration and polarization.

e Position of the pump beam focus:

The longitudinal position of the focus strongly determines the output SXRL signal strength.
Indeed, an optimal coupling of the pump beam into the pre-formed waveguide should be
ensured to minimize losses and thus efficiently fill the whole plasma length with lasing
ions. The fig. 4.31 shows the evolution of the ASE signal in case of a 10 mm-long plasma
with an electron density of n, = 7 x 10"%c¢m ™3 for different positions of the focus, whose
distance is defined from the entrance of the gas jet. When the IR laser beam is focused
at the entrance of the gas jet, the pump beam is well coupled into the waveguide and its
transmission is optimal. The best lasing configuration is found for a focus situated 3 mm
within the gas jet from its entrance. In this position, lasing ions can be created before
and after the focus where the medium is overionized, while keeping a good transmission of
the IR pump beam by the waveguide. For focus positions over 3 mm, the IR beam at the
entrance of the gas jet is large and the waveguide IR transmission thus decreases because
of bad laser-plasma spatial coupling.
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Figure 4.31: Variation of the total ASE signal strength for various positions of the focal spot with respect
to the entrance of the gas jet.

The fig. 4.32 displays the energy distribution of the ASE signal as the position of the focus
is altered. The beam profile turns out different with various emission divergences ranging
from 5 mrad (fig. 4.32e) to 10 mrad (fig. 4.32c). The strongest lasing configuration is
found when the ASE emission exhibits the biggest divergence (fig. 4.32c). The beam has a
annular shape because of strong on-axis over-ionization or because of high density gradients
defocusing the soft X-rays. The lowest divergence for focal positions at 1, 2 and 3 mm
from the gas jet entrance can be explained by a geometrical effect. The emission occurs
within a cone, whose base at the output has basically the dimensions of the waveguide and
whose summit is located at the position of the focus. This solid angle is smaller for focal
positions closer to the gas jet entrance. For a focus situated after 3 mm, the divergence
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diminishes probably because the waveguide transmission of the pump beam plummets and
lasing ions are therefore generated essentially on-axis.

(a) (b) (c) (d) (e)
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Figure 4.32: Energy distributions of the output ASE signal for a 10 mm-long plasma for a focal spot at
1 mm (a), 2 mm (b), 3 mm(c), 4 mm (d) and 5 mm (e) from the entrance of the gas jet.

e Pump beam energy and polarization: As displayed in fig. 2.3, the ionization threshold of

the Kr®% is 3.1 x 101W/em?. Regarding the available pulse intensity on target at full
power, this means that there is more than one order of magnitude margin on the pump
beam energy before lasing action should stop. The fig. 4.33a shows an exponential-like
decrease of the recorded signal as the pump beam energy is progressively weakened.
As far as the polarization is concerned, a circularly polarized pump beam turns out more
efficient at producing a greater amount of hot electrons needed to pump the laser transition
(see section section 2.1.3). Hence, a \/4 waveplate is used to get circular polarization from
an initially p-polarized beam. The fig. 4.33b shows the dependence of the output SXRL
emission with respect to the polarization of the pump beam. The angle ”0” corresponds
to the optimized signal for circularly polarization. The angle 745 degrees” will correspond
to linear polarization. Using a circularly polarized pump beam allows increasing the signal
by about one order of magnitude.
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Figure 4.33: (a) Dependence of the SXRL signal strength with respect to the pump beam energy. (b)
Influence of the pump beam polarization on the soft X-ray laser emission.
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e Chirp of the driving laser:

The duration of the pump beam is obviously very important, as it determines the beam
intensity on target. In the best compression conditions, the pump beam pulse duration
was 28 fs. The variation of the output SXRL signal strength has been investigated altering
the second-order spectral phase of the pulse. This quadratic term corresponds to a linear
shift of frequencies, or a so-called ”chirp”. The various wavelengths within the IR pulse
spectrum each have a different propagation time and the duration of the pulse is therefore
altered. Chirping the IR pulse was performed by varying the distance between the pair
of gratings of the compressor. This results in a change in the pulse duration delaying the
spectral components with respect to each other. In case of ”positive chirp”, when the
higher frequencies sit in the leading edge of the laser pulse, the output signal strength
was found to be maintained up to an equivalent pulse duration of 295 fs, whereas the
signal dropped sharply with ”positive chirp”. In the former case, the higher frequencies
contained in the IR pulse spectrum catch up the lower ones over the propagation in the
plasma. As a result, his phenomena can be understood by the fact that a ”positive chirp”
allows pre-compensating the negative dispersion in the plasma.
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Figure 4.34: Variation of the SXRL signal strength (a.u.) as the pump beam is chirped.

However, this explanation does not fully account for the observed trend. Indeed, the group
velocity in plasma for a frequency component at w is given by:

Vg = Cx* --£ (4.3)

Considering a plasma with a uniform electron density of 102%¢m ™2 and a IR spectrum
between 760 and 860 nm, the delay between frequency components imparted by the plasma
will be 132 fs over a propagation distance of 5 mm. To this extent, the observed optimum
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for the minimum duration remains unclear. The maximized SXRL signal strength may
not correspond to the shortest pulse duration of the driving laser beam.

Soft X-ray laser signal strength vs plasma density

According to simulations conducted with OFI-0D code and presented in chapter 2, a rise in
electron density is accompanied by an increase in saturation intensity (cf. fig. 2.19) and a small
rise of the gain coefficient (cf. fig. 2.16). This results from the increased number of emitters
responsible for a higher stimulated emission rate.
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Figure 4.35: Evolution of the plasma amplified spontaneous emission energy as a function of experimen-
tally studied electron densities.

In conformity with expectations from the simulations reporting a boost in gain and saturation
intensity as the electron density is increased (fig. 2.19), the fig. 4.35 illustrates the monotonous
increase in SXRL output energy regarding a 5 mm plasma for a set of experimental electron
densities: n. = 5.9 x 101¥em ™3, n. = 3.2 x 10%em =3, n, = 5.6 x 10%em ™3 and n. = 1.2 x
102°e¢m=3. It should be noticed that, as the ASE beam is strongly divergent and the collection
angle was only about 15 mrad, the signal measurements are underestimated.

SXRL signal strength vs the medium length

Further increase of the plasma-based soft X-ray laser energy can be achieved resorting to longer
amplifying media. The use of an axicon with a low apex angle combined with a diverging wave-
guiding beam allowed us to create a focal line of over 20 mm long.

The fig. 4.36 shows the energy distribution of the ASE signal for increased length of the am-
plifying medium. The geometrical confinement of emission due to the elongation of the plasma
channel for a fixed transverse size is highlighted with a divergence reduced from over 15 mrad
down to about 8 mrad. Soft X-ray emission is essentially confined within a solid angle sub-
tended by a circle with the transverse dimensions of the waveguide at the end of the gas jet at
a point located at the gas jet entrance. This cone of emission decreases as the plasma length is
expanded.
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Figure 4.36: Energy distribution profiles (a.u.) of the amplified spontaneous emission in case of 5 mm
(a), 10 mm (b), 15 mm (c) and 20 mm (d) gas jets.

The fig. 4.37 provides a geometrical explanation of the change of divergence of the ASE
regarding the 10 mm- and 20 mm-long plasma amplifiers displaying 10 and 8 mrad divergence
respectively. The profile of the ASE for the 10 mm-long plasma was obtained with a focus of the
driving beam (red circle) 3 mm after the entrance of the jet. The corresponding position for the
20 mm-long plasma is 9 mm. Considering a cylindrical volume with emitting K8+t ions, those
geometrical parameters would correspond to an elongated volume of transverse size of 70 um and
90 pm for the 10 mm and 20 mm-long plasmas, respectively. The larger transverse dimension
for the 20 mm-long plasma is consistant, since this plasma amplifier has a lower electron density
compared to the 10 mm-long nozzle and because, according to fig. 4.23, plasma channels expand
more for lower densities.
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Figure 4.37: Schematic illustrating the conditions affecting the divergence of the ASE for the 10 mm-
and 20 mm-long plasma amplifiers. The red circles stand for the positions of the focus.

The fig. 4.38 shows the evolution of the ASE emission energy as a function of the gas jet
length. The ASE signal proportionally rises from 1 to 14.4 uJ for a gas jet from 5 mm to 15 mm.
For the 5 mm, 10 mm, 15 mm and 20 mm-long plasmas, the electron densities were respectively
ne = 1.2 x 102%em ™3, 9 x 10em ™3, 5.5 x 10"%em ™3 and 3.4 x 10"em =3, while transmissions of
the pump beam by the waveguide were 45 %, 36 %, 32 % and 28 % respectively.
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Figure 4.38: Evolution of the plasma ASE output energy with respect to the length of the gas jet.

4.4.4 Correlation between waveguiding quality and SXRL signal strength
Plasma channel geometry

The fig. 4.39 shows the value of transmissions corresponding to various delays between the
waveguiding beam (i.e. the ”ignitor”) and the driving laser pulse. For each of these delays,
the vertical position of the nozzle has been adjusted to find the optimal configuration providing
the maximum photon yield. Indeed, a tradeoff between the electron density and the guiding
efficiency has to be found. The figure includes the size and average density defining the geometry
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of these plasma channels.

For a delay of 1 ns between the ”ignitor” and the ”pump beam”, the plasma channel is at its
early stages of hydrodynamic expansion and its transverse diameter is only about 1.5 wq ( wy,
diameter of the laser). Simulations (section 3.2.3) showed that channel transverse sizes below
2 wq impart initial coupling losses, thus lowering the transmission of the driving pulse. The
fig. 4.39 shows that, despite the high electron density promising a high photon yield, the low
transmission of the pump beam (18 %) reduces the volume of generated lasing ions, which results
in a modest soft X-ray laser signal. The optimum for the output SXRL signal strength is found
for a channel diameter about twice wg. A high transmission of 45 % is measured. When the
plasma channel further expands, the plasma channel provides a larger diameter, thus improving
the coupling efficiency in size. The transmission only slightly increases and waveguiding is now
counterbalanced by lower density gradients (see fig. 4.22), which result in a decrease the coupling
efficiency for the numerical aperture. Therefore, further plasma expansion virtually does not
improve the overall waveguiding efficiency and only results in a reduction of the electron density
(see fig. 4.22), which decreases the output photon yield.
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Figure 4.39: Transmission of the pump beam and output soft X-ray laser signal strength in waveguides
corresponding to different delays between the waveguiding and the pump beam.
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Plasma channel length

The fig. 4.40 shows the correlation between the ASE energy and the waveguiding efficiency, as
the plasma amplifier length is increased from 5 to 30 mm. While the majority of the waveguiding
losses are from the coupling at the beginning of the plasma channel, moderate losses are observed
for medium lengths increasing from 5 to 20 mm. This allows the soft X-ray laser output signal to
monotonously rise. However, in case of the 30 mm-long plasma, because the focal line produced
by the axicon was long enough, bad waveguiding occurred at the end of the medium, probably
leading to re-absorption of the plasma emission. The output SXRL signal is therefore found to
sharply drop.
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Figure 4.40: Evolution of the plasma ASE output energy and waveguide transmission with respect to the
plasma length.
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4.5 Conclusion

All in all, a tradeoff between the the channel size and its transverse density gradient is needed
to yearn for ultrafast collisional ionization gated soft X-ray amplifiers.

The «ignitor-heater » waveguiding scheme has been successfully implemented for a 5 mm-
long plasma of a high electron density of 1.2x10?°cm=3. Longer gain media have been generated
and lead to unprecedented energy performances for this type of source (as high as 14 puJ).
Further improvements involve more adequate plasma engineering. Possible solutions would
involve varying the absolute and relative amount of energy in the ”ignitor” and the "heater”, as
well as modifying the delay between both pulses. Moreover, more adequate coupling of the pump
beam into the plasma channel could be achieved by focusing the pump beam with a spherical
mirror of longer focal length.

The spatial quality of ASE beam is low and seeding these amplifiers with a HH source promise
a significant improvement. Furthermore the seeding technique can be used to probe the gain
dynamics of such high-density plasma amplifiers.
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Chapter 5

Characterization of a high-density
HH-seeded plasma-based soft X-ray
laser

This section presents the investigation of the amplification dynamics of a collisional
OFI krypton plasma amplifier by seeding it with a high-harmonic (HH) source. The
implementation of a waveguiding technique allows increasing electron density without
compromising on the volume of emitting ions and leads to a dramatic reduction of the
amplification lifetime [Depresseux et al., 2015b]. This HH-seeding configuration can be
promoted as a source on its own to deliver ultrashort and energetic pulses exhibiting
excellent optical properties.
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5.1 Development of the HH-seeded soft-X-ray laser at 32.8 nm

In order to improve the spatial features of SXRL emission from high-density plasmas emitting
put to 14.4 pJ (see section 4.4.3), those amplifiers have been seeded. However, this section
only presents the implementation of a 5 mm-long plasma amplifier, as efficient extraction of the
medium gain by the seed was not possible for longer plasmas. This can be explained by the
impossibility to efficiently counterbalance the growing ASE of those more energetic amplifiers
(see section 5.1.4). Nevertheless, a substantial group velocity dispersion at high electron densities
between the IR and SXRL pulses leads to a de-synchronization between the longitudinally
generated gain and the propagating amplified seed. The fig. 5.1 shows how the time shift
between the two pulses evolves for a 10 mm-long plasma at various electron densities. This
temporal mismatch reaches 1 ps for n, = 1.2 x 102%e¢m 3.
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Figure 5.1: Evolution of the temporal shift between the IR and SXRL pulses with the electron density
as they propagate in a 10 mm-long plasma.
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Figure 5.2: (a) Variation of the gain duration (FWHM) with respect to the electron density (data from

OFIKinRad code). (b) Maximum amplifier length for which the amplified seed and gain keep synchronized
as the electron density is varied.
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5.1. Development of the HH-seeded soft-X-ray laser at 32.8 nm

The fig. 5.2b shows the maximum length of plasma amplifiers, for which the soft X-ray seed
is effectively amplified within the FWHM duration of the gain (fig. 5.2a), for various electron
densities. For high-density amplifiers reaching a few 10?°cm ™3, the seed stops being amplified
after 1 mm of propagation.

5.1.1 Experimental setup

The fig. 5.3 displays the experimental arrangement of the HH-seeded plasma-based soft X-ray
laser chain. The plasma can be coherently excited using an external source, which works as an
”oscillator”.
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Figure 5.3: Schematic of the experimental arrangement. The waveguiding beam is composed of a sequence
of a short (130 mJ, 30 fs) and a long pulse (690 mJ, 600 ps). It is being focused over the whole jet length
thanks to an axiconic lens and creates, following collisional ionization and hydrodynamic expansion, a
plasma channel. Then, the pump beam (1.36 J, 30 fs) is being focused at the entrance of the channel with
a spherical mirror and being guided afterwards. Hence, an amplifier with K731 lasing ion species over the
whole gas jet length is implemented. A third IR beam (16 mJ, 350 fs) is used to generate high-harmonics
in an argon-filled cell. The latter are image-relayed onto the entrance of the plasma and synchronized
with the gain lifetime.
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This ”seed” source is synchronized with the lifetime of the population inversion achieved
within the plasma. In these conditions, the seed gets amplified as it propagates into the plasma
and the resulting emission is highly coherent and retains the beam spatial properties of the
seed.

The fig. 5.4 depicts this experimental arrangement in «Salle Jaune». The part of the setup
corresponding to the plasma amplifier is installed in the "main chamber”.

SXRL ! ‘
Diagnostics Main

chamber

Figure 5.4: Overview of the experimental plasma-based soft X-ray laser chain. The red arrow shows the
direction from which the laser beams arrive in the main experimental vacuum chamber.

Because the length of gain region for longitudinally pumped gas target SXRLs is severely
limited by ionization-induced refraction, a waveguide is used to maintain sufficient pump in-
tensity over a long distance. The length of gain region for the X-ray lasing can therefore be
increased and the length of the under-ionized absorbing region reduced.

The ”ignitor-heater” optically preformed plasma waveguide scheme (see section 3.1.4) has been
used. The merits of this method involve a high density operation, guiding of pump pulse and the
soft X-ray laser pulse simultaneously, and is damage-free, which caters for high-repetition-rate
needed for practical applications. The waveguide is implemented focusing a sequence of ignitor
(130 mJ, 30 fs) and "heater” pulses (690 mJ, 600 ps) delayed by 600 ps thanks to an axicon
lens. The pump beam (1.36 J, 30 fs) was turned circularly polarized thanks to a quarter-wave
plate. This allows catering for hot electrons needed to efficiently pump the laser transition. The
beam is then focused into the plasma channel using a 75 cm-focal length spherical mirror.

The plasma channel was tailored (see fig. 4.22) to operate at the highest possible electron density
and thus maximize the output soft X-ray laser signal strength. At the highest reported density,
appropriate conditions for guiding in terms of size and transverse density gradient were granted
for the pump beam focused about 1.55 ns after the arrival of the ”ignitor”.

The soft X-ray seed is a high-harmonic (HH) source, implemented focusing an IR driver
beam into a gas cell of variable pressure and length, filled with argon. The linearly polarized
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beam was focused using a 75 cm- focal length plano-convex lens. The intensity upon target is
assessed at about 4 x 101 W /em?2. The HH source is then image-relayed thanks to a toroidal and
a plane mirror onto the plasma amplifier. For this purpose, the spherical, double-coated plane
mirror and the axicon have been drilled (8 mm diameter hole). The grazing-incidence plane
mirror is placed after the toroidal mirror and is used to control the spatial coupling conditions
of the HH beam at the entrance of the plasma.

Spatial overlap, temporal matching and spectral tuning

e Spatial overlap of the pump beam with the HH-driver: The seeding is fulfilled re-imaging
the harmonic output onto the entrance of the amplifying plasma, using a 5 degrees grazing
incidence gold-coated toroidal mirror in a 1.5 m - 1 m conjugation and a SiOs plane mirror.
The experiment was aligned making the HH beam collinear with the infrared pump and
waveguiding beams. The spatial coupling of the HH beam and the SXRL gain region
was done with the image of the focal spot of the IR HH-driver beam by the image-relay
system composed of the toroidal and plane mirrors. This image is situated on the nozzle
gas jet and was overlapped with the focal spot of the pump beam. Because the HH-driver
beam defines the optical axis of the experiment, the spherical mirror is finely tilted to
overlap the pump beam with the image of the HH-driver focal spot. Because of the low
acceptance angles of the image-relay system operating at grazing incidence, the alignment
was performed closing the iris of the HH-driving beam. The resulting focal spot image has
thus a large diameter of about 120 um FWHM, as depicted in fig. 5.5, which shows the
pump beam focus overlapped with the HH-driver focus image. The image was recorded
with a x4 microscope objective.

X (um)

Figure 5.5: Spatial overlapping of the HH-driver focus image with the pump beam focus.

Then, the axicon is moved in the transverse directions to overlap the focal line onto the
pump beam focal spot (see fig. 4.6).
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e Temporal matching of the HH arrival with the amplifier gain lifetime: The temporal over-
lap between the HH signal and the SXRL amplification period was approached by syn-
chronizing the HH driver and the pump beams thanks to a 30 fs-accuracy delay line. The
synchronization was implemented by placing a piece of sheet in front of the spherical mir-
ror. This sheet is used to center the beam on the spherical mirror and has two holes, one
on-axis and the other a few millimeters off-axis. The HH-driver beam passes through the
on-axis hole, whereas an edge of the pump beam whose iris has been closed passes through
the sheet and is reflected by the spherical mirror. This Young’s slits produces a system
of fringes when both beams are synchronized. All optical densities on both beams are re-
moved and the A/2 waveplate of the laser polarizing cube attenuator is set to its maximum
of transmission to avoid various temporally shifted systems of fringes to be formed. The
iris aperture of both beams is then set to equalize the intensities of both overlapped focal
spots, in order to yield an optimized fringe contrast, as illustrated in fig. 5.6.

Figure 5.6: Synchronization of the HH-driver beam with the pump beam.

e Spectral tuning of a HH order onto the plasma lasing line: The HH signal can be effec-
tively amplified by the plasma if the seeded signal is spectrally tuned onto the ASE lasing
line at 32.8 nm. This was performed altering the second-order spectral phase of the HH
driver beam [Lee et al., 2001] by changing the spacing between the pair of gratings of the
compressor from their initial position delivering the shortest pulse duration. The 25th
harmonic signal was spectrally shifted onto the 3d%4dj—y — 3d”4pj—; laser transition of
the Kr8T plasma amplifier. The HH flux was optimized by changing the gas pressure and
altering the focusing conditions. Besides, the phase-matching conditions were optimized
by fine-tuning the HH driver beam aperture with a motorized iris to adjust the Gouy
phase. The appropriate conditions with a 75 cm-focal length lens were found with an iris
aperture of 11.8 mm, a pulse of 16 mJ energy and 350 fs duration (chirped IR laser), and
for a 6 mm long cell with a pressure of 40 mbar and a focal plane situated about 5 mm
after the cell entrance.
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5.1.2 Spectra

Seeding plasma over 10 mm was not possible, probably because of a too strong ASE signal
as compared to the HH signal strength. Consequently, the results regarding the high-
density HH-seeded plasma-based soft X-ray laser correspond to a 5 mm-long plasma. The
fig. 5.7 reports the spectra for HH, ASE and HH-seeded signals respectively in case of a
high-density plasma amplifier with n, = 1.2 x 10cm 3. The arrival of the HH signal
was delayed with respect to the pump beam. A strong amplification of the seed pulse was
observed when the injection time was synchronized with the gain period. The maximum of
amplification was found for a delay of 1.4 ps between the pump and HH-driver beams. The
secondary peaks on both sides from central peaks correspond to the diffraction pattern
from the grating supporting grid. A factor of about 30 between the HH and the ASE shots
and a factor of about 35 between the ASE and the HH-seeded SXRL signal. Overall, the
HH signal is amplified by a factor of about 1000.
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Figure 5.7: Spectra of the high-harmonic signal (a), the ASE (b) and the HH-seeded SXRL (c).
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5.1.3 Far-field Energy distribution and output energy

The far-field beam profile has also been directly recorded about 4 m from the source. The fig. 5.8
depicts the beam profile of the seeded SXRL in comparison to the HH signal. The 14 0.2 mrad
divergence and nearly Gaussian beam profile of HH is maintained over the plasma amplification.
A factor of 75 is reported between all HH orders and the seeded SXRL signal, for the highest
operated electron density at 1.2 x 102°e¢m™3. The amplification of the HH portion matching the
laser transition at 32.8 nm corresponds to more than three orders of magnitude and the resulting
SXRL signal yields about 2 pJ per shot, which corresponds to over 3 x 10! coherent photons.
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Figure 5.8: Far-field beam profiles of the HH (a) and the seeded SXRL (b) signals in case of n. =
1.2 x 10%em 3.

In order to bring into comparison the signal strengths of the highly divergent ASE with low-
divergence HH and SXRL signals, the energy distribution of the HH, ASE and HH-seeded soft
X-ray signals has been measured using the experimental setup described in fig. 4.19. It allowed
imaging the source in a plane lying about 1.40 m from the plasma and collecting photons over
an angular aperture of about 15 mrad. The fig. 5.9 illustrates the energy distribution of soft
X-ray signal per shot for the HH, ASE and seeded XRL respectively. Data were recorded in the
highest density case for n, = 1.2 x 102%¢m™3. Those signals have been observed imaging the
filter box with an off-axis parabola. They report an increase in the collected signal for the seeded
soft X-ray laser of about 10 compared to ASE signal and about 100 compared to the total HH
flux. The ASE signal (fig. 5.9a) is strongly divergent (over 15 mrad) and is actually cut by the
filters holder, whereas HH and HH-seeded SXRL display about 1 mrad divergence FWHM. The
fig. 5.9¢ shows that seeding the plasma amplifier with HH lowers the ASE signal (signal level
outside the central spot in fig. 5.9c compared to ASE signal in fig. 5.9b) to concentrate photon
emission within a spot defined by the solid angle of HH.

Calibrations in energy yield about 25 nJ for whole HH signal comprising all HH orders, over 1
uJ for ASE and about 2 pJ for the HH-seeded SXRL.
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Figure 5.9: Energy distribution of HH (a), ASE (b) and seeded soft X-ray laser signals (c).
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In optimal conditions, the HH-seeded SXRL source exhibits a good shot-to-shot stability.
The fig. 5.10 illustrates this over 40 shots. The energy fluctuations stand at 6.8 % of the average
energy (standard deviation ogprg = 0.068). Regarding the beam pointing and beam divergence
stabilities, they amount to orars = 0.116 mrad and ogrprs = 0.39 mrad respectively.
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Figure 5.10: Far-field energy distributions of the HH-seeded SXRL signal. (a) Histogram reporting the
shot-to-tho stability of the source. The value 1 corresponds to a normalized average energy. (b) Beam
pointing stability. The red stars stand for the shots and the blue circle corresponds to the FWHM
divergence of those beams.
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5.1.4 Seeding signal strength level

The fig. 5.11 illustrates the impact of the spectrally tuned HH seed energy at 32.8 nm on the
amplified HH signal strength for n. = 3.2 x 10%m =3 (black curve) and n. = 7 x 10%em =3
(orange curve). The optimized HH signal energy has been decreased modifying the polarization
of the IR HH driving beam. The HH generation efficiency drops sharply by turning the po-
larization from linear to circular. For this measurement, neither the focusing conditions of the
HH driver into the gas cell nor the intensity of the IR pulse can be modified, as the spatial and
spectral coupling of the HH seed into the plasma amplifier would also be changed.

x104

0.5r

SXRL output signal (a.u.)

0 100 200 300 400 500 600 700 800
HH signal energy (pJ)

Figure 5.11: Evolution of the amplified HH pulse signal strength as the HH seed energy is varied for a
plasma amplifier electron density n. = 3.2 x 101%m =3 (black) and n. = 7 x 10!%cm =3 (orange).

The curve displayed in fig. 5.11 shows a first phase, where the output SXRL signal rapidly

rises as the HH seed energy increases. This behavior corresponds to a non-saturated regime of
the amplifier. When the HH signal exceeds about 200 pJ, the amplifier saturates and the output
SXRL signal increases slower.
The saturation regime is reached earlier for the highest electron density (orange). Furthermore,
there is a threshold from which the HH gets amplified. The HH seed signal strength has indeed
to overcome the "noisy” ASE signal in order to be efficiently amplified. This threshold is higher
at larger densities. The amplification of the seed starts at about 25 pJ for n. = 3.2 x 109¢m =3
and at about 70 pJ at n. = 7 x 10"%cm 3. This behavior moots an additional difficulty when
operating at higher near-critical electron densities. In order to efficiently extract the gain of
the plasma amplifier, the HH seed signal should be strong enough to overtake the substantially
increased amplified spontaneous emission.

157



Chapter 5. Characterization of a high-density HH-seeded plasma-based soft X-ray laser

The fig. 5.12 illustrates this phenomena when seeding a 5 mm-long plasma amplifier plasma
amplifiers displaying an ASE energy of 1 uJ (fig. 5.12a) with a high-harmonic seed of different
flux. The fig. 5.12b shows the seeded SXRL energy distribution with a seed energy of 25 nJ,
whereas fig. 5.12c depicts the result for a seed energy of only 10 nJ. In the former case, the HH
beam gets amplified at the expense of the ASE signal, while in the latter case, the ASE remains
strong and the seed is less amplified.
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Figure 5.12: (a) Energy distribution of ASE in case of a 5 mm-long plasma with n, = 1.2 x 10*°cm 3.

Energy distribution of the seeded soft X-ray laser for a seed with an energy of 25 nJ (b) and 10 nJ (c).

Similarly, fig. 5.13 shows the same phenomena with this time the same strength of HH signal,
but in case of two different ASE signal strengths. The fig. 5.13 shows efficient amplification of
the HH by a 5 mm-long plasma amplifier (fig. 5.13a), while bad gain extraction is reported when
considering a 10 mm-long plasma amplifier (fig. 5.13b). The HH signal strength was about 25
nJ in both cases, whereas ASE was measured to be 1 uJ and 5 uJ for the 5 mm- and 10 mm-long

nozzles.
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(b)

Figure 5.13: Seeded SXRL signal in case of 5 mm-long (a) and 10 mm-long plasma amplifiers.

5.2 Gain dynamics measurement

The study of plasma-based soft X-ray sources is carried out with krypton, whose highly-charged
and stable Kr8t ions display a strong lasing line at 32.8 nm for the 3d%4d;—o — 3d%4pj—;
transition.

As previously reported, in collisionally-pumped plasma amplifiers, the fundamental limit of
emission duration is governed by the Fourier transform of the pulse spectral line width. Because
of the intrinsic narrow line width of such lasers, femtosecond duration emission is not readily
available and spectral broadening techniques have to be envisioned to hope for shorter duration.
In this perspective, we will see that increasing the electron density of the plasma amplifier paves
the way for ultrashort pulse emission of coherent soft X-rays. The duration of collisionally-
pumped plasma-based soft X-ray lasers is ranging between the fundamental limit given by the
Fourier transform of the emission linewidth and the lifetime of the amplifier gain [Guilbaud
et al., 2010]. Indeed, the HH pulse width is larger than the amplifier narrow linewidth and the
HH pulse duration is far shorter compared to the actual plasma temporal response. For more
than one decade, collisionally-pumped plasma-based soft X-ray lasers have been limited to the
picosecond range. One of the main work of this thesis has been associated with the introduction
and the implementation of a technique Collisional Ionization Gating (CIG). The method aims
at reducing the time window in which the lasing action takes place by quenching the lifetime of
the lasing ions. In the OFI plasma soft X-ray lasing scheme [Eder et al., 1992], an ultrashort
infrared laser pulse (5 x 10'¥WW/cm?) was focused onto a krypton gas jet to generate the lasing
ion species. The resulting electron distribution permits to achieve a population inversion by
collisional pumping leading to the lasing of the transition 3d%4dj_¢ — 3d%4pj—; at 32.8 nm
[McGowan et al., 1992b].

Measurement of the gain dynamics as a function of the electron density. To evaluate
the influence of electron density on the temporal properties of the 32.8 nm lasing emission, the
temporal gain dynamics has been measured by seeding the SXRL amplifier using the 25th
harmonic of the infrared driving laser. Propitious guiding conditions allowed us to enhance
the SXRL yield by one order of magnitude over an electron density range from a few 10'® to
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over 102°cm ™3, in accordance with our simulations reporting a monotonous increase in gain and

saturation intensity (cf. fig. 2.19). By varying the time delay between the amplifier creation and
the seed pulse injection, we measured the temporal evolution of the amplification factor, thus
revealing the actual temporal profiles of the SXRL gain.

The studied electron densities for plasma amplifiers filled with Kr8T are n. = 3 x 108e¢m =3,
Ne = 7.9 x 108em ™3, ne = 3.2 x 10em ™2 and n, = 1.2 x 102%em 3.

The first two lowest densities correspond to a 5 mm-long gas cell at 15 and 40 mbar re-
spectively. Such low densities did not require a waveguiding beam to counterbalance ionization-
induced refraction. In fig. 5.14, the cases (a) and (b) were obtained with a high-density gas
jet. Changing the delay between the waveguiding beam and the IR pump beam allowed to alter
the electron density of the amplifier. Indeed, as reported in fig. 4.22 in chapter 4, the plasma
expansion is characterized by a widening plasma channel with a decreasing average electron
density within the waveguide transverse dimensions. The lasing conditions were optimized by
tuning the height of the optic axis with respect to the jet nozzle to maximize the IR pump
beam transmission by the waveguide. The cases fig. 5.14a & b correspond to delays of 3 ns and
1.55 ns respectively. It should be noted that the electron density of the amplifier fig. 5.14b has
been recorded 10 ps after the arrival of the pump beam, whereas for case fig. 5.14a, the electron
density was probed just after the propagation of the pump beam.

Plasma channels Amplifiers

100 200 250

150
z (um)

Figure 5.14: Electron density maps in case for amplifiers of average densities n, = 3.2 x 10%e¢m=3 (a)
and n, = 1.2 x 10%%cm=3 (b).

The fig. 5.15 shows the temporal dependence of the plasma amplification with respect to the
electron density. The experimental behavior of the plasma amplification has been fitted with
numerical data (red curve) obtained from a time-dependent Maxwell-Bloch code describing the
amplification of HH by the plasma (see section 5.3). The amplification factor, A, has been
computed integrating the energy distribution of the signals using the formula:
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Figure 5.15: Temporal dependence of the amplification factor with respect to the seeding delay. Exper-
imental (blue circles) and Maxwell-Bloch modelling results (red squares) for a scan in plasma density:
Ne =3 x 108em ™32, n. = 7.9 x 108¥em =3, n, = 3.2 x 10"%em =3 and n. = 1.2 x 102%cm 3.

A= (Nxrr — Nase — Nun)/Now (5.1)

where Nxgrr, Nasg and Ngypg are the number of counts of the seeded XRL, ASE and HH
signals respectively, averaged over 3 or 4 shots.
The duration of amplification monotonically decreases from 7 ps to an unprecedented [Wang
et al., 2006] shortness of 450 fs full width at half-maximum (FWHM), by increasing the plasma
densities from 3 x 10™8em™ up to 1.2 x 102%c¢m ™3 respectively. These measurements clearly
illustrate the dramatic temporal quenching of the amplification as a result of an increase in
electron density. As anticipated from the fig. 2.16, the fast rise of the amplification is due to
collisional excitation of the lasing transition taking place after the abrupt field ionization pro-
cess. The ultrafast decay in amplification brings testimony of the Collisional Ionization Gating
(CIG) process at high densities. Although vital for pumping, the on-going collisional ionization
also mainly contributes to shorten the gain lifetime, the number of lasing ions becoming rapidly
scarce due to strong over-ionization. Moreover, the maximum amplification factor increases from
150 to 1200 over nearly two orders of magnitude in electron density, in conformity to expecta-
tions (cf. fig. 2.19).
We can notice, especially at the highest electron density, the steep fall of the amplification factor
after reaching its peak. This behavior is mainly due to the strong ASE signal, which becomes
more predominant when the HH is no more synchronized with the peak of amplification. As a
result, ASE exhausts the gain of the amplifier and the HH pulse is less efficiently amplified. The
slow increase of the measured amplification factor remains not well understood. As reported
in the temporal profiles of amplifier gains in fig. 2.15, one should expect a steeper and earlier
rise of the amplification. One possible explanation could be linked to the difference of group
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velocities between the HH and the IR pump beam as they propagate in the plasma. However,
preliminary calculations show that this cause is not sufficient to explain the discrepancy between
the experimental and numerical data.

Besides, a "bounce” in the amplification, right after the main peak is quasi-systematically re-
ported. This "bounce” is clearer at the highest densities and can be explained by the promotion
of K18 and Kr™" species to K18t following collisional ionization, for which the laser transition
can be pumped.

5.3 Maxwell-Bloch modeling

Using the previously described time-dependent Maxwell-Bloch code DeepOne [Oliva et al., 2011;
Larroche et al., 2000], the modeling of the radiation transfer in the amplifying SXRL plasma
relevant to the experimental conditions has been undertaken. The description of the propaga-
tion and amplification of the high harmonic beam is done considering the evolution of plasma
parameters, atomic level populations and rates (see section 2.5). Those were computed using
an advanced atomic physics model, OFIKinRad, based on the COFIXE code [Cros et al., 20006]
taking account of 92 atomic levels of krypton. These data (temporal evolution of the electron
density and temperature, atomic collisional radiative rates, population of the lasing ion and
population of several atomic levels strongly coupled to the lasing levels) were fed to the time-
dependent Maxwell-Bloch code so as to obtain, with its simplified three-level atomic model, the
same population inversion as the more complete atomic physics package. The ionization degree
in the plasma channel is considered to be initially 3.

As shown in fig. 5.15, our calculations reveal that the amplification lifetime is shorter and

starts earlier with steeper slope for higher gas densities, which is in good agreement with the
experimental measurements. The Maxwell-Bloch numerical model describes well the atomic
processes underpinning the gain temporal quenching over a remarkably large range of electron
densities covering nearly two orders of magnitude.
Since the plasma is inhomogeneous as illustrated in fig. 3.19, the amplification profile is a su-
perimposition of different temporal amplification timescales, each corresponding to a particular
density. The numerical points (fig. 5.15) correspond to the contribution to amplification from
the highest electron densities and describe well the central peak lifetime. Because of the dif-
ferent contributions from various densities that add up to the total amplification, the values of
amplification factors have been normalized to match the experimentally measured peak value.

The fig. 5.16 provides a qualitative assessment of the contributions from different densities
to the amplification curve and shows the plasma amplification lifetime (blue curve) in case of
two electron densities: n, = 1.2 x 102%cm =3 (fig. 5.16a) and n, = 6 x 10"%em =3 (fig. 5.16b). The
green-tinted area illustrates, for each case, the time interval where the curve fit is the best. The
numerical calculations for n. = 1.2 x 102%¢m =3 simulate the amplification peak for At between
1.3 and 1.8 ps, whereas those for n, = 6 x 109¢m =3 fit the end tail of the curve between 2 and 3
ps. Regarding fig. 5.16b, a lower normalization factor has been used for the amplification values
compared to fig. 5.16a. For delays below 2 ps, the amplification factors from the lower density
(black) are dwarfed by those from the highest densities (red), whereas, in the tail of the curve
for delays longer than 2 ps, those amplification factors (black) add up to those of intermediate
densities.

The numerical calculations have been carried out using DeepOne code, based on the model
described in section 2.5. This code has been benchmarked [Wang et al., 2008] to study the
spatio-temporal evolution of an amplified high-harmonic seed throughout a plasma amplifier.
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Figure 5.16: Numerical fit of the experimental amplification curve considering n, = 1.2 x 102°cm=3 (a)
and n, = 6 x 101%m =3 (b). The green zone shows the region where numerical data fit experimental data
at a particular electron density.

5.3.1 Temporal structure of the amplified HH field

Under reasonable considerations, the 1 nJ seed HH pulse FWHM duration is considered to be
60 fs. As the seed signal is well above the plasma spontaneous emission "noise” and much more
intense than the ASE, the plasma is immediately coherently polarized. The resulting long-lasting
polarization generates and amplifies a wake following the HH pulse. The duration of the wake,
defined as the time interval containing half the total energy of the beam, increases in the first
millimeters of the amplifier.

An exact solution of the polarization equation (see eq. (2.136)) at the entrance of the plasma
(z = 0) can be found assuming the populations are constant within the timescale of the electric
field. This approximation is good, as the HH duration is only 60 fs and the populations evolve
much slower. This solution can be factorized in three terms, which for an electric field with a
Gaussian distribution of standard deviation o (related to the FWHM duration of the HH pulse)
can be written as:

P = Py x Pi(t) x Pa(t) (5.2)

.

;2
Py=—2#A (N, — N)e'’7*2g /27

Pi(t) = - = [t et/ Qo) g
with (5.3)
677(t*ts) t Z ts
Py(t) =
\ 1 otherwise

where t, is the time of the maximum seed intensity and A, the amplitude of the electric
field at that time. Both terms P; and P are normalized to unity (i.e., their maximum value
is one) and the numerical value of the polarization is therefore given by Fy. Polarization is
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created by the electric field and thus the rising time is given by Pj, whereas the decay time, due
to collisions, is given by P». This rising time has the same characteristic time as the seed and
follows the electric field with a delay depending on the integral of the electric field (P;). On the
other hand, the depolarization characteristic time depends only on the plasma properties. In
the studied case, the depolarization time (y~!) is an order of magnitude greater than the rising
time (o).

This difference of scale explains the fact that only the wake and not the HH is strongly
amplified. As shown in fig. 5.17, the seed electric field induces the polarization but due to the
intrinsic delay, the HH is barely amplified, as the polarization is still small during their presence.
The maximum of the polarization is achieved when the electric field reaches zero and then decays
slowly, developing the long-lasting picosecond wake as illustrated in fig. 5.17c.
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Figure 5.17: (a) Envelope of the HH electric field (blue) and induced polarization density (green) right at
the entrance of the plasma amplifier. (b) Close-up. The tinted area depicts the small interaction region,
explaining why the wake is amplified at the expense of the HH. (¢) Temporal profile of the amplified HH
pulse at the output of a plasma amplifier at n. = 6 x 1028em=3.

After 5 mm of amplification, ASE becomes preponderant. The total energy contained in the
beam is 100 nJ after 5 mm, which is in good agreement with experimental data. This energy is
contained in the wake, whereas the seeded HH pulse is mixed with the ASE.
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5.3.2 Regimes of amplification of the resonant HH field

The output beam consists in a barely amplified HH pulse preceding a wake displaying Rabi os-
cillations and depolarization-induced decay [Almiev et al., 2007]. The amplified HH pulses are
characterized by two regimes: a so-called dynamic regime, characterized by Rabi oscillations
and an adiabatic regime governed by the evolution of the amplified field envelope [Laroche et al.,
2013].

1. Depolarization-induced decay:

The dipole emission is typical of a two-level atomic system subjected to a resonant exter-
nal field. However, the plasma exhibits a great number of those dipoles and the resulting
coherent emission relies on their ability to emit in phase. A single dipole is coupled to ex-
ternal fields, which notably lead to the depolarization of the medium. This depolarization
therefore determines the lifetime of the coherent amplification of the resonant HH field.

The oscillating electron radiates and thus loses energy. Hence, the amplitude of an
individual dipole momentum decreases. Moreover, electron-ion collisions induce phase
shifts between individual dipoles without affecting their amplitude. Because the phases of
those individual dipoles cannot be added, the amplitude of the resulting dipole decreases.
Electron-ion collisions gradually destroy the macroscopic polarization.

2. Saturated regime and Rabi oscillations:

As the HH pulse propagates through the plasma and gets substantially amplified, its elec-
tric field starts saturating the population inversion, which leads to the development of
Rabi oscillations. As described in section 6.3.2, saturation effects following the strong
amplification of the HH field lead to strong oscillations in the population inversion, which
can even become negative and turn the medium absorbent. This behavior induces simi-
lar oscillations in the medium polarization and the amplified field. Those oscillations are
known as Rabi oscillations and are observed in case of an isolated two-level system. The
coherent external field drives the population of the atomic system between the upper and
lower level states with a period 7/Qp. Those oscillations can be interpreted by simpli-
fying the set of Maxwell-Bloch equations on field (eq. eq. (2.129)), medium polarization
(eq. (2.136)) and the atomic populations (eq. (2.137)). We consider a linearly-polarized
HH field and neglect the influence of collisional effects responsible for the dipole and pop-
ulation inversion relaxation, as those occur on a timescale (a few ps) bigger compared to
the observed Rabi oscillations. In those conditions, we obtain:

oP iE , OAN i
— = —d*°;, AN = —F.P A4
or h ut and or 2h (5-4)

The variations of the envelope of the field OE /07 can be neglected compared to dP/0T
and OAN/O1. Hence, we can write for the population inversion:

O?AN E?%d,,
87—2 - 2h2 AN (55)

In those conditions, the population inversion oscillates at a Rabi frequency Qpg:

dul
Qp =—VI 5.6
R on \[ ( )
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with I, the intensity of the field. Similarly, the medium polarization and the amplified
field display this behavior. This Rabi frequency can be expressed [Robillart, 2010] as a
function of characteristic relaxation times 77 and T5:

I
Ty

Qp x (5.7)
The time constant 77 is the gain recovery time. It characterizes the relaxation of the
population inversion towards its equilibrium value. The time constant T, is the phase
shift time. It corresponds to the timescale, upon which the emitting dipoles get out of
phase with respect to each other, which subsequently destroys the coherent emission. T
denotes the energy relaxation and 75 the phase relaxation.

The long-lasting polarization of the medium, induced by the HH, generates and amplifies a
wake induced by the HH pulse. The duration of this wake increases in the first millimeters
of the amplifier. For longer distances, the interaction between the electric field and the atomic
populations starts developing Rabi oscillations, saturating the gain, and reducing the duration
of the wake.

5.3.3 SXRL pulse buildup

Amplified pulse temporal profile. The fig. 5.18 illustrates the HH pulse buildup as it
propagates and get amplified in the 5 mm-long plasma for the set of electron densities: n, =
3 x 108em™3 (green), n. = 7.9 x 108em™3 (magenta), n, = 3.2 x 10%m =3 (black) and
ne = 1.2x102%cm =3 (blue). The energy and pulse duration of the HH pulse have been considered
to be 1 nJ and 60 fs, respectively.

As illustrated in fig. 5.18, we see that the frequency of Rabi oscillations increases with the
intensity of the resonant field. They are anharmonic, as they depend on the field amplitude. The
field oscillations decrease at longer times, when the amplified field drops. We can notice that
the amplitude of these oscillations increases strongly when the amplification regime is strongly
saturated. Moreover, as the electron density is increased, those saturation effects start sooner
and the higher dipole phase shifting rate leads to a stronger damping of the Rabi oscillations.
Indeed, increasing the electron density causes more electron-ion collisions, which mainly leads to
an decrease of the dipole phase shift time constant 75 (conversely an increase of the associated
relaxation rate). As a result, the coherent emission stops sooner. Similarly, the increase of those
rates causes a broadening of the laser line, which corresponds to a quenching of the Fourier-
imited duration of emission.

As long as the pulse duration (RMS) is concerned, it shrinks from 6.4 ps to 2.9 ps, 645
fs and 64 fs as the electron density rises from n. = 3 x 108em™2 to n. = 1.2 x 10%%em 3.
The HH peak intensity is initially 5.2 x 108W/em?2. As the electron density is increased from
ne = 3x108em™3, n, = 7.9x108em =3, n, = 3.2x10%em 3 and n, = 1.2x10%°cm =3, this peak
intensity soars by a factor of 26, 136, 1218 and 12500 respectively after 5 mm of amplification
(cf. fig. 5.18). Those pulse profiles include the contribution of ASE within the solid angle of the
amplified HH signal (FWHM, i.e. 1 mrad). The coherent amplified pulse totally dominates the
stochastic noise from amplified spontaneous emission.
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Figure 5.18: HH pulse buildup for a 5 mm-long plasma of electron densities n, = 3 x 10%¥em =3 (a),
ne = 7.9 x 10¥em =2 (b), n, = 3.2x 10%em =3 (c) and n, = 1.2 x 10*°ecm =3 (d). The HH signal is seeding
the plasma at the maximum of amplification.

Evolution of the population inversion, polarization and amplified field with the elec-
tron density. The fig. 5.19 brings into comparison the temporal evolution of the population
inversion between the upper and thrice-degenerate lower level of the 3d°4dj—g — 3d%4pj—;
transition, with the polarization of the medium (left column) and the amplified HH field (right
column). The data are shown after 5 mm of propagation through the plasma. The linearly-
polarized electric field of the HH seed involves real and imaginary components of the medium
polarization. Therefore, the modulus of the medium polarization is represented. We can see
that the variations of the polarization of the medium follow those of the population inversion
with a certain delay due to the integration of radiation over the propagation length. The popu-
lation inversion and the amplified HH field are strongly coupled. We can see that the maxima
(conversely minima) of the amplified field correspond to the minima of the population inversion
(conversely maxima).
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Figure 5.19: Temporal evolution of the population inversion (m~3) compared to the polarization density
of the medium and the amplified HH field, after 5 mm, for the electron densities: n, = 3 x 10¥cm =3
(a)&(b), ne = 7.9 x 1018em =3 (c)&(d), ne = 3.2 x 10¥%cm =3 (e)&(f) and n, = 1.2 x 10*%cm =3 (g)&(h).
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5.8. Mazwell-Bloch modeling

5.3.4 Final SXRL pulse duration and discussion

Extraction of the amplified HH pulse duration. In plasma-based XRL, the duration of
the lasing emission is directly linked to the temporal evolution of the gain. Knowing the gain
dynamic permits to infer the SXRL pulse duration with good precision, at the only condition
that the plasma dynamic is correctly modeled. The HH-seeded SXRL pulse duration is Fourier-
limited [Guilbaud et al., 2010] and therefore shorter than the gain duration. This is due to the
fact that the HH pulse width is larger than the amplifier narrow linewidth, but also because
the HH pulse duration is far shorter compared to the actual plasma temporal response. As
density-induced collisional ionization strongly affects, at high-densities, the broadening of the
laser transition levels and the amplification duration in the same way, we can rely on the nu-
merical model to infer the SXRL pulse duration. The HH-seeded SXRL duration only depends
on the evolution of the atomic processes regulating the laser transition populations. Therefore,
one needs to get a good description of the broadening processes of the laser transition levels to
be able to determine its final duration. Those processes include natural, Doppler and collisional
broadening. In OFI plasma amplifiers, ions are relatively cool and the contribution of Doppler
broadening gets negligible at high electron densities. Hence, both natural and collisional ioniza-
tion broadening give the full picture of the underlying atomic processes responsible for the SXRL
final duration. Experimental data are compared to results from our Maxwell-Bloch numerical
modeling, which well reproduce the gain temporal quenching over a remarkably large range of
electron densities covering nearly two orders of magnitude (fig. 5.15). The good agreement of
the numerical fit with experimental data allows getting, besides electron density measurements
(fig. 4.25), a good assessment of the actual electron density, which is pivotal to the description
of the broadening effects. As density-induced collisional ionization strongly affects, at high-
densities, the broadening of the laser transition levels and the amplification duration in the
same way, we can be confident that the numerical model reasonably well describe the atomic
processes involved in the laser transition broadening. As a result, the SXRL final duration was
extracted from the numerical model.

169



Chapter 5. Characterization of a high-density HH-seeded plasma-based soft X-ray laser

The fig. 5.20 shows the final duration of the SXRL pulses emitted by the HH-seeded plasma
for the four experimentally explored electron density and a prospective one at n, = 4x10?%c¢m 3.
The inferred SXRL pulse duration (RMS) varies from 6.4 & 0.3ps for n, = 3 x 1018em ™3 down
to 23+ 6fs for n. = 4 x 102%e¢m =3, thus breaking the decade-long picosecond barrier of plasma-
based SXRL, and furthermore opening the sub-100 fs range for this type of coherent soft X-ray
source.
As shown in fig. 5.20, the temporal structure of the pulse is composed of several periods of Rabi
oscillations, induced by the strong amplification of the pulse. Different parts of the beam will
induce Rabi oscillations with slight different periods and only the pulse envelope will be observed
[Tissandier et al., 2012].
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Figure 5.20: Simulated temporal profiles of the amplified SXRL for the set of studied densities and a
prospective one of n, = 4 x 102°cm =2 (red). The duration strongly depends on the density and ranges
from 6.4 & 0.3ps to 50fs £ 18fs RMS. The highest experimental density (blue) results in an amplified
beam with duration of 64 + 21fs FWHM (123 + 40fs RMS). The curves have been normalized to one
and their RMS duration specified.

Illustration of ”Collisional Ionization Gating”. The dramatic reduction of the final
SXRL pulse duration allowed by the ”Collisional Tonization Gating” process, is caused by the
anticipated interruption of the gain following the overionization of the medium. To highlight this
effect in force at high electron densities, numerical calculations have been carried out artificially
fixing the ionization degree of the population of lasing ions.

The fig. 5.21 brings into comparison the amplified HH pulses in the real case, when the plasma
ionization degree progressively increases through collisional ionization (blue curve) and in case
of an artificially blocked ionization degree (red curve). Those temporal pulse profiles are con-
fronted to the evolution of the average ionization degree of the plasma amplifier over time (data
from OFI-0D atomic code). The yellow-tinted are show the region where K18t lasing ions ex-
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5.8. Mazwell-Bloch modeling

ist. This region defines a time window (grey-tinted area), in which lasing action occurs (blue
curve). When overionization of the lasing ions population is blocked, the SXRL pulse duration
is substantially longer (1.15 ps FWHM compared to 123 fs FWHM for the blue curve). Ini-
tially, a dynamic regime governed by the oscillating evolution of the population inversion under
the influence of a strong amplified HH electric field dominates. Rabi oscillations are therefore
observed. After, the profile of the amplified pulse is dominated by the impact of the medium
depolarization due to electron-ion collisions. The profile of the red curve shows that the pump-
ing process continues and is not limited by overionization.

The inner envelope of the observed Rabi oscillations is the amplified wake induced by the po-
larization of the medium by the amplified HH field. When the ionization degree is fixed, the
pumping process continues and there is a competition between this polarization induced by the
HH and the medium depolarization resulting from electron-ion collisions. This phenomena is
materialized by the observed ”shoulder” on the red curve.
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Figure 5.21: Comparison of the HH pulse amplified by a 5 mm-long K78t plasma with n, = 8 x 109c¢m =3

in the real case (blue curve) and when the ionization degree of the lasing ions population is artificially fixed
(red curve). The green curve shows the evolution of the average ionization degree and the yellow-tinted
area denotes the time region where lasing K8+t are present.
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Assessment of the spectral linewidth of the soft X-ray laser emission line. In case
of an OFT collisional plasma amplifiers, the collisional broadening mechanism dominates the
other contributions to the soft X-ray laser spectral linewidth (section 2.3.1). As a consequence,
the linewidth can be assessed solely from this homogenous broadening source. The electron-ion
collision frequency (Hz) used in DeepOne is:

Vei = 2.63 x 107 Z n, log(A) T, 3/ (5.8)

where Z is the ion charge, n. the electron density in ¢m ™3, T, the electron temperature in
eV and log(A), the Coulomb logarithm:

log(A) =23 —log (n,y2 Z Te_3/2> (5.9)

Considering the highest experimentally measured amplifier electron density n, = 1.2 x
10*°cm =3, an electron temperature T,=150 eV and a charge Z=8, log(A)=5.3195 and v; =
7.3107x10'2H z. According to [Whittaker et al., 2010], the FWHM angular frequency bandwidth
corresponding to the contribution from collisions is twice the electron-ion collision frequency.
Thus, the emission linewidth in the spectral domain, Av, is:

 Aw

Av 5 = 23271 x 10"2H 2 (5.10)
T

The corresponding Fourier limited duration is difficult to assess as its value strongly depend
on the pulse shape. Table 1 of [Sorokin et al., 2000] shows the time-bandwidth product for
different pulse shapes. This product is maximized for a Gaussian shape and minimum for a
Lorentzian shape. The corresponding duration are:

0.4413 0.1420
Atg = —— =189 At =
¢ Av fs L Av

As collisional broadening is the dominating mechanism, it is reasonable to assess that the
lineshape is closer to a Lorentzian profile. Thus, the computed value of Aty is in very good
agreement with the results obtained by the code DeepOne, yielding a 64 fs SXRL pulse duration.
As a consequence, we can conclude that this pulse is in Fourier limit. A good match is also
achieved for the prospective case of n, = 4 x 102%m?, with a FWHM SXRL pulse duration of
20 fs.

Eventually, it is worth to note that no line narrowing correction is needed since an amplification
effect is here described and not the intrinsic properties of the amplifier linewidth (ASE).

= 61fs (5.11)
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5.8. Mazwell-Bloch modeling

SXRL pulse duration versus propagation in the plasma. The fig. 5.22 shows the varia-
tion of the SXRL pulse duration as the HH signal propagates and gets amplified over a 5 mm-long
Kr®t plasma. The data are displayed for a set of electron densities and for the relevant seeding
delays corresponding to the maximum in amplification of the HH. As a time-dependent Maxwell-
Bloch code is used, the pulses temporal profiles are given by the Fourier transform of the spectra
of the emitted radiation. The pulse duration of the HH first increases from its initial value of 60
fs over the first 100s pum of the plasma. This is due to the fact that coherent excitation of the
plasma generates a wake, whose duration corresponds to the characteristic response time of the
plasma at a particular electron density (see fig. 5.18). At the highest electron density, the pulse
duration decreases after quickly reaching saturation. The pulse duration is then computed from
the pulse envelope encompassing the Rabi oscillations. The slight increase of the pulse duration
afterwards can be interpreted as a gain-induced narrowing of the HH pulse width.

-11

10

SXRL pulse duration (s)
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Figure 5.22: Evolution of the amplified HH pulse duration as it propagates in a 5 mm-long K78+ plasma
amplifier with n, = 3 x 1018c¢m =2 (green), n. = 7.9 x 1018em =3 (magenta), n, = 3.2 x 10%cm =3 (black)
and n, = 1.2 x 10*%cm ™3 (blue).
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SXRL pulse duration versus injection delay. The fig. 5.23 displays the variation of the
SXRL pulse duration depending on the injection delay of the HH seed into the plasma amplifier.
Calculations were performed in case of the K8t plasma of electron density n, = 1.2 x 102%cm 3.
The evolution of this duration (blue curve) is confronted to the numerically-computed temporal
dependence of the amplification factor (aquamarine green). Before 1.2 ps and after 1.9 ps,
the plasma does not amplify the HH. The HH pulse duration is therefore only affected by the

dispersion of the medium.
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Figure 5.23: Evolution of the amplified HH pulse duration (blue diamonds) for different injection delay
times in case of a 5 mm-long Kr®t plasma amplifier with n, = 1.2 x 102°cm ™3, compared to the
amplification factor (aquamarine crosses).

At the early and later injection delays corresponding to the front and end tail of the am-
plification curve and when the amplification factor is low (below 50), the SXRL pulse duration
increases because of the gain narrowing of the linewidth. But, when the HH gets more synchro-
nized with the amplifier gain and the amplification thus increases over both amplification tails,
the pulse duration decreases as collisional broadening of the pulse linewidth is stronger. The
duration is minimal around the maximum of amplification.
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5.4 Extracted energy

Output energy. Since the Maxwell-Bloch code modeling the HH pulse buildup is 1D, the
amplification factor is related to the energy per unit area. Deriving the energy thus requires
evaluating the effective emitting surface of the plasma. A HH seed of 1 nJ and 60 fs was
considered. For n, = 1.2 x 102%¢m =3, the amplification over 5 mm yielded a SXRL power of
3.3 x 10"2W/em? and a final duration of 64 fs FWHM (Figure 4b). The emitting section was
assessed looking at the distribution of K8 ions with WAKE-EP numerical code [Paradkar
et al., 2013], which models the propagation of the IR pump beam and the subsequent ionization.
The emitting section was found to be an O-ring of 2.1 x 10~°cm? area. This transverse annular
surface (defined by circles of diameters 66 and 20 um) corresponds to the region populated by
K787 ions averaged over the 5 mm-long plasma. Under those considerations, the fig. 5.24 shows
the increase of the the amplified HH pulse energy as a function of the plasma length for a set of
electron densities. For n. = 3 x 108¥em ™3 to n. = 4 x 102%e¢m ™3, the output energy is 37.6 nJ,
107 nJ, 2.35 pd, 23.8 pJ and 118 wJ.
Experimentally, for n, = 1.2 x 102°cm =3, the output beam has been assessed at 2 p.J (compared
to 23.8 uJ in numerical calculations). The discrepancy between the experimental measurement
and the numerical calculation comes from the inhomogeneity of the plasma, as illustrated in
fig. 3.19. Moreover, in this 1D model, the amplifier has been considered to be uniform and
of constant density over 5 mm. However, over-ionization of the plasma at the early stages of
the propagation of the IR driving beam is more serious at higher electron densities and lead
to shortened effective lengths of the gain region. This can explain why the calculated energy
is consistent with measurements at moderate densities while the discrepancy widens at higher
electron densities.
Besides, as numerical modeling of propagation at such high electron densities is lacking, the
same annular surface of emission obtained at moderate densities has been considered. It should
also be noted that plasma channels are wider at moderate densities compared to higher ones
(see fig. 5.14). The emission cross section is maybe therefore overestimated at higher electron
densities.

The fig. 5.24 also shows the earlier occurrence of the saturation regime as the electron
density is increased. For n. = 3 x 10¥em™3, it starts from about 1 mm whereas it is for
ne = 4 x 102%m =3, it occurs from about 300 pm.
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Figure 5.24: Evolution of the amplified HH pulse energy as it propagates into a 5 mm-long Kr®*+ plasma
of electron density n, = 3 x 108em =3 (green), n, = 7.9 x 10%¥em =3 (magenta), n, = 3.2 x 101%cm =3
(black), n. = 1.2 x 102%m =3 (blue) and n, = 4 x 102%em =2 (red).

5.5 Conclusion

A 5 mm-long plasma amplifier with a density of 1.2 x 102°cm =3 was successfully seeded by a HH

source and yielded a 2 uJ beam displaying a high-quality 1 mrad divergence Gaussian-like beam.
The ”seeding technique” allowed to sample the gain dynamics of this amplifier and yielded a
450 fs long amplification lifetime, thus breaking the decade-long picosecond range limitation
[Depresseux et al., 2015b].

The time-dependent Maxwell-Bloch model was found to be in good agreement with the exper-
imental results over a remarkably wide range of electron density, covering nearly two orders of
magnitude. In case of the 5 mm-long plasma amplifier at n, = 1.2 x 10?°cm =3, a final SXRL
pulse duration was extracted and assessed at 123 +40fs (64 £+ 21 fs FWHM).

The generation of longer high density plasmas allowed to reach ASE energies up to 14 uJ and
offers promising prospects. However, the high signal strength of the ASE signal increases the
threshold from which the HH seed can be efficiently amplified.

Because of the plasma inhomogeneity, the profile of the final pulse duration is not exactly known
at this stage. Further work would require the numerical model to be refined for an adequate
description. Qualitatively, the pulse temporal profile is dominated by an intense and ultrashort
peak emitted by the highest density regions of the plasma. This peak sits on a longer pedestal
corresponding to the emission from the plasma lower densities.

Considering prospective higher densities, up to 100 uJ pulses of a few tens of femtoseconds are
envisioned.
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Chapter 6

Control of the polarization of
plasma-based soft X-ray lasers

Controlling the state of polarization confers an additional source of contrast to prob-
ing techniques, thus widening the potential of time-resolved coherent sources at the
nanometer scale. Imaging certain samples with a polarization-tunable source can lead
to polarization-dependent intensity maps that portrait specific material structures,
along with their particular electronic and magnetic properties. Hitherto, the polariza-
tion of plasma-based soft X-ray laser has been either undefined or restricted to linear
polarization.

This chapter presents the demonstration of a scheme, scalable to different wavelengths,
allowing the efficient generation of fully circularly polarized soft X-rays suitable for
photon demanding single-shot measurements [Depresseux et al., 2015a]. A numerical
code, modeling the amplification of coherent soft X-ray radiation by a plasma has been
modified to take account of the polarization of the injected seed signal.
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Chapter 6. Control of the polarization of plasma-based soft X-ray lasers

6.1 Existing circularly-polarized soft X-ray sources

Laser-driven high-order harmonics (HH) or high-energy expensive large-scale facilities, such as
synchrotrons and free-electron lasers (FELS) currently spurs on the development of applications
using coherent circularly polarized soft X-ray sources. Regarding HH sources, various tech-
niques have been demonstrated to generate circularly polarized soft X-ray sources. However,
the generation efficiency of those sources is mostly low compared to their counterparts in linear
polarization. As long as synchrotrons and FELSs sources are concerned, the operation turns out
expensive and complex, thus preventing a flexible and wide-access utilization.

6.1.1 Synchrotrons and Free Electron Lasers (FELs)

Coherent circularly polarized soft X-ray radiation has been demonstrated on large-scale facilities.
At BESSY synchrotron in Germany, the geometry of the magnets’ setup has been modified
to generated efficiently circularly-polarized light [Bahrt et al., 1992]. As far as free-electron
lasers (FELS) are concerned, circularly-polarized radiation has been demonstrated [Schneidmiller
and Yurkov, 2013; Deng et al., 2014] by modifying the configuration of undulators. Under
those conditions, circularly-polarized emission can very efficiently generated. Furthermore, FEL
emission is characterized by both short wavelength and time duration.

Notwithstanding, such techniques turn out expensive and complex, thus preventing a flexible
and wide-access utilization at the laboratory scale.

6.1.2 High-harmonic sources

Regarding laser-driven soft X-ray sources, the availability of coherent circularly polarized beam
has been limited so far to high-order harmonics (HH).

The polarization of HH is directly governed by the atomic dipole direction determined by the
driving laser polarization [Lewenstein et al., 1994]. However, electron recombination probability
drops sharply when the driving laser ellipticity increases, thus leading to a very poor radiation
efficiency [Dietrich et al., 1994]. Several techniques were proposed to overcome this bottleneck
and efficiently generate circularly polarized HH. One promotes the use of pre-aligned molecules
as targets for high-harmonic generation [Zhou et al., 2009]. However, while being complex,
the setup provides a degree of circular polarization below 40%. Other methods were proposed,
notably suggesting sub-optical synchronization between subsequent re-collision processes occur-
ring along different directions in the polarization plane of the driver. This can be implemented
by irradiating atoms with a circularly polarized counter-rotating bichromatic driver [Fleischer
et al., 2014] or a cross-polarized two-colour laser field [Lambert et al., 2015]. Very recently,
resonant high-order harmonic generation [Ferré et al., 2014] was achieved and produced bright
quasi-circular pulses in the extreme ultraviolet. Finally, another approach consists in using a
reflector phase-shifter [Hochst et al., 1994] to turn circular linearly-generated harmonics. This
method allows getting fully circularly polarized X-ray radiation up to about 70 eV, but the
efficiency is limited to a few percent, depending on the wavelength [Vodungbo et al., 2011].
However, the photon yield of HH beams remains low, which turns those sources inopportune for
single-shot measurements.
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6.2 Efficient scheme for a circularly-polarized plasma-based soft
X-ray laser

To fill the gap between HH sources and large-scale facilities, collisional soft x-ray lasers (SXRL)
offer a promising approach for generating compact but photon-rich circularly polarized light
allowing photon-demanding measurements at the laboratory scale [Rus et al., 2002]. Despite of
one proposal based on Zeeman splitting of the 3d%4dj—g — 3d%4p;—; transition of the nickel-
like molybdenum ions at 18.895 nm [Hasegawa et al., 2009], the polarization of existing SXRL
sources has been either undefined or restricted to be linear so far [Kawachi et al., 1995; Zeitoun
et al., 2004]. Seeded soft x-ray lasers (SXRLs) thus offer an alternative approach for generating
circularly polarized coherent light, which has not been demonstrated so far and therefore appear
as a new milestone in the development of plasma-based soft X-ray lasers. In 2004, it was reported
that the high-harmonic seeded soft X-ray laser retains the linear polarization state of the seeded
HH [Zeitoun et al., 2004]. The physical processes governing the time-dependent populations of
the 3d%4d j—¢ — 3d%4ps—; laser transition atomic levels in Ni-like Krypton ions are described in
section 6.3.1. Indeed, the lower level of the electric dipole laser transition has three degenerate
sublevels (m = -1, 0, 1). Emission from the upper to the (m = -1) or (m = 1) lower-levels is
distinctly characterized by left-handed or right-handed circular polarization respectively. The
stimulated emission induced by a circularly polarized HH source is thus expected to control
a particular resonant transition. Therefore, the polarization of amplified injection-seeded HH
corresponds to the polarization of the seed, whose components preferentially excite a particular
transition. As a consequence, seeding a soft X-ray plasma amplifier by a circularly polarized
seed is expected to efficiently generate a coherent circularly polarized source.

6.2.1 Experimental setup

In this perspective, the present work proposes an original approach based on the integration of a
reflector phase-shifter into a 32.8 nm plasma-based soft X-ray laser chain [Zeitoun et al., 2004],
as illustrated in fig. 6.1.

Because of low transmission of the polarizer, it was not possible to use a high-density plasma
amplifier. Indeed, as previously reported, the low signal strength of seeded circularly-polarized
HH causes the seeding signal to be outmatched by the strong ASE. A low-density gas cell has
therefore been used. The experiment was done in ”Salle Jaune” (see section 4.1.1). The krypton
plasma amplifier is implemented by longitudinally pumping a krypton gas cell with a 1.36 J,
30 fs Ti:sappire laser centered around 813 nm using a 75 c¢m focal length spherical mirror. The
collisional pumping of the generated Kr8t ions leads to a strong lasing of the 4d — 4p laser
transition at 32.8 nm. The seed beam was obtained by focusing a 20 mJ, 30 fs, infrared laser
in a gas cell filled with argon. This seed was image-relayed onto the entrance of the amplifier
using a grazing-incidence toroidal mirror. The 25th HH signal was then spectrally tuned onto
the amplifier ASE lasing line at 32.8nm chirping [Lee et al., 2001] the driving laser beam while
its flux was optimized changing the gas pressure and altering the focusing conditions, notably
by fine-tuning the beam aperture with an iris. The seed beam arrives 3 ps after the pump beam.

The phase-shifter consists in four grazing incidence mirrors [Vodungbo et al., 2011], con-
verting linear to circular polarization. This method allows getting fully circularly polarized soft
X-ray radiation up to about 70 eV, but the efficiency is limited to the device transmission, which
amounts to only a few percent, depending on the wavelength [Vodungbo et al., 2011].

By placing the phase-shifter polarizer before the amplification stage, this architecture promises
to leverage the merits of the reflector phase-shifter technique [Hochst et al., 1994] while efficiently
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compensating the losses of the system by the amplifying properties of the plasma.
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Figure 6.1: Schematic description of the experimental setup. The pump beam (1.36 J, 30 fs) is being
focused in a gas cell filled with krypton thanks to a spherical mirror. Thus, an amplifier with K8+ lasing
ion species over the whole gas cell length is implemented. A second IR beam (16 mJ, 350 fs) is used to
generate high-harmonics in another gas cell filled with argon. A downstream four-reflector phase shifter
(polarizer) and a A/2 waveplate allow converting HH polarization from linear to circular. HH are then
image-relayed onto the entrance of the K78t plasma and synchronized with the pump beam to match
the gain lifetime. A rotating analyzer collects the soft X-ray laser signal at the end of the chain, whereas
a reference intensity measurement compensates shot-to-shot signal fluctuations.

6.2.2 Four mirror-phase shifter

Multiple-mirrors phase-shifters prove to be a very attractive solution to generate various states
of polarization from linearly-polarized monochromatic beams in the energy range from 8 to 100
eV.

Principle. The use of a set of mirrors in grazing incidence allows altering the polarization
of input linearly-polarized radiation by imparting different phase shifts between its p- and s-
polarization components. The generation of circularly-polarized light requires a /2 phase delay
between p- and s-polarization components. Considering a unique mirror, this phase delay in-
creases for higher grazing incidence angles, however the transmission drops sharply in the soft
X-ray range in those conditions. Hence, a tradeoff between the phase delay and the transmission
is needed. This can be reached by resorting to lower individual contributions to the total phase
delay from multiple reflectors, which can then each afford working in a grazing incidence con-
figuration, thus maximizing the transmission. The use of four grazing-incidence mirrors turns
out to be convenient from this point of view, but also because this setup keeps the optical axis
unchanged.
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Conditions for generating circularly-polarized light. A general case of elliptical polar-
ization can be described by the following ellipse:

2 2
P S 2cos¢
st =+ —==ps=0 (6.1)
EZ  E?  E,E

where p and s are the coordinates along p- and s-polarization directions respectively, and E,
and FE; the corresponding values of the field. The phase ¢ is the phase delay between p- and s-
components. This ellipse determines the shape described by the field over an optical period in
a plane transverse to its propagation directions. A Jones vector representation summarizes the
amplitudes and phase along polarization directions:

E
Jellipse = |:E ;¢:| (62)
s

The figure fig. 6.2 illustrates the parameters defining the polarization ellipse. The amplitudes
a and b are, respectively, the biggest (major axis) and lowest (minor) amplitudes that the field
takes over an optical cycle. The major axis direction is given by « and is related to the phase
difference ¢ through the formula:

2E,FE
tan2a = ﬁco&b (6.3)
D s

In this case, the amplitudes a and b read:

{ a? = EIQ)COSQQ + EZsin*a + 2E,Essina cosa cosg

b = EgsinQa + E2cos’a — 2E,Essina cosa cosg (64)

S A

P

v

Figure 6.2: Polarization ellipse defining the ellipticity angle e.

From equation 6.3 and 6.4, one can derive that circularly-polarized light is characterized by
a phase delay of m/2 between p- and s-polarization components, and equal amplitudes along
those two polarization directions. This leads to a helix-shape field distribution, as depicted in
fig. 6.3.
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Chapter 6. Control of the polarization of plasma-based soft X-ray lasers

Figure 6.3: Illustration of a circularly polarized field traveling along the z-direction.

The polarizer, consisting of a four-reflector phase-shifter is illustrated in fig. 6.4. In this
configuration, the mirrors reflect the input beam under identical angles of incidence 6. The
direction of the input linearly polarized high-harmonic signal is the same as the polarization
direction of the IR driving laser and makes an angle T with respect to the p-direction. The mirror
coatings are made of pure gold. Indeed, uncoated gold has the advantage to offer large phase
delays between p- and s-polarization components under grazing incidence, while maximizing the
overall output transmission.

(b)

Circular HH
L3

Linear HH

T

N2
waveplate LS

p

IR laser

Figure 6.4: (a) Four-reflector phaser shifter. (b) Generation of circularly-polarized HH. The four mirrors
are under 6 incidence angle. The polarization direction of the driving IR laser is determined by the angle
T.

The reflectors’ angles of incidence are chosen to yield an overall phase shift of 7/2 between
p- and s-polarization components, whereas the polarization direction of the HH driving laser is
adopted to equal both components field amplitudes. For the latter purpose, a \/2 waveplate
allows controlling the polarization direction of the infrared laser driver.
The Fresnel equations give the amplitude reflectivities for p- and s-polarization components of a
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6.2. Efficient scheme for a circularly-polarized plasma-based soft X-ray laser

wave being reflected onto a mirror of index N = n +i X k, with n and k the real and imaginary
parts of the refractive index, respectively:

i — NZ2cos(0)—+/N2—sin2(6)
p

o Nzcos(ﬁ)—l—\/NQ—sm?(G)

5 cos(0)—+/N2—sin?(0)

ree's =
5 cos(0)++/ N2—sin?(0)

(6.5)

Considering an input beam of linear polarization, the phase delay between p- and s-components
imparted by the polarizer is A = §, — d;. The phase shift is evenly imparted by each mirror.
Hence, we can write:

A=4x Al (66)

with
p = ‘Tp1’4 et 1s= ‘7481‘4 (6.7)

where Ay, 7, et rg are respectively the phase delay and amplitude reflectivities imparted by one
mirror.

It should be noticed that the design has to take account of the image-relay system composed of
a Pt-coated toroidal mirror and a SiOs-coated plane mirror. Those image-relay optics are both
under 85° of incidence. Hence, their contributions amount to:

Arp=-0218 rlf=07981 rlf=0.8534 (6.8)

s

Then, the conditions for getting circularly-polarized light translate:

{ Ay =7/8 — Arp/4

IR __ IR
Tp * Tyt =T kT x tan(T)

(6.9)

The fig. 6.5 illustrates the needed configuration for the circular polarizer, taking account of
the uncoated gold refractive index defined with the following parameters at 32.8 nm:

{ n = 0.79003 (6.10)

k = 0.37486

The fig. 6.5a shows that the angle 6, for which |A;| — /8 + A;r/4 is equal to zero, is
11.95°. For four mirrors in this configuration, the polarizer total reflectivities are r, = 0.2403
and ry = 0.4538. To equal amplitudes along p- and s-directions, the condition 6.9 yields the
needed value for the angle Y:

T = 26.35 (6.11)

Considering the driving IR laser is p-polarized, the A/2 wave plate has to be turned by about
13.1° with respect to the p-polarization direction.
Under those conditions, the total transmission of the polarizer is T = 2r2sin?(a) = 6.26 %.
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Figure 6.5: (a) Phase delays ¢, (blue), d, (red) and |A;| — 7/8 + Arg (black). (b) Polarizer amplitude
reflectivities 7, (blue) and r, (red). The dotted line illustrates the mirrors’ configuration to yield circularly
polarized HH.

6.2.3 Rotating analyzer

The polarization of both harmonics and the seeded soft X-ray signal has been studied with
the help of a rotating analyzer consisting of three mirrors. Upstream from it, an off-axis plane
mirror collects a part of soft X-rays for a reference measurement to get rid of shot-to-shot signal
fluctuations, as reported in fig. 6.1.

The analyzer is made of three multilayer mirrors (Mo(35 nm)/B4C(5 nm)). Those mirrors
are placed on a mount, illustrated in fig. 6.7, which keeps the optical axis unchanged while
rotating over 90°. The choice of the mirrors’ angles is dictated by a tradeoff between the
device contrast and its transmission. Actually, considering a linearly polarized input beam, the
signal will oscillate between T}, x Iy and Ts x Iy, where Iy is the incident signal intensity and
T, = R;%(ﬁ) x Ry(28) with Ts = R2(B) x Rs(28), the transmissions along p- and s-polarization
directions with (3, the grazing incidence angle. A large contrast, allowing clear distinction
between polarization states, requires fairly large grazing incidence angles, as shown in fig. 6.6b,
which is done at the expense of the analyzer transmission.

The compromise is chosen with a 20° — 40° — 20° grazing incidence configuration. Hence,
according to fig. 6.6a, the transmissions for p-, s- and circular polarizations are:

T, =35% Ts~04% Teire = 2% (6.12)

The polarization state was studied using a rotating the system of mirrors about the optical
axis. Those mirrors are placed on a mount, illustrated in fig. 6.7, which keeps the optical axis
unchanged while rotating over 90°.
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Figure 6.6: (a) Analyzer transmissions 7}, (blue) and T (red). (b) Contrast of the analyzer (Ts/T,). The
chosen mirrors’ configuration is determined by the dotted line.

6.2.4 Measurement of the SXRL polarization

In case of circularly polarized radiation generation, the effective polarizer and analyser trans-
missions were found to be 1.5 % and 1 % respectively, resulting in signal accumulation for
polarization measurements over one minute.

The fig. 6.8 reports the experimental intensities as a function of the analyzer rotation angle
in case of linear and circular polarization, for both HH and SXRL signals. Raw data were
corrected by the reference measurements and then presented in fig. 6.8 normalizing the recorders
intensities by the value (Inaz + Imin)/2 (see Appendix F). For linear polarization, the Malus law
[Vodungbo et al., 2011] has been recovered with the same contrast of about 7 between s- and p-
transmissions for both the HH (fig. 6.8a) and SXRL (fig. 6.8b) signals, thus testifying the linear
polarization of harmonics is being fully maintained over amplification. In case of seeding with
circularly polarized harmonics, the signal appears to almost not vary while rotating the analyser.
Fluctuations of less than 9% with respect to 1 can be explained by a slight misalignment of the
polarizer or shot-to-shot fluctuations of the SXRL beam direction, thus altering the angle under
which the signal is collected by the analyzer. As the experimental points distribution turn
out mostly flat for the HH (fig. 6.8c) and the SXRL (fig. 6.8d), we can conclude the circular
polarization state has been maintained over amplification.

Polarization state recovery. The fitting of experimental data was done deriving a theoretical
expression of the intensity recorded by the camera at the output of the analyzer. The Stokes
vector formalism is used to describe the state of polarization. Considering the general case of
elliptical polarization with parameters defined in fig. 6.2, the polarization state can be written:

1
cos2a cos2e
sin2a cos2e

sin2e

Sin = (6.13)

The normalized intensity recorded by the camera can therefore be written as a function of
the ellipse parameters and the rotation angle of the analyzer v (see Appendix F):
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Figure 6.7: (a) Polarization analysis setup composed of a rotating analyzer and a shot-to-shot reference
measurement. (b) Close-up of the rotating analyzer composed of 3 mirrors.
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Figure 6.8: Polarization investigation of the HH-seeded SXRL (b & d) in case of linearly (p) and circularly-
polarized high-harmonics (a & c) respectively. The signal intensity is measured as a function of the
analyzer rotation angle v. The black crosses indicate the experimental points with their error bars
whereas the numerical fits (see Methods) are displayed by a blue and red curve for linear and circular
polarizations respectively. In the linear configuration, the Malus law is recovered with the same contrast
for the harmonics and the seeded SXRL. In the circular configuration, a very flat profile with values
around 1 (red dotted line) is observed for both harmonics and the seeded SXRL.

IN. =1 — c0s2W cos2e(cos2a cos2y — sin2a sin2y) (6.14)

(2

In case of linear polarization, e=0. Hence, the relation 6.14 becomes:

IN, =1 — cos2V cos(2(a + 7)) (6.15)

(2

In this case, the recorded intensity obeys the so-called Malus law: I, = 1—C xcos(2(a+7)),
7’27""2
with C' = cos(2¥) = 5—%

2472
for the amplitude reflectivities along p- and s- directions. They were calculated calibrating the

the effective contrast of the analyzer. The terms ry and r, stand
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analyzer total s- and p-components transmissions. Because of the poor transmissions, the signal
was accumulated over 60 seconds.

An attempt at fitting the curve for the circularly-polarized signal indicates an ellipticity
angle € = 42°, corresponding to a degree of circular polarization of 91 %. Thus, the actual state
of polarization is in fact inferred to be slightly elliptic for both harmonics and the SXRL. This
small ellipticity can be explained by slight misalignment of the polarizer’s mirrors but also by
small misalignment of the analyzer as it rotates about the optical axis. This can also come from
changes in the beam direction as the measurement is performed. Actually, perfect alignment of
the polarizer holds the promise to potentially deliver fully circularly polarized harmonics and
therefore coherent X-rays. As the best fit was found to be the same for harmonics (fig. 6.8c)
and the SXRL (fig. 6.8d), we can derive the circular polarization state has been maintained over
amplification.

In this geometry the p-polarization components are always delayed by a larger amount
compared to the s-polarization components. Hence, left-handed circularly polarized soft X-rays
have been produced (defined from the point of view of the source). However, it is worthy to
note that the handedness of the source can be reversed rotating both the polarizer and the A/2
waveplate by 90°.

Besides, another attractive feature of the demonstrated scheme refers to the polarization
tunability of the source. Indeed, the polarization of the SXRL can be controlled from the
orientation of the HH driving laser linear polarization thanks to the A\/2 waveplate. The fig. 6.9
illustrates this in a configuration close to the one yielding circularly polarized light (the angle
of the \/2 waveplate was here a bit detuned from the configuration of circular polarization).
The recorded signal thus displays an intermediate behavior between the circular and the linear
polarization cases (see fig. 6.8). It appears slightly sensitive to the rotation of the polarizer, thus
reporting an elliptical polarization state, close to the circular polarization. The ellipticity, €, is
here assessed at about 40° (45° in case of circular polarization). It should be noted that the phase
delay between p- and s- components cannot be altered and the ellipticity can only be controlled
through a relative adjustment of the field amplitudes along both polarization directions.
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Figure 6.9: Investigation of the polarization state as a function of the analyzer rotation angle ~ for the
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HH-seeded SXRL (b) in case of elliptically-polarized high-harmonics (a).
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6.2. Efficient scheme for a circularly-polarized plasma-based soft X-ray laser

6.2.5 Output beam profile & energy

Energy distributions of the seeded soft X-ray laser are presented in fig. 6.10 with and without the
polarizer. The beam profiles are nearly Gaussian and have both a full width at half- maximum
(FWHM) divergence of about 1 mrad. In the presence of the polarizer, no alteration of beam
spatial distribution is reported, which allows maintaining the good focusing capabilities of the
source. The integrated energy distribution of the seeded SXRL is found to yield about 8 x 10?
fully circularly polarized photons per pulse.
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Figure 6.10: Energy distribution of the seeded SXRL in case of linear polarization (without the polarizer)
(a) and circular polarization (with the polarizer) (b). The divergence is found to be about 1 mrad
(FWHM). A factor of about 3 is lost switching from the linear to the circular configuration with the
polarizer.

Despite the poor 1.5% transmission of the polarizer, total energy in case of circular SXRL
is found to be about three times less than for linear SXRL. Actually, the amplified HH signal
soars exponentially in the first hundreds microns of the amplifier before reaching a saturation
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regime and increasing linearly. Compared to the linear polarization seed, because of the lower
seeding signal level due to the polarizer low transmission, the amplified circularly-polarized
HH reaches saturation later. Nevertheless, a longer plasma amplification length would promise
to completely counterbalance these losses. As a consequence, the demonstrated configuration
proves to be efficient while being capable of delivering fully circularly polarized SXRL pulses.

6.3 Maxwell-Bloch model of amplification of polarized radiation

As introduced in section 5.3, the microscopic approach of the Maxwell-Bloch description is
adapted to the characterization of the amplification of an ultrashort HH pulse by a plasma. The
long-lasting polarization of the medium generates and amplifies a wake following the HH pulse.

At the output of the plasma, the typical structure of the beam consists in a barely amplified
HH pulse preceding a wake displaying Rabi oscillations and polarization decay [Almiev et al.,
2007].

6.3.1 Adaptation of equations to various states of polarization

The equations of DeepOne time-dependent Maxwell-Bloch code [Oliva et al., 2011; Wang et al.,
2014] (see section 2.5) have been modified to take account of the polarization of the seeding
HH signal. This procedure aims at including the degenerescence of the lower level of the laser
transition. The 3d%4dj—¢ — 3d?4pj—; laser transition of the K7%F ion is depicted in fig. 6.11,
with all physical processes governing the time-dependent level’s populations. The lower level
of the electric dipole laser transition has three degenerate sublevels (m = -1, 0, 1). Because
of the selection rules from quantum theory, each sublevel can only interact with a particular
component of the electric field, which can be decomposed into Eigen components, namely left-
or right-handed circular polarizations. Besides, the transition between levels (u) and (1,0) is
forbidden. The resonant transitions between upper level u and lower levels (1, -1) and (1, 1)
involves only the left-handed and right-handed circular polarization component of the electric
field, respectively.
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Pumping

<> <>
N / l,-1 f)/pt/f}/l 1,0 f)/pt/f)/l 1,1

Figure 6.11: Atomic structure of the laser K8t transition with its lower sublevels (m = +1, 0, -1)
and the associated physical processes. The purple double arrows stand for the resonant transitions
that can be preferentially excited with left-handed circular (LHC) or right-handed circular polarization
between the upper level (u) and the (1,-1) or (1,1) lower level respectively. The blue arrows illustrates
the various depopulation processes whereas the green double arrows describe the population transfers
between sublevels.

The rates determining the dynamics of atomic populations can be splitted into three cate-
gories:

e Pumping rate: the pumping is made at a rate P(7) through collisional excitation of ions
by hot electrons.

e Relaxation rates: the transition levels relaxation rates are induced by 3 mechanisms:

1. Inelastic electron-ion collisions. They lead to the depletion of the upper level of the
laser transition at a rate ~,.

2. Radiative decay. In the collisional pumping scheme, there is fast radiative decays (of
rate 7;) from the lower sublevels down to the ground state of the ion [Pert, 1994].

3. Spontaneous emission. The upper level of the laser transition is also depleted by
spontaneous emission (at rate ygg), but this contribution is minor.

e Population transfer rates: Elastic electron-ion collisions induce population transfer be-
tween the degenerate sublevels at a rate of 7,;. They also contribute to dephasing of
atomic dipoles (at a rate of vgp).

The upper level is populated at a rate P,(7) while its relaxation is induced dominantly by
inelastic electron-ion collisions with a minor contribution coming from spontaneous emission. As
far as the lower sublevels are concerned, they are being populated through collisional excitation
and minority through spontaneous emission from the upper level.

191



Chapter 6. Control of the polarization of plasma-based soft X-ray lasers

Both level depopulation and atomic dipole dephasing determine the decay of medium polariza-
tion. The medium polarization decay rate 7, is given by v = (74 +7;")/2+7ap for homogeneous
broadening [Milonni and Eberly, 2010}, with ~;; and 5;* being the depopulation rates of (u) and
(1) levels including ygg. This decay rate is related to the homogeneously broadened linewidth by
the formula v,y = TAvpw g [Yariv, 1989]. As a result of time-dependent pumping, population
and depopulation processes, the plasma demonstrates time-dependent gain (OFI-0d code), as
illustrated in chapter 2.

For the following numerical calculations, the collisional-radiative code OfiKinRad [Cros et al.,
2006] is used to compute the electron density, temperature, linewidth, radiative and collisional
(de-)excitation rates and the populations Nj. The addition of these levels as sources allows
our atomic model (simplified to ensure an affordable computational time) to mimic the results
of the complex collisional-radiative code OfiKinRad in the absence of the electric field. It is
worth noting that the code is fully time-dependent in the sense that all coefficients (plasma
frequency w,, depolarization rate 7,;, collisional (de-)excitation rates v and populations Ny)
vary in time. The temporal variation of these coefficients is given by external hydrodynamic
and/or collisional-radiative codes (OfiKinRad).

The polarization state of a field can be decomposed and expressed as a function of right- and left-
handed circular polarization components (Ar and Af, respectively). Hence, as the propagation
eq. (2.129) in section 2.5 is linear, each components can be propagated independently:

2

2P, p— P4
HoC IR 5 AL R
wo

o0& 2c

8AL,R _ 1wo (6.16)

where A and Ay, are the complex amplitudes of the field respectively. Selection rules imply
that each field can only interact with a particular coherence [Sureau and Holden, 1995]. Thus,
the thrice-degenerate lower level of the lasing transition cannot be modeled as a whole but
splitted in three sublevels (m = +1, 0, -1) [Kim et al., 2011, 2010]. Elastic electron-ion collisions
between sublevels are also considered via a population transfer rate v, following [Kim et al.,
2010]. The population rate equations are:

(97'“ = PU(T) — YulNu — 3vsE Ny + ﬁI(PRAR + PL~AL) (617)
a]\[l,l 1 *
5y — Pi(1) = Nio + vsENu + Ypir(Ny,—1 + Nijo — 2N1) + ﬁI(PRAR) (6.18)
8Nl,0
5 = Pi(T) — N1+ vsENw + Ype(Ni,—1 — 2Ni0 + Ni1) (6.19)
aANl,fl 1 *
—5 = Pi(1) = MiNi,—1 + YSENu + Ypt (2N, -1 + Nio + Nijp) + ﬁI(PL'AL) (6.20)

where N, is the population of the upper level of the lasing transition, IVj,, with m = 1,
0, -1 the population of each lower sublevel, Ny are the population of other atomic levels that
strongly interact with the lasing ones and C}; denote the collisional (de-)excitation and radiative
de-excitation rates.
The constitutive relation derived from Bloch equations is written as:
oP, L 1A L

5 = 'y —yuPr — ngzuvu —Ni—1)+

i

7 dilnip1’_1 (6.21)
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OPgp _ TAL o TAL
877' = FR ’Y”LLZPR ?dul(Nu Nl’l) + Tdulnlp]_’_]_ (622)
OMPLt | ngpr 1 + (P Ap + Pr.AY) (6.23)
or = —7Y-1,114p1,—1 a7, R L L-AR .

where n; is the density of ions, v,; = mAv is the full width at half maximum of the transition
linewidth, z, the dipole matrix element, p; _; the off-diagonal matrix element of the states m
= -1, 1 and ~7,_1 its relaxation rate. It is given by the formula 1, _1 = 7 + 74p. The complex
functions ' and I'z, simulate the stochastic behavior of ASE. The atomic levels population, as
well as the complex amplitudes of the medium polarization and electric field are functions of
propagation distance z and of the reduced time 7 =1t — z/c.

6.3.2 Final energy and duration of the circularly polarized soft X-ray laser

The above-stated Maxwell-Bloch equations were solved self-consistently. Initial conditions are
set by the input laser field. The equations giving the evolution of levels populations, medium
polarization and density matrix element are then solved to obtain material response to radiation.
The resulting medium polarization components are substituted into equations eq. (6.16). These
yield the complex amplitudes of the electric field at the next position. By incrementally repeating
these steps, the spatiotemporal evolution of the interaction of matter with the laser field is
therefore described.

The numerical computations were performed considering a 5 mm-long plasma longitudinally
pumped by a 30 fs, 1.36 J IR laser focused down to a 30 m-diameter focal spot. This results in
creating a gain cross-sectional area of about 10~5c¢m?, as given by WAKE hydrodynamic code.
The seed HH pulse is 60 fs FWHM with an energy of 1 nJ. As the seed signal is well above
the plasma spontaneous emission “noise” and much more intense than the ASE, the plasma is
immediately coherently polarized.

The amplification of the seeded HH signal over the propagation length exhibits the typical
behavior with two regimes [Laroche et al., 2013]. Apart from the plasma amplifier gain and HH
duration, the parameters affecting the temporal dependence of amplification the characteristic
times correspond to the depolarization rate 7,; and the relaxation rate v; _1 in the equations
eq. (6.21), eq. (6.22) and eq. (6.23). The following simulations have been carried out considering
a LHC HH pulse.

1. In the first lengths of propagation, the signal is low and the population inversion of the

medium is large. The signal grows exponentially until the onset of saturation, where the
amplified pulse gets strong enough to deplete the population inversion. The amplified
signal then grows linearly.
Before saturation, the equations of the previous section can be simplified. The terms
involving Ap and A can be dropped. In this case, the equations eq. (6.17), eq. (6.18),
eq. (6.19) and eq. (6.20) get decoupled and can therefore be solved independently, as well
as equations eq. (6.21), eq. (6.21) and eq. (6.23) in case of a uniform plasma. As the density
matrix term remains negligible in a low-signal regime, the contributions for right-handed
and left-handed circular polarization can be treated independently, solving eq. (6.16) and
eq. (6.16) or eq. (6.22) and eq. (6.21), respectively. Thus, for incremented variables z + dz
and 7 + dr, the solutions for those pairs of equations will be:
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271'&)0 z+dz T4+dT
AL p=1 / dz/ dre TudT x [—idilE(z,T)ANL,R + F(ANU<7'),T)] (6.24)
0 0

c

where AN, = N, — N; 1 and ANgr = N, — N; 1. Both stimulated emission (EAN)
and ASE (T") build up over propagation, but the more intense seeded HH signal surpasses
quickly spontaneous emission from the plasma amplifier.

Those conditions correspond to the plasma amplification behavior over the first two mil-
limeters of plasma.
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Figure 6.12: Population inversions (m~3) between the upper level (u) and the lower sublevels (1,-1) (a),
(L,0) (b) and (1,1) (c).

The fig. 6.12 shows the temporal structures of the population inversions of the laser tran-
sition levels at the entrance of the plasma amplifier (z=0 mm) and after after 2 mm of
amplification. The lower levels are evenly populated by the pump beam. We see the
influence of the resonant LHC field on the population inversion that starts being prefer-
entially depopulated between the levels (u) and (1,-1) while the others remain unchanged.
Saturation effects start appearing.
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Figure 6.13: (a) Polarization density of the medium for the u — (I, —1) transition stimulated by the LHC
HH. (b) Amplified HH field resulting from emission from the u — (I, —1) transition. (c¢) Emission from

the u + (I, 1) transition.

194

The fig. 6.13 reports the corresponding evolutions of the polarization and the amplified
field at z = 0 and 2 mm. The transition u — ([,0) is forbidden because of the selection
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Population inversion

—2r

rules. As the resonant seeded HH has a LHC polarization, only the medium polarization
corresponding to the u +— (I, —1) transition in non-zero and builds up over propagation
(fig. 6.13a). The fig. 6.13b & c show the amplified HH emission resulting from u — (I, —1)
and u — (I,1) transitions respectively. For the former, we have only the HH of peak
intensity about 5 x 10W/ecm? at z=0 mm, and at z=2 mm, an amplified HH reaching
7.8 x 106W/em? followed by a long wake lasting for 1.5 ps (FWHM) (fig. 6.13b). For the
emission from the u +— (I, 1) transition, only stochastic amplified spontaneous emission is
observed (fig. 6.13c). The appearing saturation effects have not yet impacted the shapes of
polarization and the amplified field. The dipoles are generated under the still moderately
amplified HH field and emit over a characteristic time defined by 1/7,;. The variations
of the medium polarization follow those of the amplified field but with a certain inertia.
Considering the amplified field, its shape is, as earlier reported, composed of a weakly
amplified HH followed by long dipole-induced emission.

. After 2 mm of amplification, the amplified HH field becomes strong enough to completely

deplete the population inversion and the pumping process does not manage to catch up.
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Figure 6.14: (a) Population inversion (m~3) of the u + (I, —1) transition stimulated by the LHC HH.
(b) Polarization density of the medium for the u — (I, —1) transition.

The fig. 6.14 shows the evolution of the population inversion and the polarization for the
u > (I, —1) transition being excited by the resonant LHC HH field. After 3.5 mm of ampli-
fication, the population inversion even becomes negative before building up again because
of ongoing pumping. The negative population inversion means the plasma becomes mo-
mentarily absorbing. The fig. 6.14a shows that the population inversion oscillates about
zero. This is due to a competition between population depletion and pumping. The upper
state of the laser transition can re-populate because just after the population inversion
depletion, the amplified HH is momentarily weaker. This behavior gets increasingly pre-
dominant as the HH builds up over propagation. As a consequence, the amplitude and
the frequency of oscillations increase.

The fig. 6.15 brings into comparison the temporal evolution of the population inversion
of the u — (I, —1) transition with the polarization (fig. 6.15a) and the amplified HH field
(fig. 6.15b). The variations of the polarization of the medium follow those of the popula-
tion inversion with a certain delay due to the integration of radiation over the propagated
distance. Strong interdependence is reported between the population inversion and the
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amplified HH field. The maxima and minima of the amplified field correspond, respectively,
to the minima and maxima of the population inversion.
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Figure 6.15: (a) Comparison of the temporal evolutions of the population inversion (m~2) and the

polarization density of the medium at z = 5 mm for the v — (I, —1) transition stimulated by the LHC

HH. (b) Comparison of the temporal evolutions of the population inversion (m~3) and the amplified HH

field.
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Figure 6.16: (a) Intensity of the amplified field corresponding to the u — (I, —1) transition in case of a
LHC HH seed. (b) Intensity of the amplified field for the u — (I, —1) transition.

The fig. 6.16 illustrates the field resulting from emission from the u — (I, —1) transition
(fig. 6.16a) and the u +— (I, 1) transition (fig. 6.16b). In the former case, the seeded LHC
HH signal gets amplified, while the latter case corresponds to ASE. The ASE peak intensity
is more than two orders of magnitude lower than amplified HH.

Evolution of the SXRL pulse envelope profile. As reported in section 5.3, the pulse
profile of the amplified HH signal is composed of a weakly amplified HH and an amplified wake,
whose duration corresponds to the plasma response characteristic timescale [Oliva et al., 2011].
The fig. 6.18 shows the evolution of the amplified linearly-polarized HH pulse shape as it prop-
agates in the plasma amplifier. The injection signal level of the seed is 1 nJ. After 5 mm of
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propagation, the wake structure becomes predominant and dwarves the HH signal by a factor
of about 2. The HH signal itself is only amplified by a poor factor of 2.8. As reported earlier,
this behavior is due [Almiev et al., 2007] to the temporal shape of the medium polarization
induced by the seeded resonant HH field (eq. (5.3)). As illustrated in fig. 6.17a, the HH cre-
ates a long-lasting polarization with a significant difference of timescale between its rise and its
end tail. The polarization collapses because dephasing between induced dipoles emitters. This
depolarization occurs on a characteristic time about one order of magnitude greater than the
rising time. Because of the intrinsic delay between HH and the plasma polarization, only the
final part of the HH pulse interacts with the dipoles, thus preventing a strong amplification.
The medium polarization reaches its maximum well after the peak of the HH pulse. At this
moment, the characteristic time scale is no longer given by the seeded beam duration, but by
the plasma properties (electron-ion collisions frequency). The higher the collision rate becomes,
the faster the depolarization gets.
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Figure 6.17: Envelope of the HH electric (blue & red) field and polarization density (green) right at the
entrance of the plasma amplifier in case of seeding with linearly-polarized HH (a) and circularly-polarized
HH with a lower injection signal level (because of the 1.5 % polarizer transmission) (b).

The fig. 6.19 depicts the evolution of the amplified circularly-polarized HH pulse shape as it
propagates in the plasma amplifier. Because of the polarizer transmission, the injection signal
level of the seed is now reduced from 1 nJ to 15 pJ. The HH itself gets amplified by about the
same factor of 2.8 after 5 mm of propagation. Compared to the temporal profile in the linear
case in fig. 6.18, the wake structure now dwarves the HH by a factor of about 43. The fig. 6.17b
shows that the polarization is now smaller compared to fig. 6.17a because of the weaker field,
but the rising and depolarization timescales are the barely the same, which explains why the
interaction between the HH and its induced polarization is very similar and remains weak.

197



Chapter 6. Control of the polarization of plasma-based soft X-ray lasers

x 10

10
E
S
> 5
£ 5
c
[]
E

0 2 Propagation
15 length (mm)

Time (ps)

Figure 6.18: Temporal profile of the linearly-polarized HH seeded soft X-ray laser signal as function of
the propagation length in case of a K78t amplifier with n, = 6 x 10'8em 3. The injection signal level of
the seed is 1 nJ.
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Figure 6.19: Temporal profile of the circularly-polarized HH seeded soft X-ray laser signal as function of
the propagation length in case of a K78t amplifier with n, = 6 x 10'8em™3. The injection signal level of
the seed is 15 pJ.

SXRL pulse energy. The fig. 6.20 shows the build-up of the amplified HH signal over prop-
agation in the plasma. The polarizer allowed generating fully circularly-polarized HH but the
signal drops by an amount corresponding to the transmission of the device. The energy of
the pulse is computed considering a pulse duration of 5 ps and an O-ring emitting surface of
3.4 x 1075cm? area (defined by circles of diameters 69 and 10 ym) obtained from WAKE-EP
simulations.

The amplified HH signal soars exponentially in the first hundreds microns of the amplifier
before reaching a saturation regime and increasing linearly. Because of the lower seeding signal
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Figure 6.20: Build up of the seeded soft X-ray laser signal in case of a Kr®t amplifier with n. =
6 x 10'8ecm 3. The blue curve represents the linearly seeded case (p-direction) for a HH signal injection
level of 1 nJ, whereas the red one stands for the circularly HH polarization seeding taking account of the
1.5 % transmission of the four-mirror polarizer (15 pJ).

level due to the polarizer low transmission, the amplified circularly-polarized HH gets exponen-
tially amplified over a longer plasma length. To this extent, the saturation properties of the
plasma amplifier allow partially compensating the losses induced by the polarizer transmission.

6.3.3 Polarization of the amplified HH signal

The model describes the dynamics of the plasma population inversion between the laser transi-
tion upper level and its lower polarization-selected levels. The numerical simulations show this
scheme maintains both linear and circular polarization of harmonics over amplification.

Degree of polarization. Experimentally, the output signal is composed of a low-divergence
intense amplified HH spot along with much highly diverging amplified spontaneous emission
(ASE). The former is fully polarized while the latter, resulting from the stochastic nature of
spontaneous emission, is unpolarized. As a consequence, the numerical results take account of
depolarization of the seeded SXRL induced by ASE within its low-divergence solid angle defined
at full width at half-maximum (FWHM). The ratio between signal the fully polarized amplified
HH and the unpolarized ASE allows us to define a degree of polarization.

State of polarization. We saw that the amplification of each right- and left-handed circular
polarization contributions of the field can be treated independently. The resulting state of polar-
ization can be easily computed using the Stokes formalism. The Stokes parameters, containing
all the information about the polarization state of the amplified HH, are directly obtained from
the computed fields Ag and Ap, as:
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(1 =|Ag]” + AL

Q = 2R(A%.AR)
(6.25)
U= —2I(A%.AL)

V = |Ag]* - |AL]

The fig. 6.21 illustrates that the polarization of HH is just slightly altered following amplifi-
cation in the plasma. The fig. 6.21a reports that the portion of fully polarized light after 5 mm of
amplification is over 99.5%. In this fraction, the linearly-seeded SXRL polarization (fig. 6.21b)
axis is turned by less than 0.05°, while it gets a very small ellipticity of about 0.04. As far as
circularly-seeded SXRL is concerned (fig. 6.21¢), the polarization is marginally modified from an
initial value of 1 to over 0.98. The slight depolarization effects comes from the contribution of
unpolarized ASE. Those are bigger in case of circular polarization because, for the same amount
of ASE signal, the amplified signal is three times weaker compared to the linear case. Those
very weak alterations of the state of polarization can be explained by coupling effects due to
off-diagonal elements of the density matrix (see eq. (6.23)), which induce ASE-SXRL coupling
resulting in second-order perturbations of the amplified HH polarization. This alteration is a
bit larger in case of linear polarization. Indeed, in case of circular polarization, only the left- or
right-handed components of the field and polarization initially exist. After amplification in the
plasma, the coupling term in eq. (6.23) creates respectively right- or left-handed components,
which alter the polarization state. However, the linear HH field, which is decomposed into
left- and right-handed circular polarization components, will already provide for initial ”source
terms” (Pg, A, Pr, Ay) in eq. (6.23).

Thus, these numerical simulations substantiate the experimental demonstration of the first ever
circularly-polarized plasma-based soft X-ray laser.
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Figure 6.21: Conservation of the polarization state of amplified HH seeding a plasma-based krypton
amplifier. (a), the blue and red curves describe the evolution of the degree of polarized light over
amplification for linear (along p-direction) and circular (left-handed) respectively. (b)& (c), in the linear
(blue) and circular (red) cases, polarization states are depicted as the normalized path described in the
space by the electric field over an optical period. The propagation axis intercepts the transverse plane
at the point of coordinates (0, 0). Data are shown taking account of the portion of ASE included in the
solid angle defined by the amplified HH (FWHM).

6.4 Conclusion

The demonstrated [Depresseux et al., 2015a] fills the requirements for a compact and efficient
jitter-free fully circularly polarized soft X-ray coherent source combining a very high photon
yield with a near diffraction-limited wavefront [Goddet et al., 2009]. A prospective development
would consist in using a high-density plasma as an amplifier to achieve shorter durations and
higher photon yields (cf. section 2.3.2). However, the low transmission of the four-reflector mir-
ror (polarizer) led to a fall of the HH signal below the injection level, from which amplification
is effective (cf. section 5.1.4).

All in all, being scalable to shorter wavelengths [Berril et al., 2010] and adaptable to other
pumping schemes [Korobkin et al., 1996], the demonstrated approach holds out hope for de-
livering intense circularly-polarized soft X-ray pulses suitable for single-shot measurements in
holography [Eisebitt et al., 2004], crystallography pump-probe experiments [Boutet et al., 2012],
magnetism [Vodungbo et al., 2012] or circular dichroism in molecular structures [Ferré et al.,
2014; Garica et al., 2010].
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Summary of the results

This thesis was focused on the development and characterization of OFI plasma-based soft X-ray
lasers using the high-harmonic injection technique. This work allowed significant breakthroughs
for this kind of source.

The main focus of the work has been centered on the reduction of the duration of plasma-
based soft X-ray lasers emission. The collisional pumping scheme, which proved to be the most
robust and efficient, has been used to reach this objective. The source has been generated with
an OFI plasma made of nickel-like krypton ions, lasing at 32.8 nm. Earlier observations at
low plasma densities [Mocek et al., 2005] motivated this thesis work in order to explore the
plasma gain dynamics at higher densities. The merits of this approach have been formalized
to introduce a « Collisional Ionization Gating » (CIG) scheme to quench the gain lifetime
and pave the way for sub-picosecond soft X-ray laser plasma amplification at high electron
densities [Depresseux et al., 2015b]. However, in those conditions, strong refraction hurdles
the propagation of the driving laser pulse and dramatically reduces the relevant laser-plasma
interaction length.

To meet the challenge of generating an elongated high density amplifier to reach saturated
amplification, an « ignitor-heater » waveguiding technique has been used. The guiding
conditions have been identified and explored over a range of parameters using a numerical model
in order to efficiently guide the driving ultrashort and intense pulse into such a plasma [Oliva
et al., 2015]. This scheme has been experimentally implemented and led to efficient guiding over
a 5 mm-long plasma at electron densities as high as 1.2 x 10*°c¢m ™2 and over distances up to 20
mm. Such a high-density plasma-based soft X-ray laser yielded 14 pJ, which is unprecedented
for this type of source.

Based on the aforementioned achievements, high-density plasma amplifiers were seeded with
a high-harmonic source. The « seeding technique » was used to sample temporally the gain
lifetime. A time-dependent Maxwell-Bloch code was used to model the amplification of the
high-harmonic pulse and was found to be in good agreement with those experimental data over
a remarkable wide range of electron densities covering nearly two orders of magnitude. In case
of a 5 mm-long plasma at 1.2 x 10?%cm ™3, a 450 fs gain duration has been demonstrated, thus
breaking the picosecond range for the first time. When the seeded HH signal was synchronized
with the maximum of amplification, this source delivered 1 mrad divergence beams of 2 uJ (i.e.
3.4 x 10! photons) displaying a Gaussian-like profile. Numerical calculations, describing well
the amplification lifetime, enabled to infer a pulse duration in the range of 100 fs.
Compared to previous performances, the « Collisional Ionization Gating » process allowed an
overall upsurge of nearly three orders of magnitude in soft X-ray intensity per shot.
We can also notice that the technique allows remarkably increasing the efficiency of soft X-ray
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generation without increasing the pump beam energy.

Finally, we showed that OFI plasma SXRL amplifiers are well adapted to maintain the
polarization state of the seed. Indeed, the polarization of the seeding resonant field can control
the relative excitation of populations of the sub-levels of the laser transition lower level. Whereas,
amplified spontaneous emission is unpolarized, the resulting coherently amplified emission fully
maintains the polarization state of the seed. An efficient architecture has been demonstrated to
efficiently generate a fully circularly-polarized HH-seeded soft X-ray laser [Depresseux et al.,
2015a).

Future prospects

These results open up prospects, both regarding the enhancement of the source parameters and
the utilization of the high-harmonic seeded plasma-based soft X-ray laser for photon-demanding
applications.

Further developments include the improvement of the guiding efficiency with the avail-
able « Salle Jaune » laser system. The introduced numerical models showed that tailoring of a
plasma channel allows guiding an ultrashort and intense driving laser pulse into a high-density
plasma. However, experimental and numerical models do not fully agree, especially regarding
the plasma waveguide infrared transmission. Additional measurements and modeling are needed
to optimally engineer a high-density plasma waveguide in an attempt to improve the guiding
efficiency. The initial ionization degree of plasma channel is notably an important parameter to
be measured. Besides, a numerical model should be introduced to understand better the condi-
tions of plasma channel generation and the impact of density, as well as the ignitor and heater
pulses on the geometry of the waveguide. Furthermore, better coupling conditions between the
focused driving laser beam and the plasma waveguide could also improve the IR transmission.

Progress in plasma engineering would also pioneer operation at even higher densities and
thus allow achieving shorter pulse durations. Indeed, according to our numerical model,
driving near-critical plasma densities promises to yield pulse durations in the range of a few tens
of femtoseconds. This future achievement is strongly connected to our capability to improve the
guiding performance at density of about 4 x 102%¢m 3.

The optimization of the guiding efficiency also holds promise to further enhance the SXRL
photon yield. Along with the operation at higher densities, the perspective to generate longer
plasmas also fosters promising opportunities. However, during this thesis, it was not possible
to efficiently seed and amplify high-harmonics when operating over 10 mm-long plasma ampli-
fiers. The reasons are still not well defined but a too strong ASE signal compared to the signal
strength of the seed could be the main cause. Three solutions can be introduced to overcome
this issue.

First, the photon yield of the HH source could be enhanced using a long focal length or boosting
the conversion efficiency by resorting to quasi-phase matching techniques or a two-color gener-
ation scheme.

Second, a multi-stage architecture can be envisioned (cf. fig. 22). This scheme would consist
in a first amplifier at low density (n. ~ 10'® — 10%m=3) and a second one at higher density
(ne > 102%cm=3).

Third, designing long nozzles exhibiting a longitudinal density gradient could be a valuable
alternative. The seeding threshold would be lower at the entrance of the jet with a lower
density. The HH could then be gradually amplified and outmatch the growing ASE.
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Figure 22: Schematic of a two-stage femtosecond SXRL amplification chain.

Finally, recent numerical calculations [Oliva et al., 2012] proposed a transposition of chirped
pulse amplification technique to the soft X-ray range. By stretching a femtosecond HH seed
to duration close to the gain lifetime, this scheme would allow continuously and coherently
extracting the energy stored in the plasma.

Overcoming those challenges associated with the seeding threshold would also allow extend-
ing the demonstrated circularly polarized SXRL scheme to deliver ultrashort and intense
circularly-polarized pulses as the low transmission of the polarizer prevented the use of a
high-density plasma amplifier.

Can we drive those OFI HH-seeded plasma-based soft X-ray lasers at shorter emission wave-
lengths where better spatial resolutions for imaging are promised? The recent advent of PW-class
laser systems (Apollon in France, APRI in Korea or ELI Beamlines in EU) will provide new
prospects to pioneer shorter wavelengths using the collisional pumping OFI scheme employing
higher charge species, which require very high intensities. For instance, an elongated plasma
amplifier made of Ni-like Xe, lasing at 9.96 nm [Li et al., 1998] could be envisioned. However,
the collisional scheme turns less and less efficient when considering shorter wavelengths.

A more promising path to shorter wavelengths would consist in implementing the OFI recom-
bination scheme. As this scheme requires operation at very high electron densities, applying
the demonstrated waveguiding technique turns out auspicious to reach saturated amplification
and deliver sub-100 fs lasing down to the so-called « water window » (between 2.3 and 4.4 nm)
[Shen et al., 1997]. Moreover, lowering the electron temperature is critical for the success of
this scheme. For this purpose, the use of gas mixtures with low-Z species could be used to cool
down the plasma thanks to the release of low energy electrons following OFI. Another approach
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would consist in doubling or tripling the frequency of the driving laser to generate a high-density
amplifier while keeping the electron temperature as low as possible (cf. fig. 23). Good frequency
conversion conversion up to 45% for the second harmonic and 30% to the third harmonic are
feasible. However, the ultrashort pulse duration should be measured soon to validate this ap-
proach.
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Figure 23: Computed electron distribution following OFT of a 102°cm =3 Ne gas media for 3 different laser
driver wavelengths.

All in all, the achievements of this thesis widen the potential of these sources and pro-
mote their relevancy in the framework of applications requiring high on-target intensities and
regarding the study of ultrafast phenomena or polarization-dependent properties of materials.
HH-seeded plasma-based soft X-ray lasers strengthen their place between HH and XFEL sources,
by expanding their performances (in terms of photon yield, pulse duration and polarization tun-
ing) and leveraging on their own intrinsic qualities (jitter-free source, and excellent spatial and
temporal coherence). The current state of the art performances of HH-seeded soft X-ray lasers
(2 pJ/ 100 fs pulses) combined with the prospective developments (a few 10s of pJ/ 20 fs pulses)
enhance the maturity of these sources to carry out, at the laboratory scale, applications that
were previously restricted to the XFEL community (using 100 pJ/10 fs pulses). A first applica-
tion of this source, consisting in soft X-ray diffraction imaging of a sample featuring details of a
few tens of nm, has been performed in mid-july 2015 and laid promises for achieving single-shot
diffraction-limited resolution (see fig. 24 & fig. 25). To this extent, the CIG approach contributes
to substantiate the full-fledged capabilities of this compact source to carry out single-shot high-
resolution dynamical studies on the femtosecond time scales, ranging from soft X-ray holography
[Chapman et al., 2007] to phase contrast coherent imaging [Sakdinawat and Liu, 2008]. Addi-
tionally, the demonstrated circularly polarized SXRL grants access to single-shot measurements
in a large range of applications in crystallography [Boutet et al., 2012], magnetism [Vodungbo
et al., 2012] or the observation of dichroism in biology [Ferré et al., 2014; Garica et al., 2010].

206



(a) 2641,6

24408 112,3 88,5

1

1127
>
e
-

2222220

SXRL source Focus

PARAMETRY ELIPSY:
a=1325 mm
b =105,4309 mm

(b)

Camera 2

Camera 1

Sample

Camera 3

ﬁ Soft X-ray

laser beam

(c)
Sample “side-view”

Phase

. e 200 Au
i, o 400 nm Al

.' _‘ 30 nm Si3N4
525 um Si

1 . Transmission: 30 %
1 30 nm Si;Ny Phase shift: 1.1 rad
Transmission: 39 %
Phase shift: 4.5 rad

Transmission: 10-% %
Phase shift: 8 rad

Figure 24: Soft X-ray diffraction imaging experiment: (a) Technical description of the gold-coated Rigaku
ellipsoidal mirror used to focus soft X-rays onto the sample. (b) Picture of the imaging system. Camera
1 has a phosphor deposited on the CCD chip, which allows pinpointing the longitudinal position of the
SXRL focus and correcting its quality thanks to the ellipsoidal mirror actuators under vacuum. Camera
2 is fitted with a microscope objective and images a plane, whose relative position with respect to the
camera 1 chip is known. Camera 2 is then used to place the sample in the focal plane of the ellipsoidal
mirror. Camera 3 is a soft X-ray camera used to record the diffraction pattern about 3-4 cm away from
the sample. (¢) SEM image and composition of a sample engineered with an ion beam.
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Figure 25: Single-shot diffraction pattern (right) obtained from the sample depicted in fig. 24¢ and its
reconstruction (left). Further effort was needed to improve the resolution by taking account of the soft
X-ray focus aberrations.
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Appendix A

OFIKinRad atomic code

The OFIKinRad atomic code is based on the COFIXE code [Cros et al., 2006]. Instead of Xenon,
it considers 36 ionization levels of krypton and 93 atomic levels of K78, The numerical model
takes into account collisional ionization and excitation, along with radiative processes such as
spontaneous emission and absorption.

The code computes the energy distribution functions of electrons, the populations of the
atomic levels taking part in the lasing transition, the temporal evolution of gain and emissivity
at a low signal level, the spectral width and the saturation intensity.

The input parameters are the IR laser intensity, wavelength and polarization, the atomic density
of the neutral krypton gas and the plasma initial temperature.
The main approximations of the code are the following;:

e The code is 0D and computes the gain in one point in the space. The evolution of the
gain only depends on the initial gas composition and the laser intensity temporal profile
at this point. The macroscopic hydrodynamic expansion is not properly considered here.
In our conditions, as illustrated in chapter 2, the plasma expansion resulting from the
large increase in electron temperature due to ionization occurs on tens of microns per ns
timescales. As the characteristic timescale of computed parameters (see section 2.3.2) is
in the order of tens of ps, the plasma expansion and its induced density variation can be
neglected.

e The timescale of interaction with the laser (of duration of a few tens of fs) is shorter than
the characteristic time of kinetics. This latter timescale, embodied by the gain duration,
is supposed to be far larger compared to the laser pulse duration.

e The resonant transitions between excited and fundamental levels are locally absorbed
(thick media considered for these transitions), whereas transitions between excited levels
can freely leak. Radiative losses come from the fact that emitted photons are not nec-
essarily reabsorbed by the plasma, thus leading to an energy loss. A loss parameter is
introduced into the code to account for them.

As a consequence, the computed local evolution of the gain is entirely determined by the
initial state of the plasma and its interaction with the intense laser pulse.

209



Appendiz A. OFIKinRad atomic code

Initial state of the plasma just after interaction with the intense laser pulse. The
parameters defining the initial state of the plasma are its electron density, temperature and
ionization state. The interaction within the ultrashort duration of the intense IR laser field
describes the so-called Optical Field Ionization. The main underlying mechanism is tunnel ion-
ization, whose rates are computed from the probabilities expressions derived from ADK theory
[Ammosov et al., 1986]. The reached ionization state yield the electron density, whereas the ion-
ization rates determine the energy distribution of electrons and thus, the electron temperature.

Plasma kinetics. Following interaction with the laser pulse, the plasma parameters evolve.
The energy distribution functions of freed electrons are calculated using the model developed by
Pert [Pert, 1999]. The knowledge of the temporal dependence of those functions is essential since
the collisional rates affecting the variations of populations depend on them. Indeed, considering
the excitation of an ion from levels ¢ to j, the variation of population of the level 7 is:

dn;
CZ’I == Z ijenj - Cijneni (Al)

where n is the electron density and C;; the collisional rate defined as the product between
the cross section o;; and the electron speed v, [Salzmann, 1998]:

o [ [ (de
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The cross section can be expressed as a function of the collisional strength €2;;:

h2
- 8mTmeeg;

Uij (A3)

In OFIKinRad code, the cross sections for collisional ionization are derived from Clark
& Sampson formulae [Clark and Sampson, 1984], whereas, for collisional excitation, they are
computed from expressions used in stellar atmospheres [Van Regemorter, 1962]. Those are then
integrated over the electron energy distribution to yield the relevant rates.

The calculation of the temporal evolution of the atomic populations relies on the evolution
of those collisional rates, which depend on the variation of those electron energy distribution
functions. The kinetics of theses functions is affected by the electron-ion and electron-electron
collisions. The former modifies the mean energy and density of electrons, whereas the latter alter
the energy distribution. In the studied case of a plasma of hot free electrons, the Boltzmann
equation describing the evolution of the states of a collisional plasma can be simplified into the
so-called Fokker-Planck equation. The calculation of the relaxation of those energy distribution
functions follows closely the work of Pert [Pert, 2001]. Contrary to electron-ion and electron-
electron collisions, which play a fundamental role in ion kinetics, the impact of ion-ion collisions
is negligible.
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The atomic processes governing the temporal evolution of atomic populations in the plasma
are:

1. Collisional processes (and their counterparts):

e collisional ionization (increase of ion charge thanks to the collision of an electron with
the ion and release of an additional electron) and three-body ionization.

e collisional excitation (promotion of an ion into a higher energy state thanks to the
transfer of energy from a hot free electron) and deexcitation.

e di-electronic recombination (di-electronic capture of an electron and radiative stabi-
lization with emission of a photon).

2. Radiative processes (and their counterparts):

e spontaneous decay (random deexcitation of an ion into a lower energy level with the
release of a photon).

e stimulated emission (stimulated deexcitation of an excited ion thanks to a photon
and emission of an additional identical photon) and absorption.

e radiative recombination (decrease of ion charge and excitation with the interaction
with an electron and release of a photon) and photoionization.

The plasma resulting from OFI interaction is in a strongly non-equilibrium state and evolves

towards a local thermodynamic equilibrium characterized by an ionization degree much larger
than the initial one (Z = 15 - 20). As a consequence, this means that ionization and excitation
display a rate much larger than inverse processes (three-body recombination and de-excitation).
Hence, in the code approximation, radiative and three-body recombination processes are not
taken into account. The collisional excitation from excited levels is taken into consideration.
The data file contains energies and radiative emission rates for each atomic levels, as well as
collision rates. The first two are obtained from the SUPERSTRUCTURE code [Eissner and al.,
1974], whereas the last one comes from DISTORTED WAVE [Eissner and al., 1998].
It is worthy to note that the code basically considers that the gain is driven by the dynamics
of population only for states with a charge of 8. Indeed, the approximation described in the
last paragraph leads to the fact that ionization states with a charge over 8 do not play a role
in the gain dynamics. Besides, the contribution from states with charges below 8 is minimal.
While the ionization state Z = 7 for krypton is not very stable, the contributions from the more
stable states with Z = 6 are not expected to have a significant impact on the gain. Actually,
for the Z = 6 state, the electrons are cooler and get further cooled down because of the two
ionization processes as well as excitation needed to participate to the gain of the laser transition.
The lower energy of electrons results in lower gain from this contribution. Furthermore, there
are less electrons (6 instead of 8) and the ionization and excitation processes take time, which
means that the contribution from those states with a lower charge occurs significantly after the
main amplification peak.

The results from the code were found to yield a consistent insight into the gain dynam-
ics of the plasma amplifier with respect to experimental measurements (see section 2.3.2 and

section 5.2), over a range of electron densities varying from 10'¥c¢m =3 to just over 102°cm=3.
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Appendix B

Laser spectral lineshape

The broadening mechanisms and their contribution to the gain and emissivity mechanisms are
described in section 2.3.1. Those impact the laser spectral lineshape and can be divided into
two categories: homogeneous or inhomogeneous broadening.

¢ Homogeneous broadening affects all radiating ions in the same way. Natural and
collisional broadening enter in this category. The emission line width profile is the same
for all emitters and has a Lorentzian lineshape S(v):

2 1

= 2
"L (359)

Sp(v) (B.1)

where vy is the central frequency and AvL the full width at half-maximum of the spectral
line. It can be written as the inverse of the transition upper level lifetime 7:

Avy = L (B.2)

Ty,
e Inhomogeneous broadening comes from Stark and Doppler effects.

Simulations showed that Stark effect has a very small influence in the case of collisionally-
pumped plasma-based soft X-ray lasers [Talin et al., 1995]. However, this source of
linewidth broadening becomes more significant for recombination pumping schemes [Ben Nessib
et al., 1994]. When ion heating gets non-negligible, their thermal velocity induce a Doppler
shift of the central frequency of emission for each emitter. Hence, the lineshape gets broad-
ened in an inhomogeneous way. When this phenomena dominates and when considering

a maxwellian distribution of ion velocities, the lineshape features a Gaussian profile, such

as:

_ 1 2\/@ vV — 1 2
Sp(v) = Avp « P [_ (AVD/(Q\/ZTT2)> ] (B:3)

where Avp is the full width at-half maximum Doppler broadening.

|8kpT;ln2
AI/D =1 % <B4)
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Appendiz B. Laser spectral lineshape

where kp is the Boltzmann constant, m; the ion mass and 7; the ion temperature. Com-
pared to the Lorentzian profile, the Gaussian profile is more weighted in the central part
and falls more rapidly on the edges.

When both homogeneous and Doppler broadening coexist, the resulting lineshape is a Voigt
profile. This is the convolution between both lineshapes:

Sy (v) = /00 S.(V)Sp(v —v')d (B.5)

Combining equations eq. (B.1) and eq. (B.3) yields:

B 232 0 e Y
$00) = iy | s e B0

with
— A
a=2vVin22 Y and B =Vin2 vL (B.7)
Avp Avp
The Voigt profile is similar to the Gaussian distribution at the center of the lineshape,

whereas it decreases as a function of 1/(v — 19)?, in a similar way to a Lorentz profile. Its value
at the center of the emission line can be expressed as:

2vIn2 1

T  Avp

Sv(v) = P erfe(B) (B.8)

with erfc, the complementary error function defined as:

2 [® .,
erfe(x) = ﬁ/ooe du (B.9)
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Appendix C

Focusing light by means of an axicon
lens

This appendix gives information about the focusing properties of an axicon lens.The fig. C.1
depicts the important geometrical parameters defining the axicion focusing properties, such as
the length and the position of the focal line, as well as the on-axis peak intensity.

In the following, we assume the incoming beam is Gaussan and that its wavefront is planar.
The system is symmetrical about the optical axis. Incoming rays enter the planar side and
emerge from the conical shape side to converge on the optical axis with a conical wavefront. We
introduce a the base angle derived from the apex angle, «v the angle of approach to the optical
axis, n the refractive index of the lens and p and z the radial and axial coordinates respectively.
We note pg the actual radius of the beam.

Axicon

Figure C.1: (a) Schematic of axicon lens parameters.
Assuming, the beam is propagating in perfect vacuum, Snell-Descartes equation imposes:

nsin(a) = sin(a + ) (C.1)

The axial coordinate at which rays are hitting the optical axis is related to the radial coor-
dinate through:

1
z(p)=p (tan7 — tana) = pKony (C.2)
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Appendiz C. Focusing light by means of an axicon lens

Considering a collimated input field F;, polarized in the x direction, an expression of the
field near the optical axis can be derived using Kirchoff diffraction integral and the stationary
phase method [Durfee et al., 1994]:

wksin z 1/2 cos . —cos .
E.(r,z) = <%(7)K—M) Ein(z) x (H#(“’)Jo(krsm(’y)) + 1#(W)Jg(lﬂrszn(fy)))

B.(r.2) = (™m0 = )" B (2)sin(y). s (krsin(y))
(C.3)
where k = 27” is the wave number. The contribution along z-axis comes from input rays near
x-z plane developing a small axial polarization component when refracted toward the optical
axis. This contribution can be neglected. Besides, as the angle v is usually small, the term
17%5(’7)Jg(k‘1"sin(7)) can be neglected. Therefore, the total intensity profile is dominated by the
terms Jo(krsin(y)) and can be computed as follows:

wksin(y) z (14 cos(y))
2 Ko 1

2
I(z) = Jg (krsin(y)) Lin(p(2)) (C.4)

The central spot size ry can be derived evaluating the first zero of the Bessel function Jy:

2.405
ro R —————
0 ksin(vy)

The length of the focal line is given by zpax = z(pg) and can be approximated for small
angles to:

(C.5)

Po
L ~ _ C.6
2a(n — 1) (C.6)
The peak intensity occurs at a axial position depending on the input beam intensity profile.
For a Gaussian beam, it is reached at z = L/2.
The fig. C.2 illustrates the formula eq. (C.4) for a 50 mm-diameter axicon with o = 35 deg
in case of a pulse of 35 fs duration, 150 mJ energy for a Gaussian input beam profile, such that:

Iin(2) = Iy exp [—2 (”)2] (C.7)

0

A 8 mm central hole, used for focusing the main driving beam, is considered. As a result,
the focal line starts in this case about 11.4 mm in front of the axicon tip.

The waist was considered to be wg = 25 um. For a = 25 deg, the focal line is 32.3 mm long
begins 10.4 mm after the tip of the axicon. Its transverse size is 2.26 pm.
The fig. C.3 shows how the focal line changes when the apex angle is bigger (i.e. a lower value
of a), which corresponds to a ”flatter” axicon geometry. In the latter case, the focal line is 51.8
mm long begins 16.6 mm after the tip of the axicon. Its transverse size is 3.12 pm.
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Figure C.2: Axial (a) and transverse (b) intensity profiles for a 50 mm-diameter axicon with oo = 35 deg
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Figure C.3: Intensity map of the focal line for an axicon with o = 35deg (a) and a = 25deg (b).
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Appendix D

Design of elongated rectangular slit
nozzles

This appendix presents fluid simulations of the gas flow in such a convergent-divergent nozzle
geometry adapted to an elongated rectangular outlet slit. This modeling is carried out with
the software Ansys Fluent to validate the geometry of an existing nozzle and to motivate the
possibility of manufacturing longer rectangular slit nozzles featuring comparable CDN geometry.

Compressible fluid flow

This part aims at summing up the basic principles determining the flow behavior of a compress-
ible fluid, while illustrating the correlation between import an parameters of the nozzle geometry
and the outlet gas profile.

The gas is here considered to be ideal, thus being completely described by its pressure (Pa),
its temperature (K) and its specific mass (kg.m~3) thanks to Avogadro-Ampere law: P = pRT
with R = 8.314JK ~'mol~!, the ideal gas constant. The compressibility of the gas implies that
its kinematic viscosity is zero and that its specific mass varies in the flow. As a first approach,
a one-dimensional approximation is undertaken. Under those conditions, gas flow parameters
describing the gas (pressure, specific mass, speed, temperature, gas flow section) are considered
to be constant in the transverse direction. This approach is good to the extent that one look at
creating a high density amplifier of transverse dimensions comparable to a few focal spots over
a length of several millimeters. The rectangular slit geometry will therefore have longitudinal
dimensions much bigger than its transverse size.

When considering an elementary section of fluid flowing along a nozzle, one need to link
among them the different parameters describing the physical properties of the gas. Those include
the pressure (P), the temperature (T), the specific mass (p), the speed (v) and the section being
crossed by the gas flow (S). The knowledge of the gas speed (i.e. its Mach number) when the gas
gets out of the nozzle into the vacuum chamber is important. This speed will indeed determine
the gas density and its gradients at the outlet of the nozzle [Semushin and Malka, 2001].
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Appendixz D. Design of elongated rectangular slit nozzles

To describe the compressible ideal gas flow, four equations need to be considered:

1. Mass continuity equation:

dpo v S
Dl | D.1
> ToT s (D.1)
2. Momentum continuity equation:
—dp.S = (S.p.v).dv (D.2)
3. Isentropic transformation equation:
dp
— =~.R.T D.3
a7 (D.3)

with ~y, the adiabatic index of the gas defined by the relation:

= oo (D.4)

v

where C'p et C'y are respectively the calorific capacities at constant pressure and constant
volume, describing the gas.

4. Steady flow adiabatic energy equation:

ar _

T —(7—1).M2.% (D.5)

This equation neglects the gravity effects.

The combination of equations eq. (D.1), eq. (D.2), eq. (D.3) and eq. (D.5) yields:

ds M?—1 dM
1+ (%) .
The equation eq. (D.6) related the variation of the sectional area to that of the Mach number
and thus shows how the nozzle geometry affects the gas flow speed.

Convergent-divergent geometry

To meet the desired characteristics for the gas near-critical density profile with sharp density
gradients, a nozzle displaying a convergent-divergent geometry is adopted with a strong backing
pressure. This profile has the advantage to provide convenient conditions for efficiently acceler-
ating the gas flow to high Mach numbers.

For this geometry, five different gas flow regimes can be identified. Thes stages at which each
of them occurs are depicted in fig. D.1):

1. The first part of the nozzle consists of a « reservoir » where the gas is being accumulated.
When the valve is opened, the gas naturally flows towards the vacuum chamber and fills
this part.
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2. Then, there is the convergent part of the nozzle, where the section crossed by the gas
flow monolithically sharply decreases. The gas flow is subsonic at this stage (M j 1). The
equation eq. (D.6) show that the convergent geometry is appropriate to accelerate the gas
flow until the critical zone, where the flow should reach transsonic speeds.

3. The critical zone consists in a bottleneck delimitating the convergent and the divergent
parts.

4. Then comes the divergent part of the nozzle. In this part, equation eq. (D.6) show that
the gas flow can be further accelerated up to supersonic speeds only if a transsonic speed
is reached at the level of the critical zone. Otherwise, a shock wave is being formed and
results in a turbulent gas flow. The divergent part of the nozzle corresponds to a relaxation
phase of the gas. The angle defining the increase rate of the sectional area is an important
parameter. It has to be maintained to low values to keep gas flow transverse speeds
negligable compared to the main propagation speed of the gas flow. Those conditions
correspond to so-called « adiabatic » gas flow, which will guarantee sharp density gradients
out of the nozzle. In the considered model, the gas flow speed only depends on the ratio
of inlet and outlet sections, through the formula:

S 1 (2 1)M?\ 7D
— Y=
S_1/2+406-DM* (D.7)
So M v+1

This equation is derived from the equations eq. (D.1), eq. (D.2), eq. (D.3) and eq. (D.5)
with Sp the sectional area of the critical zone.

Hence, choosing the surfaces ration is of primary importance to reach the desired Mach
number fostering the required density and gradient conditions out of the nozzle.

5. Finally, in the last regime, the gas expands in the vacuum chamber, following the outflow
from the nozzle.

4. 5.

1.
e ||» wet 15, o ||» ot

————— e -Co

<
I

Figure D.1: Scheme of a Convergent-Divergent Nozzle (CDN) illustrating the various gas flow regimes.
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Numerical model.

The software Ansys Fluent was used to model the hydrodynamics of turbulent krypton gas flow
over a structured mesh. Physical parameters describing the gas properties are teen constant
over the elementary volume defined by this mesh. The code solves the Navier-Stokes equations
in their integral form in a fixed frame of reference. The turbulence of the gas flow is described
by the transport equations. The computation starts under specified initial conditions and is
carried out iteratively elementary volume by elementary volume from the inlet. Iterations are
performed until stationary operation is reached.

The first modeled rectangular slit nozzle has a 500 ym by 5 mm sectional area. This nozzle
has been previously experimentally proven to offer appropriate conditions for plasma soft X-ray
generation. Its geometry is described in fig. D.2.

2,27 mm

~
=~
=
~,

3,98 mm

Lo

\

3,3 mm

Figure D.2: Geometry of the 5mm x 500 pm slit nozzle used for previous experiments. The transverse
section is seen by transparency.

The numerical simulation hinges upon the several following steps:

e The drawing of the three-dimentional nozzle geometry. The rectangular nozzle slit has
two axes of symmetry, thus only a quarter of the nozzle need to be modeled. This allows
saving calculation time.

e The definition of the physical model. The parameters defining the set of equations are
specified. Thus, the adiabatic index of the gas « (here, krypton), defined by the ratio of
thermoelastic coefficients is taken into account.

In order to describe the turbulent gas flow, the software uses a so-called RANS approach
(Reynolds Averaged Navier-Stokes). The underlying principle consists in separating the
physical parameters between an averaged part and fluctuating one. In this method, new
terms appear in the set of equations and have to be taken into account. This formalism
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yields the turbulent viscosity p;, whose effects add up to those of the laminar (or molecular)
viscosity. Moreover, a thermal diffusion coefficient describes the impact of turbulence
on the gas flow heat. The evolution of the thermal diffusion coefficient is linked to the
variations of p;. To compute the latter coefficient, several models can be chosen.

Here, a model composed of two transport equations, dubbed « k — w model » is used. It
turns out more adapted to the present configuration involving high pressure gas flow. Two
turbulence scales are calculated and those allow computing p; from an algebraic relation.
For this two-equations model, the turbulent viscosity is expressed as a function of two
turbulence parameters. A transport equation for each of them is set:

— for k, the turbulent kinetic energy.

— for w, the turbulence characteristic frequency. The inverse of w represents the charac-
teristic timescale of the kinetic ernergy dissipation. The turbulent viscosity is written
as a function of k and w :

k
=p— D.8
Mt pw ( )

e The implementation of the numerical algorithm. This step defines the parameters involved
in the set of equations, which will be solved. The spatial discretization method, as well
as the time integration method (numbers of iterations, time step, numerical convergence
model) are applied to to the algebraic system. The step by step computation is performed
from the nozzle inlet.

e The spatial mesh geometry. The mesh is tuned over the nozzle geometry. Regions where
strong and quick variations of physical parameters of the gas flow are expected, such as
the nozzle ”throat”, are covered with smaller elementary volumes. The mesh geometry
used to model the gas flow of the b5mm x 500um slit nozzle is depicted in fig. D.3.

It involves 1 237 244 elementary cells, in which temperature, speed, density, pressure and

kinematic viscosity are considered to be constant. The latter parameter (expressed in

m?2.s71) is defined by the following formula:

v=-— (D.9)

where 7 is the dynamic viscosity (Pa.s or kg.m~1.s7!) and p the specific mass (kg.m=3).

e The boundary conditions. Those are specified for each physical surface of material of the
nozzle.

e The initial conditions. The gas pressure and a zero gas flow velocity is imposed at the
inlet surface. Very low values (1075 bar, corresponding to vacuum conditions under exper-
imental conditions) are taken for the surfaces at the boundaries of the simulation volume

out of the nozzle

e At last, computation by finite elements is carried out over the pre-defined mesh.
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X

Figure D.3: Transverse profile of the mesh geometry for the 5mm x 500um slit nozzle. The solid edges of
the nozzle are materialized by the pale blue lines. A finer mesh is applied in zones where stronger local
gradient of physical parameters are expected.

' = I
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Slit nozzle outlet

Metallic nozzle Metallic nozzle
boundaries boundaries

Figure D.4: Longitudinal profile of the mesh geometry for the 5mm x 500um slit nozzle.

Simulated density profiles.

The simulations were realized considering a 150 bar krypton backing pressure. The distribution
of neutral gas density is there studied under stationary operation. The transverse and longitu-
dinal profiles are reported respectively in fig. D.6 and fig. D.7. The evolution of the gas density
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Figure D.5: Profile of the mesh geometry for the 5mm x 500um slit nozzle at the height h = 1 mm with
respect to the nozzle outlet tip.

from the ”reservoir” up to the vacuum chamber out of the nozzle slit outlet is illustrated in
fig. D.8. The plots represents the neutral density along a line centered in the nozzle.
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Figure D.6: Transverse krypton neutral density profile for the rectangular slit nozzle of sectional area
5mm x 500um for Pg,.=150 bar.

The neural gas density exceeds 5 x 102'em ™3 in the reservoir and slowly decreases as the
gas flow velocity increases up to the "throat” zone. The gas then relaxes in a quasi-adiabatic
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Figure D.7: Longitudinal krypton neutral density profile for the rectangular slit nozzle of sectional area
5mm x 500pm for Pg,.=100 bar
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Figure D.8: Neutral density evolution from the “reservoir” to the vacuum chamber along a line centered
in the nozzle. The dashed red line shows the nozzle slit outlet.

way, while being modestly further accelerated until the nozzle slit outlet, from which it gets out
and expands in the vacuum chamber. Out of the nozzle, the neutral gas density exponentially
decreases as the gas expands.
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Appendix E

Gas and plasma density diagnostics

This appendix presents the techniques associated with probing the gas and plasma density of a
flow using a Mach-Zehnder interferometer. The tomography setup used for density diagnostic
of a neutral gas is illustrated in the following paragraph, whereas the one used to probe plasma
electron densities is showed in fig. 4.16.

Tomography technique

The experimental characterization of neutral gas density out of the rectangular slit nozzles were
performed thanks to a phase retrieval technique using a Mach-Zehnder interferometer. This
method allows calculating neutral gas or plasma density reconstructing the phase difference
imparted by the medium density spatial distribution on the beam wavefront.
The relevant experimental setup is illustrated in fig. E.1. The interferometer splits the laser
beam into two part. One is used to probe the gas, whereas the other serves as a reference.
The difference of optical path between those two beam parts generates an interferogram. The
resulting set of fringes is perturbed when the gas crosses the probing beam. The measurement
of the fringe displacement allows reconstructing the density profile.

The diagnostic was performed with a He-Ne laser at 632.8 nm. The valve is controlled by
a TTL signal delivered by a delay box, which allows synchronizing the camera acquisition with
the gas flow. The signal has a shape of a ”temporal gate”, which is used to control the opening
time window of the valve.

Phase retrieval

More specifically, the phase delay induced by the gas represents the product of the gas index (de-
pending on the medium, its density, temperature and pressure) and the medium length crossed
by the probing beam, from which the « reference » phase without gas is subtracted. Therefore,
the measurement of the local variation of phase can be linked to the density profile.

In order to calculate the gas density, at least two measurements of the phase delay at differ-
ent attacking angles with respect to the gas flow are needed. In the following transverse and
longitudinal profiles are considered.

Gas density computation by tomography

The reconstruction of density profiles by tomography consists in calculating the local phase
variation from phase measurements integrated along at least two probing directions. The trans-
verse and longitudinal interferograms actually does not record the absolute phase but rather an
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Transverse profile

Longitudinal profile

Figure E.1: Schematic of the double Mach-Zehnder interferometer, which allows probing the transverse
and longitudinal phase maps. Those are necessary to reconstruct the whole neutral gas density.

integrated phase measurement over a spatial projection.

The combination of those two projection measurements allows deriving a tri-dimentional map
of the phase, from which density can be extracted.

A simultaneous algebraic reconstruction technique (SART) [Gordon, 1974; Andersen, 1987] im-
plemented with Matlab allowed reconstructing the phase distribution through a discretization
of the space. The phase is then linked to density under the normal conditions of pressure and
temperature.

In the following, the axis x is considered to be the propagation axis of the laser beam probing
the medium. The axis y defines the polarization direction of the laser and the axis z represents
the remaining direction orthogonal to the previous axes. Under those conditions, the optical
path difference between the probing beam and the reference is:

oy, 2z) = /m n(z,y, z)dz (E.1)

1

The phase delay can therefore be written:

2 [*2
Ab(y) = &(y) = o= [ (n(z,y,2) - L)de (E.2)
1
From the measurement of the local fringe displacement, it is possible to derive the local
variation of the refractive index of the gas, resorting to an Abel inversion [Whittaker, 1948] of
the equation eq. (E.16).

1. Abel inversion. This mathematical operation supposes that, for a fixed y coordinate, the
refractive index displays a rotational symmetry. Hence, we consider the radial coordinate

r =V + 2.
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The phase map corresponds to the projection of the optical index, whose distribution is
axisymetric in a plane orthogonal to the x-axis.

Supposing the gas density has the same axisymetric distribution, the term n(r,y) — 1 can
be recovered implementing an Abel inversion of the equation eq. (E.16). Then, the density
n(r,y) is derived from the refractive index n(r,y) using the dispersion relations depending
on the nature of the medium (plasma or gas) and the wavelength of the probing beam.
The Abel inversion can be easily formulated only in the case of a fringe displacement
featuring a Gaussian profile such as: A® = 27 /X.exp(x?/Ar) (with Ar, the full width at
half-maximum of the refractive index profile). In the general case, considering F and f,
functions related to each other by the following formula:

Fo) = [ T I P)da (E3)

The Abel inversion can be written:

F0) = A7) = [T e (£9)

The details of the Abel inversion calculations are presented in the paragraph E.

. Case of a neutral gas. Derived from the Clausius-Mossotti relation the Lorentz-Lorenz
formula allows linking, fro a neutral gas, the refractive index 7, the gas polarizability «
and the particle density n:

n? —1 4r n

= Tha= A E.5
P2 3TN, (E-5)

with A = %N aa, the molar refractivity of the gas under consideration.
The refractive index 7 being close to 1, the following approximation can be done: 7%2+2 = 3.

Hence, we can write:
n

2
=1+34 E.6
n +3AS (E.6)
Thus,
3An
~1+ —— E.7
1t oN, (E.7)

The Matlab program, with which the reconstruction was performed, expresses the refrac-
tive index as a function of the gas pressure P:

n=1+aP (E.8)

Considering an ideal gas, n = 1 + %P with T, the temperature and R, the ideal gas
constant. As a consequence, the parameter & included in the program is written:

& = %NAa x 10° (E.9)
for a gas pressure expressed in bar.
The molar refractivity being weakly dependent on the wavelength, acquisitions of data
using white light are also relevant.
The following table summarizes the previously described constants for three different gases,
which are being used either in the Matlab program (neutral gas density measurements with
a tomography technique) or with Neutrino software (plasma density retrieval).
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230

Gas a (x108m3) [ A (em?/mol) | & (bar—!)
Hélium 0.206 1.3 0.0000343
Argon 1.64 2.3 0.000273

Krypton 2.48 2.3 0.000413

Tab.1: Characteristic coefficient derived from the gas polarizability a [Forbes, 1977] and
being used as input parameters in the programs reconstruction.m (&) andNeutrino (A).

Case of a plasma. As far as plasmas are concerned, the dispersion relation highly depends
on the wavelength of the probing beam. A monochromatic beam is thus needed. For prob-
ing high-density plasmas, a part of the infrared laser beam is collected and its frequency is
doubled thanks to a BBO nonlinear crystal. This allows increasing the transmission, op-
erating away from the critical density at twice the laser frequency. The dispersion relation
in a plasma is:

n=,/1--—= (E.10)

where n. is the electron density in the plasma, and n. = “.5™< the critical density
with wy laser frequency, €y the vacuum permitivity and m. the electron mass. Hence,

< 21
nefem ™3] = 1;\12T;£L] . Therefore:

1.1 x 10%L

ne[cm_g] = (1 - 77) )\2[/””]

(E.11)

. Derivation of the actual density from the refractive index. It was previously

reported that, in the case of a plasma, the refractive index 7 is derived from the Abel
inversion of the retrieved phase AP = 27” JZ5 (n(r,y) — 1)dx. The refractive index can
therefore be written:

n(r,z) =1+ %A_l(ACI)) (E.12)

Thus, in case of a plasma:

Ne = Ne [1 - (1 - ;WA—I(A@))Q] (E.13)

As far as a neutral gas is concerned,

Under the normal conditions of temperature and pressure (CNTP), we get: noyrp =
2N

Siaby = 2.68 x 10"9e¢m =3 with Py = 1.013bar. Hence, the number of particles per unit
volume is:

_nente A 1
n= O AT () (E.15)




Abel inversion calculation

This appendix briefly presents the Abel inversion algorithm [Whittaker, 1948] used to reconstruct
the neutral and electron density profiles from phase maps. The computation of the Abel inversion
suppose that the gas density profile has an axisymmetric distribution.

We assume a phase delay induced by the gas such that:

AD(y) = 277’ / P @y, 2) — 1)da (E.16)

We note f, the function describing the profile of the refractive index n. We can then introduce

a function F, such that:
[e.e]
Fo) = [ f/aT s (E17)

—00

The Abel inversion can therefore be expressed:

F(r) = A7F)(r) — i/w ﬁﬁdm (E18)

The computation is being implemented over a discretized space.
The function F can be written in the following way:

F(y) = /Oo f(Va2?+y?)dx (E.19)

Then, for a radial value r > 0 :

fr) = —W/T Cf;; /71_ 2 (E-20)

The function f can be discretized over N points defined by r; = iAr such as:

1 ["N1dFE 1
f(”):_ﬂ/n dy\/j (E.21)

This integral is not defined for values y = r;. Let us suppose that dF/dy (written dF) is sampled
by by N points over the interval [0..ry_1] with dF; = dF/dy(r; = iAr), the value dFj lying on
the axis of inversion. To integrate this quantity, dF' is approximated by a line over each interval
[ri,7i+1], which means for every j < N — 1 et y < Ar:

dF; 1 — dF;
dF(rj +y) = dFj + y—2 1 (E.22)
Ar
Thus:
1 i Ti+1 dFj+1 — dF] 1
% pa / dFj—f-(ﬂS—Tj) AT ] x2—ri2d$ (E.23)
Hence:
1 N-2 1 1
— dF + t(dF dF;)|———dt E.24
1= 2 )| )] e (824
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These integrals are defined for j > ¢ andj = ¢ # 0 and depend only on i and j.

Their value is respectively B; ; and A; j —jB; ;. Reorganizing the terms in the addition leads
to arranging f; in the form [Pretzler, 1991]:

N
7j=1
l(A—B) i =g d ,#1
s o = s 1, ] ,] .] 7 an 7
D; ; %(Ai,j —JB;; — 1) if j>i and j=2 (E.26)

=

TI_(AZ'J' - Ai,j—l — (j - 2)Bi,j—1) if j >1 and j 75 2

This algorithm was characterized in case of inversions of known analytical expression, such
as a Gaussian distribution. It leads to a very small numerical shift compared to the exact
expression given by the analytical form. The definition of the symmetrical axis is made by

successive iterations. This is done minimizing iteratively the discontinuities of the reconstructed
profile.
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Appendix F

Polarization state recovery

This appendix provides additional information about the recovery of the polarization state
of fully polarized light using a multiple-mirror rotating analyzer. The filed polarization can
be decomposed in a base consisting of left-handed and right-handed polarization eigenvectors.
Considering a field with complex amplitudes Ar and Ay, its Stokes vector is defined as:

(1 =|Ag]” + AL

Q = 2R(A% . Ap)
(F.1)
U =—2I(A%.AL)

[ V =|A4g|* — |AL|

The first term represents the intensity of the field, the second and third ones describe the p-
& s-directions and -/+ 45° linear polarizations, whereas the last term describes the left-handed
and right-handed circular polarizations.

Considering the general case of elliptical polarization with parameters defined in fig. 6.2, the
polarization state can be written:

1
coS2c cos2e
stn2a cos2e

sin2e

Sin = (F.2)

The modification of the polarization of light by an optical device is modeled using the Mueller
matrix formalism. Let us first consider the Jones matrix of the analyzer system J4, which applies
rp and 7, reflection coefficients as well as phase delays 0, and d5 on the input beam in tis frame
of reference:

Tp 0
Ja [0 Tsem} (F.3)
with A = 9, — ds the total phase delay.
The Mueller matrix is derived from eq. (F.3):
My = AlJa® JiA™ (F.4)
with
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10 0 1 1 1 0 0

10 0 41 1o 0 1

A=lo 1 1 of ™ A =310 0 1 = (F-5)
0 i —i 0 1 -1 0 0

The symbol '®" means the Kroenecker product between two matrices. Thus, he Mueller
matrix of the analyzer M4 reads:

ré + rg ré — rg 0 0
MA:E Tp—Ts Tp TS 0 0 (F.6)
2 0 0 2rprscosA 2rprssinA
0 0 —2rprssinA  —2rprscosA
If we assume tanW¥ = r,/rg, then comes:
2_ .2
re—r 2
— cos2¥ = 2 ; and sin2¥ = 2?"p7“52 (F.7)
Ty Ty Tp T TS
Therefore, the equation eq. (F.7) can be written:
1 —cos2V 0 0
2, .2
e ol -
My — (rp +735) | —cos2® 1 0 0 ' (F.8)
2 0 0 2rprscosA 2rpresin/A
0 0 —2rprssinA  —2r,rsc0sA

Considering an input elliptical polarization defined by equation eq. (F.2) and ~, the angle of
rotation of the analyzer, the output Stokes vector in the frame of reference of the laboratory is
derived by the following expression:

1 0 0
0 cos2y sin2y
0 —sin2vy cos2y
0 0 0

Sout = R(=y)MaR(7)Sin with R(y) = (F.9)

_ o o o

The normalized intensity recorded by the camera can therefore be written as a function of
the ellipse parameters and the rotation angle of the analyzer ~:

I out

=1 — cos2¥ cos2¢(cos2a cos2y — sin2a sin2-y) (F.10)

Inorm

22 o .. . . . .
where L,orm = (Tp+;"s) o _ Imamé”mm is the normalizing intensity factor with Iy the input

intensity. As shown in fig. F.1, a fitting with this function is done for the experimental data
obtained for the SXRL seeded with circularly-polarized HH.

The best fit is obtained for an angle ¢ = 42.3% with o = 50°. Alternatively, the ellipticity
can be determined from the formula:

Ininor Q—e
t =/ =4/ F.11
an(E) Imajor 1—Qe ( )

, which is obtained combining the expressions:
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Figure F.1: Evolution of the normalized recorded intensity as the analyzer is rotated by an angle v. Red
points stand for the experimental data whereas the black line corresponds to the fit.

{ Imae = rglmajor + Télminor and Q= Imin _ elmajor + Inminor (F12)
oz = TpImajor + 73 Ininor Loz Imajor + elpminor

where Ipinor and Iqjor are the intensities along the minor and major axes of the ellipse
respectively and e = rg / T?. Iin and Ipq. are the minimum and maximum recorded intensities.
With the experimental data, we get tan(e) =~ 0.91, which corresponds to the angle ¢ = 42.3°
used for the fit. The degree of circular polarization can alternatively be defined from Stokes
vector components as:

14
Deire = 7= stn2e ~ 0.98 (F.13)
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Table-top femtosecond soft X-ray laser by
collisional ionization gating

A. Depresseux’, E. Oliva?, J. Gautier', F. Tissandier', J. Nejdl?, M. Kozlova3, G. Maynard? J. P. Goddet,
A. Tafzi', A. Lifschitz!, H. T. Kim*>, S. Jacquemot®’, V. Malka', K. Ta Phuoc!, C. Thaury', P. Rousseau’,
G. laquaniello’, T. Lefrou’, A. Flacco', B. Vodungbo', G. Lambert', A. Rousse', P. Zeitoun’

and S. Sebban™

The advent of X-ray free-electron lasers has granted research-
ers an unprecedented access to the ultrafast dynamics of
matter on the nanometre scale'-3. Aside from being compact,
seeded plasma-based soft X-ray lasers (SXRLs) turn out to
be enticing as photon-rich* sources (up to 10" per pulse)
that display high-quality optical properties®®. Hitherto, the dur-
ation of these sources was limited to the picosecond range’,
which consequently restricts the field of applications. This bot-
tleneck was overcome by gating the gain through ultrafast colli-
sional ionization in a high-density plasma generated by an
ultraintense infrared pulse (a few 10'® W cm~?) guided in an
optically pre-formed plasma waveguide. For electron densities
that ranged from 3x10" cm™3 to 1.2 x10%° cm~3, the gain
duration was measured to drop from 7 ps to an unprecedented
value of about 450 fs, which paves the way to compact and
ultrafast SXRL beams with performances previously only acces-
sible in large-scale facilities.

In plasma-based SXRL systems, the amplifying medium is a hot,
highly charged plasma generated by the interaction of an intense
laser pulse with a solid® or a gas® target. Hitherto, in all SXRL
amplifiers that operate at saturation, a population inversion
between the levels of the lasing ion is induced by electron-collisional
excitation, which results in a strong amplification of spontaneous
emission (ASE) down to 3.56 nm (ref. 10) with a high temporal
coherence!!. When seeded with a high-order harmonic (HH)
beam, the generated soft X-ray beam exhibits excellent spatial
properties® and an adjustable linear polarization'?. However, all
previous attempts to shorten the duration of plasma-based SXRLs
below 1ps have failed®!, with the fundamental lower limit
governed by the very narrow gain bandwidth of collisionally
pumped plasma amplifiers. Therefore, a wealth of phenomena
that occur on femtosecond timescales, such as molecular dynamics?
or lattice vibrations®, unfortunately remained out of reach for these
attractive sources.

To overcome this constraint, recent numerical calculations!”
proposed a transposition of the technique of chirped-pulse amplifi-
cation to the soft X-ray range. Stretching a femtosecond HH seed to
a duration close to the gain lifetime would allow the continuous and
coherent extraction of the energy stored in the plasma. After com-
pressing the amplified seed, this scheme theoretically inferred
SXRL pulses as short as 200 fs, but has not been demonstrated
experimentally to date. Other research directions have been

considered to bring SXRLs in the ultrafast domain, mainly
based on a straightforward approach that capitalizes on intrinsi-
cally femtosecond population-inversion schemes. The so-called
recombination scheme in plasmas is an attractive candidate®,
but it requires drastic plasma conditions that have not yet been
implemented. More recently, the inner-shell ionization scheme
demonstrated an ultrafast capability in the kiloelectronvolt range;
however, this scheme requires a very intense hard X-ray pump to
work efficiently!”18,

Our approach is based on the collisional ionization gating (CIG)
of the gain media to reduce the time window in which the lasing
action takes place. In the present work, an ultrashort infrared
laser pulse (5x 10'®* W ¢cm™) was focused onto a krypton-gas jet
to generate the lasing-ion species through optical-field ionization
(OFD)Y. The resulting electron distribution permits a population
inversion by collisional pumping that leads to the lasing of the
3d°4d;_, —3d°4p,_, transition of nickel-like krypton at 32.8 nm
(ref. 9). In this scheme, the amplifier lifetime strongly depends on
the depletion rate of the lasing-ion population?® because of colli-
sional ionization during the lasing process.

When the plasma density is increased, this process becomes fast
enough to provoke an anticipated interruption of the amplification
process and consequently shortens the duration of the soft
XRL pulse. As shown in the numerical calculations from Fig. 1,
with an increase in the electron density from 6 x 10'® cm™ up to
4x10*° cm™3, the CIG process becomes sufficiently fast to
exhaust the gain in less than 100 fs, and thus reveals a promising
path towards ultrafast SXRLs. Furthermore, an increase in the
density leads to a dramatic boost of the lasing yield caused by the
enhancement of the gain coefficient and the saturation intensity
(see the Supplementary Information), which pushes previous limit-
ations in terms of peak brightness of compact SXRL sources’.

To generate a saturated plasma amplifier, the most serious chal-
lenge is the propagation of the driving laser in a near-critical density
plasma over several millimetres. In such a dense OFI plasma, dif-
fraction, refraction and self-focusing of the pump beam limit the
amplifying length to a few hundreds of micrometres’!. Our
approach overcomes these difficulties by implementing an optically
preformed plasma waveguide?>?*. This is created by a sequence of
infrared short (‘ignitor’, 130 mJ, 30 fs) and long (‘heater’, 690 m],
600 ps) laser pulses focused into a high-density gas jet by an
axicon lens (Fig. 2). The ignitor-heater sequence permits us to

'LOA, ENSTA ParisTech, CNRS, Ecole Polytechnique, Université Paris-Saclay, 828 bd des Maréchaux, Palaiseau Cedex 91762, France. *Laboratoire de
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182 21 Prague 8, Czech Republic. “Advanced Photonics Research Institute, GIST, Gwangju 500-712, Korea. *Center for Relativistic Laser Science, Institute
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Figure 1| Computed temporal dependence of the average charge state and
gain coefficient of a krypton-plasma amplifier for n, = 6 x 10"® cm™3
(green), n, =1.2 x10%° cm™ (blue) and n, = 4 % 10%° cm™3 (red). The
grey-tinted part corresponds to the OFI regime that precedes the subsequent
collisional ionization. The dotted lines show the increase in ionization rate
with density. Therefore, at high densities, the steep depletion in the number
of Kr®* ions leads to an ultrafast gating of the gain lifetime (CIG process).
The yellow area illustrates the region in which Kr®" ions are predominant.

pre-ionize the gas first, which generates free electrons that are later
heated by the second pulse and then multiplied through cascade-
collisional ionization. The following plasma hydrodynamic expan-
sion produces a density channel that is appropriate for guiding
the high-intensity driving laser pulse. Advantageous guiding con-
ditions allowed strongly amplified spontaneous emission from the
plasma (see the Supplementary Information).

To evaluate the influence of electron density on the temporal
properties of the 32.8 nm lasing emission, we measured the tem-
poral gain dynamic by seeding the SXRL amplifier using the 25th
harmonic of the infrared driving laser. The seed was obtained by
focusing a 20 mJ, 30 fs, 813 nm wavelength laser into a gas cell
filled with argon and then image relayed onto the entrance of the
SXRL amplifier using a grazing-incidence toroidal mirror. A
strong amplification of the seed pulse was observed when the
injection time was synchronized with the gain }Z)eriod. For the
highest electron density operated here, 1.2x 10°° cm™, Fig. 3
depicts the far-field beam profile of the seeded SXRL in comparison
with the HH signal. Both beams exhibit a nearly Gaussian
shape with a full-width at half-maximum (FWHM) divergence of
about 1 mrad. The amplification factor for SXRL is 75 if all the
HH orders are considered and 1,000 for only the wavelength-
matching HH order (see the Supplementary Information). The
amplification of the HH portion that matches the laser transition
at 32.8 nm corresponds to more than three orders of magnitude

16 mJ, 350 fs
‘infrared beam
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Delay line
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Figure 2 | Schematic of the experimental arrangement. The waveguiding beam is composed of a sequence of short (130 mJ, 30 fs) and long (690 mJ,
600 ps) pulses. It is focused over the whole jet length by an axicon lens and creates, after collisional ionization and hydrodynamic expansion, a plasma
channel. Then, the pump beam (1.36 J, 30 fs) is focused at the entrance of the channel with a spherical mirror and guided thereafter. Hence, an amplifier
with Kr®* lasing-ion species over the whole gas-jet length is implemented. A third infrared beam (16 mJ, 350 fs) is used to generate a high-harmonics seed
in an argon-filled cell. The latter is image relayed onto the entrance of the plasma and synchronized with the gain lifetime.
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Figure 3 | Far-field beam profiles. a, HH. b, Seeded SXRL for n, = 1.2 x
10%° cm™3. The SXRL energy is assessed at 2 W, which corresponds to more
than 3 x 10" coherent photons. The 1+ 0.2 mrad divergence and nearly
Gaussian beam profile of HH is maintained over the plasma amplification.

A factor of about 75 is reported between total HH and seeded SXRL signals.

and the resulting SXRL signal yields about 2 pJ (over 3 x 10"
photons) per shot. Propitious guiding conditions allowed us to
enhance the SXRL yield by one order of magnitude over an elec-
tron-density range from a few 10" cm™ to over 10*° cm™, in
accordance with our simulations that reported a monotonous
increase in gain and saturation intensity (see the Supplementary
Information).

By varying the time delay between the amplifier creation and the
seed-pulse injection, we measured the temporal evolution of the
amplification factor, and thus revealed the actual temporal profiles
of the SXRL gain. As shown in Fig. 4, the gain duration monotoni-
cally decreased from 7 ps to an unprecedented® shortness of 450 fs
FWHM as the amplification peak rose from 150 to 1,200
with an increase of the plasma density from 3 x 10'® cm™ up to
1.2 x 10%° cm ™. These measurements clearly illustrate the dramatic
temporal quenching of the amplification as a result of an increase in
electron density. As anticipated from Fig. 1, the fast rise of the
amplification is caused by the collisional excitation of the lasing
transition that takes place after the abrupt field-ionization process.
The ultrafast decay in amplification brings testimony of the CIG
process at high densities. Although vital for pumping, the

LETTERS
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Figure 4 | Temporal dependence of the amplification factor with respect to
the seeding delay. Experimental (blue circles) and Maxwell-Bloch-modelling
results (red squares) for a scan in the plasma densities n, =3 x 10" cm™3,

ne=7.9%10" cm=3, n, =3.2x10" cm~> and n. =1.2 x 10%° cm3. Owing to
the inhomogeneity of the plasma channel, lower-density regions, for which
the gain duration is longer, are accountable for the tail at the end of the

experimental curve.

ongoing collisional ionization also mainly contributes to shorten
the gain lifetime, as the lasing ions become rapidly scarce because
of strong overionization.

Using a time-dependent Maxwell-Bloch code?*, we undertook
to model the radiation transfer in the amplifying SXRL plasma rel-
evant to experimental conditions. As shown in Fig. 4, our calcu-
lations reveal that the amplification lifetime is shorter and starts
earlier with a steeper slope for higher gas densities, which is in
good agreement with our experimental measurements. Our
Maxwell-Bloch numerical model describes well the atomic pro-
cesses that underpin the gain temporal quenching over a remark-
ably large range of electron densities that covers nearly two
orders of magnitude. The final pulse duration of the HH-seeded
SXRL is Fourier limited® and therefore shorter than the amplifica-
tion duration (see the Supplementary Information). The duration
is thereby determined by the SXRL-transition broadening domi-
nated by electron—ion collisional broadening, particularly strong
at the highest densities. The benchmarking of the electron-
density values used in our numerical model through the amplifica-
tion dynamics as well as interferometry measurements brings a
high degree of confidence in extracting the SXRL final duration
from the numerical model. As shown in Fig. 5, the temporal struc-
ture of the pulse is composed of several periods of Rabi oscillations
induced by the strong amplification of the pulse. As the plasma is
inhomogeneous (see the Supplementary Information), the
amplification profile is a superimposition of different temporal
amplification timescales, each of which corresponds to a particular
density. Different parts of the beam induce Rabi oscillations with
slightly different periods and only the pulse envelope is observed®.
From our Maxwell-Bloch modelling, the inferred SXRL pulse
duration (root mean square (r.m.s.)) varies from 6.4 +0.3 ps for
ne=3x 10® cm™ down to 123+40fs (64+21fs FWHM) for
ne=12x 10%° cm 3, which thus breaks the decade-long picosecond
barrier of plasma-based SXRL.

The achieved combination of a shorter duration and a boost in
photon yield demonstrates a more than two orders of magnitude
upsurge of plasma-based SXRL output power. Therefore, the pro-
spect of guiding over longer distances and at higher densities
fosters opportunities that promise to extend further the current
state-of-the-art performances. Although the development of ade-
quate plasma engineering appears necessary, our calculations
show that, despite density inhomogeneities and transverse gradients,
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Figure 5 | Simulated temporal profiles of the amplified SXRL for the set of studied densities and a prospective one for n, = 4 x 102° cm™3 (red). The
duration strongly depends on the density, and ranges from 6.4 £ 0.3 ps to 50 + 18 fs r.m.s. The highest experimental density (blue) results in an amplified
beam with a duration of 64 £21fs FWHM (123 £ 40 fs r.m.s.). The curves are normalized to one and their r.m.s. duration is specified.

an SXRL duration as short as 20 fs is expected for #. = 4 x 10*° cm ™
(see Fig. 5). As it combines remarkable beam quality® with a full
longitudinal coherence® and the jitter-free nature of seeded plasma-
based SXRLs, the CIG approach contributes to substantiate the
fully fledged capabilities of this compact source to carry out, at the
laboratory scale, single-shot high-resolution dynamical studies on
femtosecond timescales?®?.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Laser system and target. The experiment was conducted at the Laboratoire
d’Optique Appliquée with the ‘Salle Jaune’ Ti:Sapphire laser system, which delivers
57,30 fs (FWHM) pulses at 1 Hz centred around a wavelength of 813 nm. The main
laser beam is divided into four beams: a pump beam, a waveguiding beam, a HH
driver beam and a probe beam. The waveguiding beam is composed of two pulses:
the ignitor (130 mJ, 30 fs FWHM), which arrives 600 ps before the heater (690 m],
600 ps FWHM). The gas nozzle has a rectangular section of 500 um x 5 mm. The
backing pressure of the krypton-gas jet was set at 150 bar, and the valve was opened
over a period of 8 ms, 10 ms before the arrival of the main pulse.

At the highest-reported density, the appropriate conditions for guiding in
terms of size and transverse-density gradient were for a pump beam focused
about 1.55 ns after the arrival of the ‘ignitor’. For investigations at lower densities,
for which waveguiding is not needed, a 5 mm long krypton-filled gas cell
was used.

Plasma amplifier. The amplifying medium was achieved by focusing the pump
beam using a 75 cm focal length spherical mirror in the krypton-gas jet. The beam
was turned circularly polarized thanks to a quarter-waveplate to cater for the hot
electrons needed to pump the laser transition efficiently. The measured focal spot
was about 38 um in a 1/¢* diameter, which corresponds to an intensity on the target
of about 5x 10" W cm™.

The soft X-ray seed is implemented by focusing the HH driver beam into a gas
cell of variable pressure and length, and filled with argon. The linearly polarized
beam was focused using a 75 cm focal length planoconvex lens. The intensity on the
target was assessed at about 10" W cm™. The 25th harmonic signal was then
spectrally tuned onto the amplifier ASE laser line at 32.8 nm, chirping the HH driver
beam as its flux was optimized by changing the gas pressure and altering the
focusing conditions, notably by fine-tuning the beam aperture with a motorized iris.
The appropriate conditions were found for a 12 mm long cell with a pressure of 40
mbar and a focal plane situated about 5 mm after the cell entrance. The seeding was
fulfilled by re-imaging the harmonic output onto the entrance of the amplifier
plasma, using a 5° grazing-incidence gold-coated toroidal mirror in a 1.5-1 m
conjugation. The experiment was aligned by making the HH beam collinear with the
infrared pump and waveguiding beams. The spatial coupling of the HH beam and
the SXRL gain region was done in the infrared by superimposing the HH driver with
the focal spot of the pump. The temporal overlap between the HH signal and the
SXRL amplification period was approached by synchronizing the HH driver and the
pump beams with a delay line accurate to 30 fs.

The waveguide transmission was assessed between 40 and 50% by integrating the
whole energy of the beam profile imaged at the entrance and the output of the
plasma channel.

X-ray beam diagnostics. The extreme ultraviolet (XUV) spectrometer consists of a
removable on-axis deflecting soft X-ray plane mirror and a gold-coated 400 mm
focal length spherical mirror at 77.5° and 80° incidence angles, respectively, along
with a 5 mm x 5 mm grating with 1,000 lines mm™" and a soft X-ray 16-bit charge-
coupled device (CCD) camera of resolution 2,048 x 2,048 pixels. The energy-
distribution measurement was performed using a 25° off-axis parabola of focal
length 200 mm, a deflecting plane mirror at an 80° incidence angle and a soft X-ray
camera of resolution 1,024 x 1,024 pixels. The interferential multilayer coating of the

parabola designed to yield a high reflectivity at 32.8 nm was deposited at the Institut
d’Optique, France. Two aluminium filters of 2 x 0.15 pm and 0.1 um were used to
isolate the XUV spectrometer from infrared radiation. The amplification factor, A,
was computed by integrating the energy distribution of the signals (see the
Supplementary Information) using the formula:

A= (Nxp = Nagg = Nin) / Nuy

where Nxgp, Nasg and Ny are the number of counts of the seeded XRL, ASE and
HH signals, respectively, averaged over three or four shots.

Electron-density mapping. A Mach-Zehnder interferometer allowed us to measure
the plasma electron density. The infrared beam was frequency-doubled using a beta
barium borate crystal to limit the effect of refraction within the medium and increase
the highest-measurable electron density. The interferograms were recorded using a
16-bit CCD camera with a 13.3 magnification optical set-up that imaged a plasma
zone of 700 pum long by 500 um at the entrance of the waveguide.

Numerical modelling. The field and collisional ionization of the krypton plasma
was characterized using the OFI-0D code (Fig. 1), which was derived from the
COFIXE code? taking into account 92 atomic levels of krypton. This allowed us to
model the plasma amplifier at one point in space in terms of ion population, gain,
emissivity and saturation intensity with respect to key parameters, such as gas
pressure, laser intensity and field polarization. Macroscopic phenomena, such as
hydrodynamic expansion, along with radiative losses and transfer were not
considered here. The calculations were performed for a krypton-plasma

amplifier generated by a circularly polarized laser beam with a peak intensity of
5x 10" W em™.

The propagation and amplification of the high-harmonic beam within the
plasma amplifier was modelled with our time-dependent Maxwell-Bloch model
DeepOne?. The evolution of the plasma parameters and atomic-level populations
and rates were computed using an advanced atomic physics model. These data
(temporal evolution of the electron density and temperature, atomic collisional
radiative rates, population of the lasing ion and population of several atomic levels
strongly coupled to the lasing levels) were fed into our time-dependent
Maxwell-Bloch code so as to obtain, with its simplified three-level atomic model, the
same population inversion as the more-complete atomic physics package. The ASE
was taken into account consistently via a stochastic source term. Owing to the
induced stochasticity, each point in Fig. 5 was averaged over 50 simulations. As a
consequence of the incertitude in the energy of the seed beam, the amplification
given by our model was normalized to the experimental data using the maximum
amplification point. The duration of the amplified pulse is taken to be the FWHM of
the pulse envelope (as shown in Fig. 5). In addition to this, because of the complex
temporal profile of the pulse, the r.m.s. duration was also computed.
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Table-top femtosecond soft X-ray laser by
collisional ionization gating

Plasma electron density

The electron density has been measured retrieving the phase change imparted by the plasma with
a Mach-Zehnder interferometer. The phase profile has been assumed to have a cylindrical

symmetry about the axis of propagation to perform an Abel inversion.
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Figure S1. Experimental bidimensional electron density map of the waveguide in the lasing
conditions with a 1.55 ns delay between the main pulse and the "ignitor" (a) and for the soft X-
ray amplifier about 10 ps after the arrival of the pump beam (b). The plasma channel is found to
have a parabolic transverse profile. When pumped, the amplifier is observed to somehow retain
the waveguide structure, thus enabling compensation for strong diffraction. Both measurements

correspond to the same zone of the plasma column probed at entrance of the channel.

At the highest operated density, optimal lasing conditions were met for a 80 pum wide plasma
channel with an electron density varying from 1.5 x 10" cm™ on-axis to 5 x 10" cm™ off-axis, as
shown in Figure S1. We consider the average electron density in the waveguide to be 2.5 x 10"
cm”. The average electron density of the amplifier was measured 10 ps after the arrival of the
pump beam (Figure S1b) and reaches 2 x 10* cm™. This density corresponds to an over 60%
increase of the actual electron density of 1.2 x 10 cm™ at which the lasing action takes place,
because of the on-going collisional ionization reported in Figure 1 (dotted blue curve). Under
these conditions, a transmission of the IR pump beam of about 45% is reported. Losses mainly

come from the coupling of the pump beam into the waveguide, as well as the initial strong
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refraction imparted by the strong ionization at the focus.

Spectra

Figure S2 reports the spectra for HH, ASE and HH-seeded signals respectively. The latter is
illustrated for a delay with respect to the pump beam that corresponds to the maximum of the
gain. These spectra have been obtained with a grazing-incidence spherical mirror and a
transmission grating. The driving laser used to generate the high-harmonic signal has been
chirped to match the 25" harmonic onto the ASE wavelength of the plasma amplifier at 32.8 nm.
The secondary peaks on both sides from central peaks correspond to the diffraction pattern from
the grating supporting grid.

A factor of about 30 between the HH and the ASE shots and a factor of about 35 between the
ASE and the HH-seeded SXRL signal. Overall, the wavelength-matching HH signal is amplified
by a factor of about 1000.
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Figure S2. Spectra of the high-harmonic signal (a), the ASE (b) and the HH-seeded SXRL (c).
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Ion density map of the plasma channel

Figure S3 shows the density map of the lasing ion species resulting from the guiding of the pump
beam over the whole gas jet length, considering the waveguide geometry depicted in Figure S1
(n, = 1.2 x 10” cm™). This simulation has been carried out using a 3D PIC code (CalderCirc [1])
solving a combination of Maxwell and Vlasov equations, written in cylindrical coordinates. ADK
ionization model is considered. The propagation of the IR pulse is complex and characterized by
a combination of self-focusing, refraction from the waveguide density gradient and refraction due
to strong ionization induced by the pulse itself.

Figure S3 shows that lasing ion species are populating the plasma amplifier over the whole length
of 5 mm. Besides, Figure S3 depicts the plasma inhomogeneity, responsible for different

amplification duration regimes.
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Figure S3. Ion density map of Kr*" species (cm™)
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Benefit in SXRL energy with increased electron density

The Figure S4 reports an increase of the small signal gain coefficient and the saturation intensity
as the electron density of the amplifier is augmented. The data were derived from numerical
simulations performed using OFI-OD code (see Methods). The main effect of the increase in
electron density is associated with the fast rise in saturation intensity and the significant
quenching of the gain lifetime. The small signal gain coefficient is the product of the population
inversion and the cross section and is virtually independent of the density. Indeed, the increase in
electron density leads to a reduction of the cross section, which offsets the rise in population
inversion. The small increase of the gain coefficient is caused by the fact that the upper level of
the laser transition is being populated by the contributions from other excited atomic levels in

addition to the direct pumping process.
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Figure S4. Evolution of both saturation intensity and maximum value of the gain coefficient with

respect to the electron density of Kr** plasma.
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Figure SS. Evolution of the plasma amplified spontaneous emission energy as a function of

experimentally studied electron densities.

In conformity with expectations from our numerical calculations in Figure S4, the Figure S5
illustrates the monotonous increase in SXRL output energy regarding a 5 mm plasma for a set of
experimental electron densities: n,= 5.9 x 10"*cm™, 3.2 x 10" cm™, n,= 5.6 x 10" cm™ and n,=
1.2 x 10*° cm”. When seeding the plasma amplifier in the latter case, the SXRL beam profile is

yields 2 uJ (see Figure 3). As the ASE beam is strongly divergent and the collection angle is

about 15 mrad, the ASE signal is in reality stronger than the measurement yielding 1 wJ.
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Towards higher energies

Further increase of the plasma-based soft X-ray laser energy can be achieved resorting to longer
amplifying media. The use of an axicon with a low apex angle combined with a diverging
waveguiding beam allowed us to create a focal line of over 20 mm long. Figure S6 shows the
evolution of the measured ASE emission energy as a function of the gas jet length. The ASE

signal proportionally rises for a gas jet from 5 mm to 15 mm.
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Figure S6. Evolution of the plasma ASE output energy with respect to the length of the gas jet.

Maxwell-Bloch Model

We performed numerical simulations of the amplification of HH using our time-dependent
Maxwell-Bloch code DeepOne [3]. This code solves the 1D paraxial Maxwell equation for the
electric field in the slowly varying envelope approximation.
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where w, is the frequency of the HH, w, the plasma frequency, P the polarization density and T =
ct with T =t — z/c, being the so-called reduced time.

This equation is supplemented with a constitutive relation for the polarization density, derived
from Bloch equations P = Tr(od), where p is the density operator and d the atomic electric

dipole. Spontaneous emission is modelled as a stochastic source term I" [4].

)
9 r-yp-Bupw,-N) @)
T h
where y = wAv is the depolarization rate, z,, the dipole matrix element and N, N, are respectively
the population of the upper and lower level of the lasing transition.

The population of the lasing levels are modelled with standard rate equations.

oN 1

© = NC, N, +—Im(PE"
ot 2"” “on (PE') 3
N, 1 .
—1=VY(C, N, ——Im(PE

k

where C; denote the collisional (de)excitation and radiative deexcitation rates and N, are the
population of other atomic levels that strongly interact with the lasing ones. We use the
collisional-radiative code OFI-OD [5] to compute the electron density, temperature, linewidth,
radiative and collisional (de)excitation rates and the populations N,. The addition of these levels
as sources allows our atomic model (simplified to ensure an affordable computational time) to
mimic the results of the complex collisional-radiative code OFI-0D in the absence of the electric
field.

It is worth to note that the code is fully time-dependent in the sense that all coefficients (plasma
frequency w,, depolarization rate vy, collisional (de)excitation rates C; and populations N,) vary in
time. The temporal variation of these coefficients is given by external hydrodynamic and/or

collisional-radiative codes (OFI-OD [5] in this article).
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Derivation of the final SXRL pulse duration from the amplification dynamics

In plasma-based XRL, the duration of the lasing emission is directly linked to the temporal
evolution of the gain. Knowing the gain dynamic permits to infer the SXRL pulse duration with
good precision, at the only condition that the plasma dynamic is correctly modelled.

The HH-seeded SXRL pulse duration is Fourier-limited and therefore shorter than the gain
duration. This is due to the fact that the HH pulse width is larger than the amplifier narrow
linewidth, but also because the HH pulse duration is far shorter compared to the actual plasma
temporal response. As density-induced collisional ionization strongly affects, at high-densities,
the broadening of the laser transition levels and the amplification duration in the same way, we
can rely on the numerical model to infer the SXRL pulse duration.

The HH-seeded SXRL duration only depends on the evolution of the atomic processes regulating
the laser transition populations. Therefore, one needs to get a good description of the broadening
processes of the laser transition levels to be able to determine its final duration. Those processes
include natural, Doppler and collisional broadening. In OFI plasma amplifiers, ions are relatively
cool and the contribution of Doppler broadening gets negligible at high electron densities. Hence,
both natural and collisional ionization broadening give the full picture of the underlying atomic
processes responsible for the SXRL final duration.

Experimental data are compared to results from our Maxwell-Bloch numerical modelling, which
well reproduce the gain temporal quenching over a remarkably large range of electron densities
covering nearly two orders of magnitude (Figure 4). The good agreement of the numerical fit
with experimental data allows getting, besides electron density measurements (Figure S1), a good
assessment of the actual electron density, which is pivotal to the description of the broadening
effects.

As density-induced collisional ionization strongly affects, at high-densities, the broadening of the
laser transition levels and the amplification duration in the same way, we can be confident that
the numerical model reasonably well describe the atomic processes involved in the laser
transition broadening.

As a result, we extracted the SXRL final duration from the numerical model (see Figure 5). The

inferred SXRL pulse duration (RMS) varies from 6.4 = 0.3 ps for n,= 3 x 10" cm™ down to 123 =
40 fs (123 = 40 fs FWHM) for n,= 1.2 x 10* cm”, thus breaking the decade-long picosecond
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barrier of plasma-based SXRL, and furthermore opening the sub-100 fs range for this type of

coherent soft x-ray source.
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Demonstration of a Circularly Polarized Plasma-Based Soft-X-Ray Laser
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We report the first experimental demonstration of a laser-driven circularly polarized soft-x-ray laser
chain. It has been achieved by seeding a 32.8 nm Kr 1x plasma amplifier with a high-order harmonic beam,
which has been circularly polarized using a four-reflector polarizer. Our measurements testify that the
amplified radiation maintains the initial polarization of the seed pulse in good agreement with our Maxwell-
Bloch modeling. The resulting fully circular soft-x-ray laser beam exhibits a Gaussian profile and yields
about 10'° photons per shot, fulfilling the requirements for laboratory-scale photon-demanding application

experiments.

DOI: 10.1103/PhysRevLett.115.083901

Controlling the state of polarization of soft-x-ray sources
is a powerful approach for probing material structures,
along with their electronic and magnetic properties. In this
framework, areas of study involve dichroism [1], magneti-
zation dynamics in matter [2], or chiral domains in biology
and molecular physics [3,4]. In the soft-x-ray range, the
availability of coherent circularly polarized light has been
limited so far to a few large-scale facilities and more recently
to high-order harmonic (HH) generation. Regarding HH,
several techniques have successfully been demonstrated,
including the use of prealigned molecules as targets [5], a
circularly polarized counterrotating bichromatic driver [6], a
cross-polarized two-color laser field [7], or resonant high-
order harmonic generation [8]. However, the photon yield
remains low, which turns those sources inopportune for
single-shot measurements. Higher photon flux has been
demonstrated on large-scale facilities, such as synchrotrons
[9] and free-electron lasers [10-12], by modifying the
configuration of the undulators. Notwithstanding, such
techniques turn out to be expensive and complex, thus
preventing a flexible and wide-access utilization. To fill the
gap between HH sources and large-scale facilities, colli-
sional soft-x-ray lasers (SXRLs) offer a promising approach
for generating compact but photon-rich circularly polarized
light allowing photon-demanding measurements at the
laboratory scale [13]. Despite one proposal based on
Zeeman splitting of the 3d°4d,_, > 3d°4p,_, transition
of the nickel-like molybdenum ions at 18.895 nm [14], the
polarization of existing SXRL sources has been either
undefined or restricted to be linear so far [15,16].

For generating circularly polarized SXRL beams, we
propose here a new approach based on the seeding of a
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laser-driven optical field ionization soft-x-ray plasma
amplifier by a circularly polarized HH at 32.8 nm.
Figure 1 shows the Kastler diagram of the SXRL using
the Ni-like krypton ions. The XRL is generated between the
3d°4d,_y +> 3d°4p,_, levels. The lower level of the
electric dipole laser transition has three degenerate sub-
levels (m = —1,0, 1). Because of the selection rules from
quantum theory, each sublevel can interact only with a
particular component of the electric field, which can be
decomposed into eigencomponents, namely, left- or right-
handed circular polarizations. The resonant transitions
between the upper level (#) and lower levels (/,—1) and
(I,1) involves only the left-handed and right-handed
circular polarization components of the electric field,
respectively. The purple double arrows stand for the
resonant transitions that can be preferentially excited
with left-handed circular (LHC) or right-handed circular

Pumping

FIG. 1 (color online). Atomic structure of the laser Kr®*
transition with its lower sublevels (m = +1,0,—1) and the
associated physical processes.

© 2015 American Physical Society
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polarization between the upper level («) and the (/,—1) or
(1, 1) lower level, respectively. The blue arrows illustrate the
various depopulation processes, whereas the green double
arrows describe the population transfers between sublevels.
In an amplified spontaneous emission (ASE) mode, emis-
sion is unpolarized. However, the polarization of amplified
injection-seeded HH corresponds to the polarization of the
seed, whose components preferentially excite a particular
transition. As a consequence, one could expect to effi-
ciently generate a coherent circularly polarized soft-x-ray
laser beam (CPSXRL) [17] when seeding the 3d°4d,_,
3d°4p,_, SXRL transition by circularly polarized light.

In this Letter, we report the first experimental demon-
stration of a circularly polarized plasma-based soft-x-ray
laser by implementing a grazing incidence phase shifter
into a soft-x-ray laser chain composed by a HH seed and a
32.8 nm population-inverted plasma amplifier (Fig. 2). The
experiment has been carried out at the Laboratoire
d’Optique Appliquée. To generate the soft-x-ray amplifier,
a circularly polarized 1.36 J, 30 fs pump beam is focused
into a gas cell filled with 30 mbar of krypton using a 75 cm
focal length spherical mirror. The laser intensity at the
focus is of the order of 2 x 10'"® W/cm?. A 5-mm-
long optical field ionized amplifying plasma column is
therefore generated and pumped through collisional exci-
tation [18]. A second laser beam (16 mJ, 350 fs) is used to
generate the high-order harmonics seed in another gas cell
filled with 30 mbar argon. The 25th harmonic signal has
been spectrally tuned to match the 3d°4d,_, — 3d°4p,_,
transition at 32.8 nm by chirping [19] the laser driver. The
seed beam is image relayed onto the entrance of the Kr®*
plasma using a grazing incidence toroidal mirror and
synchronized with the pump beam to match the gain
lifetime. In standard operation conditions, the amplified
emission is composed by a highly collimated Gaussian-like
beam with a divergence of about 1 mrad. Previous
measurements have shown that the wave front is better
than A/10 [20] and that the duration of the amplified pulse
is a few picoseconds [21].

To convert the HH polarization from linear to circular, a
grazing incidence four-reflector phase shifter (polarizer)
[22] and a 4/2 wave plate have been implemented between
the HH seed and the amplifier. The phase shifter consists in
four uncoated gold mirrors operating at 12° grazing
incidence [23], which convert polarization from linear to
circular. This method allows getting fully circularly polar-
ized soft-x-ray radiation with an efficiency of about 1.5% at
32.8 nm [23]. The reflector angles of incidence are chosen
to yield an overall phase shift of z/2 between p-and s-
polarization components, whereas the polarization direc-
tion of the HH driving laser is adopted at 26.3° with respect
to the p-polarization direction to equal both component
field amplitudes. Its polarization direction is controlled
thanks to a 4/2 wave plate on the infrared driver. The
geometry takes into account the contributions from the

Delay line
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1.364,30fs | ol HH seed 2

IR pump beam |
pump | Gas cell wave plate
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. |
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X-ray camera
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R

Shot-to-shot
reference

[
| '
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FIG. 2 (color online).
tal setup.

Schematic description of the experimen-

image-relay system composed of a Pt-coated toroidal
mirror and a SiO,-coated plane mirror.

The polarization of both the harmonics and the seeded
soft-x-ray signal has been studied with the help of an
analyzer consisting of three Mo(35 nm)/B4C(5 nm) multi-
layer mirrors in a 20°-40°-20° grazing incidence configu-
ration. This motorized device could be rotated under
vacuum from 0° to 90°. In the case of circularly polarized
radiation generation, the analyzer transmission was found
to be 1%, resulting in signal accumulation over 60 shots for
polarization measurements. To measure the soft-x-ray yield
of HH and seeded SXRL sources, we monitored the far-
field emission using an on-axis 16-bit soft-x-ray CCD
camera disposed 4.5 m away from the Krix plasma
amplifier. The collection angle was about 5 mrad. We
placed a 320 nm thin aluminum filter in the soft-x-ray beam
path in order to block the infrared driving laser. Moreover, a
plane mirror collected a part of soft x rays for a reference
measurement to take into account the shot-to-shot signal
fluctuations.

Figure 3 reports the measured output for both HH and
seeded SXRL signals as a function of the analyzer rotation
angle y, in the cases of linear and circular polarization. The
black crosses indicate the experimental measurements with
their error bars, whereas the numerical fits are displayed by
a blue and a red curve for linear and circular polarization,
respectively. For linear polarization, the Malus law [23] has
been recovered with the same contrast of about 7 between s
and p transmissions for both the HH [Fig. 3(a)] and SXRL
[Fig. 3(b)] signals, despite weak fluctuations that might
originate from shot-to-shot pointing variations of the HH
and SXRL. In the case of seeding with circularly polarized
harmonics, the experimental results are shown in Figs. 3(c)
and 3(d). Similarly to HH, the SXRL signal appears
insensitive to the rotation of the analyzer, thus bearing
testimony to either circularly polarized or unpolarized light.

We modeled the plasma amplification using a modified
time-dependent Maxwell-Bloch code [24,25] taking
into account the polarization of the seeding HH and
including the transition lower sublevels. Our model

083901-2
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FIG. 3 (color online). Polarization investigation of the
HH-seeded SXRL [(b),(d)] in the case of linearly (p) and
circularly polarized high-order harmonics [(a),(c)], respectively.

describes the dynamics of the plasma population inversion
between the laser transition upper level and its lower
polarization-selected levels (see Fig. 1). This code solves
the 1D paraxial Maxwell equation for the electric field in
the slowly varying envelope approximation. This equation
is supplemented with a constitutive relation for the polari-
zation density, derived from Bloch equations P = pd,
where p is the density operator and d the atomic electric
dipole. Spontaneous emission is described as a stochastic
source term I" [26], and the populations of the lasing levels
are modeled with standard rate equations. We use the
collisional-radiative code OFIKINRAD [27] to compute
the radiative and collisional (de)excitation rates as long
as the population of other atomic levels that strongly pump
the lasing levels. To study the polarization of the amplified
beam, the electric field is decomposed as a superposition of
the right-handed and left-handed circularly polarized fields
(E;, and Ep, respectively):

OE r _iwg w;
— = c°P; p— E , 1
DE 3 Ho L.R a)(z) L.R ( )

where @, and w, are the HH and plasma frequencies,
respectively, P; » the polarization density, and £ = c7, with
T =1—z/c the so-called reduced time. Selection rules
imply that each field can interact only with a particular
coherence [28]. Thus, the thrice-degenerate lower level of
the lasing transition cannot be modeled as a whole but is
split in three sublevels (m = +1,0,—1) [29,30]. Elastic
electron-ion collisions between sublevels are also consid-
ered via a population transfer rate ypr [30]:

where N, is the population of the upper level of the lasing
transition, N, ,, (with m = 1,0, —1) the population of each
lower sublevel, and N, the population of other atomic
levels that strongly interact with the lasing ones. The
coefficients C;; denote the collisional (de)excitation and
radiative deexcitation rates. The constitutive relation
derived from Bloch equations is written as

op, iE, iEg
o = Iy —yPp —7131(1\714 —N;_1) +7231”iﬂ1,—1,
(6)
OPy, T T
o I'r —yPr— TZul(Nu =Npi)+ 7 ZultiPL-ts
(7)
8"[/7—1,1 B i " "
— == —y_.nip1—1 T (PREL + PLER), (8)

or 4n

where n; is the density of ions, y = 7Av the full width at
half maximum of the transition linewidth, z,; the dipole
matrix element, p; _; the off-diagonal matrix element of the
states m = —1, 1, and y; _; its relaxation rate. The Stokes
parameters, containing all the information about the polari-
zation state of the amplified HH, are directly obtained from
the computed fields Ep and E; with the following
formulas:

I = |Eg]* + |EL|%,
U = —2Im(E}E,),

Q = 2Re(E} Ey).
V= EP - | (9)

Figure 4 shows the calculated evolution of the degree of
polarized light and the polarization as the HH pulse
propagates and gets amplified in the plasma. Data are
taking into account the contribution of the unpolarized ASE
collected into the solid angle defined by the amplified HH
divergence (FWHM). Polarization states are depicted as the
normalized path described in the space by the electric field
over an optical period. Figure 4(a) reports that the portion
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FIG. 4 (color online). (a) Degree of polarized light of amplified
HH seeding a plasma-based krypton amplifier. (b) and (c)
Evolution of the amplified HH polarization in the case of seeding
with linear (blue) and circular (red) polarizations.

of fully polarized light after 5 mm of amplification is over
99.5%. In this fraction, the linearly seeded SXRL polari-
zation [Fig. 4(b)] axis is turned by less than 0.05°, while it
gets a very small ellipticity of about 0.04. As far as
circularly seeded SXRL is concerned [Fig. 4(c)], the
polarization is marginally modified from an initial value
of 1 to over 0.98. Those very weak depolarization effects
can be explained by off-diagonal elements of the density
matrix [Egs. (6)—(8)], which induce ASE-SXRL coupling
resulting in second-order perturbations of the amplified HH
polarization. Finally, our numerical modeling is in reason-
able agreement with our experimental measurements,
substantiating the validity of our approach. Because both
HH and SXRL are polarized, the insensitivity of the SXRL
signal to the rotation of the analyzer [Figs. 3(c) and 3(d)]
provides evidence that the circular polarization state has
been maintained over amplification of the 32.8 nm seed
HH pulse.
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FIG. 5 (color online). Energy distribution of the CPSXRL.

The energy distribution of the 32.8 nm CPSXRL is
presented in Fig. 5. The far-field beam profile is nearly
Gaussian and has a FWHM divergence of about 1 mrad.
The good quality of beam spatial distribution should allow
maintaining the advantageous focusing capabilities of the
source, as previously measured [20]. The integrated energy
distribution of the CPSXRL is found to yield about 10'°
fully circularly polarized photons, when seeding with about
109 circularly polarized photons at 32.8 nm, which corre-
sponds to an amplification factor of nearly 4 orders of
magnitude. Despite the low seeding level caused by the
poor transmission efficiency of the soft-x-ray polarizer
(1.5%), the amplifying properties of the plasma allow
efficiently compensating the losses induced by the polarizer
transmission.

In conclusion, the demonstrated scheme fills the require-
ments for a laboratory-scale, jitter-free, and fully circularly
polarized photon-rich soft-x-ray coherent source. Being
scalable to shorter wavelengths [31] and adaptable to
femtosecond SXRL schemes [32,33], the demonstrated
approach holds out hope for delivering intense circularly
polarized soft-x-ray pulses suitable for photon-demanding
measurements in holography [34], crystallography pump-
probe experiments [35], and magnetism [36] or circular
dichroism in molecular structures [4,8].
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Increasing the electron density of collisionally pumped plasma-based soft-x-ray lasers offers promising
opportunities to deliver ultrashort pulses. However, strong nonlinear effects, such as overionization-induced
refraction and self-focusing, hinder the propagation of the laser beam and thus the generation of elongated
volume of lasing ions to be pumped. Using a particle-in-cell code and a ray-tracing model we demonstrate
that optically preformed waveguides allow for addressing those issues through a self-regulation regime between
self-focusing and overionization processes. As a result, guiding intense pulses over several millimeters leads to

the implementation of saturated plasma amplifiers.

DOI: 10.1103/PhysRevA.92.023848

I. INTRODUCTION

The development and the applications of ultraintense and
ultrashort radiation from XUV to x rays have experienced a
dramatic expansion in the past few years with the emergence
of free-electron lasers (FELs). The excellent optical properties
of these sources opened new ways in such important fields as
material science and biology by means of coherent imaging
(diffraction [1] and holography [2]). However, since few FELs
are available, the number of projects that can be carried out
in these facilities and the allotted beam time are limited. The
access to complementary small-scale facilities delivering x-ray
pulses not only would ensure the conduction of experiments
that do not need the extreme FEL performances, but also
would help to prepare and increase the success of FELs
experiments.

Among these complementary sources, plasma-based
seeded soft-x-ray lasers (SXRL) [3,4] offer a promising
approach. These sources demonstrated energetic picosecond
pulses [5] with full spatial and temporal coherences and good
wavefronts [6]. In addition to this, different techniques to
deliver subpicosecond pulses [7-10] have been proposed. Most
of these techniques rely on increasing the density of the plasma
amplifier, broadening the lasing transition linewidth [11].

In order to get optimized spatial and temporal properties,
the SXRL should reach the saturated amplification regime.
This requires achieving plasma amplifiers of a few millimeters
length. Elongated optical field ionized [12,13] plasmas filled
with lasing ions are generated focusing an ultrashort intense
infrared (IR) pulse onto a target. When the plasma is created
from a solid target, the IR pump beam takes advantage of the
refraction induced by the density gradient to efficiently deposit
the laser energy at the optimum density [ 14]. In the case of a gas
target, the pump pulse has to propagate through the full length
of the amplifier, which becomes a quite problematic issue when
the electron density is increased (i.e., n, & 102 cm™?).

Intense IR pulses can be guided over several Rayleigh
lengths using a preformed plasma waveguide. In Ref. [15], the
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propagation of a moderate intensity (I = 2.5 x 10"> W cm™2)
IR pulse through a partially ionized hydrogen plasma channel
is studied. The total density has a truncated parabolic profile
with ny = 5 x 10'7 em™3 at the center and 0.89 x 10'® cm—3
at r = 66 um. It is found that the performance of the waveg-
uide depends strongly on the initial degree of ionization. A high
initial degree of ionization is needed in order to guide the pulse,
thus hinting that refraction plays a fundamental role. Guiding
at moderate intensities (10'3—10"* Wcm™2) was achieved
in argon, nitrogen, and xenon using plasma channels [16].
Guiding at higher intensities (/ =4 x 10'® Wcm™2) using
a capillary discharge waveguide filled with hydrogen has
also been experimentally demonstrated in relation with laser
wakefield acceleration of relativistic electrons [17].

The situation is much more complex in dense plasma-
based soft-x-ray lasers. In these amplifiers, an intense (I >
10" W ecm~2) IR pulse must propagate over several millime-
ters or even centimeters of a partially ionized high-Z (i.e.,
krypton) plasma [18,19]. At such high intensities, further
ionization of the plasma is not uniform but strongly depends
on the IR beam intensity [20,21]. Therefore, the physics of
the propagation becomes highly nonlinear, the initial electron-
density profile inside the channel being strongly perturbed by
the laser beam. Note also that nonlinear relativistic effects
may also play a role, leading to the well-known relativistic
self-focusing effect [22]. Relativistic self-focusing appears
when the beam power is higher than the threshold power [23]
Pp(W) & 1.7 x 10'°2% where n, is the plasma critical density
and n, is the electron dénsity. Thus, new challenges arise when
modeling these kinds of waveguides.

In this paper we analyze this propagation regime (intense
IR pulse through a dense plasma channel that can be mul-
tiply ionized) using the particle-in-cell (PIC) code WAKE-EP
(extended performances) [24], an upgrade of the quasistatic
two-dimensional axisymmetric particle code WAKE [25]. The
study is carried out in the case of Kr®" plasma ampli-
fiers [26]. We will show that a self-regulating mechanism
(with similarities with laser filamentation of intense IR pulses
propagating through gases, liquids, and solids [27]) appears
in which overionization-induced refraction (due to relativistic
self-focusing) is compensated by plasma guiding. The pump
pulse waveguiding combined with the prevalence of Kr®"

©2015 American Physical Society
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FIG. 1. (Color online) (a) Intensity, (b) mean ionization, and (c) electron density at z = 0. (d) Intensity, (¢) mean ionization, and (f) electron
density at z = 1.5Z¢. Zgr = 0.0725 cm. The temporal scale is the same in all six figures, but it is only depicted in (a) and (d) for the sake of

visualization.

lasing ions due to its superior stability allows efficiently filling
plasmas of several Rayleigh lengths (more than ten). This
opens the way for centimeter-scale dense soft-x-ray amplifiers
while promising ultrashort (At & 100-fs) pulses.

II. SIMULATIONS

In this paper we model the propagation of an intense IR
pulse through a Kr** plasma channel created with the ignitor-
heater technique using an axicon lens [19,28]. The IR pulse
should be efficiently guided through the plasma to fill properly
the whole plasma length with Kr®" ions and to generate a
population inversion via collisions of hot electrons with lasing
ions.

The parameters of the simulations are chosen to match
recent experimental conditions [18,29,30]. The IR laser pulse
A =800nm, E =250mJ, At = 30fs FWHM was focalized
into a 16 um focal spot (I ~ 1.4 x 10'® Wem™2) at the
entrance of the preformed plasma channel. The plasma channel
density has a truncated parabolic radial shape, decreasing
linearly afterwards,

2
Na(r) = No(l + r—z), r <R, (1)
RO
R? R, —r
Nn(r)=No 1—|—R—8 ch , Rc<r<RU, (2)

where N, is the atomic density and Ny, Ry are the parameters
of the parabola [Ny being the density at ¥ = 0 and Ry being
the radial coordinate where N,(Ry) = 2Ny]. R. is the radius
of the channel where the density attains its maximum, and
R, is the point where vacuum starts. We assume that the
plasma is initially ionized three times (Kr’"), and thus the
initial electron density is n.(r,t = 0) = 3N, (). In this article,
these parameters are adjusted to experimental data [29,30]

taking the values Ry = 50.6, R, = 32.0, and R, = 90.0 um.
Different values of the electron density at the center of the
unperturbed channel, ranging from n,(r =0, =0) = 1.4 x
10" to n.(r = 0,t = 0) = 4.1 x 10" cm™3, were explored to
ascertain the role played by the density.

Figure 1(a) shows the initial intensity profile of the laser
pulse when entering the plasma channel with an initial electron
density of n.(r = 0, = 0) = 1.4 x 10'® cm™>. The intensity
is so high that the mean ionization [shown in Fig. 1(b)] reaches
Z = 16, which is much greater than the desired Z = 8 that
roughly corresponds to the lasing ion Kr®" . This overionization
induces a steep electron-density gradient at the center of the
channel, depicted in Fig. 1(c). This overionization-induced
gradient strongly defocuses the IR beam, thus overcoming the
guiding of the plasma channel.

After one and a half Rayleigh lengths, the maximum
intensity has been reduced one order of magnitude [Fig. 1(d)]
to a value that cannot produce the Kr®t ion. Thus, most
of the channel is composed of Kr®* [Fig. 1(e)]. This ion
proliferates because of its increased stability deriving from
its closed subshell. At this moment, the defocusing gradients
have disappeared [Fig. 1(f)], and the plasma channel starts
guiding the pulse as Fig. 2(a) shows. The intensity of the
pulse increases steadily due to the guiding effect until the self-
focusing threshold is attained. From this point (z & 3Z), the
intensity of the pulse increases faster [Fig. 2(a)] and produces
an overionization at the center of the plasma [Fig. 2(b)],
triggering refraction effects that defocus the beam which then
gets reflected onto the density gradient of the waveguide. In this
way, there is a competition between overionization refraction
and refocusing from the waveguide density gradient, which
leads to an elongated gain medium filled with lasing ions over
its whole length as shown in Fig. 2(b). This mechanism allows
for the propagation of a pulse intense enough to produce the
Kr®* ion but not the Kr’* along more than ten Rayleigh lengths
as Fig. 2(b) depicts.
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III. RAY-TRACING MODEL

The predominance of channel guiding, overionization
defocusing, or diffraction can be ascertained with a simple
model. In an ideal case of paraxial approximation, the ray
trajectories of a Gaussian beam diffracting and propagating
through a parabolic channel are easily computed [31]. When
the electron-density profile of the channel is

2
ne(r) = nd(l + r—2> 0<r<Re 3)
r

el

(@) = wp, |1 & )
we(z) =w + =,
d 0 Z%
( el 1/2 z
we(z) = wo cos [—] — ] Q)
ne Vel

where wg denotes the initial radial coordinate of the ray, n.
is the critical density, n,; is the density at r = 0, and r,; is
the coordinate where n.(r.;) = 2n,;. These parameters are
depicted in Fig. 3.

The condition for perfect guiding is that the first derivative
of the trajectory is zero (i.e., the rays are parallel to the axis).
Then, when our system is near perfect guiding, we can perform
a Taylor expansion of the trajectories,

they are given by

1 2
wa(z) A w0|:1 + 52—%] ©6)
~wg1 - L2 7
wc(z)’vwo[ _EZ_%]’ ()

where Z| =r, /r'l’—”1 is the channel refraction characteristic
e

length.

Guiding is achieved when the sum of the second-order terms
in both equations is zero, obtaining the same criterion given in
Ref. [16] but in terms of the parameters of the channel and the
Rayleigh length,

Zr = Z,. ®

The criterion given by Eq. (8) is a balance between two
characteristic lengths, diffraction (Zz) and the deviation
induced by the parabolic channel (Z;). Whether diffraction
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FIG. 3. (Color online) Parameters for the two-parabola ray-
tracing model [Eqs. (9) and (3)]. The electron-density radial profile at
z = 0 (blue circles) and z = 1.5Z (magenta crosses) as given by the
PIC code are depicted. Continuous lines (red and black) represent the
parabolas that approximate the computed electron-density profile.
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TABLEIL Electron density (cm~>) at the center of the unperturbed
Kr** channel (first row). Refraction characteristic length (cm) of
the ideal guiding Kr®" channel (second row) and of the overionized
profile at the center of the channel (third row). The Rayleigh length is
Zr = 0.0725 cm. The shortest characteristic length (Zg,Z,,Z,) de-
termines which mechanism dominates: diffraction, channel guiding,
or overionization-induced refraction, respectively.

nF(x107) 0.14 057 13 23 3.6 52 70 143 414
Z, 1.1 0.54 036 0.27 0.21 0.18 0.15 0.11 0.06
Zy 0.33 0.17 0.11 0.08 0.07 0.06 0.05 0.04 0.02

or refraction predominates depends on which of these lengths
is shorter.

After interaction with the intense IR pulse, the plasma is
ionized to Kr®* in most of the channel and to higher ionization
states at the central part where the intensity of the IR pulse
is stronger as shown in Fig. 2(b). The overionized region at
the center of the channel is adjusted by Eq. (9) (black line in
Fig. 3),

2
ne(r) = neo(l - —2>, r<ry, 9
zreO

n.(r) = nel<1 + r—z), Ty <r < R.. (10)

el

The parameters of the parabola are n,y = n.(0) and r.o, which
is the coordinate where n,(r.0) = 0. Both parabolas intercept at
r.. All these parameters are depicted in Fig. 3. The increasing
parabola, adjusted by Eq. (10) (red line in Fig. 3) models
the Kr®* plasma channel since the low intensity region of the
radial profile of the pulse is intense enough to attain this level of
ionization [as shown in Fig. 2(b)]. The characteristic length of

the defocusing induced by this overionization Zy = r.,/ ;’—0

is obtained Taylor expanding the corresponding hyperbolic
cosine ray trajectory as done with Eq. (5).

Table I shows the refraction characteristic lengths of the
focusing induced by the plasma channel and defocusing
induced by overionization after interaction with the IR pulse.
For lower electron densities, diffraction is the predominant
effect. Only in the densest cases Z; =~ Zg, which is the
condition for an efficient guiding. However, as the third row of
Table I shows, in these cases overionization-induced refraction
dominates both guiding and diffraction (Zy < Z;,Zg). The
predominance of this defocusing refraction implies that the
criterion given by Eq. (8) is no longer valid. Since we are
interested in the densest cases where refraction predominates,
ray-tracing techniques can be used to study the evolution of
the pulse as refraction dominates diffraction.

A ray starting parallel to the Z axis at r = pg < r, will
follow this trajectory [31],

pocosh[zio], r<ry,

r(z) = .
preos[£ + il 1>,

Y

where p; and ¢, are chosen so as to ensure the continuity of the
trajectory and its first derivative. Defining z. = Zycosh™! %
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17.1

Intensity (1017 w cm'z)

A Z/IZR

FIG. 4. (Color online) Maximum intensity as given by the PIC
simulation for n,; = 1.4 x 10'° cm~ (black diamonds) and n,; =
1.4 x 10" cm™ (red circles) compared with the propagation of
a Gaussian beam in vacuum (black line) and our ray-tracing
model (red and magenta curves). Points A—C indicate a switch on
the driving mechanism (overionization-induced refraction, channel
guiding, diffraction, and relativistic self-focusing, respectively).

[i.e., (z.) = r,] we can compute the parameters as

V4
¢ = arctan _Zlanh ) = Z_C’
ZO ZO ZO

Ze
P, COsh 7

o= cos [ arctan (—g—(‘) tanh é—o)] '

A ray will be confined in the channel if its maximum radial
deviation p; is smaller than the channel radius R,

o cosh 7z

P1 =

X ce
cos [ arctan (—% tanh é—o)]

The observed behavior is explained with our composite
model. Figure 4 shows the maximum intensity as given by
the PIC simulation (red circles) and our ray-tracing model (red
and magenta curves). The points named A—C indicate a switch
on the mechanism that drives the temporal evolution of the
intensity (overionization-induced refraction, channel guiding,
diffraction, and relativistic self-focusing). During the first one
and a half Rayleigh length the strong density gradient created
by the overionization of the plasma refracts the pulse, reducing
its intensity. The two parabola model [Eqgs. (9) and (10)]
mimics this behavior (depicted as a red line in Fig. 4) from
Z =0 until Z ~ 1.5Zy (i.e., point A). From this point (A),
the intensity is low, and only the Kr®" ion is maintained
in the channel [Fig. 2(b)]. The mechanism that drives the
propagation of the pulse is the channel guiding, modeled
with one parabola [Eq. (3)] and depicted as a magenta line
in Fig. 4. Between points B and C, the one parabola model
focuses the beam more than observed in the PIC simulation.
As shown in Table I, diffraction and refraction focusing both
play a role in the unperturbed channel (Zz = 0.0725 and
Z; = 0.11 cm). However, our model does not take into account
diffraction. Thus, the origin of this discrepancy is the switch
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of the channel-guiding mechanism (between points A and B)
to a competition between guiding and diffraction. At point C
(Z & 3Zg) the threshold for self-focusing is attained, and the
intensity increases (driven by another mechanism, relativistic
self-focusing) until overionization again refracts the pulse.
Then, the intensity adjusts itself to the value that is guided in
the channel, i.e., the one sustaining only K3t ions [Figs. 2(a)
and 2(b)].

Figure 4 (black diamonds) shows for comparison the case
where n,; = 1.4 x 10" cm™3. In this case, the refraction
characteristic length for both overionization refraction (Zy =
0.33 cm) and channel focusing (Z; = 1.1 cm) are much larger
than the Rayleigh length (Zz = 0.0725 cm), and thus the
propagation is dominated by diffraction. The comparison with
a Gaussian beam propagating in vacuum is shown in Fig. 4
(black line).

The breathing effect described above has several simili-
tudes and differences with the laser filamentation of intense
IR pulses propagating through different media [27,32]. Both
mechanisms rely on a focusing effect (optical Kerr effect in
the case of laser filamentation and guiding and relativistic
self-focusing in this article) and a defocusing effect (ionization
induced by the field via multiphoton absorption or tunneling).
The differences appear in the range of power and intensities
involved on these effects. Whereas both the optical Kerr
effect and the relativistic self-focusing are threshold effects,
their threshold power and thus the propagated intensity are
different by orders of magnitude. The self-focusing threshold

in laser filamentation is [33] Py, = 3.72%, where ng is the
linear index of refraction and n, is the second-order nonlinear
index coefficient. For a 1o = 800 nm laser propagating in air
at atmospheric pressure, Py, = 3.2 GW, and the propagated
intensity is on the order of 4 x 10" W/cm? [32,34]. On
the other hand, the relativistic self-focusing threshold is [23]
Py ~ 172—:’ GW. Since usually n, < n. the latter threshold
will be greater than the former (i.e., forn, = 0.1n., arelatively
high electron density Py, = 0.17 TW). Figures 2(a) and 4 show

that the propagated intensity is greater than 107 W /cm?.
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IV. CONCLUSIONS

In this paper we model the propagation of intense (/ >
10" Wem™2) IR pulses through dense plasma channels
formed by partially ionized high-Z elements (krypton in this
article). The propagation of these pulses is highly nonlinear
since they are intense enough to locally ionize several times
(Z ~ 16) the atoms, creating steep density gradients. In
addition to this, the high electron density achieved reduces
the self-focusing threshold, adding complexity to the problem.
Unlike in other applications, both high-Z elements and high
electron density are required to achieve ultrashort and energetic
plasma-based soft-x-ray lasers, and thus a thorough study is
needed.

We have shown that efficient guiding of intense IR pulses
through dense plasma channels is regulated by two counter-
balancing effects. Overionization-induced refraction decreases
the intensity of the IR beam over the first Rayleigh length such
that only Kr®* ions are present afterwards. From this moment,
feedback between waveguide refraction and self-focusing on
one side and overionization-induced refraction on the other
allows for the guiding of the IR beam and the creation of
an almost uniform population of Kr®" ions during several
Rayleigh lengths. A better understanding of the waveguide
formation along with a thorough parametric study of its
experimental implementation should feed the ambition to
guide at higher densities and over longer distances. The
perspective of guiding at higher densities holds the promise
of developing plasma-based x-ray lasers as a worthwhile
complementary, and possibly alternative, tool for large-
scale and expensive facilities delivering ultraintense coherent
X rays.
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« Voici mon secret. Il est trés simple: on ne voit bien qu’avec le coeur. L’essentiel est invisible
pour les yeux. »
Antoine de Saint-Exupéry, Le Petit Prince. Chap. XXI, 1943.

« Here is my secret. It is very simple: it is only with the heart that one can see rightly. What
is essential is invisible to the eye. »
Antoine de Saint-Exupéry, The Little Prince. Chap. XXI, 1943.



Résumé

Les lasers XUV collisionnels dit « OFI » sont réalisés en focalisant une impulsion laser infrarouge ultra-
intense dans un milieu gazeux. L’interaction qui en résulte permet la génération d’une colonne de
plasma en inversion de population, constituée d’ions multi-chargés et d’électrons énergétiques. Nous
nous intéressons a 1’émission de la transition 3d%4dj—¢ +— 3d%4pj—1 du krypton IX (nickeloide) & 32,8
nm. Lorsque ce plasma amplificateur est injecté par une source harmonique externe, I’émission résultante
montre d’excellentes propriétés spatiales tout en offrant, a la longueur d’onde considérée, un nombre de
photons bien supérieur.

Bien que compacts et démontrant d’excellentes propriétés spatiales, les lasers XUV collisionnels font face
a des limites inhérentes a leur schéma de pompage. En effet, ceux-ci produisaient jusqu’ici des impulsions
relativement longues (quelques picosecondes). L’axe majeur de cette thése a consisté & repousser cette
limite pour atteindre une durée d’émission de 'ordre de la centaine de femtosecondes, en mettant en
oeuvre une « fenétre temporelle sur le gain » de amplificateur plasma par sur-ionisation collisionnelle
(Collisional Ionization Gating). Ceci est rendu possible en opérant & des densités électroniques tres
élevées (autour de 102°cm=2), ce qui nécessite 1'utilisation de techniques de guidage optique. Le régime
d’injection d’harmoniques a été utilisé pour sonder la dynamique temporelle du gain d’un tel amplifica-
teur plasma. Un modele numérique Maxwell-Bloch a dépendance temporelle a permis de décrire cette
dynamique d’ amplification et d’ en extraire une durée d’émission XUV. D’autre part, la méthode permet
également la génération d’ un plus grand nombre de photons par tir (jusqu’ a 14 uJ), offrant ainsi une
augmentation de l'intensité des impulsions XUV émises de pres de trois ordres de grandeurs. Un autre
axe important de la these a consisté en la réalisation d’un laser XUV polarisé circulairement. La source a
été réalisée avec succes en amplifiant une source harmonique résonante et polarisée circulairement par un
plasma de Krypton IX. Conformément aux mesures expérimentales, notre modéle numérique Maxwell-
Bloch confirme la conservation de ’état de polarisation des harmoniques au cours de ’amplification ainsi
que lefficacité du schéma de génération, ce qui ouvre ainsi la voie vers I'acquisition de mesures en un seul
tir.

Abstract

Collisionally-pumped OFI plasma-based soft X-ray lasers are achieved by focusing an ultra-intense

infrared laser pulse into a gas. The optical field ionization (OFI) of the medium and the subsequent laser-
plasma interaction results in the generation of an amplifier populated by hot electrons and highly charged
ions. We are interested in the 3d%4dj—o — 3d°4p;—; atomic transition of Nickel-like krypton at 32.8 nm,
which can be pumped in these conditions via electron-ion collisions. When the plasma operates in a
so-called « seeded regime » of amplification of an external high-harmonic source, the resulting emission
maintains the latter excellent spatial properties and displays a two to three orders of magnitude higher
photon yield at the relevant wavelength.
Although being compact and exhibiting numerous attractive characteristics, collisional plasma-based X-
ray lasers face limitations intrinsic to their pumping scheme and therefore used to deliver quite long
pulses (a few picosecond). The main focus of this thesis has been associated with the implementation
of an original technique aimed at achieving 100 fs-range duration of emission by quenching the plasma
amplifier gain lifetime through collisional over-ionization (Collisional Ionization Gating). This required
operating at very high electron densities (over 102°cm=3), which involved the implementation of optical
waveguiding techniques. The « seeded regime » has been used to sample the ultrafast gain lifetime of such
a plasma amplifier. A time-dependent Maxwell-Bloch code allowed describing the ultrashort amplification
dynamics and deriving a final soft X-ray pulse duration. The method additionally allows a larger photon
yield (over 14 uJ), thus promising a nearly three orders of magnitude surge in soft X-ray pulse intensity
compared to previous performances. Another focus of the work dealt with the implementation of a
circularly polarized plasma-based X-ray laser. The demonstrated source has been generated by seeding
a plasma amplifier by a resonant circularly polarized high-harmonic signal. In accordance with the
experimental measurements, simulations confirmed the conservation of the high-harmonic polarization
over amplification in the plasma and the efficiency of the scheme, which paves the way for prospective
single-shot measurements.
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