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Ç S odnoùi logikoùi nel!z" qerez naturu pereskoqit!! Logika predugadaet tri
sluqa", a ih million! Otrezat! ves! million i vse na odin vopros o komforte
sveti! Samoe legkoe razrexenie zadaqi! Soblazitel!no "sno, i dumat! ne nado!

Glavnoe - dumat! ne nado! Vs" #iznenna" taùina na dvuh peqatnyh listkah
umewaets"! È

F$dor Mihaùiloviq Dostoevskiùi, Prestuplenie i Nakazanie . Qast! 3, glava 5, 1866.

Ç You canÕt 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! ThatÕs the easiest

solution of the problem! ItÕs seductively clear and you musnÕt think about it. ThatÕs the great
thing, you mustnÕt think! The whole secret of life in two pages of print!È

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

Over sixty years have elapsed since the Þrst 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 signiÞcant breakthroughs in a wide scope of domains, from biology,
chemistry and material sciences to industry. Stimulated emission, underpinning the laser oper-
ation, was Þrst 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
Óactive mediaÓ in a resonant cavity inappropriate. In this perspective, other methods have been
envisioned to overcome those bottlenecks andplasmas 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 signiÞcant
population of so-calledÇ lasing ions È, which display atomic transitions suitable for emitting
in the soft X-ray range, is generated. Secondly, this transition isÇ pumped È in order to
promote stimulated emission, whose properties determine the coherence of emitted light. Since
such plasmas exhibit high-gain coe"cients, ampliÞcation 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 1015). Indeed, laser operation can be observed in two regimes. One regime is called the
Ç ASE È (AmpliÞcation of Spontaneous Emission) mode, where the plasma ampliÞes its own
Ç noise È, stemming from spontaneous de-excitations from the upper to the lower level of the
laser transition. By comparison, the Ç seeded È regime is implemented through the plasma
ampliÞcation 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 dÕOptique
Appliqu«ee, which notably lead to the implementation of a soft X-ray laser chain with a plasma
ampliÞer 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 Þnd a niche for multiple ap-
plications by retaining their own advantages.
Besides those merits, four main elements a!ect 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 di!raction requires a signiÞcant number of pho-
tons. High-harmonic seeded plasma-based soft X-ray lasers display very good focusability. How-
ever, the availablephoton yield is still moderate and demonstrated energies remain below the
1 µJ level to date. Indeed, a great amount of emitted photons are part of ASE and worthwhile
e!orts are thus needed to improve the extraction of the plasma ampliÞer gain by the ampliÞed
high-harmonic pulse.
Third, the polarization of the source has been either undeÞned 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 e"cient
in the soft X-ray range. Thus, one has to resort to other pumping schemes to reach ashorter
wavelength .
This manuscript summarizes the work, which aimed at addressing the Þrst 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 OFI 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 scientiÞc 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, namedÇ Collisional Ioniza-
tion Gating È, 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 Ç Collisional Ionization Gating È technique. The critical
parameters for e"cient waveguiding are stated and their relative importance discussed using a
numerical model.

Chapter 4 describes the experimental characterization of elongated plasma ampliÞers imple-
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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 ampliÞer,
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 e"cient architecture used to achieve a
high-harmonic-seeded circularly polarized soft X-ray laser. An existing Maxwell-Bloch code was
modiÞed to describe the ampliÞcation of a polarized seeding resonant Þeld 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 Þelds. 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 Þeld 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 Þeld and maintained on Þxed circular trajectories thanks to powerful
magnets adapted to their energies in a synchronous way (see Þg.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 speciÞcally, a strong Doppler shift due to the particlesÕ 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 1020photons/s/mrad 2/mm 2/ (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
di!erent 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 Þg. 1.2 consists in a periodic structure
of magnets, which compels electrons to oscillate transversely to emit radiation.

Coherent photons are obtained from SASE e!ect (Self-AmpliÞed Spontaneous Emission). An
electron bunch with a uniform density distribution is Þrst accelerated to relativistic speeds and
then injected into the undulator. The deviation from the magnetic Þeld 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 Þeld period
of the undulator. Depending on the phase to each other, electrons are either accelerated or
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1.1. Coherent soft X-ray sources

Randomly phased !
electrons!

Electrons bunched !
at radiation wavelength!

Incoherent emission! Coherent emission!

" u!B!

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 ÓmicrobunchingÓ
e!ect. Then, the structured electron beam ampliÞes 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 Þeld according to the
relation [Dattoli et al. , 1993]:

! em
p =

! u

2p"
(1 + #2) (1.1)

where ! u is the undulator period, " is the relativistic factor and # is the so-called undulator
parameter which is proportional to the magnetic Þeld 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 µJ
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 chapter2. A tempo-
rally coherent seed, such as high-harmonic (HH) is injected into the XFEL and gets coherently
ampliÞed. 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
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Chapter 1. Introduction to coherent soft X-ray sources

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

(a)! (b)!

Figure 1.3: (a) Overview of LCLS facilities. (b) UndulatorsÕ 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 Þg.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 Þeld. High-harmonic radiation is obtained by focusing an intense
beam (with an intensity in the order of 1013 ! 1014W/cm 2) into a target consisting of molecules
[Lynga et al., 1996], atomic clusters [de Aldana and Roso, 2001], a gas [LÕhuillier 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 Óplasma mirrorÓ reßects 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 Þg.1.4(1).
The Þrst 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 nanosecondCO2

lasers at 10.6µm 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 e"cient 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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1.1. Coherent soft X-ray sources

(1)! (2)!

Figure 1.4: (1) Illustration of HHG on plasma mirrors. (2) Results form Particle-In-Cell simulations
of such HHG showing the electric Þeld ((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 proÞles of the trains of
attosecond pulses obtained when Þltering groups of harmonics in the spectra (red dashed lines in (c) and
(d)) [ Thaury and Qu«er«e, 2010].

Two dominant mechanisms of HHG can be identiÞed in case of ultrashort laser pulses:
Coherent Wake Emission (CWE) [Qu«er«e et al., 2006] and the Relativistic Oscillating Mirror
(ROM) [ Lichters et al., 1996]. Those mechanisms occur in di!erent regimes and lead to very
di!erent distortions of the reßected Þeld, and to very di!erent harmonic spectra (Þg. 1.4(2)
(c) & (d)). Indeed, the periodic temporal distortion of the reßected wave is associated with
the emission of high-harmonic pulses, which prove to be the ÓsignatureÓ of the laser-plasma
interaction (blue curves in (Þg. 1.4(2) (a) & (b))).
In case of infrared driving laser pulses, CWE becomes e"cient at moderate intensities of a few
1015W/cm 2. 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 ÓBrunel electronsÓ) [Brunel, 1987] generated
by the laser Þeld. Because this process occurs periodically once every laser optical cycle, the
spectrum of the HHG emission consists in harmonics of the laser frequency. The Þg.1.4(2) (a) &
(c) shows that the emission spectrum is extended up to the maximum plasma frequency$max

p .
Data correspond to a vector potential a0 = 0 .2 and $max

p = 10$laser .
The ROM process occurs for intensities above a few 1018W/cm 2. In this case, outgoing jets
of electrons at the plasma mirror surface are accelerated by the laser Þeld up to relativistic
velocities. This oscillating mirror gives rise to a periodic Doppler shift of the reßected beam,
and thus to HHG of the incident frequency. The Þg.1.4(2) (b) & (d) illustrate this process in
case ofa0 = 5 and $max

p = 15$laser .
Beyond $max

p , ROM is the dominant source of HHG, whereas below$max
p , 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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Chapter 1. Introduction to coherent soft X-ray sources

the generation of isolated attosecond pulses (the so-called Óattosecond lighthousesÓ), by rotating
the instantaneous wavefront direction of an intense few-cycle laser driving Þeld [Wheeler et al.,
2012].
Finally, the possibility to operate at high-repetition rates o!er signiÞcant prospects for further
developments.

High-harmonic generation in gas targets

HHG in gases was Þrst 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
e"ciencies 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 Ótwo-colorsÓ scheme, boosting the frequency conversion e"ciency 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 Þeld, whereas the macroscopic one is related to the phase relationship
between the emitters, which is imposed by the laser Þeld.

Microscopically , the behavior of individual atoms can be described with a semi-classical
model [Corkum, 1993], as illustrated in Þg. 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 Þeld, the atom is ionized
and an electron can free from the Coulomb potential barrier by tunneling e!ect. Ionization
occurs twice over an optical cycle (because of maxima and minima of the electric Þeld over a
period). Then, the stripped electron is being accelerated by the laser electric Þeld. Under linear
polarization, the change of sign of the electric Þeld 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:

E HH
photon = UI + Ek (1.2)

whereUI is the atomic ionization potential and Ek 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 Þelds emitted by the dipole can interfere constructively and therefore add up con-
structively. A good phase-matching condition is then needed to e"ciently 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 conÞned 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 Þnally 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 (UI ) and ponderomotive (Up) potentials.
The maximum energy of HH photons is:
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1.1. Coherent soft X-ray sources

(a)! (b)! (c)!
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Figure 1.5: Three-step high-harmonic generation process. (a) Tunnel ionization. (b) Acceleration of the
electron by the laser Þeld. (c) Radiative recombination on the ground state with emission of a photon.

Umax
photon " 1.3UI + %Up (1.3)

with % = 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 Þg. 1.6a in case of argon.
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Figure 1.6: (a) Spectrum of HHG obtained from argon irradiated by an ultrashort IR pulse of intensity
1015W/cm 2. (b) Low divergence far-Þeld proÞle of the HH beam.

Aside from being compact and inexpensive, high-harmonic sources display a wealth of at-
tractive features. Regardingspatial properties , those sources exhibit highly collimated beams
[Ditmire et al. , 1996] (Þg. 1.6b) and a nearly di!raction-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 Ówater windowÓ 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 (10! 18s) [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 Þeld 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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the intrinsically limited coherence length prevents signiÞcant enhancement in the photon yield.
In this perspective, HH-seeded plasma-based ampliÞers provide an appropriate solution to this
challenge.

1.2 Plasma-based soft X-ray lasers

Since the Þrst experimental demonstration of laser e!ect in ruby in 1960 at a wavelength of 694.3
nm [Maiman, 1960], signiÞcant research e!orts have been made to widen the scope of operating
wavelengths. In 1972, it had been shown for the Þrst time that, in case of laser-driven plasmas,
stimulated emission can signiÞcantly contribute to the enhancement of certain spectral lines in
the soft X-ray domain [Jaegl«e et al., 1971].

The laser e!ect hinges on thepopulation inversion between two energy levels of an element
atomic transition. In this conÞguration, 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 di"culties.
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 withmulti-charged ions , which display
those energetic transitions. Lasing in the soft X-ray range requires strong plasma ionization as
the energy di!erence 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-reßectance mirrors at those wavelengths. Moreover, in most cases, the
gain lifetime of plasma active media is too short to allow ampliÞcation over numerous passes.
But, fortunately, high gains are promised, which turns one-pass ampliÞcation practical.

Radiation from such soft X-ray laser plasmas is characterized byAmpliÞed 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 ampliÞcation 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 chapter2 & chapter 5 that the emission properties can be
greatly enhanced resorting to the so-calledÇ seeding technique È.

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 section2.3.1,
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 Þg.1.7 shows the
ion species and the range of wavelength they can operate respectively. Besides, a inner-shell
ionization scheme has been pioneered.

12



1.2. Plasma-based soft X-ray lasers

!"#$

#$

#!$

#!!$

#!!!$

!$ %$ #!$ #%$&!$ &%$'!$ '%$ (!$ (%$ %!$ %%$)!$ )%$

!"
#$

%
$&

'()
*+

&
,-

*

.(/,01*&2,3$4*5*

*+,-./$01/2345$&6+#78$

9-+,-./$01/2345$':+&68$

;-+,-./$023,,$(:+(68$

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 Þrst proposed by Duguay et Rentzepis in 1967 [Duguay and Rentzepis, 1967].
Its principle is depicted in Þg. 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 (Þg.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 e!ect 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 su"ciently 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 ampliÞed 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 [Ribière et al. , 2010].

Despite the di"culties 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 (Á 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 ampliÞed wavelength corresponds to a few nanometers.

(Z = 10). Furthermore, the required pump energy is quite small when considering the very short
ampliÞed 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 [ Jaegl«e et al., 1986] species. The
principle of this process is illustrated in Þg.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 e!ect occurs for H-like transitions 3d#$ 2p or Li-like 5f #$ 3d or 4f #$ 3d
transitions (Þg. 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 e!ect cannot
take place with the ground state as the lower level, because the collisional ionization of the
plasma contributes to build up a signiÞcant 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
Ç water window È (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 10cm! 1. Besides, saturation regime
has not yet been achieved. Actually, this lasing scheme requires drastic experimental conditions.
The Þrst di"culty 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 Þrst of all on a high collisional recombination rate to populate the
upper level. The latter rate varies as a function ofn3

e/T e with ne the electron density andTe the
electron temperature. Thus, appropriate conditions are met for an electron density of 1021cm! 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 signiÞcant 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 e!ect, which limits plasma heating. However, this is far from su"-
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 conÞnement 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 3d5/ 2 #$ 2p3/ 2 transition at 9.81 nm
for lithium-like neon [ Eder et al., 1991] where a maximal theoretical gain ofgmax = 130 cm! 1

is computed for ne = 5 % 1020 cm! 3 and Te = 40 eV; as well as two transitions for hydrogen-
like nitrogen [Hulin , 2001]: the 2p3/ 2 #$ 1s1/ 2 transition at 2.48 nm (gmax = 1100 cm! 1 for
ne = 6 %1020 cm! 3 and Te = 15 eV) and the 3d5/ 2 #$ 2p3/ 2 transition at 13.39 nm (gmax = 190
cm! 1 for ne = 1020 cm! 3 and Te = 20 eV).
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Chapter 1. Introduction to coherent soft X-ray sources

Collisional pumping scheme

The collisional pumping scheme, achieving a population inversion in a plasma thanks to electron-
ions collisions, was Þrst proposed in 1975 [Elton , 1975]. This scheme relies on the generation
of hot electrons to pump the laser transition. Its principle is illustrated in Þg. 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 o!er advantageous conditions
for implementing a population inversion.

Ground state of Ni-like Kr (1s2 2s2 3p6 3s2 3p6 3d10)!

Collisional  !
excitation !

Upper level!

Lower level!

De-excitations !

Laser !
Transition !
@ 32.8 nm!

Fast  !
radiative !
transition !

Ground state of Co-like Kr (1s2 2s2 3p6 3s2 3p6 3d9)!

3d9 4f!

3d9 5f!

3d9 4d!

3d9 4p!

1P1!

3D1!

3P1!

1P1!

3D1!

3D1!

1P1!

3P1!

1S0!

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 ampliÞcation
with this collisional pumping. Saturation in such ampliÞers was demonstrated in 1992 [Carillon
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1.2. Plasma-based soft X-ray lasers

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 Þrst 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 o!-axis spherical mirror, as illustrated in Þg. 1.11. The long duration of the pump
pulse allows for a signiÞcant inverse-Bremsstrahlung heated electrons, which are used to pump
the laser transition of a multi-charged ion.

Laser pulse !
(a few J, a few ns) !

Solid target !

Soft X-ray !
emission !

Soft X-ray !
emission !

Figure 1.11: Illustration of the QSS pumping principle.
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Chapter 1. Introduction to coherent soft X-ray sources

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 coe"cients were very low (2cm! 1). The
use of shorter pulse duration driving lasers (Á 100 ps) made it possible to reach higher ioniza-
tion degrees and higher electron temperatures, which lead to higher gain coe"cients. In those
conditions, saturated ampliÞcation 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 conÞguration, 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.

Ne-like Zn (Z= 30) 

!"#$%&'()**'

+',-). '

/ ' 01/ '

!"#$"%"&'()$2,3'
*+,#,%-$."&$./0-")$40/ 02'

*/0-"$1/&23,%)$0+/(* $$
456"&'"%7")$+5+675+,-).'
8,+"&"%7"$39")'40(*'

(a)! (b)!

Figure 1.12: (a) Laser pumping scheme of the Ne-like Zn QSS laser operated at PALS. (b) ProÞle of the
beam displaying a 3.5 %5.5 mrad divergence, an energy of 4 mJ per pulse (about 1014 photons) and a
pulse duration of 150 ps.

However, this scheme faces strong limitations because refraction e!ects 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
ampliÞers can thus be created. Besides, a two-Þlament 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 ampliÞcation of X-rays and reducing the
energy required to achieve the plasma ampliÞer.
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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1.2. Plasma-based soft X-ray lasers

Transient pumping

Following the development of QSS lasers, a so-called ÓtransientÓ pumping scheme has been in-
troduced. Actually, the emergence of CPA (Chirped Pulse AmpliÞcation) 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 Þg.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
1012W/cm 2) 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
1015W/cm 2). 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 e!ectively ampliÞed as they propagate,
despite the short duration of the gain (a few picoseconds).

Long pre-pulse !
(a few 100s ps)!

Solid target !

Soft X-ray !
emission !

Grazing  incidence !
short pump  pulse !

(a few ps)!

Figure 1.13: Illustration of the QSS pumping principle.

This pumping scheme is calledtransient 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 signiÞcantly inferior
to the the characteristic timescale of the plasma ionization. While typical gains with the QSS
scheme are about 5cm! 1, the transient pumping method yields gains of about 50cm! 1.

Besides, compared to the QSS pumping scheme, this technique allowed a signiÞcant reduction
of the required energy to generate lasing ion species. This scheme was Þrst proposed in 1989
[Afanasev and Shlyaptsev, 1989] and then Þrst 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 Þrst realized
with Ne-like Ge using an inhomogeneous wave [Kalashnokov et al., 1998].
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Chapter 1. Introduction to coherent soft X-ray sources

The Þg. 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].

Gain saturated  
operation 
demonstrated!

High repetition rate operation of 13.9 nm Ni-like Ag 
laser !

Average power at 5 Hz repetition rate ~ 2µW !

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. AGrazing 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
conÞguration 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 2µJ [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 Þrst experiment in 2002 using Ni-like Xe emitting at 9.98 nm [Lu et al., 2002].

The spatial proÞle 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 signiÞcant 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 1020cm! 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 Þrst proposed in 1989
[Corkum et al., 1989]. This scheme was described theoretically in 1994 [Lemo! et al. , 1994] and
demonstrated experimentally shortly thereafter [Lemo! 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 ampliÞer 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 Þg.1.15 and is implemented focusing an ultrashort (a few 10s
of fs) high-intensity (over 1017 W/cm 2) infrared pulse into a gas [Sebban et al., 2002] target.
Contrary to QSS and transient pumping geometries, the plasma ampliÞer 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 Óoptical Þeld ionizationÓ (OFI) of atoms. This
process results in successively stripping electrons within the very strong electric Þeld, 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.

Gas target !

Soft X-ray !
emission !

Ultrashort  IR pulse !
(a few 10s fs)!

Figure 1.15: Illustration of the OFI pumping scheme.

For OFI plasma ampliÞers, lasing species are ion species exhibiting a full atomic sub-shell.
Those elements prove stable and ÓresistantÓ to further over ionization. This overionization
can come from OFI or ongoing collisional ionization initialed by the signiÞcant 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 e!ectively 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 table1.1 and the four-level pumping scheme is illustrated
in Þg. 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

Ion 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
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Figure 1.16: SimpliÞed scheme of the laser transition levels associated with ionsAr 8+ , Kr 8+ and Xe8+ .
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 ampliÞers depends on the electron density, the propagation
of the driving laser and its polarization, which impacts the heating of electrons and thus the
e"ciency 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 Þrst 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 conÞned
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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 signiÞcant 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 di"cult to reach
shorter wavelengths as this would require higher currents, which lead to instabilities rapidly
degrading the uniformity of the plasma required to e"ciently amplify photons. Moreover, the
duration of those pulses is restricted to the nanosecond range.

The system is illustrated in Þg.1.17and consists of a gas conÞned 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 beneÞts from the e"cient 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 ofAr 8+ at 46.9
nm with argon.
In order to implement such a few cm-long emitting plasma, a capillary discharge waveguide is
achieved (see section3.1.2) the lasing ions are mixed with hydrogen.

Fig. 1.
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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 proÞle of emission, which limits the range of
potential applications. These emission features are due to the fact that ASE corresponds to the
ampliÞcation the plasma own ÓnoiseÓ, 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 1015 photons) within a very short line width ( d&/& & 10! 5).

The low coherence of those sources lead to envision the plasma, not as a source in itself,
but as an ampliÞer in a soft X-ray laser chain where an external coherent source is used to
seed the plasma. TheÇ seeding architectureÈ has been proposed by T. Ditmire and then
demonstrated at Laboratoire dÕOptique Appliqu«ee in case of collisional OFI ampliÞers using a
high-harmonic source as a seed. Such an experimental setup is illustrated in Þg.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 ampliÞed high-harmonic energy remained quite low (100µJ) because of a rather small gain
region induced by the plasma hydrodynamics [Oliva et al., 2009].

IR beam!
16 mJ, 350 fs  !

IR Pump beam !
1.4 J, 30 fs  !

Delay line !

Lens !

Gas cell !
(argon) !

Toroidal  mirror !

Spherical mirror !

Gas cell !
(krypton) !

High-harmonic source !

Lame " /4  !

Al Þlter !

Soft X-ray !
laser ! ÒOscillatorÓ!

ÒAmpliÞerÓ!

Figure 1.18: Architecture of a soft X-ray laser chain comprising an ÓoscillatorÓ (high-harmonic source)
and an ÓampliÞerÓ (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 Þg. 1.19 illustrates the spatial proÞles of a plasma-based soft
X-ray laser emission obtained with krypton at pressure of 50 mbar using a pump beam intensity
of 1018W/cm 2. The Gaussian-like far-Þeld proÞle and the low divergence of the high-harmonic
beam are maintained over the ampliÞcation in the plasma.

P=50mbar 
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Figure 1.19: (a) Energy distribution of the ampliÞed spontaneous emission. (b) Energy distribution of
the soft X-ray plasma-based X-ray laser (in case of krypton-Þlled cell) [Tissandier, 2011].

Beam wavefront quality. As far as the spatial wavefront is concerned, the HH beam ex-
hibits a near-di!raction wavefront [ Gautier et al., 2008] and those attractive characteristics care
preserved when being ampliÞed by the plasma [Goddet et al., 2009]. The Þg. 1.20 shows the
phase deformations are even reduced over propagation. While a!/ 2.5 quadratic normal shift
of the wavefront deformations has been measured for HH, it was found to reach!/ 11 for the
seeded soft X-ray laser signal. This nearly corresponds to the di!raction limit according to the
Mar«echal criterion [Born and Wolf, 1959], for which # ! RMS = !/ 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 Þltering in the plasma ampliÞer.
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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 Þg. 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 deÞned by the slits. The ampli-
Þed 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 Þg.1.19).

Figure 1.21: Results of Young slit pair interference experiment for the output of a seeded laser ampliÞer
emitting at 32.6 nm. (a) - (d) Interferograms for di!erent 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 deÞned phase
relationship between each other. It can be measured using a varying optical path di!erence
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 Þg.1.22 illustrates those results for both ASE and the ampliÞed HH signals in
case of a collisional OFI 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' c of the pulses, deÞned by the time di!erence 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 proÞles have been calculated from the Þtted visibility variations, and correspond
to spectral Voigt proÞles with a full width at half-maximum (FWHM) of # & = 89 ± 6 GHz
(# ! = 3 .2 ± 0.2 10! 13 m) for the seeded SXRL and #& = 75 ± 8 GHz (# ! = 2 .7 ± 0.3 10! 13

m) for the ASE. We can notice that the linewidth of the ampliÞed 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 ampliÞer gain leads to a sharp narrowing of the ampliÞed 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
Þeld of applications.

In 2005, the Óseeding techniqueÓ was used to measure the time evolution of the gain of
a soft x-ray laser ampliÞer [Mocek et al., 2005]. The HH seed pulse was injected into the
plasma at di!erent delays with respect to the plasma generation. Strong ampliÞcation was
observed when the seed pulse is synchronized with the gain period. The Þg.1.23 illustrates
those measurements, which were done with aXe8+ plasma emitting at 41.8 nm. The study
was carried out for low electron densities ranging from 5 to 25 Torr and showed a signiÞcant
reduction of the time window, in which ampliÞcation takes place. This behavior is expected to
a!ect the pulse duration in the similar way.

The main objective of this thesis was to explore the gain dynamics and the ampliÞcation
regime of the seeded high-harmonic when operating signiÞcantly 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 ampliÞcation factor of the seededXe8+ 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 Þrst 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 Ósuper-excited stateÓ, 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 di!ractive 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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di!raction 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 ßexibility 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 beneÞt from the many merits (spatial and temporal
coherence, di!raction-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 ampliÞcation of HH is performed at the expense of the soft X-ray
emission Þnal 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 Ionization 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 [GreenÞeld, 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 Þnds 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 conÞguration 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 di!erence in optical response of the substance to left- or
right-handed circularly polarized light. The Þg. 1.24 illustrates quadrupole helix structure do-
mains in DyFe3(BO3)4. Probing such a material with circular polarization of variable helicity
leads to intensity maps portraying the material speciÞc 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 e"cient 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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a! b!

Figure 1.24: (a) Sample of DyFe3(BO3)4. (b) Helicity-dependent back-reßection intensity maps for
di!erent 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 scientiÞc 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 (" 1018W/cm 2) into a gas column and thus promptly generating a sizable popu-
lation of lasing ions within the intense IR laser Þeld, which are then pumped through
collisional excitation. The seeding of the plasma ampliÞer by a high-harmonic signal
is described as well as the associated radiative transfer.

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

2.1.1 Types of ionization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.1.2 The Ç Optical Field Ionization regime È regime: ionization rate . . . . . 37

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

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

2.2.1 Atomic processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2.2 Evolution of electronsÕ and ionsÕ temperature. . . . . . . . . . . . . . . 47

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

2.3.1 Laser e!ect in the soft X-ray range . . . . . . . . . . . . . . . . . . . . . 52

2.3.2 Gain dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

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

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

2.4.1 Propagation equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

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

2.5 Modeling the ampliÞcation of HH by a plasma ampliÞer . . . . . . . 72

2.5.1 Field equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.5.2 Atomic description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.5.3 AmpliÞcation of a HH seed pulse. . . . . . . . . . . . . . . . . . . . . . 76

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

31



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 (> 1016W.cm! 3) into an
ideal gas. In this part, the di!erent mechanisms leading to the generation of a plasma of highly
charged ions are presented.
Considering the simple Bohr model, the intensity of the laser Þeld has to match the binding
strength of the electron to the atom, in order to strip it from the atomÕs orbitals. For low Þeld
strengths, ionization occurs only if the absorbed photon energy exceeds the atomÕs ionization
potential. This process depends on the laser intensity and the atom cross section. Forhigh Þeld
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 di!erent types of atoms, the laser intensity and its wavelength.
Here, we will concentrate only on the laser Þeld strength i.e the intensity. But, in the next part,
we will see that the Þeld components play an essential role in the electrodynamics of atomic
system, which impacts the pumping process of the ionÕs 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 Þeld should be very strong to leave free
electrons. When the laser Þeld 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 Þeld
ionization (OFI).

In 1965, Keldysh pioneered the theory of ionization for strong Þeld 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,
deÞning a parameter" , such that [Keldysh, 1965]:

" =

!
UI

2Up
(2.1)

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

Up =
e2µ0

8( 2mec
I! 2 (2.2)

where e,µ0, me, c, I and ! 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 ( " << 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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2.1. Laser-plasma interaction using an ultrashort pulse

¥ Multi-photon ionization:

Considering the interaction of a moderate intensity Þeld with matter, photoelectric e!ect
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)!

V(x)! V(x)! V(x)!

x! x! x!0!

-UI!

0! 0!
Ef!

Figure 2.1: (a) Coulomb potential of an unperturbed ion. The trapped electron has a binding energyUI .
(b) Illustration of multi-photon ionization. An electron can simultaneously absorb n photons of energy
øh$. 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 Þg. 2.1. We can notice that the atomic binding potential remains undisturbed by the
laser Þeld. Multi-photon ionization predominates at Þeld intensities between 1011 and
1013W.cm! 3 [Agostini et al., 1968]. Its e"ciency depends on the intensity of laser radiation,
which rises as the ßux of photons crossing a given surface increases. The probability of
multi-photon ionization increases with the Óphoton densityÓ.
Resulting from ionization thanks to a large number of absorbed photons, the Þnal kinetic
energy of the electrons is given by the Einstein formula:

Ef = nøh$ ! UI (2.3)

where n is the number of absorbed photons needed for multi-photon ionization,$ the laser
frequency andUI , the binding energy.
The rate of multi-photon ionization is proportional to the Þeld strength:

) MF I ' E 2Nph (2.4)

where Nph 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 asAbove Threshold Ionization (ATI) [Agostini et al., 1968].
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Ef = ( n + s)øh$ ! UI (2.5)

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

dv
dt

(t) = !
e

me
E(t) (2.6)

For a Þeld polarization deÞned by the parameter* (* = 0: linear / * = 1 / 2: circular), the
transverse Þeld components are written:

Ex =

"
2I*
+0c

and Ey =

!
2I (1 ! * )

+0c
(2.7)

The term * describes the dependence on the laser Þeld polarization.* =0 or 1/2 corre-
sponds to linear and circular polarization respectively. Under a laser electric ÞeldE0 of
frequency$, the electron of massme oscillates and gets a kinetic energy given by:

EAT I =
e2E0

2me$2

#
*cos2($t ) + (1 ! * )sin 2($t )

$
(2.8)

The magnetic e!ects are here neglected.

¥ Barrier-suppression and tunnel ionization:

This regime corresponds to the low frequency-high intensity limit of the Keldysh parameter
deÞned in the relation eq. (2.1). At higher laser intensities (> 1013W.cm! 2), the Þeld is
strong enough to signiÞcantly distort the Coulomb potential. This strong laser Þeld 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 Þeld
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 massme, placed on
an atom orbit of radius:

r a =
øh2

mee2 " 0.53%10! 13mûA (2.9)

r a is the Bohr radius and the bound electron is subjected to the Coulomb potentialEa:

Ea =
1

4(+0

e
r 2

a
" 5.1 %109V/cm (2.10)
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where +0 is the vacuum permittivity. Therefore, the intensity required to free an electron
must be at least equal to the intensity:

I a =
1
2

+0cEa " 3.45%1016W.cm! 2 (2.11)

The BSI model can be generalized to H-like atoms superimposing an external static Þeld
to the nucleus potential [Bethe and Salpeter, 1957]. An e!ective charge can be deÞned as:

Z " =

"
UI

UH
(2.12)

with UI , the ionization potential of the atom or ion, and UH = 13.6eV the ionization
potential of hydrogen. Therefore, the Coulomb potential V describing the contributions
of the atom and laser Þelds can be written:

V (x) = !
Ze2

x
! eEx (2.13)

The distortion leading to freeing an electron from the Coulomb potential is illustrated in
Þg. 2.2 c).
Imposing the maximum value of V, obtained from stating (,V/,x )x= xmax = 0, equal to
the ionization potential, the value of the Þeld needed to free an electron can be obtained:

EBSI =
U2

I

4Z " e3 (2.14)

(a)! (b)! (c)!

V(x)! V(x)! V(x)!

x! x! x!0!

-UI!

0! 0!

Tunnelling !
effect!

Figure 2.2: (a) Coulomb potential of an unperturbed ion. The trapped electron has a binding energyUI .
(b) Illustration of tunnel ionization. When the laser Þeld strength is approaching the binding potential,
tunneling e!ect can occur and lead to a release of electrons. (c) Barrier-suppression ionization happens
for higher Þeld 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]:

I lin
BSI "

4 %109

Z " 2 U4
I [eV] [W.cm! 2] (2.15)
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Z Ground levels UI [eV] I BSI [W.cm! 2]

Kr I [Ar ]3d104s24p6 14.00 3.10%1014

Kr II [Ar ]3d104s24p5 24.36 7.00%1014

Kr III [Ar ]3d104s24p4 35.67 1.44%1015

Kr IV [Ar ]3d104s24p3 50.85 3.34%1015

Kr V [Ar ]3d104s24p2 64.69 5.60%1015

Kr VI [Ar ]3d104s24p1 78.49 8.43%1015

Kr VII [Ar ]3d104s2 109.13 2.32%1016

Kr VIII [Ar ]3d104s1 125.80 3.13%1016

Kr IX [Ar ]3d10 233.00 2.91%1017

Kr X [Ar ]3d9 268.20 4.14%1017

Table 2.1: Ionization energies (source: NIST database) and required barrier-suppression intensities for the
10 Þrst ionized states of krypton. Ground levels are expressed as a function of the electronic conÞguration
of argon: [Ar ] = 1s22s22p63s23p6.

For circular polarization, the intensity threshold is twice the value reported in relation
eq. (2.15). It should be noted that Stark e!ect at those high intensities ( > 1014W.cm! 2)
is non-negligible and modiÞes (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 ionizationI BSI for various ion species in case of a
circularly polarized Þeld.

These conditions for strong Þeld 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:

" =
$0

$I
(2.16)

where $0 is the laser frequency and$I a characteristic frequency corresponding to the
average time' for an electron to cross the potential barrier of length l :

' = l/v with l =
UI

eE
and v =

"
2UI

me
(2.17)

where e is the elementary charge andv the average speed of an electron. Hence,

$I =
eE

(
2meUI

(2.18)

and then, the " parameter reads:

" = $0

(
2meUI

eE
(2.19)

The tunnel ionization occurs for lower intensities than those required for BSI and its prin-
ciple is depicted in Þg.2.2 b. This process is dominant for low frequencies and intensities
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roughly between 1014 and 1015W/cm ! 2. In the Keldysh model, its rate increases in an
exponential way with the Þeld:

) tunnel ' exp

%
U3/ 2

I

E

&

(2.20)

2.1.2 The Ç Optical Field Ionization regime È 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%10! 17s). Therefore,
one can consider a quasi-static laser Þeld at the Þrst 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 Þnally reaching the BSI regime
when the intensity reaches its peak. Globally, tunnel ionization dominates in OFI plasmas.

The tunnel ionization rates were Þrst calculated in case of static laser Þled 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 Schr¬odinger 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 conÞguration is deter-
mined by (n, l, m) (respectively the main, orbital and magnetic quantum numbers) is [Pert,
1999]:

W 0
ADK =

$a

2
C2

n! l
UI

UH
f (l, m)UI

'

2
(

UI

UH

) 3/ 2 Ea

E

* 2n! !| m|! 1

exp

'

!
2
3

(
UI

UH

) 3/ 2 Ea

E

*

(2.21)

where UI and UH are the ionization energies for the ion under consideration and hydrogen
respectively, Ea the atomic Þeld strength and$a the atomic frequency:

$a =
e4me

øh3 " 4 %1016s! 1 (2.22)

n" is the e!ective main quantum number, deÞned for an ion of charge Z-1, as:

n" = Z

"
UH

UI
(2.23)

The Cn! l and f (l, m) coe"cients from the ADK treatment are written [ Ammosov et al.,
1986]:

Cn! l =
(

2e
n"

) n!

%
1

(
2(n "

(2.24)

and,

f (l, m) =
(2l + 1)( l+ | m |)!

2|m| | m |!(l ! | m |)!
(2.25)
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The expression of the rate of tunnel ionization in equation eq. (2.21) is valid under a static
Þeld. When considering a varying Þeld, one can consider the instantaneous rate eq. (2.21) valid
at each instant t. Besides, the polarization of the Þled has also to be taken into account. A
transverse Þeld propagating along z can be written:

E(z,t) = E(z) [cos($0t)x + * %sin ($0t)y ] (2.26)

where * is a parameter, ranging from 0 to 1, linked to the Þeld intensity and describing
the polarization. Under those conditions, the Þeld componentsEx and Ey can be written as a
function of the intensity:

Ex =

"
2I*
+0c

and Ey =

!
2I (1 ! * )

+0c
(2.27)

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

WADK =

!
2

* (* + 1)
exp

+
!

1 ! *
3*

Z 3

n" 3E

,
B

+
1 ! *

3*
Z 3

n" 3E

,
W 0

ADK (2.28)

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

W circ
ADK

W lin
ADK

=

"
(Z 3

En" 3 (2.29)

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

In plasma generation, thanks to an intense Þeld, 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 Þeld. The evolution of ionsÕ populations as the Þeld is increased can
therefore be computed as well as the evolution of the ionization degree:

-
./

.0

d! 0
dI = ! W (0)

ADK (I )) 0(I )

d! k
dI = ! W (k)

ADK (I )) k (I ) + W (k! 1)
ADK (I )) k! 1(I )

(2.30)

where W (k)
ADK and ) k are respectively the tunnel ionization rates and density in case of an

ion ionized k times. The ionization rates follow the Þeld strength and increase exponentially.
The terms W (k)

ADK are signiÞcant only in the intensity window whose lower limit is their intensity
threshold I BSI and upper limit deÞned when the k-times ionized ion gets overionized.
The 0-D numerical codeOFI-adk (G. Maynard, LPGP, Orsay) solves the tunnel rate equations
eq. (2.30).

The Þg. 2.3 shows the evolution of the ionization degree of krypton under an intense Þeld.
The large range of intensities where theKr 8+ is present is illustrated in Þg. 2.3 (b). The ion
exists between 2%1016W.cm! 2 and 2%1017W.cm! 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 Þeld intensity in the interaction medium will be non-homogeneous due to
propagation. Hence, the ion stability promises to e"ciently Þll the interaction medium with
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2.1. Laser-plasma interaction using an ultrashort pulse

10
14

10
15

10
16

10
170

2

4

6

8

10

�ï!" �ï#" �ï$" �ï%" �ï&" �ï'" �ï(" "
"

'

%

#

)

("

('

�ï!" �ï#" �ï$" �ï%" �ï&" �ï'" �ï(" "
"

(

'

&

%

$

#*+("
(!

Time ( fs)!

A
ve

ra
ge

 io
ni

za
tio

n
 d

eg
re

e
!

Intensity  (W/cm2)!

In
te

ns
ity

 (
W

/c
m

2 )
!

A
ve

ra
ge

 io
ni

za
tio

n
 d

eg
re

e
!

(a)! (b)!

Figure 2.3: (a) Evolution of the average ionization degree within the Þeld. The pulse duration and
intensity are respectively 35 fs and 6%1017W/cm 2. (b) Average ionization degree as a function of the
instantaneous pulse intensity.

Kr 8+ lasing ions.
The Þg. 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 %1017W.cm! 2.

10
14

10
15

10
16

10
170

0.2

0.4

0.6

0.8

1 !"# !" $#!" %$# !" &$# !" '$ #
!" ($#

!" )$#
!" *$#

!" +! " !" , ! "
!" -. ! "

Intensity  (W/cm2)!

R
el

at
iv

e 
io

ns
Õ

 p
op

ul
at

io
ns

!

Figure 2.4: Evolution of krypton ionization states within the ultrashort intense Þeld. The pulse duration
and intensity are respectively 35 fs and 6%1017W.cm! 2.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

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 e"ciently 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 Þg. 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 Kr 8+ has 28 electrons distributing over the Þrst three shells n = 1, 2 and 3. Following colli-
sions with hot free electrons, bound electrons lying in the fundamental level of the ion (1S03d10)
are excited towards upper levels. There is no resonant transition between level 1S03d94d1 and
the fundamental level, whereas the radiative decay from level 1P13d94p1 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 1S03d94d1 and 1P13d94p1, which corresponds to a laser
emission at 32.8 nm. The schemes are similar for xenon and argon.

Ground state of Ni-like Kr (1s2 2s2 3p6 3s2 3p6 3d10)!

Collisional  !
excitation !

Upper level!

Lower level!

De-excitations !

Laser !
Transition !
@ 32.8 nm!

Fast  !
radiative !
transition !

Ground state of Co-like Kr (1s2 2s2 3p6 3s2 3p6 3d9)!

3d9 4f!

3d9 5f!

3d9 4d!

3d9 4p!

1P1!

3D1!

3P1!

1P1!

3D1!

3D1!

1P1!

3P1!

1S0!

Figure 2.5: Schematic description of the laser transition levels associated with theKr 8+ ion. Red arrows
stand for collisional excitation populating processes resulting from electron-ion collisions. The purple
arrow denotes the 3d94dJ =0 #$ 3d94pJ =1 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 Þg. 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 di!erence between the transition
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2.1. Laser-plasma interaction using an ultrashort pulse

upper level and the fundamental level. As far asKr 8+ 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
e"cient collisional pumping of lasing ions transitions. In the following, the most important
plasma heating processes are discussed.

¥ 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 signiÞcant momentum. The polarization of
the Þeld of the pumping beam has a decisive impact on the temperature of the electrons
generated through optical Þeld 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 Þeld with a
polarization deÞned by the parameter* . In the considered model, electrons are assumed
to to be stripped independently and only subjected to the laser electric Þeld. The ion
Þeld is overlooked. Moreover, secondary collisions of electrons with their parent ions are
neglected.

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

E circ
AT I =

e2E0

4me$2 (2.31)

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

E lin
AT I =

e2E0

2me$2 sin 2($t ) (2.32)

When subjected to a linearly polarized Þeld, the kinetic energy gained by a free electron
is maximized when the the Þeld E(t) is minimized (eq. (2.32) and eq. (2.7)). However,
the tunnel ionization rate is maximized when the Þeld strength is maximized (eq. (2.21)).
This explains why heating of electrons is less e"cient with linear polarization. By contrast,
with a circularly polarized Þeld, 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! 2, hence long wavelengths (generally 800 nm Ti-
:Sapphire lasers) are desirable for collisional pumping schemes. Such optical Þeld ionization
with circular polarization generates a plasma of cold ions and produces hot free electrons
with the required energy to e"ciently excite of bound electrons.

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

transferred into thermal energy. Electrons hence absorb energy from the electromagnetic
Þeld to conserve angular momentum in the presence of ions. This is the reverse process
of bremsstrahlung emission of radiation, where electrons get slowed and deßected in the
presence of the ion Þeld and then emit photons.
The rate of energy absorption by electrons from an electromagnetic Þeld can be determined
from the Óimpact approximationÓ. 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:

- IB = 2 (
(

Ze2

me

) 2 1
v4

e
ln

(
1 +

&6

(Ze2$0/m e)2

)
(2.33)

Because the timescale on which collisions occur is shorter compared to the period of the
electromagnetic wave and as the Þeld 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]:

) IB = 4meni

(
Ze2

me

) 2 1
vq

ln (#)
(

1
2

ln (4x) +
1
2

" + ln (2) ! 1
)

(2.34)

where " " 0.577 is he Euler-Mascheroni constant,vq the electron velocity after collision,

vq =
eE

me$0
(2.35)

x the ratio of quiver energy to thermal:

x =
mev2

q

2kB Te
(2.36)

and

# =
8(kB Te)3

Z 2e4$2
0me

(2.37)

The heating induced by inverse-bremsstrahlung e!ect 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 Þeld determine the proÞles 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 e!ects:

The previously described OFI and ATI processes do not take into account relativistic
e!ects, which occur in the presence of an ultra intense Þeld in the intensity range of
1018W/cm 2. This contribution has been described [Smirnov and Krainov, 1998] in case
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2.1. Laser-plasma interaction using an ultrashort pulse

of linearly polarized Þelds and tunnelling of relativistic electrons was found to be negli-
gible. However, this is no more the case considering a circularly polarized Þeld [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:

f rel =

!

1 +
e2! 2I

8(m 2
ec5+0

(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 Þeld confers to electrons freed essentially through
tunnel ionization. The Þg. 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 di!erent peaks
correspond to various charge states of krypton. Reminding that the minimal temperature of
electrons to pump the Kr 8+ transition at 32.8 nm is 145eV, we see the linearly polarized Þeld
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 Þeld allows the generation
of hotter electrons. The Þgure 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) Þelds for a gas cell
with 30 mbar of krypton ( nat = 7 .4 %1017cm! 3). The pump beam intensity is 6%1017W/cm 2.
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

Energy distribution of ions. Similarly to electron heating, the electromagnetic Þeld 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 simpliÞed model, the motion of ions and
electrons under an electric Þeld E is:

dv i

dt
(t) =

Ze
mi

E(t) and
dv
dt

(t) = !
e

me
E(t) (2.39)

Thus, the speed of ions can be expressed from the electron velocity:

v i = ! Z
me

mi
ve (2.40)

As me/m i is very small (7%10! 6 in case of krypton), the ions will virtually acquire no velocity.
The ion energy distribution keeps a Maxwell distribution proÞle after optical Þeld ionization,
while being shifted towards higher energies. Typically, in OFI plasmas, ion temperature is a
few eV for gas densities in the range of 1018cm! 3. A study showed [Maynard et al., 2007] that
OFI-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 ampliÞer gain after optical Þeld 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
di!usion 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 Þeld. This also a!ects 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 inßuence of a particle Coulomb potential. Its radius is determined
by the Debye length:

! D =

"
+0kB Te

nee2 when Te >> T i (2.41)

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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2.2. Plasma kinetics

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 $ and a speedve colliding with an immobile ion of ÓinÞniteÓ mass.

d- ei

d$
=

1
4

(
Ze2

mev2
e

) 2 1
sin 4(./ 2)

with d $ = 2 (sin.d. (2.42)

The total cross section then reads:

- ei =
1

d- ei

d$
d$ =

(
2

(
Ze2

mev2
e

) 2 1 "

0

sin.
sin 4(./ 2)

d. (2.43)

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

&ei = ni < - eive > (2.44)

ni 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:

&ei =

(
2

16(+2
0

e4

(
me

neZ
(kB Te)3/ 2

ln% (2.45)

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

% = 8(+3/ 2
0

(kB Te)3/ 2

Z
(

ne
(2.46)

Considering electrons and ions have Maxwell energy distributions, electrons and ions ther-
malize themselves with their respective temperaturesTe and Ti :

dTi

dt
= !

dTe

dt
= !

Ti ! Te

' ei
(2.47)

where ' ei is the electron-ion equilibration time, deÞned as [Spitzer, 1962]:

' ei =
3memi k/B 3/ 2

8
(

2(n i Z 2e4ln (%)

(
Ti

mi
+

Te

me

) 3/ 2

(2.48)

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

dTi

dt
=

8
3

(
2(ln (%)

nee4
(

mekB Te

me

mi

(
1 !

Ti

Te

)
(2.49)

Spitzer deÞned 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.

' c =
(3m1/ 3kB T)3/ 2

5.712(ne 4Z 4ln (%)
(2.50)

We can notice that ' ci > ' ce, which means electrons reach equilibrium more rapidly than
ions.
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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 di!erence of mass between ions and
electrons, electrons are di!using far quicker than ions. The electron and ion species di!use 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 ofve =

2
kB Te/m e. They leave behind them a zone with a positive

charge density. Because of the charge separation, an electric Þeld is induced, which slows down
electrons and tends to accelerate ions. Therefore, an equilibrium is reached where electrons and
ions di!use at a speed far smaller than the initial electron speed but signiÞcantly greater than
the ion velocity. This speed is known as the ambipolar di!usion speedvad:

vad =

"
kB Te

mi
(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:

-
/

0

Pe = ne(" e ! 1)Ee

Pi = ni (" i ! 1)Ei

(2.52)

where Ee and Ei are electrons and ions energies respectively, and" e = " i = 5 / 2, the ratio of
speciÞc heats. The electron and ion densities are related byne = Z " ni , whereZ " is the mean ion
charge. Assuming Maxwell energy distributions, the temperature of the two species are given
by:

Te/i =
2

3kB
Ee/i (2.53)

Experiments and numerical calculations [Dunne et al., 1994] in case of linearly polarized
light in recombination schemes showed that a signiÞcant plasma expansion takes a few hundreds
of picoseconds. Although OFI plasmas produce far hotter electrons, the plasma e!ects on the
evolution of temperature are not signiÞcant, 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 e!ect on soft X-ray emission.

Inßuence of ponderomotive force. The interaction of an ultrashort and intense IR pulse
with a plasma induces longitudinal Þelds. Those excited plasma Þelds are in the order of a
few GV/cm and are used in electron acceleration schemes. An energy transfer between those
Þelds 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 deÞned as:E(t) = E0cos($0t), the ponderomotive force per
unit volume reads [Landau and Lifchitz, 1969]:

Fp = !
$2

p

16($ 0
) E 2

0 (2.54)
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where $p =
2

4(n 2
e/m e is the plasma frequency.

This force applying to ions and electrons are di!erent and relate through the following
relation [Eliezer, 2002]:

Fpi

me
=

Fpe

mi
(2.55)

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 e!ects a!ecting their temperature.

2.2.2 Evolution of electronsÕ and ionsÕ temperature

The plasma kinetics is described using the OFIKinRad atomic code (see AppendixA). The
algorithm allows modeling the plasma ampliÞer 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 Þeld polarization. This code only observes the temporal dependence and does not take into
account the plasma hydrodynamic expansion and its radiative losses.

Evolution of electronsÕ 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
OFI plasmas is mainly dominated by ATI 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 Te. This
approximation is relevant locally. A 0D approach can therefore be undertaken considering the
di!erent 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 Þrst 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 (E, r , t) reads:

,f
,t

+ ve
,f
, r

!
e

me
(E + v %B )

,f
, ve

= Se + Cei + Cee (2.56)

This equation is deÞned as a function of time t and positionr where Se is a source term,
derived from ionization processes, andCei and Cee 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
a!ects 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 di!usion term and a frictional term
slowing down the electrons.

The Þg. 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%1017W/cm 2 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 e!ects 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
di"cult to ionize. The curve gives the time window, within which ampliÞcation can take place
thanks to the presence ofKr 8+ 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 Þg. 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 OFI in case of a gas cell with 30
mbar of krypton.
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2.2. Plasma kinetics

The Þg. 2.9 reports the temporal evolution of the energy distribution of electrons in case of
a circularly polarized Þeld. The proÞle tends to a Maxwell distribution as electrons and ions
exchange energy and subsequently thermalize. This distribution proÞle is reached about 30 ps
right after ionization, which amounts to a far longer timescale compared to theKr 8+ 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 ionsÕ 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
Ti << T e, we can write:

-
./

.0

dTi
dt = &eiTe

&ei [s! 1] = 3 .2 %10! 9 Z 2ne[cm" 3]ln (!)
M

2
Te[eV]

(2.57)
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

where M is the atomic mass number, Z the ion charge andln(%) " 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 di!usion with a velocity of the order of

2
ZTe/M . Considering the hottest electrons,

this velocity is only 10! 3µm/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 ofµm.

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

E wake
ion =

1
2

Q2

2M
vosc [a.u.] (2.58)

This formula is expressed in atomic units [a.u.], wherevosc 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 Ócool ßuidÓ
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 ' , the kinetic energy gained by ions is:

E pond.
ion "

1
32

Z 2me

M

(
c'
w0

a2
0

) 2

mec2 [a.u.] (2.59)

wherea0 is the electric Þeld vector potential (related to the pulse intensity) andw0 the pulse
radius.

All in all, within the soft X-ray emission timescale of a few picoseconds, electrons and
plasma e!ects donÕt have the time to heat the ions signiÞcantly. Moreover, in OFI plasmas,
electrons are Õtoo hotÓ 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
e!ects 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 &, deÞned as the ratio between the
average Coulomb potential energy and the ion kinetic energy:

& =
Z 2

< r ii > T i
(2.60)

where r ii is the mean distance between ions and Z=8 in case of aKr 8+ ampliÞer. 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 &/ &0, where &0 is the initial
value, tends to the asymptotic number of 2.23 [Maynard et al., 2007]. Hence,

&# =
Ze2

< r ii > T f
i

= 2 .23 * T f
i = 0 .45

Z 2

< r ii >
[a.u.] (2.61)

This calculation is valid for &0 >> 1. Because there is only one ion in the sphere of radius
r ii , one can write for krypton ion density ni in [cm! 3]:

4
3

( < r ii > n i = 1 (2.62)

Therefore, one can derive from the previous relations:

< r ii > =
1.18%108

n1/ 3
i

[a.u.] and Tf
i "

783.688
< r ii >

[eV] (2.63)

The relations eq. (2.63) lead to:

T f
i " 7.489%n1/ 3

i [cm! 3] (2.64)

The Þg. 2.10 illustrates the evolution of the Þnal ion temperature due to ion-ion coupling
e!ects 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 % 1017cm! 3, the
Þnal ion temperature reaches about 6.7 eV.
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Figure 2.10: Evolution of the Þnal ion temperature due to ion-ion coupling e!ects 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 e!ect in the soft X-ray range

Laser operation

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

Upper  level !

Lower  level !

h!

Upper  level !

Lower  level !

h!

Upper  level !

Lower  level !

h!

h!

h!

(a)! (b)! (c)!

Figure 2.11: (a) Absorption. (b) Spontaneous emission. (c) Stimulated emission. The energy discrepancy
between the lower and the upper level isE = h&.

Transitions can only occur between discrete transition levels. When lying in the lower level,
bound electrons canabsorb 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 Óspontaneous emissionÓ . The emission is stochastic under temporal and
spatial considerations. Secondly, being subjected to a quantum of energy corresponding to the
energy di!erence 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
Óstimulated emissionÓ . 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 ampliÞcation process was Þrst 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

Nl
=

gu

gl
exp

(
!

h&
kB T

)
(2.65)

where Nu and Nl are respectively, the populations of atoms in the upper and lower levels,
and gu and gl , the associated degeneracy factors. The coe"cientkB is the Boltzmann constant,
h& = Eu ! El (with h, the PlanckÕs constant) and T is the temperature at equilibrium.
Taking all three processes described in Þg.2.11, the rate equation governing the population of
the upper level is:

dNu

dt
= Blu U#Nl3 45 6

absorption

! Bul U#Nu3 45 6
stimulated emission

! Aul Nu3 45 6
spontaneous emission

(2.66)
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2.3. Population inversion, gain and radiative transfer

In equation eq. (2.66), U# is the spectral energy density inJ.m! 3.Hz ! 1. It corresponds
to an energy per unit volume within a spectral interval d&. Namely, laser emission occurs at
a deÞned frequency within a linewidth (see Section section2.3.1). The total intensity I can
thus be deÞned integrating the spectral intensityI # (W.m2.Hz ! 1) over the emission spectral
lineshape:

I =
1

I #S(&)d& with I # = c %U# and
1

S(&)d&= 1 (2.67)

with c, the speed of light andS(&), the normalized spectral proÞle of the emission linewidth.
The term Blu U#Nl corresponds to the absorption of an incident photon of energyh& by an atom
lying in the lower level. Bul U#Nu denotes the stimulation of the decay of an atom in the upper
level down to the lower level by an incident photon. Finally, Aul Nu denotes the spontaneous
emission rate, whereAul is the absorption Einstein coe"cient, whose expression is given by
[Louisell, 1973]:

Aul =
8( 2e2

3+0c3øh
gl

gu
&3 | dul |2 (2.68)

where dul 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]:

guBul = gl Blu = B (2.69)

Considering a system in stationary equilibrium, we can write

Blu U#Nl = Bul U#Nu + Aul Nu (2.70)

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

A
BU#

= exp
(

h&
kB T

)
! 1 (2.71)

This relation in a simpliÞed case illustrates thechallenge associated with achieving laser
action down to the soft X-ray range . In equation eq. (2.71), spontaneous emission indeed
outpaces stimulated emission when& 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 satisÞed 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 deÞned by:

Nu

gu
>

Nl

gl
(2.72)

If we consider a uniform gain medium with a cylindrical shape, a radiative transfer equation
in terms of spectral intensity (W.cm! 2.Hz ! 1) can be derived from the rate equation eq. (2.66) :

dI #

dz
+

1
c

dI #

dt
= Bul (&)gu

(
Nu

gu
!

Nl

gl

)
h&

I #S(&)
c

+ NuAul (&)S(&)h&
$
4(

(2.73)
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Chapter 2. Physical processes in seeded collisional OFI plasma-based soft X-ray lasers

The Þrst term of the right-hand side of equation eq. (2.73) corresponds to the stimulated
emission and absorption. This term contributes to coherent ampliÞcation of light. The second
term represents the fraction of spontaneous emission irradiated within a solid angle $, which
corresponds to emission within a cylindrical medium. DeÞned in Þg.2.12, this solid angle can
be written:

$ =
(d 2

4(L ! z)2 (2.74)

d!

L!

z! z+dz!

" !

Figure 2.12: Schematic of a cylindrical gain medium.

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

# N =
Nu

gu
!

Nl

gl
(2.75)

A gain coe"cient g(&) and emissivity j (&) can then be deÞned:
-
/

0

g(&) = Nu- stim (&) ! Nl - stim (&) = - stim (&)# N

j (&) = Nuh&Aul (&)S(&) "
4"

(2.76)

where - stim (&) and - abs(&) are the cross sections, respectively for stimulated emission and
absorption. The stimulated emission cross section is deÞned by:

- stim (&) =
h&
c

Bul guS(&) (2.77)

Therefore, equation eq. (2.73) simpliÞes to:

dI #

dz
(z) +

1
c

dI #

dt
(z) = g(&)I #(z) + j (&) (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:

I #(z) =
j
g

(egz ! 1) + I #0egz (2.79)

where I #0 = I #(z = 0) is given by the initial conditions. In the ampliÞcation of spontaneous
emission (ASE) regime, where the plasma ampliÞes its own noise, only the termjg (egz ! 1) holds
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2.3. Population inversion, gain and radiative transfer

in the right-hand side of the expression eq. (2.79). In case of injection seeding of the ampliÞer,
an additional term I #0 adds up and gets ampliÞed 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 Ólow-signal gainÓ is deÞned. Considering an inhomogeneous Doppler
broadening of the line shape (whereS(&0) = 1 / # &F W HM with # &F W HM , the full width at
half-maximum (FWHM)), its value deÞned at the centre of the emission line width is:

g0 =
h&

c# &F W HM
Bul gu# N (2.80)

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

I (L ) =
1
2

"
(

ln2
# &Gauss

j 0

g0

7
eg0L ! 1

83/ 2

2
g0Leg0L

(2.81)

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

I (L ) =
(

(
2

# &Lorentz
j 0

g0

7
eg0L ! 1

83/ 2

2
g0Leg0L

(2.82)

A generalized formula taking into account a position-dependent gain coe"cient and the
di!erent values of spontaneous and stimulated linewidths for either Gaussian or Lorentzian line
shapes has also been derived [Tommasini and Fill , 2000] and Þts 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 ampliÞcation of signal ceases increasing exponentially and reaches the
ÓsaturationÓ regime, from which intensity linearly increases. This behavior is illustrated in
Þg. 2.13.
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Figure 2.13: Saturation behavior of the ampliÞed 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 ampliÞcation, 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:

# N =
# N0

1 + I
I sat

(2.83)

where #N0 is the initial population inversion, right after pumping, I =
9#

!# I #S(&)d& and
I sat , the saturation intensity that can be expressed as:

I sat =
h&0

- stim (&)' u
(2.84)

where ' u is the recovery time of the population inversion. It only depends on the depletion
rate of the transition upper level.
As a consequence, the proÞle of the gain will follow the formula:

g =
g0

1 + I
I sat

(2.85)

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

L sat =
1
g0

ln
(

4( # N
$ Bul Nu' u

)
(2.86)

Spectral linewidth

As previously reported, both emissivity and gain coe"cients depend on the spectral lineshape
of emission. The lineshapeS(&) is such that:

1 #

!#
S(&)d&= 1 (2.87)

The spectral proÞle 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 deÞnes the minimal linewidth. It is linked to the non-
inÞnite lifetime of the radiative upper level.

2. The Doppler e!ect . 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 Þelds 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 e!ects are inhomogeneous mechanisms. Some alterations of the proÞle may be due
to ion turbulence and additional ion-ion interactions [Griem, 1986].
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2.3. Population inversion, gain and radiative transfer

Their impact on the laser lineshape is discussed in AppendixB. At low atomic densities
corresponding to a krypton pressure of 30 mbar, the total broadening can be assessed to be #&
= 2 .4 %1011 Hz (using OFIKinRad code). Spectral gain narrowing leads to a reduction of this
value to about 7.5 %1010 Hz (# ! = 2 .7 ± 0.3 10! 13 m) [Tissandier et al., 2010a] considering a
5 mm-long Kr 8+ plasma ampliÞer. This e!ect 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 ampliÞcation 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:

dI #(z)
dz

=
j 0

SV (&0)

+
1 +

g0I #(z)
j 0

, 1 #

0

SD (u)SL (&, u)
1 + 1

I sat

9
I (v, z)SL (v, u)dv

du (2.88)

where j 0 and g0 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 Þrst propagation lengths, because of strong
ampliÞcation. However, contrary to experimental observations, no traces of line re-broadening
due to saturation e!ects 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 section2.5.
A recent work [Calisti et al. , 2013] presented a detailed analysis of the various broadening
processes a!ecting the intrinsic proÞle 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 ampliÞers
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 coe"cient is directly proportional to the population inversion
following the collisional excitation of Kr 8+ ions. The Þg.2.14 illustrates the temporal evolution
of the gain in case of krypton gas cell with a pressure of 30 mbar (nKr = 7 .4 %1017cm! 3) and
a pump intensity I = 5 %1017W/cm 2. The gain proÞle features an asymmetric behavior with
a sharp increase during the Þrst moments up to a maximum value and a rather long end tail.
Because of electron-ion collisions, the 4d-4p transition ofKr 8+ is excited and the populations
soars right after OFI. The gain reaches a maximum value of about 170cm! 1 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 Kr 8+ lasing ion species, as reported in Þg.2.7. The gain
duration is therefore limited by the lasing ions lifetime. The Kr 8+ 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 e!ective 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 a!ecting the gain dynamics too much. Over-ionization of the
Kr 8+ 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 3d94dJ =0 #$ 3d94pJ =1 laser transition. (b)
Temporal evolution of the gain (magenta) and emissivity (green) in case of a krypton gas cell of 30 mbar.

The Þg.2.14shows 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 ampliÞer 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 # &/& & 10! 5 ), 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 ampliÞcation 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 ampliÞed
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 section1.2.1), 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 e"ciently [ Rohringer et al., 2012; Kapteyn,
1992] (see section1.2.1).

An alternative approach is based on theCollisional 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 ampliÞer 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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