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Abstract

Within this thesis a new double laser pulse pumping scheme for plasma-based,
transient collisionally excited soft x-ray lasers (SXRL) was developed, characterized
and utilized for applications. SXRL operations from ~ 50 up to ~ 200 electron
volt were demonstrated applying this concept. As a central technical tool, a special
Mach-Zehnder interferometer in the chirped pulse amplification (CPA) laser front-
end was developed for the generation of fully controllable double-pulses to optimally
pump SXRLs.

This Mach-Zehnder device is fully controllable and enables the creation of two
CPA pulses of different pulse duration and variable energy balance with an ad-
justable time delay. Besides the SXRL pumping, the double-pulse configuration was
applied to determine the B-integral in the CPA laser system by amplifying short
pulse replica in the system, followed by an analysis in the time domain. The mea-
surement of B-integral values in the 0.1 to 1.5 radian range, only limited by the
reachable laser parameters, proved to be a promising tool to characterize nonlinear

effects in the CPA laser systems.

Contributing to the issue of SXRL pumping, the double-pulse was configured to
optimally produce the gain medium of the SXRL amplification. The focusing ge-
ometry of the two collinear pulses under the same grazing incidence angle on the
target, significantly improved the generation of the active plasma medium. On one
hand the effect was induced by the intrinsically guaranteed exact overlap of the
two pulses on the target, and on the other hand by the grazing incidence pre-pulse
plasma generation, which allows for a SXRL operation at higher electron densities,
enabling higher gain in longer wavelength SXRLs and higher efficiency at shorter
wavelength SXRLs. The observation of gain enhancement was confirmed by plasma

hydrodynamic simulations.

The first introduction of double short-pulse single-beam grazing incidence pump-
ing for SXRL pumping below 20 nanometer at the laser facility PHELIX in Darm-
stadt (Germany), resulted in a reliable operation of a nickel-like palladium SXRL
at 14.7 nanometer with a pump energy threshold strongly reduced to less than 500

millijoule. With the adaptation of the concept, namely double-pulse single-beam



grazing incidence pumping (DGRIP) and the transfer of this technology to the laser
facility LASERIX in Palaiseau (France), improved efficiency and stability of table-
top high-repetition soft x-ray lasers in the wavelength region below 20 nanometer
was demonstrated. With a total pump laser energy below 1 joule the target, 2
mircojoule of nickel-like molybdenum soft x-ray laser emission at 18.9 nanometer
was obtained at 10 hertz repetition rate, proving the attractiveness for high average
power operation. An easy and rapid alignment procedure fulfilled the requirements
for a sophisticated installation, and the highly stable output satisfied the need for
a reliable strong SXRL source. The qualities of the DGRIP scheme were confirmed
in an irradiation operation on user samples with over 50.000 shots corresponding to

a deposited energy of ~ 50 millijoule.

The generation of double-pulses with high energies up to ~ 120 joule enabled the
transfer to shorter wavelength SXRL operation at the laser facility PHELIX. The
application of DGRIP proved to be a simple and efficient method for the generation
of soft x-ray lasers below 10 nanometer. Nickel-like samarium soft x-ray lasing
at 7.3 nanometer was achieved at a low total pump energy threshold of 36 joule,
which confirmed the suitability of the applied pumping scheme. A reliable and
stable SXRL operation was demonstrated, due to the single-beam pumping geometry
despite the large optical apertures. The soft x-ray lasing of nickel-like samarium
was an important milestone for the feasibility of applying the pumping scheme also
for higher pumping pulse energies, which are necessary to obtain soft x-ray laser
wavelengths in the water window. The reduction of the total pump energy below
40 joule for 7.3 nanometer short wavelength lasing now fulfilled the requirement for

the installation at the high-repetition rate operation laser facility LASERIX.



Résumé

Cette these présente le développement, la caractérisation et I'utilisation d’un la-
ser a rayons X a plasma pompé en régime transitoire collisionnel dans un nouveau
schéma en double impulsion. Dans ces conditions, des photons de ~ 50 & ~ 200 élec-
tronvolt ont été produits grace a 'implantation d’un interférométre de type Mach
Zehnder dans la chaine laser infrarouge de type CPA ("chirped pulse amplification")
qui sert a générer le laser X. Ce montage permet de controler totalement et donc de
faire varier la durée, la balance d’énergie et le délai des deux impulsions nécessaires
d’une part a la création d’un plasma d’ions multichargés et d’autre part au chauf-
fage des électrons qui viennent pomper par collision 'inversion de population. Nous
avons donc pu expérimentalement optimiser ces deux paramétres pour la génération
d’un laser X. Ce montage de doubles impulsions réglables a également permis de
mesurer I'intégrale B d’un systéme laser CPA entre 0,1 et 1,5 radians, ce qui est une
technique prometteuse pour caractériser 'amplitude des effets non linéaires sur les

chaines de puissance.

L’intérét de la configuration en double impulsion permise par I'implantation du
Mach Zehnder est tout d’abord un montage expérimental trés simplifié car il se
réduit & un seul systéme de focalisation au lieu de deux initialement dans la configu-
ration GRIP (grazing incidence pumping) classique. Les fluctuations de 'efficacité
du laser X dues a une instabilité du pointé du faisceau sont considérablement dimi-
nuées et la superposition des deux lignes focales laser est intrinséquement parfaite.
De plus, les données expérimentales et des simulations hydrodynamiques du plasma
indiquent un fonctionnement du laser X a des densités électroniques plus élevées, ce
qui augmente le gain obtenu a longueur d’onde fixe et permet également d’atteindre

potentiellement des longueurs d’onde plus courtes.

Un fonctionnement du laser X a 14,7 nanomeétre dans le schéma DGRIP (double-
pulse single-beam grazing incidence pumping) a été démontré sur I'installation laser
PHELIX a Darmstadt en Allemagne avec un seuil d’énergie de pompe fortement
réduit & moins de 500 millijoule. Le méme schéma a été implanté sur la chaine LA-
SERIX de I"Université Paris Sud et a permis la démonstration d'un fonctionnement
extrémement stable du laser X & 18,9 nanométre dans le Molybdéne a un taux de

répétition de 10 hertz avec une énergie de pompe de moins d’un joule et avec une



énergie de sortie de 'ordre de 2 microjoules. Ce type de fonctionnement est idéal
pour l'utilisation d’une telle source pour des applications, comme ’a prouvé une
expérience d’irradiation d’échantillons d’utilisateur sur plus de 50000 tirs pendant

quelques heures avec une énergie totale déposée de 'ordre de 50 millijoules.

Ce méme type de pompage de laser X a été transposé sur 'installation PHELIX
avec un angle d’irradiation plus proche de la normale et 'introduction d’une onde
progressive pour générer des longueurs d’onde laser X plus courtes qui se rapprochent
de la fenétre de I'eau entre 2 et 4 nanométre. Un fonctionnement fiable et stable a
été obtenu pour le samarium nickelloide & 7,3 nanométre avec une énergie de pompe
divisée par deux par rapport a des travaux plus anciens. Cela permet d’envisager la
démonstration de lasers X courtes longueurs d’onde a taux de répétition élevé sur
la station LASERIX.



Zusammenfassung

In dieser Arbeit wurde ein neues Laser Doppelpuls Pumpschema fiir plasmaba-
sierte, transient Elektronenstof-angeregte weiche Rontgenlaser entwickelt, charak-
terisiert und fiir Anwendungen eingesetzt. Mit diesem Konzept wurde ein effizienter
Rontgenlaserbetrieb im Bereich von ~ 50 bis ~ 200 Elektronenvolt demonstriert.
Mit der Implementierung eines speziell entwickelten Mach-Zehnder Interferometers
im Front-End des "chirped pulse amplification" (CPA) (Verstirkung Wellenléngen-
kodiert gestreckter Pulse) Lasers, konnte ein voll konfigurierbarer Doppelpuls er-

zeugt werden, der zum optimalen Pumpen eines Rontgenlasers eingesetzt wurde.

Die Mach-Zehnder Einheit ermoglichte die Erzeugung von zwei Pulsen verschie-
dener Pulsdauer und variablem Energieverhéltnis bei einer justierbaren Zeitverzoge-
rung. Die Doppelpuls-Konfiguration wurde neben dem Pumpen von Réntgenlasern
auch zur Messung des B-Integrals in zwei verschiedenen CPA Lasersystemen durch
Verstarkung von kurzen Pulsreplika, gefolgt von einer zeitlichen Analyse, benutzt.
Die Messung von B-Integralwerten von 0,1 bis 1,5 Radians, begrenzt nur durch die
zur Verfiigung stehenden Laserparameter, zeigt das Potenzial zur Charakterisierung

von nicht-linearen Effekten in CPA Lasersystemen.

Zum Pumpen der Rontgenlaser wurde der Doppelpuls derart konfiguriert, dass
eine optimale Erzeugung des Lasermediums fiir die Rontgenverstirkung erreicht
wurde. Die Fokussierungsgeometrie der zwei ko-linearen Laserpulse unter demsel-
ben streifend auf das Target auftreffenden Einfallswinkel verbesserte signifikant die
Erzeugung des aktiven Plasmamediums. Auf der einen Seite wurde der Effekt durch
den instrinsisch garantierten exakten Uberlapp der zwei Pulse auf dem Target be-
wirkt, auf der anderen Seite wurde, durch die Erzeugung des Vorplasmas unter
streifendem Einfallswinkel, der aktive Bereich des Rontgenlasers zu héherer Elek-
tronendichte verschoben, was eine hohere Verstirkung in linger-welligen Rontgen-
lasern und eine hohere Effizienz in kiirzer-welligen Rontgenlasern zur Folge hatte.
Die Erhohung der Verstiarkung konnte durch Plasma-Hydrodynamik-Simulationen

bestatigt werden.



Die erste Anwendung des Doppel-Kurzpuls-Einzelstrahl-Pumpens unter streifen-
dem Einfallswinkel fiir Rontgenlaser unterhalb von 20 Nanometern in der Laseranla-
ge PHELIX in Darmstadt (Deutschland) resultierte in einem verlédsslichen Betrieb ei-
nes Nickel-dhnlichem Palladium-Rontgenlasers bei 14.7 Nanometern mit einer stark
reduzierten Pumpschwellenenergie von weniger als 500 Millijoule. Mit der Anpassung
des Konzepts zum Doppelpuls-Einzelstrahl-Pumpen unter streifendem Einfall (Ab-
kiirzung: DGRIP) und dem Transfer dieser Technologie zur Laseranlage LASERIX
in Palaiseau (Frankreich), konnte die Effizienz und Stabilitéit des hoch-repetierenden
"table-top" Rontgenlasers im Wellenlangenbereich unter 20 Nanometern gesteigert
werden. 2 Microjoule Rontgenlaserenergie basierend auf Nickel-dhnlichem Molyb-
dén bei 18.9 Nanometern wurde mit einer Gesamtpumpenergie von weniger als 1
Joule auf dem Target bei 10 Hertz Repetitionsrate erzeugt, was die Attraktivitit
fiir einen Betrieb bei hoher mittlerer Leistung zeigte. Die einfache und schnelle Jus-
tageprozedur erfiillt die Voraussetzungen fiir eine technisch ausgereifte Installation,
und die hoch-stabile Ausgangsenergie den Wunsch nach einer verlésslichen, starken
Rontgenlaserquelle. Die Qualititen des DGRIP-Schemas wurden schliefslich durch
den Bestrahlungsbetrieb von Nutzerproben mit {iber 50.000 Schiissen bestétigt, was

einer akkumulierten Dosis von ~ 50 Millijoule entsprach.

Die Erzeugung von Doppelpulsen mit hohen Energien von bis zu 120 Joule er-
moglichte den Rontgenlaserbetrieb bei noch kiirzeren Wellenléngen in der Laseran-
lage PHELIX. Diese Anwendung des DGRIP Schemas bewéhrte sich als einfache
und effiziente Methode zur Erzeugung von Rontgenlasern unterhalb von 10 Nano-
metern. Beim Nickel-dhnlichen Samarium-Rontgenlaser bei 7.3 Nanometern konnte
eine Pumpschwellenenergie von nur 36 Joule erreicht werden, was die Tauglichkeit
des angewandten Pumpschemas zeigte. Durch die Einzelstrahl-Pumpgeometrie wur-
de ein verlésslicher und stabiler Rontgenlaserbetrieb trotz grofser Optik-Aperturen
erreicht. Das Beispiel des Nickel-dhnlichen Samarium-Rontgenlasers war ein wich-
tiger Meilenstein fiir die Eignung dieses Pumpschemas auch bei hohen Pumplase-
renergien, die notwendig sind, um Rontgenlaserwellenlingen im Wasserfenster zu
erreichen. Die Reduzierung der Gesamtpumpenergie unter 40 Joule fiir den 7.3 Na-
nometer kurzen Rontgenlaser erfiillt nun die Voraussetzungen fiir eine Installation

im hoch-repetierenden Betrieb der Laseranlage LASERIX.
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Chapter 1

Introduction and Principle of
Transient Collisionally Excited
Plasma Soft X-Ray Lasers

1.1 Introduction

The demonstration of the first LASER (Light Amplification by Stimulated Emis-
sion of Radiation) 50 years ago, operating at 694.3nm in ruby was a huge break-
through (Mai60). Immediately, many new laser schemes followed and a dramatic
development was launched. Since the invention of the laser, the expansion of the
spectral range especially to the shorter wavelength was difficult. The shortest wave-
length of commercially available laser systems today is still at 157nm. Further
wavelength reduction is achieved mainly by huge, accelerator-based free-electron
lasers, reaching down to 0.1 nm. However, in the last few years remarkable progress
was made towards new concepts for laboratory-scale, so called table-top extreme
ultraviolet or soft x-ray lasers with promising high average brilliances. Applications
of such compact short-wavelength lasers are coming up rapidly for micro- and nano-
technologies of the present century. In this thesis the newest developments of this
kind of short wavelength laser scheme are presented.

One of the most exciting research areas in this field are sources of coherent short-
wavelength radiation with wavelengths between 2 and 60 nanometers. As this spec-
tral region touches the soft x-ray range, these sources have been termed as Soft

X-Ray Lasers (SXRL), even if the research is dominantly performed in the EXtreme

1



UltraViolet (XUV or EUV). With the first soft x-ray laser demonstration 25 years
ago, pumped by a large-scale infra-red laser (MHR85), numerous successful soft x-
ray lasers were developed with remarkable results. Bright coherent short wavelength
sources which are available now can be separated in three categories of fundamen-
tal processes for the generation of coherent soft x-rays: free electron lasers (FEL),
high-order harmonics (HOH), and plasma-based soft x-ray lasers (Plasma SXRL).
Rapid progress was enabled by developments in electron beam technology as well as

progress in high-power lasers.

1.1.1 Free electron lasers

Electron source
and accelerator

Magnet structure

Electron dump

SXRL

Figure 1.1: Schematic description of a free electron laser which induces the gener-
ation of soft x-rays by the propagation of an electron beam through an undulator
(MAHM™*07).

Free electron lasers (FEL) are based on beams of electrons, accelerated to almost
speed of light, and guided through an undulator. This arrangement of periodic,
transverse magnetic fields, generated by alternating magnetic poles, leads to the
acceleration of the electrons in a sinusoidal path resulting in the generation of co-
herent soft x-ray radiation. Due to their huge size only two facilities operating in the
x-ray regime on the SASE FEL principle are present today, the Free electron LASer
in Hamburg (FLASH) and the Linac Coherent Light Source (LCLS) at the SLAC
National Accelerator Laboratory. Typical soft x-ray pulses of FLASH with a tun-



able wavelength of 7-50 nm reach energies of 10-100 xJ in 10-100fs (AAAT07), while
the x-ray pulses of LCLS reach down to 0.1 nm with similar pulse characteristics
(Emm09).

1.1.2 High-order harmonics
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Figure 1.2: Schematic description of high-order harmonic generation in a semi-
classical three-step model (Eck09).

High-order harmonic (HOH) sources are generated by nonlinear effects occurring
in the interaction of linearly polarized short laser pulses with gases or solids. Odd
multiples of the laser frequency, called harmonics, are obtained in this way. High-
order harmonics provide a tunable table-top soft x-ray source with a high beam
quality and a spatial coherence making HOHs ideal seed laser sources, which can be
injected into high-gain plasma-based soft x-ray laser amplifiers. High-order harmoics
were achieved with wavelengths down to 1nm (SSV*05), and pulse durations of ~
100 as (SMET06), but in both cases with very limited photon numbers. The highest
high-order harmonic pulse energy below 25nm was achieved by (KLPT08) with
~ 0.6 uJ.



1.1.3 Plasma soft x-ray lasers

SXRL

e
....

Double-pulse
pump laser

Figure 1.3: Schematic description of a plasma soft x-ray laser which is pumped by

laser double-pulses.

The plasma-based soft x-ray lasers were one of the first ideas proposed to gener-
ate coherent soft x-ray radiation via population inversion in a plasma gain medium.
Many population inversion mechanisms have been considered to produce the lasing
effect in the soft x-ray range. Among these, the two which were investigated most
profoundly, were the recombination scheme (SSM*85) and the collisional excitation
scheme (MHR*85), both involving highly charged ions in a dense plasma filament.
But only the last one succeeded to produce large gain coefficients in laser-produced
plasmas, leading to saturated SXRL emission (ZML197). Its investigations were
based on line-shaped focalization of infra-red lasers on solid targets. Indeed, to
obtain strongly amplified soft x-ray emission, it is necessary to achieve plasma con-
ditions producing at the same time a large fraction of the lasing ions and a large pop-
ulation of high-energy electrons, leading to a strong monopole collisional-excitation
rate from the ground state. Several scenarios using either pump laser pulses of dura-
tion between 1ns and 30fs or even electric discharges in plasmas may be employed
to produce SXRL emission. Thus, different SXRLs can be realized with different
properties in terms of photon number or output energy, duration, and optical quality
(spatial and temporal coherence). Basically, the use of discharge plasmas resulted in
fast capillary discharge SXRLs (BMBR97), while the use of long laser pulses lead to
so-called Quasi-Steady State (QSS) SXRLs (MHR™85), and ultra-short, circularly
polarized pulses were able to drive SXRLs in plasmas produced by optical field ion-

ization (OFI) (SHBT01). Between these two extreme situations, picosecond pulses



gave rise to the class of soft x-ray lasers, based on the Transient Collision Excitation
(TCE) scheme (NSK*97).

Capillary discharge SXRL

The excitation of plasma with an electric discharge is a compact and efficient
method to create quasi-steady state soft x-ray lasers. A cylindrical plasma is created
in this case by an electrical discharge, which reaches the required temperature and
density by compression on the cylindrical axis, followed by a stagnation process. In
this way a high pumping efficiency in a high density plasma is obtained together
with a high axial uniformity. The capillary discharge lasers with a length of several
tens of centimeters are e.g. argon filled at ~ 1 bar and driven by currents up to ~
100kA. Saturated output in Ne-like Ar at 46.9nm with a pulse duration of 0.8 ns
and repetition rate of 4 Hz has been demonstrated. The set-up of (MBR99) delivers
highly spatially coherent pulses with an average power of ~ 3.5mW, one of the
highest average output powers available in the soft x-ray regime. However, this
scheme has so far not been extended to wavelengths shorter than 46.9nm, which

limits its application.

Optical-field ionization SXRL

The optical-field ionization (OFI) occurs when a high-intensity, ultra-short laser
pulse irradiates a gas target and ionizes atoms in the tunnel regime. The oscillatory
electric field of the laser pulse has to be comparable or higher than the electron
attractive Coulomb forces of the nucleus, to reduce the potential barrier and enable
the ionization process by tunneling or Barrier Suppression. Generally, optical-field
ionization soft x-ray lasers have the advantage of strongly reduced pump laser energy
requirements, because the mechanism is favored by the high laser pulse intensity.
The low pump energy requirements allow for very high repetition rate operation.
In the recombination OFI scheme reasonable lasing was obtained at 13.5nm on the
Lyman-« transition of Li** by (NMK193),(KBSR97), while in the collisional OFI
scheme Ni-like Kr at 32.8nm was demonstrated with a high gain of 78 cm™! by
(SMR*02). Currently OFT SXRLs are limited in pulse energy to ~ 100nJ, which

complicates their application.



Quasi-steady state SXRL

The Quasi-steady state (QSS) soft x-ray lasers are produced by irradiation of slab
targets with energetic (100 to several 1000J) and long (0.3-1ns) laser pulses. The
first soft x-ray laser was demonstrated in this way by (MHR'85). Later the idea
came up to separate the production of the high abundance of Ne- or Ni-like ions,
and the creation of the population inversion within the ion abundance, by applying
several pumping pulses (MEP193) and (NM95). Up to three low energetic pre-pulses
with the same pulse duration were preceding the main pulse to pre-heat the target.
This created small density gradients, the required ionization state and optimum
conditions for the main heating pulse to generate lasing in a more efficient way. The
application of this method resulted in the first saturated soft x-ray laser at 7.3 nm
(ZML*97) and in the shortest saturated SXRL at 5.8 nm (STZ%99). The highest
output energy of ~ 4mJ was achieved at 21.2nm by (RMP102), while the shortest
wavelengths were reaching down to 3.6nm (MMDS'90). With the high efficiency
of ~ 107° QSS SXRLs are very suitable for applications, but the repetition rate
is limited to about one shot per 30 min restricting the applications to single shot

operation.

Transient collisional excitation SXRL

Even though the pump laser energies in the QSS scheme have been reduced to

a level around 100 J, this is still too much for the table-top operation in smaller
laboratories. With the transient excitation the first low pump energy soft x-ray
laser was obtained by (NSK*97) with only 15 J. In the transient collisional excitation
(TCE) scheme, two laser pulses with different pulse parameters are applied. The
first typically nanosecond long pulse, called pre-pulse, produces the plasma with
an abundance of the required ionization stage (Ne- or Ni-like), similar to the QSS
scheme. After an optimized delay necessary for the plasma expansion, a second
pulse, called main pulse, with a short picosecond duration generates a transient
population inversion by electron collisional excitation. The rapid heating process
does not influence the ionization balance, because of the negligible kinetic relaxation
and hydrodynamic expansion. With this technique high gain is produced in a very
1

short time scale of several picoseconds. Due to the high gain of up to 100cm™,

saturated output could be obtained with plasma lengths below 10 mm and less than



10J total pump energy, allowing for the operation of table-top soft x-ray lasers.
The first table-top saturated TCE SXRL was reported in Ni-like Pd at 14.7 nm by
(DOS'98). The shortest wavelength realized in the TCE regime was achieved in
Ni-Sm at 7.3nm pumped with a still rather high pump laser energy of ~ 70J by
(KPM*01).

Grazing incidence pumping SXRL

A huge step for the reduction of the total pump energy requirement for TCE
SXRLs was the introduction of the GRazing Incidence Pumping (GRIP). It enabled
lasing in Ni-like Mo with energies as low as 150mJ (KDP105), and with energies
about 1J the operation in the saturated regime (LWL"05). With such small total
pump energies, laser systems could provide soft x-ray lasing at repetition rates of
10Hz (KDP*05) and energies up to 2 uJ (CKR07). Saturated soft x-ray lasing in
several Ni-like ions were achieved with Mo at 18.9nm, Pd at 14.7nm, Ag at 13.9nm
Cd at 13.2nm and down to Te at 10.9nm with small pump energies below 5J
(AMWT10). With average powers up to ~ 20 uW at 18.9 nm (10 Hz) (CKR07) and
13.9nm (2.5Hz) (MAL"10) the attractiveness for applications of table-top GRIP

SXRLs was considerably increased.

1.1.4 Specificity of plasma soft x-ray lasers

Comparing different soft x-ray lasers sources requires a good knowledge of their
radiative properties like pulse energy, duration, bandwidth, source size, beam diver-
gence as well as spatial and temporal coherences. The brilliance B is often used to
benchmark soft x-ray sources giving the number of photons per (smm?mrad?) in
0.01% bandwidth. High values of peak brilliance are required for many applications
and an overview of the peak brilliances of existing complementary soft x-ray sources
together with collisionally excited plasma SXRLs is shown in Fig. 1.4. Since the peak
brilliance of plasma-based SXRLs is currently not yet competitive with free electron
lasers, one has to consider as well the average peak brilliance. Here, the plasma-
based soft x-ray lasers can nearly reach the values of FELSs, since the necessary high
repetition-rate pump laser systems are available soon. Picosecond pump laser sys-
tems exceeding 100 Hz at the joule energy level will be realized by the diode-pumped

solid-state laser technology showing promising improvements (TJS*09).
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Figure 1.4: The peak brilliances of different soft x-ray sources, synchrotrons, free-
electron lasers, high-order harmonics and plasma soft x-ray lasers, are presented,
showing the potential of plasma SXRLs as laboratory-scale bright coherent sources
(MAHM™*07),(WGP*08).



The two main complementary soft x-ray sources namely free-electron lasers and
high-order harmonics give outstanding resolution in the time domain, but cannot
offer high spectral resolution with high peak brilliance in the intermediate regime
at wavelengths below 20nm. Here the plasma soft x-ray laser is filling this gap
with relative spectral bandwidth better than 10~* and peak brilliance of ~ 10%0
photons/(s mm? mrad?) in 0.01% bandwidth.

Owing to the high peak brightness, laser produced plasma soft x-ray lasers are ver-
satile diagnostics tools for interferometry, microscopy and reflectometry (ZAJ*98),
(RMMK99). Large plasmas of up to 3mm size with high electron densities of

ne > 4 x 10*' em™3

can be probed by SXRLs, while optical lasers cannot propa-
gate through these kinds of plasma, due to the lower critical density at the longer
wavelength. For the diagnostics of Warm Dense Matter, plasmas at approximately
solid state density and temperatures in the range between 1 eV and 100 eV, Thomson
scattering with a narrow bandwidth and short wavelength laser source can yield in-
formation on the plasma temperature and density (RDMT07). Short wavelength is
required to penetrate through high density plasma, whereas the narrow bandwidth

of the plasma SXRL is a prerequisite for the spectral analysis.

Imaging of biological samples requires SXRLs operating in the water window be-
tween 2.3 and 4.4nm. In this wavelength region the contrast between water- and
carbon-containing samples (DNA, proteins, etc.) is very high and in-situ microscopy
of wet samples is possible (DSTB%92). For maximization of the scattering in the soft
x-ray holography in carbon structures, reducing the necessary dose per cell, a wave-
length slightly longer than the carbon edge is interesting. In context of the upcom-
ing EUV lithography at a wavelength around 13.5nm, Ni-like Cd SXRLs at 13.2nm
represent an attractive diagnostic source for lithography facilities (BWB*09). High
repetition rate SXRL systems are also very promising for material science such as

photo-electron spectroscopy.

The precise knowledge of the wavelength and its narrow bandwidth of AN/X ~ 107°
together with reasonable photon numbers of 102 allows for spectroscopy even of
highly charged ions (KUB'07b). Another type of experiments like nonlinear optics
in the soft x-ray regime requires a sufficiently high SXRL intensity, which can be
delivered at the short wavelength by suited focusing optics (JCJT99).

To summarize, the table-top soft x-ray laser sources presented here, operating around

10nm at 10 Hz repetition rate with pulse energies of about 1 uJ, present a highly
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desirable tool for applications in spectral regions where wavelength matches the
geometrical dimensions of the micro- and nano-objects in the technologies of the

current century.

1.2 Principles of transient collisionally excited plasma

soft x-ray lasers

1.2.1 Pump energy absorption in the active medium

The active medium of a soft x-ray laser is a plasma consisting of highly charged
ions and free electrons with an electron density of ~ 102 —10%! ¢m =3 and an electron
temperature of ~ 100—1000 eV'. The transitions between the energy levels of the ions
are responsible for the operation at such short wavelengths. The plasma is created by
laser interaction with solids with intensities varying between ~ 10 — 107 W /cm?.
The pump laser energy is converted with a certain efficiency into thermal energy,
ionization energy and kinetic energy of the plasma expansion. The ablated material
is vaporized and dominantly heated by the "Inverse Bremsstrahlung" mechanism

and ionized by collisional impact or multi-photon ionization.

A laser pulse with wavelength A can only penetrate through the under-dense plasma

up to the critical electron density n.:
nelem™] = (egme/e*)w? = 1.1 x 10*' /X*[im] (1.1)

with the dielectric constant €, the electron mass m., the electric charge e and the

angular frequency wy,.

The laser energy is dominantly absorbed at the critical density, and the electrons
are mostly heated in this region called coronal zone. The density profile of the
plasma plume is decreasing with expansion, while the temperature profile is rising
to a maximum and falls by adiabatic expansion and thermal conduction, as shown
in Fig. 1.5. A shock wave is generated in the interaction process which propagates
towards the target. The zone of interest for the SXRL amplification is located in the

coronal zone characterized by sufficiently high electron density and temperature.
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Figure 1.5: On the left-hand side the electron density and temperature for a typical
laser-produced plasma are shown for the direction normal to the target. On the
right hand side a typical set-up is shown with the cylindric plasma column on a slab
target which is irradiated by the pump laser (NJS08).

1.2.2 Population inversion and gain

The plasma gain medium with its highly ionized atoms is not stable in time, but
specific compositions of ion species have lifetimes up to several nanoseconds. The
species required for the lasing transition has to have a certain abundance in the
plasma. In order to create a population inversion in the specific ions the ionizaton
balance has to be reasonably stable, which is given in ions with closed electronic
shells or sub-shells. Therefore the active medium uses dominantly one ionization
stage to produce lasing with a reasonably efficient collisional-radiative cascade after
a recombination process with a long-lived level at its end, which becomes the upper
laser level. Ton isotronic sequences fulfilling these requirements are He-like (n=2),
Ne-like (n=10), Ni-like (n=28) and Pd-like ions (n=46).

Population inversion is typically realized in a three-level scheme embedded in the
reservoir of energy levels of the e.g. Ni-like ions. The upper laser level is populated
by collisions with electrons from the ground-state level, while the direct transition
from the upper level into the ground state is forbidden (metastable), and the lower
laser level empties rapidly by radiative or collisional processes.

The gain, given as the small-signal gain coefficient g(v), describes the amplification

in the system without considering its origin. The product of the stimulated emission
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cross section o and the density of the population inversion AN = (N, — Nl‘;—’;”) of
the lasing transition with the population of the upper and lower laser level N, and
Ny, respectively, determines the gain factor to
g(v) =0 x AN ~ (Ay\?*/87Av) x (N, — ng—u). (1.2)
g
With the Einstein coefficient for spontaneous emission A,; o< A~2 and the neutral

line width Av A;ll follows
g(v) oc ANN? ox N, A2 (1.3)

Here, the gain increases with the plasma electron density n., but it is limited by
electron collisions that can thermalize the laser levels and destroy the population

inversion.

1.2.3 Kinetics of the active medium

The temporal changes in the populations of the ion levels in the active medium
are influenced by ionization, recombination, collisional excitation, de-excitation and
radiative decay and described by the rate equations for the population density N,z
of an energy level with the electronic state n of ions with the charge Z:

dNnZ
dt

The first and second term are the positive and negative contribution of electrons from

= ZZN’LZFZTL - NnZzanl + RnZJr - Ran- (14)

other levels of the same ion with the rates I';, and I',;;, respectively. To simplify the
equation only collisional ionization and recombination are accounted for, and the
radiative part is neglected. By choosing the ion species of interest (e.g. Ni-like) and
separating the rate equations including the creation of other ion species, one finds:

dN,
dt

with the population N,, and total transition probability S, = Si.(Z, ne, T¢).

The ion species concentration €z can be written as the ratio of the given ion species
density to the total ion density
ETINTLZ

= ne 1.6
z ETLEZNHZ’ ( )
and the dynamics of the ion creation as
dey I R I R
—= =lez-1C5 1 + 2107 — €2(C; + CF)]ne, (1.7)

dt
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with the ionization rate C% and recombination rate C¥. Together with the hydro-
dynamic equations for a given n. and T, distribution, the description of the ionic
system is a multi-parameter problem. To solve this, different approximations can
be applied which fit the characteristic times of the process (7,4 of the hydrody-
namic changes in the plasma, 77 of the ionization and 7, of the relaxation of excited
electronic levels). Here the non-stationary, transient approximation is better suited

than the steady-state and the quasi steady-state cases:

dEZ dNn
5 70 and

£0, (1.8)

with the assumption of constant n, and T,.

The transient approximation describes the situation in which the population and
the ionization stages do not have enough time to stabilize on the hydrodynamic
evolution time scale. At the time ¢t = 0 the electron temperature increases rapidly
and after this rise time, 7, and n. can be considered as constant, as 7, < 77 and
T., i.e. the rise time is comparable to the inter-atomic relaxation time. Typically

the highest gains are achieved in this regime with values of g ~ 10 — 100 cm 1.

1.2.4 Medium size, output geometry and refraction

The active medium with its high pump power densities and its small optical
thickness in the transverse direction of the plasma column, can typically only be
realized in small volumes. With a width d of 10-200 um and a length L of 1-20 mm,
this results in an aspect ratio of ~ 1 : 1000, which determines the maximal divergence
O of the output beam of the transversely pumped SXRL in the range of ~ 1-10 mrad.
The values strongly depend on the applied pump power and often limit the effective
gain length of the active medium. In general it is desirable to maximize the aspect
ratio by increasing the gain length, improve the transverse spatial coherence and to
operate in the saturated regime.

The sufficient propagation of the SXRL beam along the plasma line is required for a
high output level and a reasonable collimation at a preferably high plasma density
to increase the gain. Density inhomogeneities should be minimized, since the SXRL
is deflected by the refraction index gradients Vn of the plasma density gradients
Vne:

U — 1Vn,

n 2n,’

(1.9)
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Figure 1.6: The divergence of the SXRL beam © is determined by the size of the
medium with the aspect ratio d/I (NJS08).

with the refraction index in the plasma
n=,/1—— (1.10)

and the plasma electron density n. and the critical plasma density n..
Typical values of the refraction gradient in the region of high amplification for the
SXRL wavelength are in the order of V(n./n.) ~ 1072 — 10~*um~! normal to the
target surface. Since the high-gain zone in the plasma has only a narrow spatial
extent (several tens of microns), the SXRL beam suffering from refraction is easily
bent out of the gain zone, limiting the total accessible gain length. The refraction

length can be expressed as
Lt = Le(ne/noe)'? (1.11)

with maximum electron density nge < n. and the transversal extension of the gain

region [, with the refraction angle
®ref = (nc/nOB)l/Q- (112)

This results in an effective gain g.s¢ reduction for a plasma length I, > [,.; of

1
lref ‘

Geff =9 — (1.13)

Several techniques are applied to reduce or to compensate for the refraction in the
plasma, e.g. foil targets to smooth the density profile or curved targets to retain
the bent SXRL. However, the technique which is most commonly applied is using

pre-pulses of low laser intensity preceding the actual pump pulses.
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Figure 1.7: The refraction of the SXRL beam in a plasma is caused by the density
gradient normal to the propagation direction (NJS08).

1.2.5 Electron collisional excitation

The collisional excitation is the most applied pumping mechanism due to its

robustness. The excitation process can be expressed as
Z{t + electron — Z1F

with Z'* as an i-fold ionized atom with the atomic number Z in which the ground
state (0) is excited to the upper state (u). Energetic free electrons collide with the
ions in the plasma and transfer part of their energy to the ion by populating the
upper and lower lasing levels. Since the radiative decay for the lower laser level is
strong compared to the one from the uppper laser level, an inversion population
is achieved. The pumping rate for this collisional excitation is proportional to the
square of the electron density. Suitable conditions are fulfilled only in transitions of
Ne-like and Ni-like isoelectronic sequences.

The lasing transitions in the neon-like scheme are taking place in the (n=3)
15%2522p°3p — 15%2522p°3s transitions. The largest population inversion can be

produced for three transitions:
3p(1/2,1/2) j—0 — 3s(1/2,1/2) j-1,

3p(1/2,3/2) 521 — 3s(1/2,1/2) j-1,

3p(3/2, 3/2)];2 — 38(1/2, 1/2)];1,
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Figure 1.8: The energy level diagram of a nickel-like soft x-ray laser plasma (NJS08).

with the jj-coupling referring to the angular momenta of the core and of the excited
electrons and J the total angular momentum of the level (j.j).

A more common configuration is the Nickel-like scheme, in which the lasing transi-
tions are located on the (n=4) 3d°4d — 3d°4p transitions as shown in Fig. 1.8. The
4d-levels are metastable regarding the radiative decay to the 3d'° Ni-like ground
state, while the p-levels are rapidly depopulated. As a remark, the electron tem-
perature for populating the upper laser level is twice as high as the one needed
for producing the Ni-like ion abundance. The strongest gain is obtained in three
J =0 —1 transitions:

14(3/2,3/2)0 — 4p(3/2,1/2)s,

4d(3/2,3/2)o — 4p(5/2,1/2)1,
4d(3/2,3/2)0 — 4p(3/2,3/2)1.

The Ni-like scheme is also favorable for short wavelength operation as shown in
Fig. 1.9 compared to Ne-like schemes.
The requirements for efficient collisional pumping can be summarized as:
— reasonable abundance of lasing ions (e.g. Ni-like ions)
— sufficiently high electron density to obtain large collisional pumping rates
— suitable electron temperature to efficiently populate the upper lasing level,
which is in the best case slightly higher than the excitation energy of the upper

laser level
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Figure 1.9: The wavelength scaling for the Ni-like isoelectric sequence of the 4d-4p
transition (NJS08).

— suitable plasma conditions to provide a low opacity for depopulation radiation
of the lower laser level

— not too high plasma density, which would result in strong de-population by
electron collisions

— rather smooth density gradients allowing for low refraction of the SXRL beam

in the gain region

1.2.6 Output intensity and efficiency

Typically the SXRL operates as super-radiator in the regime of Amplification
of Spontaneous Emission (ASE) in a gain medium with the length [, due to the
short inversion lifetime, and since there are no efficient mirrors for the operating
wavelength. The spectrally integrated intensity of the laser signal grows exponen-

tially with [, until saturation, expressed by the Linford formula for narrow Doppler
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broadened line profiles (LPSS74), (TF00):

es(e%0! —1)3/2

go(gol e90t)1/2”

with gg and € as the gain coefficient at the line center and the emissivity per length,

I= (1.14)

respectively. The emissivity is the spectrally integrated emitted energy per volume
and time N,A,.

The conversion efficiency v = E,/E, of pump energy E, into SXRL output energy
E, is in the order of 107, resulting in SXRL energies of microjoules for pump laser

energies of joules.

1.2.7 Saturation

The saturated operation is the most efficient energy extraction from a laser
medium, but also gives constraints to the exponential increase of the output en-
ergy with the plasma length. The saturation intensity is defined as the intensity for
which the actual gain g(v) is reduced by a factor of two. The saturated intensity
is determined by equating the non-negligible stimulated emission rate to the pump

rate of the upper laser level:
s = 8thi*Av/c?, (1.15)

with Av as the FWHM of the line profile, v the laser frequency, h the Planck’s
constant and c the speed of light. The collisionally excited SXRL usually operates at
saturation intensities of 101°— 10 W/cm?, but one has to remark that this intensity
is not an upper limit, it is only the starting point of efficient energy extraction from
the gain medium. One can assume that the gain saturation is achieved when the
gain-length product gl > 15 (LPSS74).

1.2.8 Wavelength, spectral line width and pulse duration

Collisionally pumped SXRLs were demonstrated at wavelengths between 3.56 nm
(Ni-like Au) and 60.8 nm (Ne-like S), while shorter wavelengths are not yet real-
ized, due to the very high pump energy requirement. An overview of the shortest
wavelength soft x-ray lasers in the collisional excitation scheme is given in Table. 1.1.
The line width of the laser transition is dominated by Doppler broadening due to

the thermal motion of the ions with the kinetic energy kT;, which results in the
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Gaussian-shaped line profile half width of:
AXg/Ag = 7.7 x 107(KT,/22)V/2, (1.16)

with £T; in eV and Z the charge number. A factor of ~ 1/4/gl, reflecting the gain
narrowing effect, has to be taken into this consideration. Typical line widths are
~ 107* — 107°, with the smallest measured line width of Ni-like Pd of 2 x 107°
(SDH*03a).

The pulse length of an SXRL depends on the gain duration, which strongly depends
on the excitation scheme and pump parameters (AATET03). Picosecond pumping
of transient excited SXRLs typically results also in picosecond pulse durations, with
the shortest measured pulse duration to date in Ni-like Ag of 2ps (KGRT06).

1.2.9 Coherence

The coherence is determined by the propagation process of the SXRL beam in the
plasma amplifier, and one has to distinguish between spatial and temporal coherence.
The degree of coherence is important for applications involving interference effects
and sets limits to the brightness and focusability of the SXRL beam. In the ASE
regime, and because the aspect ratio is such that the Fresnel number is high, the
SXRL can be approximated as a source with low spatial coherence. The coherence
transverse to the SXRL beam axis is characterized by the extent D, of a region of
coherence at a distance Ly illuminated by a source with the diameter d, emitting at
the wavelength \,:

D, ~ L\ /ds. (1.17)

Typical values for spatial coherence can be estimated for a SXRL at 10 nm with a
source size of 100 um at a distance of 1 m to the range of 0.1 mm. This is sufficient
for small focal region applications like microscopy. An improvement of the coherence
can be achieved by a master oscillator power amplifier set-up, where e.g. a HHG
source is injected into the SXR amplifier.

The longitudinal or temporal coherence length is characterized by
Le = N2 /AN,, (1.18)

which for a laser wavelength of 10nm and A\, /X = 10~* gives 100 um (¢,=0.3 ps),
sufficient for imaging objects larger than 1 um. A further increase of the temporal

coherence can be achieved by a narrower line width of the laser.
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The table presents the most important realized collisionally excited

Table 1.1:

SXRLs below 10 nm together with the main pump laser parameters and the output

characteristics.
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1.2.10 Transient collisional excitation with traveling-wave pump-
ing
With the application of the transient collisional excitation by picosecond short
pumping pulses and the generation of a transient population inversion was achieved
and the traveling-wave pumping was introduced. Since the life time of the transient
gain in the amplifier medium lasts only several picoseconds, the propagation time
of the SXRL beam in the plasma is limited. Therefore, it is necessary to increase
the effective gain length by using traveling-wave pumping, illustrated in Fig. 1.10.
As can be seen there, the pulse front is tilted in such a way that the pump beam

travels along the target synchronously with the amplified SXRL beam, enabling the

extraction of a short SXRL pulse from the active medium.

Short-pulse front

- i
-
-
~<
-
-
-

Long—pulse\“\l l

Al 2 AR A Y

Moving X-ray pulse

-

X-ray output

Plasma

Moving short-pulse front

Target

Figure 1.10: The scheme of a transversally pumped SXRL with a traveling-wave
introduced by a pulse front tilt of a short pulse (NJS08).

1.2.11 Grazing incidence pumping (GRIP)

The principle of grazing incidence pumping benefits from an oblique irradiation
of a slab target by the short main pulse, while the first pulse is still irradiating the
target at normal incidence. In this way the main pump beam penetrates a larger
volume of the active medium and deposits more energy in the gain zone. In the case
of normal incidence, the pump beam is reflected at the critical density n. and guided

out of the plasma after a short interaction path. Under grazing incidence pumping,
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the rays are refracted by the density gradients in a large interaction path due to
their large incidence angle (Fig. 1.11). Additionally the control over the penetration
depth of rays is determined by the grazing incidence angle ®. The energy deposition

is thereby shifted from the critical density to the turning point electron density n,:

Ny = ne X (1 — cos(®)?), (1.19)

as shown in Fig. 1.12. With this effect the tuning of the energy deposition at an
optimum density region with high gain is possible. Since the turning point electron
density is lower than the critical one, an increase of the electron temperature, and
thereby gain, can be obtained with the same pump energy. The optimal incidence
angle depends strongly on the optimal electron density for the gain zone of the lasing
element and on the pump laser wavelength (n. oc A™2). As an example, an optimal
incidence angle for Ni-like Mo was determined to be 19 degrees for a Ti:Sa laser at
805 nm (KCR™08), while an optimum for Ni-like Pd was observed at 29 degrees for
a Nd:Glass laser at 1054 nm (ZZB708).

nanosecond Delay ~0.2-1.3ns
pulse
at 800 nm Short pulse at 800 nm
£,~200-300 m)J (afew ps,0.1-1J)
}\/ ~ 20 deg
X-rays — 1
h
e >~ Plasma
Active area

Critical surface

Figure 1.11: The scheme of grazing incidence pumping (GRIP), in which the short
pulse is reflected in the active area of the plasma, depositing its energy mostly at
the turning point denisty (NJS08).
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Figure 1.12: The turning point density n, is shown for Nd:glass pump lasers at

1054 nm and frequency doubled at 532 nm and for Ti:Sa lasers at 805 nm at different

grazing incidence angles ®.

1.2.12 Double-pulse single-beam grazing incidence pumping
(DGRIP)

In contrast to the usual scheme of GRIP SXRLs, where a nanosecond long pre-
pulse was assumed to provide the optimal plasma preparation and a picosecond
short main pulse performed the final heating and excitation process, two collinear
pulses of equal short picosecond duration were applied. The two pulses could be
readily produced in a set-up resembling a Mach-Zehnder interferometer in the front-
end of the CPA pump laser. The set-up will be described in detail in chapter 2.
The double-pulse was then focused with the same optics in a single beam under
grazing incidence onto the target. The first experiment in the double short-pulse
single-beam grazing incidence geometry was performed on Ni-like Pd (14.7nm) at
the laser facility PHELIX (BZEKO09b). Due to the collinear double-pulse a much
simpler and more reliable operation was possible, at comparable efficiencies to the
GRIP scheme (ZZB108).

The development of this pumping geometry resulted in an adapted pumping tech-
nique, where a pre-pulse duration of several hundred picoseconds was realized in
the same Mach-Zehnder set-up. The pumping scheme allowed for efficient op-
eration below 20nm in the grazing incidence geometry and with a large graz-

ing incidence angle for the generation of strong sub 10nm lasing. It was termed
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Double-pulse single-beam grazing incidence pumping (DGRIP) (ZZP110).

The DGRIP was applied for table-top high-repetition-rate longer-wavelength oper-
ation at the laser facility LASERIX (PPJCO07) and allowed for the first time the full
control of all the pump laser parameters, including the pre-pulse duration control
thanks to a modification of the Mach-Zehnder, optimally preparing the SXRL am-
plifier under grazing incidence. On one hand the single-beam geometry of collinear
double-pulse propagation guaranteed the ideal overlap of the pre- and main pulse
from shot to shot, resulting in an efficient, highly stable SXRL output. On the
other hand the grazing incidence of the long pre-pulse and the short main pulse
introduced an operation closer to the target in a denser plasma region and thereby
an enhancement of the gain in the amplifying zone, compared to the standard GRIP
scheme and the short-pulse DGRIP scheme. In this way SXRL energies up to 2 uJ
were obtained at 18.9nm with a total pump energy less than 1J for several hours
at 10 Hz repetition rate without re-alignment under once optimized double pumping
pulse parameters including energy ratio, time delay, pre- and main pulse duration
and line focus width. The experimental results of DGRIP will be described and a

performance comparison with previous schemes will be given in chapter 3.

To achieve shorter wavelengths in the transient collisional scheme, one has to work
with higher Z materials in the Ni-like ion-state, which requires higher pump laser
energies and a different pumping geometry. The concept of separating the ionization
and the excitation is still valid, but the matching of the pumping density in the
plasma has to be adapted for optimal gain generation. Issues to overcome were the
adverse scaling of the ionization with the temperature for high atomic number ions,
the strong thermal conduction at these temperatures and the fact that the optimal
electron density equalled or exceeded the critical density for the 1 ym wavelength of
solid state lasers. Therefore large grazing incidence angles were applied to bring the

pump pulse to the optimal density, with respect to the turning point density.

In this way the DGRIP was applied for shorter wavelength soft x-ray laser generation
at the laser facility PHELIX. The set-up included a single optic focusing geometry
for large beam diameters, allowing for high energy laser double-pulses with energies
up to 150J and a compressor tuning capability to apply the traveling-wave pump-
ing. A large grazing incidence angle of 73 degree was used to provide a deeper
penetration of the pump laser light, beneficial for short wavelength operation. The
first demonstration of a 7.36 nm Ni-like Sm SXRL pumped by only 36 J proved the
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scheme’s suitability for the operation at below 10nm (ZRG%10). The experimental
results obtained at short wavelengths will be described in the first part of chapter 4.
Due to the introduction of the new pumping scheme described here, the highly stable
and efficient table-top high-repetition rate DGRIP soft x-ray laser became highly
attractive to applications. The first application of the DGRIP SXRL at the laser
facility LASERIX was the long-time operation in an irradiation experiment of user
supplied samples. The capability to deliver reliably high photon doses at 18.9nm
with 10 Hz repetition rate was an achievement of the DGRIP scheme and enabled
the stable operation running automatically over exposure times of several hours
(ZZH*10). The details of the DGRIP SXRL operation for application experiments

will be presented in the second part of chapter 4.
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Chapter 2

Mach-Zehnder Double-Pulse
Development for Chirped Pulse

Amplification Lasers

The development of a Mach-Zehnder (MZ) unit for the generation of double-
pulses in a chirped pulse amplification (CPA) laser system is of central relevance
for the present thesis. As explained in the introductive chapter the capability of
creating two fully controllable pulses allows for the efficient pumping of soft x-
ray lasers in the DGRIP scheme. The developed Mach-Zehnder unit produces two
pulses with a variable energy balance, time delay and pulse duration in the front-
end of the CPA laser system. The chirped oscillator pulse is distributed into two
arms with an adjustable energy ratio via the combination of a wave plate and a
polarizing beam splitter. Optionally, in one of the arms a variable grating compressor
or grating stretcher is installed, adding an extra negative or positive chirp to the
pulse. This allows to adjust independently the final pre-pulse duration, while the
relative timing of the pulses is defined by an adjustable delay line in the other arm.
After polarization matching and recombination, the double-pulse is amplified in the
chain of the CPA laser system and compressed to its final temporal shape. In this
way, two versions of a Mach-Zehnder were installed at the laser facilities PHELIX
and LASERIX, each adapted to the specific requirements of each system. The
characteristics of the Mach-Zehnder units and the details on the set-ups are described
in this chapter, next to an introduction of the stated laser facilities. Moreover,

investigations on the temporal and spectral shape of overlapping chirped double-
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pulses are presented, together with a discussion about the influence of nonlinear
effects. As an application of this constellation, the B-integral in the CPA laser
system is measured by amplifying short pulse replica and analyzing their temporal

behavior.

2.1 Chirped pulse amplification (CPA)

The laser systems PHELIX and LASERIX, which are utilized to pump the SXRLs
in this thesis, are based on the technique of chirped pulse amplification (CPA)
(SM85), which is commonly used in the field of high intensity lasers. CPA avoids
nonlinear effects, such as self-focusing and self-phase-modulation leading to a degra-
dation of the temporal and spatial pulse profiles, during propagation. The self-phase
modulation is measured in terms of the B-integral giving the nonlinear phase ®,;

accumulated during the propagation of the pulse through a medium at any position
across the beam (PDS94):

O, = [ npI(l)dl, (2.1)

where A is the wavelength, ns the nonlinear refractive index and I the intensity
along the ray path [. To get a reasonable pulse profile at the output, the B-integral
should not exceed 1. For most of the glass materials the nonlinear refractive index
is ny ~ 3 x 1071 em?/IW. Considering a pulse with a duration of 1 ps and a fluence
of 0.5.J/cm? traveling through 1cm of glass, this results already in a B-integral of
1.5. Since a large fluence is desirable to achieve high pulse energies, long pulses are
necessary to avoid nonlinear effects during the amplification.

The principle of the CPA technique (Fig. 2.1) is to stretch the short pulse temporally
by a factor of ~ 10% before amplification to reduce the pulse peak power. This is
done by propagating the short laser pulse into highly-dispersive elements, to exploit
the broad bandwidth associated with short pulses. A short pulse with the duration

7, has a spectral width Av which follows from the Heisenberg uncertainty principle:

7,Av < K, (2.2)

where K is a constant given by the pulse shape: for a Gaussian pulse is K = 0.44,
for a sech? pulse is K = 0.315. When 7, is short enough, Av becomes large enough

to be sensitive to dispersion, resulting in group delay dispersion (GDD). Once the
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Figure 2.1: Principle of the Chirped Pulse Amplification (CPA) (Per95).
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pulse is stretched (typically by introducing positive dispersion), it can be amplified
to high energies and then it is compressed by applying opposite sign dispersion
(typically negative). Pulse compression is not always fully successful, because it is
limited by spectral gain narrowing on one side and GDD mismatch on the other
side. For stretching and compression, pairs of dispersive elements like diffraction
gratings, mainly for larger beams, or prisms are used, where the stretcher has its
GDD sign opposite to the compressor. The most straightforward set-up to achieve
the stretching or the compression is by a pair of parallel gratings. Here, the first
grating produces the angular dispersion, where the spectral components with an

incidence angle a will have diffraction angles 3()\) following the grating equation:

sin B(A) +sina = m?)\, (2.3)
where m is the diffraction order and g the grating groove spacing. The incidence
angles of the different spectral components on the second grating equal their diffrac-
tions angles from the first grating so that the second grating re-collimates the differ-
ent wavelengths of the pulse. At the output, the individual spectral components will
have different optical paths lengths and the pulse will be stretched or compressed

in time (frequency chirped).

2.2 PHELIX laser system

At the GSI Helmholtz Centre for Heavy lon Research, the laser system PHE-
LIX (Petawatt High Energy Laser for heavy Ion eXperiments) is in operation in
stand-alone mode as well as in combination with ions accelerated by the heavy ion
accelerator UNILAC (UNIversal Linear ACcelerator).

The overview of PHELIX presented in Fig. 2.2 shows the schematic arrangement of
the laser building and its neighboring experimental area (Z6) in the Experimental
Hall of GSI. The femtosecond front-end is used to generate the short sub-picosecond
pulses. It consists of a commercial femtosecond laser oscillator (Coherent Mira) de-
livering pulses with a duration of 100 fs and energies around 4 nJ at a repetition rate
of 76 MHz. The pulse is temporally stretched to 2.3ns FWHM in a pulse stretcher
with a distance of 4m yielding a stretching factor of 190 ps/nm, whose architec-
ture is a modified version of the stretcher architecture found in (PPS799). The

pulse spectrum is limited to 12nm because of the finite size of the optical grating
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stretcher. The optical assembly of the stretcher is located on a translation stage
which allows for easy adjustment of the pulse duration up to 20 ps after compres-
sion using the motorized stage and pre-set positions. This offers many advantages
over the standard technique (adjusting the compressor grating-to-grating distance),
which quickly becomes unpractical with grating assemblies that weigh up to 100 kg.
The pulses are then amplified by two titanium-doped sapphire (Ti:Sa) regenerative
amplifiers with a repetition rate of 10 Hz. The first one is set up in a linear con-
figuration while the second one is a ring amplifier. The typical output energy after
the ring regenerative amplifier is 30 mJ. Using ultra fast Pockels cells the achievable

intensity contrast ratio is better than 60dB.

Depending on the application, the pulses generated by the short-pulse front-end are
compressed to ~ 300fs or further amplified in the next amplification stage. This
pre-amplifier consists of three flash-lamp-pumped Nd:glass amplifiers (2 x 19 mm
diameter, and 1 x 45mm). The input beam delivered by the front-end is stepwise
magnified by Keppler telescopes up to a maximum exit beam diameter of 70 mm in
order to keep the fluence within safe limits, below the damage threshold. Further-
more, a deformable mirror (Night N Ltd.), located at the end of the amplifier, can
correct wave-front aberrations. This mirror is actively driven in a closed-loop sys-
tem, which utilizes a Shack-Hartmann sensor as a wave-front measurement device.
After the pre-amplifier, the laser pulses of up to 10 J can be sent either to the X-ray

lab, or to the main amplifier.

The main amplifier is set up in a double-pass configuration using five flash-lamp-
pumped Nd:glass NOVA and PHEBUS amplifiers. The double pass architecture is
using a geometrical separation of the incoming and outgoing pulses in the spatial
filter. With amplifier modules having an individual clear aperture of 31.5cm, up
to 28 cm diameter beams are amplified and transported through the system; the
corresponding output energy available for the experiments exceeds 1kJ. This energy
is only limited by the laser damage threshold of the Faraday isolator protecting the
laser against possible back reflections. At this point, the beam enters a switch-
yard where it can travel through a periscope and a telescope that sends it to the
Experiment Hall, at the end of the GSI UNILAC, where combined laser and ion

experiments can be conducted.

For the laser-only experiments, the short pulse capability of PHELIX in the laser

bay is applied after the pulses are compressed. The pulse compressor uses multi-
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Figure 2.2: Schematic of the PHELIX laser system. The beam can be used at three
different target stations: 1. X-ray lab, 2. Target chamber after the compressor, 3.

Target station Z-6 at the heavy-ion accelerator beam-line (BAB*09).
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Table 2.1: Present operational parameters of the PHELIX laser system. The tem-
poral intensity contrast is given at 1ns and 40 ps before the main pulse reaches its

maximum for the long pulse and short pulse respectively.

Long pulse Short pulse
Pulse duration 0.7 —20ns 0.4 —20ps
Energy 0.3—1kJ 120 J
Max intensity 10 W/em? 102 W/em?
Repetition rate at maximum power | 1 shot every 90 min | 1 shot every 90 min
Intensity contrast 50dB 60dB

layer dielectric (MLD) gratings (Horiba Jobin-Yvon, France) with 1740 lines/mm,
which span 47 cm in the horizontal direction (dispersion) and 33 cm in the vertical
direction. An incidence angle at the gratings of 72 degrees results in lower alignment
and pointing sensitivity, at the expense of a largely increased size of the compressor
tank. In this geometry, the incident beam profile is horizontally limited to 12 cm
due to the size of the gratings. In the vertical direction the currently used beam
extension is 24 ¢cm so that the beam is elliptical. In order to achieve an optimal use
of this area, the beam is shaped using lithographically produced serrated apertures,
combined with spatial filtering. The serrated aperture in the beam line is located
between the front-end and the pre-amplifier. The maximum output energy after
the pulse compressor is limited by the damage threshold of the final grating. For
10 to 200 ps long pulses, the maximal throughput energy is 200 J. For the shortest
pulses, below 1ps duration, it is reduced to 150 J. This corresponds to a nominal
peak power of 0.5 PW for 300 fs pulses. An overview of the laser parameters can be
found in Table 2.1 which summarizes the laser output characteristics as a function

of the type of operation.

2.3 LASERIX laser system

LASERIX is a high-power laser facility of the University Paris-Sud 11, embedded
in the French "Institut de la Lumiére Extréme" (ILE) and the emanating European

project Extreme Light Infrastructure (ELI), dedicated to high repetition rate soft
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Table 2.2: The table presentes the different amplification stages of the Ti:Sa laser
system LASERIX up to its full laser energy of 40 J.

Amplification | Dimension of | Pump | Laser beam | Laser
stage Ti:Sa crystal | energy | diameter | energy
1 10mm x 10mm | 0.16J 5mm 25mJ

2 16mm x 16mm | 1.6J 10 mm 0.5J

3 30mm X 30 mm 5d 20 mm 2J

4 100 mm? 100J 90 mm 40J

x-ray lasers pumped by Ti:Sa laser drivers. The aim of the laser facility is to offer
SXRLs in the 5-30 nm range and auxiliary IR beams that can also be used to produce
additional synchronized SXR sources. This experimental versatility highly enhances
the scientific opportunities of the facility to realize both SXRL and pump-probe
experiments, mixing IR and SXRL sources.

The main technology of the LASERIX driver is based on Ti:Sa crystals. Indeed, due
to their large line width, Ti: Sa lasers may emit much shorter pulses (in the range
of few tens of fs) than Nd:glass lasers (more than 300 fs). The general architecture
of the installed Ti:Sa laser is schematically presented in Fig. 2.3.

The front-end of the laser system delivers pulses energies of 2J at a repetition-
rate of 10 Hz, with a spectral bandwidth of 30 nm enabling less than 40fs pulses
after compression. The oscillator (Femtolasers) pulse is chirped to ~ 500 ps by an
Oeftner stretcher and amplified to 30 mJ by a 1kHz regenerative amplifier followed
by a 10 Hz four-pass pre-amplifier (Thales Laser). The power amplifier (Amplitude
Technologies) consists of two cryogenically cooled 10 Hz multi-pass amplifiers which
boost the energy to 2J. The output can be seeded into another multi-pass booster
amplifier to reach a pulse energy level of 40J. This last amplifier is based on a
100 mm diameter, 20 mm thick highly doped Ti:Sa crystal (Crystal Systems) which
is pumped by eight beams of 12.5J (total of 100 J) of a frequency-doubled Nd:glass
pump laser system (Quantel). After four successive passes through the crystal, the
CPA pulse energy amounts to 40J before compression with a repetition rate of
0.1Hz. It is planned to perform the compression of half of the energy to reach a

peak power in the range of 0.5 PW at the repetition rate of one shot every 10s.
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Figure 2.3: Schematic of the LASERIX laser driver (RGK™109).
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Figure 2.4: The principle of double-pulse generation in CPA lasers. The blue inserts

indicate at which point the double-pulse parameters can be configured.

2.4 Mach-Zehnder double-pulse development for CPA

lasers

The principle of double-pulse generation in chirped pulse amplification lasers is
shown in Fig. 2.4. The oscillator pulse is stretched to a specific pulse duration,
later determining the main pulse duration, and split in two pulses with a defined
energy ratio and a controlled time delay. Then the first pulse is optionally either pre-
compressed or additionally stretched, which determines the final pre-pulse duration.
One has to remark that pre-compression and additional stretching - at constant
settings of the final compressor - both result in an increase in the pulse duration

after the final compression.

2.4.1 Mach-Zehnder set-up at PHELIX

The set-up of the Mach-Zehnder at the front-end of PHELIX is presented in
Fig. 2.5 as a photograph and a technical CAD drawing. The installation of the
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Figure 2.5: A photograph and the technical drawing of the Mach-Zehnder at the
front-end of PHELIX together with the laser beam path indicated in red.

unit is placed on the optical front-end table to provide a maximum of stability. The
Mach-Zehnder is located between the stretcher and the linear regenerative amplifier,
and can be by-passed easily for single pulse operation. It operates in two modes,
one for two short pulses, which were used for SXRL pumping, for measurements of
the B-integral (in the end of this chapter), and for determination of the pulse front
tilt (chapter 4). The second mode applies two differently stretched pulses for the
DGRIP SXRL pumping at shorter wavelengths (chapter 4).

2.4.2 Mach-Zehnder set-up at LASERIX

A second Mach-Zehnder unit was installed at the front-end of LASERIX shown
in Fig. 2.6 as a photograph and a technical CAD drawing. The unit is also placed on
the optical front-end table between the stretcher and the first regenerative amplifier.
The by-pass possibility is given as well, but only the differently chirped double-pulse
mode is implemented at this laser system to perform the DGRIP SXRL pumping
at longer wavelengths (chapter 3). One has to remark, that in this set-up a grating
stretcher is used for the additional pre-pulse chirp, instead of a grating compressor
as in the set-up at PHELIX. The reason for that lies in the maximal fluence, which
can be applied in both laser systems. In the case of PHELIX the oscillator pulse is
already sufficiently stretched to ~ 1ns, that the additional shortening of 200 ps does
not cause any problems. Contrariwise the stretched pulse duration of LASERIX
counts only ~ 500 ps and a reduction by 200 ps would cause fluence problems, so

that an additional stretching has to be applied.
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Figure 2.6: A photograph and the technical drawing of the Mach-Zehnder at the
front-end of LASERIX together with the laser beam path indicated in red.

2.4.3 Mach-Zehnder grating compressor design

The applied grating compressor is a 2-pass double-grating compressor which fol-
lows the design developed by (Tre69). The advantage of this grating geometry is
the absence of angular dispersion or spatial chirp. The compressor is designed for a
200 ps pre-pulse duration output, however, it can be adjusted to produce a longer or
shorter pulse duration from 300-100 ps by moving the 2nd grating farther or closer to
the 1st grating along the diffracted center wavelength. The calculations and simula-
tions for this set-up are done with the Optica Package for Mathematica 5 assuming
a 10 mm diameter beam with 12nm bandwidth (Fig 2.7).

The set-up is optimized for a Group Dispersion Delay (GDD) of ~ -34 ps/nm giving
a pulse duration of ~ 200ps at the compressor output at 6 nm bandwidth. For
different pulse durations or bandwidths the necessary GDD has to be changed. The

new GDD can be calculated according to:
GDD, [ps/nm] = t, [ps|/ AN, [nm]. (2.4)

The pulse duration of the pre-pulse coming out of the MZ compressor can then be

calculated according to:
ty [ps] = 190 ps/nm x AN, [nm]| — GDD, [ps/nm] x A\, [nm], (2.5)

where A\, is the bandwidth of the laser pulse after the complete amplification chain
and 190 ps/nm the GDD of the PHELIX stretcher. To determine the geometrical

design of the grating compressor one has to choose a suitable incidence angle «,



Grating constant N = 1/g 1800 lines/mm
Incidence angle 77 degree
Diffraction angle [ 67.3 degree
Length L 444 mm
Grating distance parameter D 222 mm
GDD -34 ps/nm
Output pulse duration 200 ps at 6 nm
Central wavelength \g 1054 nm
Bandwidth transmission 12 nm

Available pulse duration range

100 - 300 ps at 6 nm

Reached with a grating shift of

-111 to +105mm at 6 nm
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Table 2.3: The characteristics of the Mach-Zehnder grating compressor at PHELIX.

Figure 2.7: A simulation of the grating compressor with Optica.

which results in a diffraction angle of
Bo = arcsin[N A\ — sin(a)] (2.6)

and in a grating distance parameter of

2mc?cos? ()

D,=L/N, =—
/ Noxg

@y (2.7)

with the phase of a single pass ®, and N, the number of passes. The specifications
of the final grating stretcher can be found in Table 2.3.
Mach-Zehnder grating compressor chirp characterization

The determination of the grating compressor GDD is done by the analysis of the

temporal pulse shapes. For this, the unstretched oscillator pulse is injected into the
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Figure 2.8: The figure on the left-hand side shows the recorded photo diode signal
for the "stretched" and original oscillator pulse. The figure on the right-hand side
presents the fit to the "stretched" pulse with a convolution of the chirp and the
response of the photo diode, which yields a stretch ratio of 38.5 ps/nm shown in the
bottom figure.

MZ creating two pulses. One of the pulses is passed through the grating compressor,
resulting in an effective stretching by the compressor’s GDD. Each of the two pulses
is now recorded by a fast photo diode and a 2.5 GHz oscilloscope. The non-chirped
pulse gives the impulse response of the scope, while the stretched pulse gives a longer
signal. Assuming a Gaussian temporal pulse profile, the correlation of the each pulse
with the impulse response of the scope times the one of the diode gives the expected
signals. Both signals are normalized to 1 and the RMS of the difference is plotted
for different pulse durations. The fit of the smallest RMS error yields the best pulse
shape. With the recorded spectrum of the stretched pulse, we look for the best
scaling (in ps/nm) for matching the spectrum to the pulse. Again, several stretch
ratios are assumed and the error (difference of the two signals normalized to their
first moment) is plotted. The stretch ratio fitting best, equals 38.5 ps/nm, which is

within 10% of the compressor design value of 34 ps/nm.
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Mach-Zehnder performance

Once the pulses are stretched, they overlap in time due to their strong chirp, and
a direct temporal measurement is not possible. For the precise determination of the
pulse duration of the pre-pulse ¢,, the width of the spectrum A\, has to be recorded
and convoluted with its group delay dispersion GDD,, following Eq. 2.4, while the
main pulse duration in the picosecond range is analyzed after compression with a
single shot auto-correlator. To get precise timing on the delay of the double-pulse,
we used the interference occurring in the spectrum for the differently chirped pulses
(Fig. 2.14). An interference peak shows up at the spectral position A, depending on
the time delay of the pulses t; and the group delay dispersion difference of the pulses
GDD;sy, following tq [ps] = A, [nm|xGDDg; s [ps/nm]. In this way a determination

of the time delay is possible with a resolution better than 1 ps.

2.4.4 Mach-Zehnder grating stretcher design

The applied stretcher is a 2-pass single-grating stretcher, with a single-lens plane-
mirror telescope following the design of (Mar87). The stretcher is optimized for
200 ps pre-pulse duration output, however, it can be adjusted to produce a shorter
pulse duration down to 100 ps by moving the lens and plane mirror closer to the
grating along the diffracted center wavelength. The set-up of the stretcher is opti-
mized for a GDD of ~ +6 ps/nm giving at the compressor output a pulse duration
of ~ 200ps at 33nm bandwidth. For different pulse durations or bandwidths the
necessary GDD has to be changed, according to Eq. 2.4. The pulse duration of the
pre-pulse at the MZ stretcher output can be calculated by:

tp [ps] = 15 ps/nm x AN, [nm] — GDD, [ps/nm| x AN, [nm], (2.8)

where A\, is the bandwidth of the laser pulse and 15ps/nm the GDD of the
LASERIX stretcher. Analog to the compressor design, the geometry of the stretcher
(Fig. 2.9) depends on the incidence angle a, and the resulting diffraction angle (.
The final specifications of the grating stretcher can be found in Table 2.4.

Mach-Zehnder grating stretcher chirp characterization

Another method to determine the introduced chirp is the analysis of the position

of the interference peak occurring in the spectrum for different time delays. The
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Table 2.4: The characteristics of the Mach-Zehnder grating stretcher at LASERIX.

Grating constant N = 1/g 18001/mm
Incidence angle « 36 degree
Diffraction angle [ 59.45 degree
Length L 178 mm
Grating distance parameter Dy 89 mm
Lens type bi-convex
Focal length f 254 mm
GDD +6ps/nm
Output pulse duration 210 ps at 33nm
Central wavelength \g 805 nm
Bandwidth transmission 70 nm
Available pulse duration range 100 - 200 ps at 33 nm
Reached with a lens/plane mirror shift of | -44.5mm at 33nm

Figure 2.9: A simulation of the grating stretcher with Optica.



43

830— T T T :
+ data
linear fit
820 y = 0.15227*x + 810.8 i

Peak position [nm]
oo
'_\
o

(0]
o
o

790

-100 -50 50 100

0
Delay [ps]

Figure 2.10: The spectral interference peak positions for different time delays and

the fit of the gradient yields a group dispersion delay of 6.57 ps/nm.

variation of the double-pulse delay shifts the peak along the spectrum exactly with
the difference of chirp between the two pulses. A plot of the peak position in the
spectrum in dependence of the time delay is shown in Fig. 2.10. A linear fit of the
gradient yields a GDD of 6.57 ps/nm for the installed grating stretcher. This value
fits within 10% to the design value of 6 ps/nm. After the calibration of the GDD of
the stretcher, the absolute spectral peak position is used to precisely determine the

time delay of the double-pulse, as explained in the previous section.

Mach-Zehnder performance

The spectrum, the temporal shape and the energy ratio are analyzed after each
unit in the laser system. The spectra are plotted in Fig. 2.11 for the pre-pulse arm,
the man pulse arm and the combined double-pulse before and after amplification.
The spectral shapes have to be controlled, since the stretcher unit is a dispersive
element and one has exclude spectral clipping before combining the two pulses. The
dip in the spectra is induced by an acousto-optical modulator to pre-compensate for
gain narrowing of the amplifier section. The spectrum of the double-pulse operation
shows the typical shape as observed in the single-pulse, means standard operation.
The determination of the pulse energy ratio of the double-pulse is done by a mea-
surement with a photo diode. In Fig. 2.12 the temporal pulse shape is shown for

a typical double-pulse structure with a dip in each pulse. In this case the delay is
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Figure 2.11: The spectrum of the acousto-optically modulated chirped oscillator
pulse is presented for the pre-pulse, the main pulse, the combined double-pulse and
the amplified double-pulse at the end of the CPA laser chain.

set to 1.3ns to clearly separate the two pulses for the measurement. In Fig. 2.13
the double-pulse structure is shown for the different sections of the laser system:
at the regenerative amplifier, the pre-amplifier, the amplifier 1 and the amplifier 2
in which the dip disappeared due to the amplification profile of the laser. One can
notice the nearly constant (£5%) pulse energy ratio of the double-pulses all along
the laser chain, allowing for the precise control of the pulse energy ratio already at
the Mach-Zehnder set-up.
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in the CPA laser chain, preserving the double-pulse energy balance.
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2.5 Influence of B-integral on CPA double-pulses

The influence of nonlinear effects in CPA laser systems is well known, but the spe-
ciality of double-pulses introduces some interesting effects which are discussed in this
section. The temporal overlap of two chirped pulses results in an interference which
influences the temporal and spectral characteristics of the pulses, especially when
nonlinear effects are involved. For this purpose spectral and temporal measurements
are compared with simulations to provide information on the final temporal shape
of double-pulses after compression, at the end of the CPA laser chain. For the ap-
plication of SXRL pumping, possible problematic effects caused by the influence of
the B-integral on CPA double-pulses could be excluded, and a safe operation in the
CPA chain was demonstrated. The observed effects for equally chirped pulses were
used as an application to determine of the total amount of accumulated B-integral
in the CPA system.

2.5.1 Spectral and temporal analysis

A simple model has been developed to describe the pulse-replica together with a

space-to-time analogy to show that diffraction theory results obtained in the Fraun-
hofer approximation can be extended here and justify the time-diffraction qualifica-
tion.
The analogy between spatial and temporal diffraction can be analyzed by the pulse
stretching effect. A short pulse of duration d¢ which is sent through a temporal
pulse-stretcher, is described in the spectral domain as the addition of a quadratic
phase term to the pulse spectrum, where E; is the complex field of the stretched
pulse, Ej the field of the initial pulse and ®, the second derivative of the phase
introduced in the stretcher, taken at wy.

Bou(w) = Eo(w)exp[i@QW] (2.9)

In this case, the spectral phase applied by the stretcher is simplified, so constant
and linear terms together with higher order terms are neglected. In the time domain,

the temporal stretching of the pulse corresponds to the following convolution:

Eg(t') = / E(t)expli—(t' — t)?]dt (2.10)

— << 1 (2.11)



47

An important simplification can be made if the condition 2.11 is fulfilled, which
means that the stretched pulse is much longer than the original pulse, which is valid
in most CPA systems, as large stretching factors are applied. Using condition 2.11
in Eq. 2.10 yields Eq. 2.12, which describes the electric field of the stretched pulse
using the Fourier transform of the initial field. The temporal profile of the stretched
pulse is directly related to its spectrum, using the scaling factor ®,. This is called
frequency-to-time mapping or frequency chirping present in CPA laser systems.
42 1”2

Eu(t') = exp[z'@] /E(t)exp[—%%zt’t]dt = eacp[z':;?2]FT(E(I&))W:t/<I>2 (2.12)

The interference of two short laser pulses with equal amplitude E(t)/y/2 can be
derived from a single pulse with amplitude FE(t), carrier pulsation w and relative

time delay 7. The electric field E;,;(w) can be written in the spectral domain as:

E(t)exp(iwgt) N E(t)exp(iwgt)

Ean() = FT(— 2 7

% 0.) = [—=(1 4 exp(iwT)) * b4y,
(2.13)
where FT is the Fourier transform operator and the convolution with a Dirac
function ¢ represents the offset in either time or frequency. The spectral intensity
is then modulated at a frequency wr (LCJ95) and, in the case of a pulse with
a linear chirp, the modulation is also present in time, because of the frequency-
to-time mapping. The set-up in Fig. 2.17 shows the experimental configuration,
where a short pulse is replicated and stretched in time using a dispersive element as
pulse stretcher. Using the space-to-time analogy, the intensity distribution in time
after the stretcher will be equivalent to the far field distribution in a Youngs slit
experiment, which is a time-modulated pulse. In the case of a fully linear system,
the effect of the compressor will be to re-compress the two pulses independently of
each other. But in the presence of Kerr effect, the modulated pulse structure can
be written in the form:

t? , tr
i—] Eint (W) w=t /o, exp[ib(1 + cos(=—))], (2.14)
(I)g (I)Q

Ernoa(t) = exp|

where b is the nonlinear Kerr effect factor or B-integral one would get for the
single stretched pulse. The effect on the compressed pulse structure is a periodic
peak structure, with a period related to the modulation period. The amount of
energy diffracted into these peaks strongly depends on the amplitude of the phase

modulation, thus on the amount of Kerr effect in the amplifier. In comparison to the
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method of (VBRO7), where the nonlinear effect is analyzed in the intermediate field,
using Fresnel numbers higher than one, our method is based on a far-field analysis,
thus reducing the complexity of interpreting the data.

The simulations presented in this section for the temporal and spectral analysis
are done with Matlab 7, a numerical computation software. Differently and equally

chirped overlapping pulse configurations are simulated.

Differently chirped pulses
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Figure 2.14: Simulations of the double-pulse spectrum and the temporal shape af-

ter compression for two differently chirped pulses together with the corresponding

experimental spectrum.

For soft x-ray laser experiments it is necessary to simulate typically applied
double-pulse pump parameters in the CPA laser to exclude uncertainties and to
understand the occurring interference effects. The spectral and temporal domain
of two differently chirped pulses (GDD of 160 ps/nm and 200 ps/nm) with a time
delay of 90 ps and a bandwidth of 5nm at the center wavelength of 1055.5nm are
presented, as typically used for short wavelength SXRL pumping (Fig. 2.14). The

signal is fully modulated and shows a peak structure at 1057.75 nm which translates
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into a double-pulse time delay of 90 ps for the chirp difference of 40 ps/nm. This re-
sult is confirmed by an experimental spectrum obtained at the ~ 100 J level after the
main amplifier at PHELIX, showing exactly the simulated feature. The simulated
temporal shape of the double-pulse after the compression is shown as well, to reveal
the temporal shape of the double-pulse, which cannot be measured experimentally.
One sees that the experimental spectrum with 5nm FWHM and a center wavelength
of 1055.5nm fulfils the double-pulse parameter requirements of a 200 ps pre-pulse
and a 1 ps short pulse for SXRL pumping. In this way the temporal structure of the
double-pulse is controlled during the SXRL experiment by monitoring the spectrum
of the amplified CPA pulse.
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Figure 2.15: Simulations of the double-pulse spectrum and the temporal shape after
compression for two differently chirped pulses with the consideration of nonlinear

effects.

A simulation under consideration of non-linear effects occurring in the regenerative
Ti:Sa amplifiers in the front-end of the PHELIX laser system is shown in Fig. 2.15.
The introduction of a B-integral of 1, a value having been experimentally determined
for the amplifier system (BZEKO09b), changes the spectral shape of the double-pulse.
The spectral and temporal shapes become strongly modulated, but the average
value does not change and thereby the temporal shape is preserved, avoiding a re-
configuration of the original double-pulse configuration for SXRL pumping. The
simulation shows as well that problematic effects do not occur, in terms of unex-
pected intensity spikes in the spectral and temporal domain. With this knowledge
a safe operation of double-pulses in the CPA laser system could be ensured. With
the demonstration of CPA double-pulses with high energies up to 150 J without any
problematic effects at PHELIX, the requisite for the transfer of the double-pulse
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pumping technique to CPA laser system LASERIX was fulfilled.

Equally chirped pulses

For the case of equally chirped pulses the simulations reveal several differences

compared to the previous results. Especially the creation of replica in the tempo-

ral domain has to be considered here. In Fig. 2.16 the undisturbed case without

nonlinear effects and the case with a present B-integral of 1 is shown. In the latter,

equally distant peaks, like a picket fence, appear for originally two balanced pulses

with a delay of 8 ps. The replica have a decreasing intensity, starting at 10% of the

original pulse intensity. This effect is explained in more detail in the next section

and leads to a benchmark for nonlinear effects.
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Figure 2.16: Simulations of the double-pulse spectrum and the temporal shape af-

ter compression for two equally chirped pulses. The figures show simulation data

without and with nonlinear effects in the first and second row, respectively.
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2.5.2 Measurement of B-integral in CPA lasers with double-

pulses

A simple method for measuring the B-integral accumulated in chirped-pulse am-
plification laser systems based on temporal diffraction is presented in this section.
Two identical pulses, which are sent into the amplifier create temporal replica, as
shown in the previous section, are used to retrieve the amount of B-integral ac-
cumulation. The nonlinear Kerr effect accumulation can be estimated in a laser
system via careful computation of the laser intensity in the presence of material
exhibiting nonlinear index properties. However, this task is not easy as it requires
complete knowledge of the material and laser parameters, not accounting for the
fact that these can evolve in time. For this reason, a method for directly measuring

the B-integral accumulated in CPA systems is highly desirable.

Oscillator /\ Mach Zehnder J‘MNWWL Amplifiers M 3w cross-

N > ’ * I correlator
Stretcher interferometer Compressor

Figure 2.17: Experimental principle showing how a short pulse is stretched in time
and replicated (BZEK10).

Experimental results

A measurement in the time domain is applied to determine the value of the
accumulated B-integral. We used two laser pulses to be amplified and analyzed the
temporal pulse structure after compression. In the presence of nonlinear Kerr effect
satellite pulses are created on either side of the main pulses with a relative amplitude
directly related to the amplitude of the nonlinear modulation, i.e. the amount of
B-integral. Two experiments were carried out to measure the B-integral, one with
a sub-picosecond laser system using the Mach-Zehnder at PHELIX and the other
with a carrier-envelope-phase (CEP) controlled ultra~short pulse femtosecond-laser
system at LOA Palaiseau, where an acousto-optical programmable dispersive filter
or AOPDF (Dazzler TM) creates the double-pulse structure.

In the first experiment, pulses from the front-end of PHELIX are generated using the

arrangement showed in Fig. 2.17. For this case the front-end was operating at centre
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wavelength of 1053 nm with an energy of 20mJ for both pulses at 10 Hz repetition
rate. The +200ps/nm stretched pulses were compressed to 300fs and temporally
analyzed by a commercial third-order cross-correlator (Sequoia, Amplitude Tech-
nologies). Because of the low cross-section of Ti:Sa at the wavelength of 1053 nm,
the laser fluence is high in the amplifier and the amount of material crossed by the
laser pulse large compared to regenerative amplification performed at 800 nm. The
B-integral can be calculated by accumulation close to unity, using nonlinear-index

values of Ti:Sa crystals and by estimating laser intensities in the amplifier.
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Figure 2.18: Experimental trace (dots) and fit (solid line) of the measurement, using
a three different fit parameters b of 1.2, 1.4 and 1.6, respectively (BZEK10).

A typical measurement is shown in Fig. 2.18 where the simulation in solid line is
compared to the experimental data shown as dots. A fit algorithm is applied which
computes the pulse delay and searches for the B-integral parameter that minimizes
a least-square error-function calculated for the temporal side bands. In the absence
of B-integral, the simulated 3-w cross correlation shows only three peaks and the
energy ratio between the two pulses dictates the symmetry of the resulting trace.
This can be used as an important experimental control element to precisely adjust
the relative injection efficiency of the two pulses into the amplifier. In the simulation,

the energy splitting ratio is adjusted numerically to fit any experimental asymmetry.
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In the presence of B-integral, side bands appear and the number and magnitude of
the side bands is adjusted to match the experimental data, using b as fit parameter.
Fig. 2.18 shows three fits obtained for b values of 1.2, 1.4 and 1.6. The close-up view
of the leftmost peak, located around -35ps, shows that a setting of b = 1.4 yields
the best fit to the data.

Though the pulse is split before the amplifier, the total output energy remains un-
changed because the regenerative amplifier is saturated and its output is relatively
insensitive to the amount of input energy. This effect is taken into account in the
simulation to preserve the same b parameter in the single and two-pulse configura-
tion. The estimated sensitivity of the measurement to variation of the pulse delay
has been obtained by the adjustment of the pulse separation 7 between 4 and 28 ps.
The corresponding data and their respective best fits are presented in Fig. 2.19.
The variation of the b parameter is &= 0.1, that is 7% of its value. The numerically
sensitivity of the experiment is determined with a large enough time delay 7 to have
a time-intensity background lower than 107%, indeed, one finds the minimum b pa-
rameter that overcomes the noise is 0.02. The applied measurement scheme allows
to cover a large measurement range from nearly no B-integral to B-integrals larger

than unity.

An additional experiment was carried out using shorter pulses with a 25-fs Ti:Sa
CEP-stabilized CPA laser. In this system, the sub-7fs pulses generated by the
oscillator (Rainbow, Femtolaser) are stretched using bulk material and an AOPDF
to about 7ps and amplified first up to 600 pJ in a commercial multi-pass amplifier
(Femtolasers) and then up to 3.6mJ in a second, home-made multi-pass amplifier.
251s, 1.8 mJ pulses are obtained after a transmission grating compressor. In order to
minimize CEP fluctuations, pulse stretching is maintained at a minimal value, thus
creating B-integral values greater than one, but still within the compensation-range
of the AOPDF. We use the AOPDF to reduce the output energy of the first amplifier
by a factor of two and to create two pulses of equal amplitude delayed by 7. The
applied delay was 1 ps due to the temporal resolution of the correlator which does not
allow for longer delays. The cross-correlation trace shows as well the expected pulse
replica, even when the laser output energy is decreased. An unexpected asymmetry
is visible in the recorded traces probably caused by a sizeable frequency shift of the
replicas when the pulse-to-pulse delay is comparable to the stretched pulse width.

The delay of 1ps leads to a frequency shift of about 15 nm between the two first
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Figure 2.19: 3-w cross correlation data and their corresponding fits for 4 different
pulse-to-pulse delays (BZEK10).

replica on either side of the main pulses. Such a frequency shift certainly impacts
the linearity of the measurement set-up because of the finite spectral acceptance of
the frequency mixing crystals in the cross-correlator. As a result of this limitation,
the asymmetry increases the experimental uncertainty of the fit parameter as can

be seen on the error bars of Fig. 2.20.

A measurement was performed by varying the input pulse energy, using the AOPDF,
and measuring the accumulated B-integral as a function of the amplified energy from
50 to 500 mJ (Fig. 2.20). The applied linear fit uses the zero-energy output point
and the first three experimental points as input data, because the behavior of the
B-integral is expected to be a linear function of the output energy in the small signal
amplification case. The plot shows a different behavior, which can be explained as
a signature of defocusing of the beam due to the nonlinear spatial Kerr effect, that

is, a reduction of the laser intensity in the laser amplifier.
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Figure 2.20: Comparison between the measured B-integral accumulation (crosses) in

the laser amplifier and a linear fit (line) of the data at low output energies (BZEK10).

Conclusion

In conclusion, we demonstrated the measurement of the B-integral in CPA laser
systems, using the presented method, which relies on amplifying pulse replica in
the system followed by an analysis in the time domain. The measurement scheme
was successfully applied to two independent laser systems exhibiting different laser
parameters. The first involved a relatively long, heavily-stretched sub-picosecond
laser in combination with a Mach-Zehnder unit and the second an ultra-short fem-
tosecond CPA laser with limited stretching and an AOPDF. We measured B-integral
values in the 0.1 to 1.5 radian range, only limited by the reachable laser parameters,

while a measurement range starting at 20 mrad and extending to several radians is

expected.
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Chapter 3

Double-Pulse Single-Beam Grazing
Incidence Pumping (DGRIP)

In this chapter, the principle of the Double-pulse single-beam GRazing Incidence
Pumping (DGRIP) for soft x-ray lasers, as introduced in chapter 1, is described and
the results obtained with this new pumping scheme are discussed. The capability
to create two configurable pulses with the Mach-Zehnder in the CPA laser system
which strike collinearly the target under grazing incidence, allowed for an improved
generation of SXRLs. In the primary part of the chapter, the experimental results
obtained with two short-pulses in the DGRIP geometry at PHELIX and LASERIX
are presented. In the second part, the obtained results of the highly efficient DGRIP
SXRL operation at LASERIX are discussed and compared with previous pumping

schemes.

3.1 Short-pulse DGRIP

The first experimental realization of short-pulse DGRIP was performed with two
collinear short pulses hitting on the target under grazing incidence, optimized for
efficient traveling-wave excitation and gain zone heating. The two short pulses were
of equal duration in the range around 10 picoseconds, which was different from usual
approaches, where nanosecond pre-pulses and picosecond main pulses were used.
The first experiment at PHELIX was carried out on Ni-like palladium (14.7 nm) and
reliable lasing was achieved at less than 500 mJ total pump energy on the target.
The second experiment at LASERIX investigated Ni-like molybdenum (18.9nm)

a7
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confirming the obtained results and determining the optimal pump parameters for
short-pulse DGRIP.

3.1.1 Short-pulse DGRIP at PHELIX

Set-up

I(t) Compressed

double puI

Y/ Spherical

Target

Pre-
plasma

Mirror EE Target

Xuv
XW [ Jcep

l

mirror

Optimal
gain region
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Figure 3.1: The experimental set-up on the left shows the beam line of the focussing
system for the pump laser and the soft x-ray laser diagnostics. The insert to the

right shows the schematic view of the grazing-incidence pumping scheme (ZZB108).

The experimental set-up shown in Fig. 3.1 applied the focusing system of (NSC*04)
which produced a line focus with an intrinsic traveling-wave speed of 1.2 ¢. The beam
from the compressor was deflected by a flat mirror onto a spherical mirror with a
focal length of 600 mm which was positioned off the normal incidence. The line focus
on the Pd slab target was 5.5 mm x 50 um FWHM. Both pulses hit the target at the
same grazing incidence angle ® of 29 degrees, a value determined to be the optimal
GRIP configuration in the classical scheme for the operating pump laser as shown
in Fig. 3.2 (Zie07). For the wavelength of 1054 nm the electron density at which the

energy is absorbed amounts to 1, s ~ 2.3 x 102 em ™3, following equation 1.19.
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The insert in Fig. 3.1 shows the effect of the geometry for the absorption of the two
pulses on the target. The pre-pulse was - except for a possible weak pre-plasma,
produced by the < 1073 pedestal - hitting directly onto the target, creating an
expanding plume of plasma, in which the second pulse was refracted. In view of
the formation of the pre-plasma, the fact that the pre-pulse had the same short
time duration as the main pulse certainly introduced some difference to the typical
scheme. This might have possibly caused a slight deterioration of the efficiency.
However, it was assumed that thermalization should be reached before the main
pulse is impinging onto the plasma. The dramatic influence of choosing the correct
GRIP angle was demonstrated in Fig. 3.2. The data obtained at the apparatus in
the standard pumping geometry are given, together with a spectrum of the SXRL
emission. For the new geometry the optimal angle determined in the standard
GRIP scheme was used. Laser operation was achieved using a pulse separation of
1ns, seemingly benefiting from the perfect overlap of both pulses due to the same
optical path, which allowed an optimized pumping of the gain region.

In the experiment the intensity ratio between the two pulses was fixed to 1:4 and the
level of other pre-pulses created in the chain by ASE and other effects was below
1:1000. The resulting irradiances on the target were ~ 3.5 x 10'2WW/em? for the
pre-pulse and ~ 1.5 x 103 W/cm? for the main pulse respectively. The quality and
orientation of the line focus were checked with a microscope imaging its shape on
a glass diffuser at the final target position. The SXRL diagnostics consisted of a
2-D SXR far-field camera. The image was detected on a 16-bit back-thinned SXR
charge-coupled CCD camera after a deflection by a flat multi-layer mirror optimized
for 14.7nm, and a total propagation path of 30cm. The resolution was limited
by the 26 um pixel size. Zirconium filters were used to adjust the signal level. In
the experiments using the standard pump geometry, the lasing output was also
identified by a flat-field spectrometer. The clear signal as shown in the insert of
Fig. 3.2 gave proof, that the recorded far-field images (Fig. 3.3) represented the
Pd-SXRL emission.

Results

The SXRL output was measured by integration of the plasma background cor-
rected counts on the SXR CCD. The SXRL intensity was recorded for pumping

energies of 600 £10% mJ. To obtain comparable results the output intensities were
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Figure 3.2: SXRL intensity as a function of the pump pulse incidence angle in the
standard GRIP scheme at 27, 29 and 38.5 degrees, compared with results of the
double-pulse scheme at 29 degrees (blue star). The insert shows a spectrum of the
Pd-SXRL at 14.7nm produced in the standard scheme (ZZB*08).

normalized to 600 mJ pump energy and used to investigate the influence of pulse
delay and pulse duration. The dependence of the SXRL output energy on the pulse
separation is shown in Fig. 3.4. A maximum of the SXRL output was identified
around 1ns of delay. The width of the distribution was in the order of 0.5ns. This
indicated that the influence of the timing is similarly or even slightly less critical
than reported for GRIP schemes (CKR*07).

Figure 3.4 shows the result for different pulse durations, adjusted by tuning the
grating-to-grating distance of the compressor, affecting both pulses equally. The
pulse duration was changed between 6 ps and 28 ps. A wide maximum was observed
around 16 ps, indeed a factor of 4 to 5 longer than the typical value for optimized
pumping in the standard scheme (WLL105), (RWL105) even longer than used in
(BGISO7) and (KKCT08).

The effect of the long pump pulse duration could be related to a longer interaction

time necessary to enable suitable pre-plasma conditions. In the scheme with two
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Figure 3.3: On the left: The SXRL far-field image pumped by the double-pulse
scheme with 500mJ with a vertical and horizontal divergence of ~ 9mrad and
~ 4.5mrad respectively. On the right: The SXRL far-field image pumped in the

standard scheme with 700 mJ showing a divergence of ~ 4.5 mrad in both dimensions

(ZZB+08).
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Figure 3.4: On the left: Dependence of the SXRL intensity on the time delay of the
pumping pulses with a pulse duration of 11 ps. On the right: Dependence of the
SXRL intensity on the time duration of the pumping pulses with a pulse delay of

1ns (ZZB108).

equally short pulses, the duration of the pre-pulse might have been problematic in
terms of the production of a homogeneous plasma plume. This could have been the
reason for the untypically long optimal pulse duration. With the optimal timing
and delay, lasing was achieved at pump pulse energies below 500 mJ, which is was

reduction by 25% compared to the threshold of 680mJ obtained under optimized
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conditions in the standard geometry. In Fig. 3.2 the output energies at the optimum
incidence angle of 29 degrees demonstrated a similar pumping efficiency for both

configurations.

3.1.2 Short-pulse DGRIP at LASERIX

The obtained promising results opened the way for further investigations at high
repetition-rate facilities. So a study of the short-pulse DGRIP was conducted at
the laser system LASERIX for a more detailed pump parameter scan. In this case
the target material was molybdenum instead of palladium, which changes the pump
parameters, but gives a benchmark of the performance of the applied scheme. The
set-up was similar to the previous one, but the incidence angle was set to 20 degree
grazing incidence, due to the Ti:Sa wavelength of 805nm and the target material
molybdenum. The total pump energy on the target was set to 900 mJ. Double-pulse
delay, pulse duration, pre-pulse energy fraction and focus size scans were carried out

at 10 Hz and an optimal pump configuration was determined.
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Figure 3.5: The SXRL energy is plotted versus the double-pulse delay, maximal at

~ 1.7ns, and versus the main pulse duration, maximal at ~ 11 ps.

Here, the time delay between the pulses was varied from 0.86 ns to 2.6 ns for a pulse
duration of 8 ps and a pre-pulse energy fraction of 15%. A maximum SXRL output
is obtained at ~ 1.7ns, with a FWHM of ~ 2ns (Fig. 3.5). This shows that the
delay parameter is not critical for lasing, confirming the observation for Ni-like Pd
earlier in this chapter and the results by (GISB09) for similar pump conditions in
Ni-like Pd. In all cases for double short pulse pumping the lasing is not as sensitive
to the time delay as compared to GRIP and especially DGRIP lasers (next section).
The second optimization was the variation of the pulse duration of both pulses from

2 to 20 ps for a delay of 1.6ns and 15% pre-pulse energy fraction. In this case the
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maximum SXRL output is located in a plateau at ~ 11 ps with a FWHM of ~ 10 ps
(Fig. 3.5). The shortest pulse duration reduced the energy by a factor of two, while
the longest durations only slightly decreased the output. The influence of the pulse
duration is very similar to the results for Ni-like Pd. A long pulse duration plateau
yields the best SXRL output, which shows the large time interval for suitable plasma
conditions for SXRL lasing with this pumping scheme.
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Figure 3.6: The SXRL energy is plotted versus the pre-pulse energy fraction, maxi-

mal at 15%, and versus the focus width, maximal at ~ 60 um.

As a third investigation the pre-pulse energy fraction was scanned between 3% and
30% for a pulse duration of 8 ps and a delay of 1.6ns. The best SXRL output was
obtained at 15% (Fig. 3.6). The output did not change with increasing the energy
fraction, while with lower pre-pulse fraction it decreased by 20%. This result is
different from observations of (GISB09), in which they obtained a maximum output
at 4.5%, but for the case of Ni-like Pd. The fourth parameter varied in this series of
experiments was the focal width of the line focus. A study was done for widths of 20
to 120 pm with pump parameters of 1.6 ns delay, 10 ps duration and 15% pre-pulse
fraction. Best lasing is obtained at ~ 60 ym (Fig. 3.6). The outputs for the widest
and narrowest line foci are a factor of two lower. The best focal width observed here
is in agreement with the width of 50 ym applied by the previous experiment and
the one from (GISB09). One has to remark that the total output energy is higher
compared to the other scans, because of optimized horizontal line focus positioning
on the target.

The near-field image of the SXRL was also recorded to provide the total SXRL
energy as well the SXRL fluence and the source size and position (Fig. 3.7). The
source size is determined to 35 um FWHM and 8 um FWHM for the vertical and

horizontal dimension respectively. The source is located ~ 20 pm away from the
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Figure 3.7: The fluence of a near-field image of a typical SXRL beam is plotted

together with the line outs in vertical and horizontal dimension.

target. The divergence and the beam profile of the SXRL is recorded in 1 m distance
and gave a divergence of 8.5 mrad and 5mrad in vertical and horizontal dimension

(Fig. 3.8), which reproduces the divergence values of the previous study of 9 and
4.5mrad (Fig. 3.3).

3.1.3 Conclusion

The introduction of double short-pulse DGRIP provided a simple and efficient way
to produce reliable SXRL output at close to 100eV photon energy. In comparison
to earlier work using similar double-pulse schemes the pumping energy for a reliable
operation of a Ni-like Pd SXRL was strongly reduced from above 1J ((BGIS0T7)) to
less than 500 mJ. The improvement was attributed mainly to the optimized GRIP
angle, pulse separation, and duration. The highest intensity registered on the CCD
camera for Ni-like Pd corresponded to ~0.3 uJ of SXRL energy at 700 mJ total pump
energy. The maximum output energy for the Ni-like Mo SXRL was determined to
~0.25 uJ for a total pump energy of 900mJ, a value which was overbid in the
advanced DGRIP scheme, presented in next section. However, the possibility for
strong SXRL operation at pulse durations above 20 ps could be used for a further

reduction of pump laser system requirements for applications (KUB*07a), requiring
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Figure 3.8: The far-field of a typical SXRL beam with a divergence of 8.5 mrad and
S5mrad in vertical and horizontal dimension, respectively, shows a structure with

speckles mainly occurring along the vertical axis.

very high repetiton rates (TSJT09).

3.2 DGRIP (long/short pulse)

In this section the further development of the short-pulse DGRIP scheme is intro-
duced, which was termed as the double-pulse single-beam grazing-incidence pumping
(DGRIP). In the DGRIP scheme the individually set long pre-pulse duration lead to
a higher SXRL output energy compared to the previous short-pulse DGRIP scheme.
A pump parameter optimization and an output energy evaluation of the Ni-like
Mo SXRL operating at 18.9nm were carried out at 10 Hz at LASERIX. Applying
the DGRIP scheme, the full control of the pump laser parameters including the
pre-pulse duration contributed to optimally generating the SXRL amplifier under
grazing incidence. With this technique SXRL energies up to 2.2 uJ were obtained
with a total pump energy less than 1J. The optimized double-pulse parameters
included the energy ratio, the time delay, the pre- and main pulse duration and the

line focus width. The experimental results were confirmed by plasma simulations
with EHYBRID.
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3.2.1 Set-up
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Figure 3.9: The insert box shows the creation of the chirped double-pulse, which is
amplified and compressed. The double-pulse is then focused by a spherical mirror
in a line onto the target, generating the SXRL beam propagating to the far-field
diagnostic on the right or by a back reflection to the near-field diagnostic on the left
(ZZP*10).

The DGRIP set-up is shown in Fig. 3.9. After the double-pulse generation, the
pump laser beam is guided in the focusing system consisting of a spherical mirror
with a focal length of 600 mm aligned 10 degrees off the normal incidence, gener-
ating the line focus of ~ 3mm FWHM length and ~ 60 ym FWHM width. The
line focus width monitoring was realized in the IR using a high resolution imaging
device (KCR'08). The optimal grazing incidence angle of 20 degrees was chosen in
accordance to earlier results of (KDP*05) and (CKR*07). This corresponded for
805 nm irradiation to a turning point electron density of n. ~ 2.0 x 10%° em=3.

The target was a 5cm high and 4 mm wide slab of polished molybdenum. Since
Mo was weakly ablated by the pump laser compared to other lasing materials, it
was suitable for an operation at 10 Hz repetition rate (LLP*07), allowing for up to
200 shots at the same target position, with still high SXRL output. The generated
SXRL beam propagated either to near- or far-field diagnostics. A monochromatic

near-field imaging system showed the SXRL source size and position relative to the
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target surface and a far-field imaging system provided the divergence and profile of

the SXRL beam after 1 m propagation.

3.2.2 Results

An optimization of the SXRL output inferred from the near-field has been per-
formed in an extensive parameter scan of double-pulse time delay, pulse duration,
energy balance and line focus width. Each data point represented the mean of at
least 10 shots with the standard deviation as the error. The data value was taken
from the integration of the counts on the CCD camera and subtracting the back-
ground from the plasma emission. Taking the quantum efficiency and the gain of
the CCD camera, the filter transmission and the mirror reflectivity into account,
the absolute number of SXRL photons was determined. For each parameter scan
position a new target position was taken, to ensure the comparability between the
scanned points. The total pump laser energy on the target was 925 + 25 mJ for all
parameter scans. By adding the extra chirp of 46 ps/nm in the Mach-Zehnder, the
pre-pulse duration is set to 200 ps FWHM, different from usual pre-pulse durations
of 500-1000 ps (KDP*05),(CKR*07).
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Figure 3.10: The SXRL energy is plotted versus the double-pulse delay at different
pre-pulse energy fractions, maximal at 190 ps (100 ps FWHM) (ZZP*10).

The delay scan in Fig. 3.10 was performed for different pre-pulse energy fractions

of 20%, 23% and 32%, and a fixed main pulse duration of 1 ps FWHM. The precise
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delay timing with an error of 1 ps was done by an interferometric analysis of the two
pulses. The strongest SXRL output was found at 190 ps, with a FWHM of 100 ps
for all three pre-pulse conditions. The scan of the main pulse duration, shown in
Fig. 3.11, was carried out for a pre-pulse fraction of 23% and a fixed optimal time
delay of 190 ps. The strongest SXRL output was obtained at 1ps, with a FWHM
of 3ps. The dependence of the energy ratio in Fig. 3.12 was analyzed with a fixed
time delay of 190 ps and a main pulse duration of 1 ps FWHM. The strongest SXRL
output was obtained around 27.5%, with a FWHM of 10%.
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Figure 3.11: The SXRL energy is plotted versus the main pulse duration, maximal
at 1ps (3ps FWHM) (ZZP*10).

Additionally the line focus width was optimized for the strongest SXRL output at
60 um FWHM. The influence of the horizontal line focus position on the target was
crucial. An optimal position was found by moving the line focus horizontally along
the target, balancing the effective length of the target against the re-absorption by
the colder plasma at the exit of the amplifier. By the variation of the effective gain
length up to 2.5 mm, the SXRL gain coefficient was determined to g ~ 65cm ™.

The near-field of a typical SXRIL beam with speckles is shown in Fig. 3.13 with an
energy of 2 pJ. It had a source size of 35 um FWHM in vertical dimension, meaning
~60% of the 60 um focus acted as SXRL amplifier, and 10 um FWHM in horizontal
dimension, half the size compared to (KCR*08). The horizontal distance of the
SXRL to the target surface was only ~18 um, which was much closer than in GRIP

SXRLs (CKRT07). For the same shot series, the far-field profile of the SXRL in
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Figure 3.12: The SXRL energy is plotted versus the double-pulse energy ratio,
maximal at 27.5% (10% FWHM) (ZZP*10).

Fig. 3.14 showed a beam divergence in vertical and horizontal dimensions of 10 mrad
and 4 mrad FWHM respectively. The horizontal divergence was comparable with
GRIP SXRLs (KDP*05), but the vertical divergence is increased by factor of 2, as
observed in the double short pulse DGRIP scheme. The fact that in DGRIP the
pre-pulse has the same small focal width as the main pulse, compared to the larger
pre-pulse widths in GRIP, could produce steeper vertical density gradients, leading
to stronger refraction in the vertical dimension.

A SXRL output of 2.2 uJ was obtained with an estimated gain length of only 2.5 mm,
at optimized double-pulse parameters, meaning a pre-pulse to main pulse ratio of
1: 3, a time delay of 190 ps, a pre-pulse duration of 200 ps and main pulse duration
of 1 ps. The output energy was a factor 10 higher compared to the previous double
short-pulse DGRIP operation. For a focus line width of 60 um this corresponded to
an irradiation intensity of 6.4 x 101 WW/em? for the pre-pulse and 3.8 x 1014 W/cm? for
the main pulse. Compared with the values of (KCR08) the pre-pulse irradiation was
two times higher and the main pulse irradiation even ten times higher, introducing
a difference to the plasma hydrodynamics in the gain zone.

The pre-pulse, striking the target under grazing incidence, seemingly created a pre-
plasma with a steeper electron density gradient than in the case of normal incidence,
so that the turning point electron density and thereby the absorption of the main

pulse and the gain zone were closer to the target at ~18 ym. Figure. 3.13 shows as
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well that the gain zone expands horizontally only about 10 gm FWHM. This could
also be explained by the steep electron density gradient of the pre-plasma. Since
the gain was only built up in a certain electron density range, the strongly varying
electron density limited the total gain expansion. However, the generation of gain
in the close-by high electron density region with up to 10*' em ™2 required a high
peak power of the main pulse to reach the necessary electron temperature in short

time, which was fulfilled by the applied high main pulse intensity.

3.3 Simulations

In this section plasma hydrodynamic simulations are presented which were cal-
culated with the code EHYBRID. The findings provided statements on the plasma
density and gain of the DGRIP amplifier. Pump parameter scans were carried out
to find the best pump pulse configuration and to compare the results with the ex-

perimental values.

3.3.1 The code EHYBRID

The analysis is primarily based on the code EHYBRID, which is used to calculate
the dynamics of the pump laser/plasma interaction. It consists of a 1.5D hydro-
dynamic model in which the hydrodynamic flow is treated by the one-dimensional
von-Neumann-Richtmyer algorithm in the direction normal to the target surface and
by a modified self-similar expansion tangential to the surface. The initial geomet-
rical plasma width is determined by a pre-set value usually taken as the FWHM
of the pumping laser pulse, and is assumed to be cut off at the plasma edge. The
transition of the transverse flow from the initial quasi-rectangular profile to a Gaus-
sian is accomplished by an empirical fit to a classical rarefaction propagating toward
the center from the outer edge at a rate determined by the growth of the Gaussian
1/e profile width. Laser absorption occurs within the geometrical cross section of
the plasma only, and is due to inverse Bremsstrahlung. For radiation normal to the
target, a pre-set dump at the critical density is introduced. The laser beam may
alternatively be introduced at an arbitrary angle to the target normal and refracted
through the plasma, in which case resonant absorption is directly included using
the standard linear form. The code considers a two temperature fluid with ion and

electron (flux limited) thermal conduction and ion/electron equilibration. Ioniza-
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tion and population dynamics are treated self-consistently with the hydrodynamics
using an overall electron energy balance. The code can describe the ionization either
by using simple modified forms of the ionization/recombination rates developed by
(Gri05), as well as by a time-dependent collisional-radiative model based on either
screened hydrogenic levels, or a detailed set of accurately calculated atomic levels.
In the calculations presented here, the modified Griem’s model (MGM) is used for
the different ionization stages. For the Ni-like stage the full level populations are cal-
culated, and used to determine the laser line characteristics, spontaneous emission

rate, gain, saturation irradiance, and Lorentz and Doppler line widths (Per06).

3.3.2 Working point of short/short pulse DGRIP

60, 300 6 300
s . 250 50 o e S 250
T ot EF +o+ 5
S 40 ¥ + {200C S40 4+t 200
+ g : =
3 30 + 1508 S 30 + g 150%
o P o © + e
=~ ) E‘ + Q
% 20 +oo 1002 & 20 1002
n + -+ % n + B
10| 50a 10 50 O

0 0 +

0 500 1000 1500 2000 2500 0 5 .10 15 20 2
Delay [ps] Main pulse duration [ps]

Figure 3.15: The influence of the double-pulse delay and pulse duration of both
pulses on the SXRL gain are simulated for 250 to 2500 ps and 4 to 20 ps, respectively,

together with corresponding the distances to the target.

The simulation of the working point of the DGRIP SXRL was performed to
obtain information about the electron density distribution and temporal evolution
of the gain. First, the parameters were set in the simulation to fit the experimental
pump laser double-pulses for the short/short pulse DGRIP configuration. In the
simulation, a pump laser wavelength of 1054 nm and a grazing incidence angle of 30
degree were applied, which corresponded to 20 degree of incidence for a Ti:Sa laser.
The pre-pulse and the main pulse duration were each set to 10 ps and the laser pulse
intensities were matched to fit the experimental double-pulse values. In this way a
delay scan was carried out. For the pulse duration scan, the pre- and main pulse
had the same duration and a fixed delay of 1.75ns was applied. In Fig. 3.15 the
simulated the results are presented. The SXRL gain was plotted for different delays
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from 100 to 1000 ps with a main pulse duration of 10 ps. A maximum of ~ 50 cm™*
occurred at ~500ps and at ~1750 ps. The second optimum is in agreement with
the experimentally determined optimal delay of 1600 ps for the Ni-like Mo. The
dependence of the SXRL gain on the pulse duration of both pulses for a fixed delay
of 1750 ps is plotted in as well in Fig. 3.15. The maximum gain occurred at a plateau
from 10-20 ps confirming the optimal pulse durations of 10-12 ps and ~16 ps which

were found in the experiments in Ni-like Mo and Ni-like Pd, respectively.
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Figure 3.16: The electron density and the gain of the optimal short/short pulse

DGRIP amplifier are simulated for a time interval from 0ps (arrival of the main

pulse) to 100 ps, indicated as colored 5 ps steps: green, red, turquoise, purple, yellow,

brown, blue, green, red, turquoise, purple, yellow, brown, blue

In Fig. 3.16 the electron density and the gain were simulated for the optimal
double-pulse parameters in the short/short pulse DGRIP scheme, determined in the
previous parameter scans. The delay was set to 1750 ps and the pulse duration
of pre- and main pulse to 10ps. The graphs were plotted for 5ps time steps in
the time interval of 0 to 100 ps after the main pulse arrival. The highest gain is
generated at ~ 150 um at an electron density of ~ 1 —2x 10?* cm™3. The simulated
source position for the maximal gain and the corresponding electron density seem
to be rather high. Unfortunately, the source position cannot be compared with

experimental data due to the absence of the absolute source position.

3.3.3 Working point of long/short pulse DGRIP

The simulation of the working point of the long/short pulse DGRIP SXRL is
described in this section. Again, the parameters were set in the simulation to fit the

experimental pump laser double-pulses. The pre-pulse duration was set to 200 ps
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Figure 3.17: The influence of the double-pulse delay and main pulse duration on the
SXRL gain are simulated for 100 to 1000 ps and 1 to 10 ps, respectively, together

with corresponding the distances to the target.

and the laser pulse intensities were matched to fit the experimental double-pulse
values. In this way a delay scan and main pulse duration scan were carried out.
In Fig. 3.17 the simulated the results are presented. The SXRL gain was plotted
for different delays from 100 to 1000 ps with a main pulse duration of 2ps. A
maximum of ~ 75em ™! occurred at ~200 ps with a FWHM of 200 ps. These values
are in agreement with the experimentally determined optimal delay of 190 ps and
the determined gain value of ~ 65cm™1. The dependence of the SXRL gain on the
main pulse duration for a fixed delay of 200 ps is plotted in as well in Fig. 3.17. The
maximum gain occurred at 1-2 ps agreeing to the main pulse duration of 1 ps which
was found in the experiments to give the best performance. In the simulation the
main pulse duration did not influence the gain as strongly as in the experimental
study. The simulated source position for the maximal gain was located at ~ 25um.
This gain region close to the target is in good agreement with the maximal gain

zone at ~18 ym from the experiment.

In Fig. 3.18 the electron density and the gain were simulated for the optimal
double-pulse parameters in the DGRIP scheme, determined in the previous param-
eter scans. The delay was set to 200 ps and the main pulse duration to 2ps. The
graphs were plotted for 1ps time steps in the time interval of 0 to 20 ps after the
main pulse arrival. The fact that the highest gain is generated at ~ 30 pm with
20 um FWHM leads to the interesting point that the corresponding electron den-
sity amounts to ~ 1 — 2 x 102! em =3, while the main pulse heating is fixed to the

turning point density of ~ 0.25 x 102! em~3. An explanation of this discrepancy can
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Figure 3.18: The electron density and the gain of the optimal long/short pulse
DGRIP amplifier are simulated for a time interval from 0ps (arrival of the main
pulse) to 20 ps, indicated as colored 1 ps steps: green, red, turquoise, purple, yellow,
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be the strong gradient of the plasma which transports the main pulse energy faster
to the adjacent higher density regions than in the case of smaller gradients, where
longer distances have to be overcome. Such high electron densities might lead to
strong refraction, and could possibly limit the maximal gain length of the amplifier.

1 a value 50% stronger than

However, the measured gain coefficient of g ~ 65cm™
reported by GRIP schemes (CKR*07),(LWL'05), corroborates the assumption of a
higher electron density in the gain region, since the gain is proportional to the elec-
tron density. Moreover, the SXRL operation in denser plasmas allows in principle
for larger spectral width, giving the possibility to reach a shorter pulse duration in

an injection-seeded amplifier.

3.4 Conclusion

3.4.1 Comparison between short/short pulse DGRIP
and long/short pulse DGRIP

The two variants of DGRIP apply the common principle of double pump pulses in
a single beam under grazing incidence, allowing for the same set-up, but by changing
the pre-pulse duration from ~10 ps for the short/short pulse configuration to ~200 ps
for the long/short pulse configuration, significant differences occur. Completely

other optimal pump parameters were obtained during the SXRL output optimization
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Table 3.1: Comparison between the short/short pulse and long/short pulse DGRIP

with pump and output parameters

DGRIP short /short pulse | long/short pulse
PP duration ~ 10 ps ~ 200 ps
MP duration ~ 10 ps ~ 1ps

PP energy ~ 250mJ ~ 250mJ
MP energy ~ 750mJ ~ 750mJ

Delay ~ 1600 ps ~ 200 ps
Focus width ~ 60 um ~ 60 pm

PP intensity

~ 3 x 1012 /cm?

~ 6 x 10" W/cm?

MP intensity

~ 5 x 108 W /cm?

~ 4 x 10" W/cm?

Number of pulse trains N ~ b ~ 2.5
Max. output fluence ~ 0.07mJ/cm? ~ 0.5mJ/cm?
Max. output energy ~ 0.3 puJ ~2uJ

resulting in SXRL beams with different near- and far-field characteristics.

In Tab. 3.1 a summary of the optimal pump parameters is given together with the
output characteristics for both DGRIP variants. The strongest differences in the
pump parameters are observed in the delay and duration of the double-pulses. The
main pulse duration of 10 ps in the short/short pulse configuration differs strongly
from the long/short configuration, in which a main pulse duration of only 1ps is
applied. Moreover in the case of short/short pulse pumping the very long delay
of ~ 1500 ps clearly stands in contrast to the rather short delay of 200 ps for the
long/short pulse configuration. The different pump parameters clearly show the
differences in the plasma hydrodynamics leading to very different near and far-field
SXRL beam characteristics which will be discussed here.

The observed far-field SXRL intensity patterns result from the interferences be-
tween the field amplitudes emitted by numerous small regions of uniform phase at
the source exit. The observed speckles in the far-field of the long pre-pulse short
main pulse DGRIP configuration have a typical angular size of 0.1 to 0.5 mrad and
are randomly distributed in the beam profile. They result from diffraction of the
spatially coherent beam by a random phase. Contributing to the observed beam

profiles are the low spatial coherence, the high longitudinal coherence associated
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with the short pulse duration. One can define the factor N = — with the ratio of
the pulse duration 7 and the coherence time 7.. This factor determines the contrast
V' of the far-field speckles by V' = \/LN’ it decreases with the square root of N. Since
N is in the order close to unity for TCE SXRL, strong speckles can be observed. A
typical speckle pattern shown in Fig. 3.14. The factor N is also termed as the pulse
train number, describing the number of coherent pulse trains contained in the total
SXRL pulse envelope. To determine the number of pulse trains the contrast of the
far-field pattern was analyzed. The contrast V' was determined by the ratio between
the standard deviation oy of the intensity and the averaged intensity < Iy >. For a
typical far-field pattern (Fig. 3.14) a pulse train number of N ~ 2.5 was determined,

which agreed well with the values from (GKC'06).

For QSS SXRL the pulse duration is typically about 100 ps while the coherence time
stays ~2ps. This leads to a much higher ratio of N ~ 50 and the far field pattern
becomes uniform without speckle structures, as shown in (RMP*02). A uniform
intensity pattern can also be obtained with TCE SXRLs by the accumulation of
multiple shots, as reported in (ZZH*10). The original speckle structure is smeared
out with the square root of the number of shots and results in a similar pattern ob-
tained with stationary partially coherent sources like QSS SXRLs. The experimental
data in (ZZH"10) proved that an integration of 100 shots provided a homogeneous
illumination profile. An integration of 100 shots corresponds to an accumulation
time of about 100 ps, which equals the pulse duration of one QSS SXRL shot.

A totally different pattern is observed in the far-field of the short/short pulse DGRIP
configuration which shows mostly interference fringes instead of the typical speckle
pattern. The fringes have a lower contrast compared to the speckles of the long/short
pulse DGRIP far-field resulting in a higher number of pulse trains which was deter-
mined to N ~ 5. This value is about a factor of 2 higher than the one measured
in the long/short pulse DGRIP. Assuming for both cases a similar coherence time,
this leads to two times shorter SXRL pulse duration in the long/short pulse DGRIP.
The observation is also supported by the shorter main pump pulse duration of 1 ps
applied in long/short pulse DGRIP (Fig. 3.11) compared to the 10 ps duration in
the short/short pulse scheme (Fig. 3.5).

The observation of fringes can be explained either by the fact that the horizon-
tal source size of about 8 um is 30% smaller than the value from the long/short
pulse DGRIP (Fig. 3.7, Fig. 3.13), causing fringe-like far-field patterns, as reported
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Figure 3.19: Simulations of the SXRL far-field for a gaussian source with a vertical

size of 35 um and a horizontal size of 8 um (left) and 12 um (right), respectively.

by (GKC™06). In Fig. 3.19 the far-field pattern are simulated for different gaussian
sources with a vertical size of 35 ym and a horizontal size of 8 um and 12 um, respec-
tively. One can see that by changing the aspect ratio of the source size the far-field
pattern changes from a fringe-like structure to a speckle-like structure, similar to

the observations in the experiment.

Another explanation for the far-field fringes in Fig. 3.8 can be the existence of mul-
tiple sources in the emitting near field of the plasma amplifier which then interfere
in the far-field. As can be seen in the near field in Fig. 3.7, multiple strong point-
like sources are located along the vertical axis, which support the assumption of a
multi-source interference. However, this kind of interference implies that the sources
are mutually coherent, which is typically not the case in ASE lasers. But if one in-
vestigates the spacing of the fringes, which was determined to ~0.6 mrad, one finds
a distance of ~30 um between two possible emitting sources. This distance is well

within the total vertical dimension of the near field of ~35 pum.

To determine the more elaborated pump configuration in the DGRIP scheme, one
of the most important values, the total output energy, has to be considered. Here,
the SXRL output clearly identifies the long/short pulse DGRIP configuration as
the much more efficient approach. With a SXRL energy of ~2uJ, which is a fac-
tor of 7 higher than in the double short pulse configuration, the long/short pulse
DGRIP scheme easily reaches the efficiencies obtained in the standard GRIP scheme
(CKR*07).
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3.4.2 Comparison between GRIP and DGRIP

In conclusion, a comparison between DGRIP and GRIP in terms of efficiency and
stability during the experiment has been considered. Since the DGRIP scheme ap-
plied two collinear pulses, which passed through the grating compressor at LASERIX
with a transmission of ~ 50%, the total pump energy was reduced by ~ 25% from ~
1.2 J on target for the GRIP operation to ~ 0.9 J on target for the DGRIP operation.
Despite the lack of pump energy in the DGRIP case, both methods yielded about the
same maximal output energy of ~ 2u.J, resulting in a higher efficiency of the DGRIP
scheme. This corroborated the high gain value of ~ 65cm ™! in DGRIP. Moreover,
the more compact source size of ~ 350pum? in DGRIP compared to ~ 700pum? in
GRIP lead to a doubled SXRL fluence of ~ 0.5.J/cm?. Instead, the vertical diver-
gence in the DGRIP output was increased to ~ 10 mrad, contrary to the horizontal
divergence of ~ 4mrad, which is a typical value for both dimensions in the GRIP
scheme. The resulting peak brilliance of ~ 2x 10% photons/(s mm?mrad?) in 0.01%
bandwidth for the DRIP scheme equalled again the values of GRIP SXRLs, and
amounted to a factor of ten less than the brightest seeded GRIP SXRL (WGP*08).
Since in this study only a gain length of ~ 2.5 mm was investigated, possible lim-
iting refraction effects due to the higher density operation, could not be observed.
In terms of stability, the DGRIP scheme came with an intrinsically perfect overlap
of the line foci for both pulses, resulting in a more stable SXRL operation, com-
pared to the jittering output of GRIP. On top of that, the easy and rapid alignment
procedure simplified the utilization of the DGRIP scheme for applications.
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Chapter 4

Application of DGRIP

This chapter is divided in two parts. The first part reports on the application
of DGRIP for shorter wavelength SXRL pumping with unique high-energy double-
pulses at the laser facility PHELIX, showing the potential of the DGRIP scheme for
the expansion to shorter wavelengths. The second part deals with the application
of the DGRIP SXRL for high repetition rate irradiation experiments of user sam-
ples at the laser facility LASERIX. Regulated SXRL energy doses were deposited

automatically on samples, which were under investigation by an external user group.

4.1 DGRIP for short wavelengths

The previous successful results of generating transient collisionally excited soft
x-ray lasers at sub 20nm in the double-pulse single-beam grazing-incidence pump-
ing scheme, justified its application also to shorter wavelengths. The experiment
presented here was aiming at the optimizing of the pump parameter configuration,
to reach as short a lasing wavelength as possible and to give limits for the feasibility
of such soft x-ray lasers at pump energies below 40 J for the implementation at the
high repetition rate facility LASERIX. The study was performed at the PHELIX
facility with its unique installation of fully configurable high-energy double-pulses of
up to 150 J. The application of DGRIP, enabled to achieve - with a much simplified
set-up - lasing down to the shortest wavelength reached to date for TCE SXRLs.
7.36 nm Ni-like Sm soft x-ray lasing was achieved only by a pump laser energy of 36 J
(ZBE*09a), reducing the pump energy requirements by a factor of two compared
to (KPM™101). The set-up of (KPM*01), which used two separate laser beam lines

81
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to interact with the target, was a non-trivial complication, because of the delivery
of two beams with large dimensions required by the high pump laser energy. More
suitable was the approach of (KST%04) to pump Ni-like La at 8.8nm, with two
collinear pulses interacting with the target under normal incidence. This set-up is
similar to the DGRIP scheme for operation at short wavelengths (ZRG'10), which

is presented here.

4.1.1 Set-up

The experimental set-up in Fig. 4.1 shows the DGRIP geometry for short wave-
lengths. The focusing system consisted of a diamond free-formed 90 degree copper
off-axis parabola (OAP) with a diameter of 300 mm and a focal length of 1500 mm.
The aberrations, produced by a tilt © of 4 degrees off the normal off-axis angle,
created the line focus without requiring additional optics. The target was rotated
to fit the plane of the line focus, resulting in a total incidence angle 2 of 73 degree
under which the laser double-pulse stroke the target with s-polarisation. This corre-
sponded to a grazing incidence angle of 73 degree, a much higher angle as compared
to the geometries for softer x-ray lasers shown in the previous chapter. The range
of incidence angles that could be reached in the geometry of the focusing system
applied here, was well suitable for higher electron density laser absorption. The 73
3

degree of grazing incidence on the target resulted in an absorption at 9.2 x 10?° cm ™

for the pump laser wavelength of 1.054 ym.

The size of the line focus was ~ 9mm x 20 um (Fig. 4.2), giving an irradiance of
~ 5 x 108 W /cm? for the pre-pulse and ~ 1.5 x 10 W/cm? for the main pulse
respectively, for a total pump laser energy of 40 J. The size and the positioning were
controlled via an infra-red CCD camera in the 10 Hz low laser energy mode. For
maximal soft x-ray laser output the line was shifted horizontally to the amplifier exit
of the target reducing the total length to ~ 7mm, which was enough for efficient
operation, and probably in the saturated regime. During a full laser shot the focus
control was done with a x-ray pinhole camera with filters consisting of 1 ym of C3H6
and 20 pm of Al imaging the full line focus onto the camera chip. The magnification
Was fmaeg = 2.36 and together with a pinhole size of s,;,=20 ym the resolving power

was determined to be 28 ym. The line width of the plasma line sq; gave 66 pm
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Figure 4.1: The experimental set-up shows the double-pulse generation, the pulse

front tilt control, the focusing geometry and the soft x-ray laser diagnostic.

FWHM and 78 um FWHM for a ~ 40J and ~ 100 J shot, respectively, with

\/wi2mg - (sz'n X (1 + fmag))2

Sobj = f 3
mag

(4.1)

where wj,,, was the size of the line focus in Fig. 4.3.

The targets were 10 x 10mm? samarium slabs polished to the crystalline surface
structure. The targets were stored under high purity inert gas until shortly before
mounting them on the target holder and evacuating the chamber. For each shot a
new target position was chosen, far enough from the previous position to be free
from the debris created by the pump laser. With the given target size typically 4-5
shots could be placed on one target.

The tuning of the traveling-wave speed was done by the rotation of the second
grating of the two-grating compressor, thereby changing the pulse front tilt, similar
to (CSST00). Tilting the grating introduced a different path length for each point
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Figure 4.2: The line focus produced by the OAP has a length of 9mm and and
width 20 pm.

along the beam horizontal axis according to:

w Z

(w) = AE cos(0;)sin(©,)

[1+ cos(©; — ©,)] (4.2)

where x was the extension of the beam along the horizontal axis, A was the grating
tilt angle, ©; and ©, were the incidence and diffracted angles at the pulsation w
in the case of the aligned compressor respectively. This equation showed that a
spatially dependent additional phase term was added to the pulse, meaning that
the compression was not spatially uniform. However, one could show that, when
the beam was large compared to the spectral spread on the grating, the increase in
pulse duration at the edge of the beam was minimal. For instance, a 0.17 degree
grating tilt yielded a 30ps delay at the focus when a 12cm beam was used, but
at the expense of an increase of pulse duration by 250fs at the edge of the beam
only. During the alignment phase, a test plate with two holes separated by 10 mm

was located at the target plane. The two beams were then focused into a nonlinear
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Figure 4.3: The line focus for a laser energy of 100J shows slightly modulated
intensity along the line focus length of 7mm. The width is determined to 78 pum
FWHM.

crystal were second harmonic light was generated (Fig. 4.4). A double-pulse of two
delayed 1 ps pulses was used at this point to control the amount of pulse front tilt
introduced by the compressor. Practically, this corresponded to turning the grating
in the compressor until the delay necessary for getting a traveling-wave speed of 1¢
along the line focus was reached, which equalled 33 ps or a distance of 10 mm on
the delay stage of the double-pulse set-up, an autocorrelation mechanism. In this
way the intrinsic traveling-wave speed of 2c¢ of the line focus was compensated to
1£0.1c. Due to the traveling-wave pumping the soft x-ray laser emission exited the
target on one side as shown in Fig. 4.1. High energy background radiation from
the plasma plume was partly eliminated by a grazing incidence reflection of the
SXRL beam at 6.5 degrees on a polished fused silica substrate with a roughness of
5nm rms, guiding 20% of the SXRL beam into the spectrometer. The infra-red and
visible background was suppressed by two 0.8 um thick carbon filters. The SXRL
output was imaged via a flat-field gold grating spectrometer with 1200 lines/mm

onto a CCD camera at 1.25m distance to the target.
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Figure 4.4: The set-up for the pulse front tilt tuning to optimize the traveling-wave

speed of the line focus on the target.

4.1.2 Results

The pump parameters for highest SXRL output were determined by a delay
scan from 20 ps to 375 ps, a scan of the double-pulse energy ratio between 10% and
70% and a scan of the total pump energy from 85J to 36J. The pre-pulse and
main pulse duration was set to 200 ps and 7 ps respectively for this study. The
contrast level was better than 107%, except an extra pulse of 1072 located 900 ps
before the double-pulse. The obtained spectrum (Fig. 4.5) showed the lasing of the
4d(3/2) — 4p(3/2) transition at 168.5eV (7.36 nm) and also the second weaker lasing
4d(3/2) — 4p(1/2) transition at 181eV (6.85nm). The line out of the spectrum was
corrected with the reflectivity of the gold grating and the fused silica substrate and
the transmission values of the carbon filters. Since the resolution of the spectrometer
was about AXN/A = 1073 and the line width of an SXRL in the order of A\/\ =
10~* (SDH'03b),(KGRT06) one found that the signal to noise ratio shown by the

spectrum was underestimating the strength of the laser line by a factor of 10, which
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Figure 4.5: The line profile of the recorded spectrum (see insert) shows the lasing

lines of Ni-like Sm at 168.5e¢V (7.36 nm) and at 181 eV (6.85nm).

was not included in further calculations.
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Figure 4.6: The spatial profile of the two laser lines and the background recorded in
the spectrometer exhibits a divergence of ~ 6 mrad FWHM for the full SXRL beam

at 168.5¢eV in the vertical dimension.

The vertical divergence of the SXRL was determined to be ~ 6 mrad FWHM, as
shown in Fig. 4.6. The divergence, which was smaller than vertical divergence of
10 mrad for longer wavelength DGRIP soft x-ray lasers, could be explained by the
reduced refraction effects at the shorter wavelength, and the narrower gain zone for
this laser.

The absolute output energy of the soft x-ray laser was determined by the integration

of the background corrected counts of the lasing line on the back-illuminated CCD
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Figure 4.7: The scan of the double-pulse delay shows a maximum SXRL output for
90 ps with a FWHM of 50 ps.

camera. Here, an ANDOR CCD camera was used with a quantum efficiency Qccp
of 0.325 for 7.36 nm radiation. One had also to consider that the multi-electron
generation depended on the photon energy of the SXRL FE,;, being a multiple of
the band gap of the Si transition Eg; of 3.45eV. The absolute photon number C,..y
determined by the counts on the camera Coop was then calculated as

C E
Qcep' Esi
The highest obtained SXRL energy was determined to be ~ 1.6 uJ with respect

Creal -

to the solid angle of the spectrometer, the reflectivity of the gold grating and the
fused silica substrate and the transmission values of the carbon filters. The obtained
SXRL energy was in agreement with the modelling in (KPM™01).

By changing the delay in the Mach-Zehnder set-up, the dependence of the SXRL
output on the delay in the double-pulse was studied. For this series, the total pump
energy was kept constant at ~ 80J with ~ 50% in the pre-pulse and the delay
was varied from 20 ps to 375 ps. The maximum SXRL output was found at 90 ps
with a FWHM of 50 ps (Fig. 4.7). The small time delay and its narrow window
were alluded to fast changes in the hydrodynamics of the pre-plasma (Per06). The
optimum agrees with the results of (KPM™01), in which an optimal delay of 130 ps
was obtained.

The effect of the double-pulse energy ratio was studied with a total pump energy
of ~ 100J and a double-pulse delay of ~ 80ps. The SXRL output increased by
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Figure 4.8: The scan of the double-pulse energy ratio shows an increase of the SXRL

output with smaller pre-pulse energy fractions.

factor of 5 with the variation of the pre-pulse energy fraction from 70% to 10%.
This showed the strong influence of the pre-pulse energy on the SXRL emission,
indicating a maximum at a lower pre-pulse energies towards ~ 10J (Fig. 4.8). The
experimental estimation of a total pump energy threshold was done by reducing the
total pump energy from 85J down to 36 J. In this case the pre-pulse energy fraction
was kept constant at ~ 50% and the delay of the double-pulse was ~ 120 ps. Under
these conditions the SXRL output increased by a factor of 3 with the reduction of the
energy from 85J to 42J, where the maximum was found. This showed that a pre-
pulse energy of ~ 20 J creates a suitable pre-plasma condition for this configuration.
Reducing the total pump energy to 36 J, SXRL emission was still observed. At this
pump energy the observed emission was 5 times weaker compared to the maximum.
The increase of the SXRL output with lower pump energy might have been caused
by the smaller pre-pulse energy amount, confirming the pre-pulse energy ratio scan
in (Fig. 4.9).

4.1.3 Conclusion

The application of DGRIP proves also to be a simple and efficient method for
the generation of short wavelength soft x-ray lasers. Ni-like Sm soft x-ray lasing
at 7.36 nm was achieved at a low total pump energy threshold of 36J, a value

predicted by simulations of (Per(06), and half the total pump energy applied by
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Figure 4.9: The scan of the total pump laser energy identifies the pump threshold
of 36 J and the optimum at 42 J.

(KPM™01). This confirms the advantages of the applied pumping scheme for the
photon energy region close to 200 eV. The efficiency of the soft x-ray laser generation
in the experiment presented here is ~ 4 x 1078, which is not comparable with SXRL
operation above 10 nm. A reliable and stable SXRL operation is observed, due to the
DGRIP characteristics. The generation of the double-pulse is controlled in the front-
end and applied for high energy double-pulses up to 150J without any restrains.
With the single-beam single-focusing geometry the adjustment is fast and stable.
The capability to produce a line focus with an excellent homogeneity and optimized
dimensions at pump laser energies up to 150J is demonstrated. The tuning of the
pulse front tilt to match the traveling-wave speed along the line focus by the turning
of the compressor grating is straightforward and precisely controlled with a novel
autocorrelation mechanism using short double-pulses from the Mach-Zehnder. The
gain in reproducibility and efficiency as compared to other experiments at high pump
laser energies, which were based on two separated beams, plus the guaranteed exact
spatial overlap of the two pump pulses, proves to be the major advancement for the

development of short wavelength soft x-ray lasers.
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4.2 DGRIP for applications

The implementation of the DGRIP scheme at the high repetition rate laser fa-
cility LASERIX allowed for irradiation experiments with user supplied materials.
The capability to deliver continuously high photon doses onto user samples in a
stable operation running automatically over exposure times of several hours, was
an achievement of the DGRIP scheme. The long-term operation and performance
characteristics of the DGRIP SXRL are described in this section, which were of

great importance for the experiment planning of users.

4.2.1 Near- and far-field characterization

The real-time evolution of the SXRL output and source position is presented
in Fig. 4.10. An operation at constant SXRL energy was possible over at least
200 shots on the same target position before the energy decreased almost linearly
with the number of shots down to 40% of the initial value for the 300th shot. The
long output energy stability was the result of using very low energetic pre-pulse
arriving several nanoseconds before the pump laser double-pulse. In the absence of
this pre-pulse, less than 100 shots could be performed on the same target position.
The pre-pulse was generated by changing the timing of a Pockels cell in the laser
front-end. The shot-to-shot energy fluctuations were of the order of 20%, but if
one compared the dose accumulations for 200 shots, the integrated dose fluctuations
were limited to less than 5%. The latter consideration appeared to be the most
relevant for users requiring accumulation of photons.

The position of the SXRL source fluctuated in the order of a few microns in the
vertical direction due to pointing instabilities of the pump laser. The slow monotonic
movement in the horizontal position was caused by the ablation of the target material
for each shot. The source position change towards the target was about 0.25 um per
shot. The average SXRL energy at the exit of the source was about 1 uJ per pulse
for a series of 200 shots, corresponding to an average soft x-ray laser power of 10 yW
for the long-term operation.

A reproducible drift of soft x-ray laser pointing was observed during a sequence
of shots performed on the same target position. This drift was in the horizontal
direction, towards higher refractive angles, corresponding to approximately 3 mrad

for a 200-shot series on the same target position. The origin of the effect might



92

x106

15

10

Energy(a.u)

0 50 100

150

200

250

300

30 . T

20

10

vertical position (um)

0 50 100

150

200

250

300

100

a
o
T

lateral position (um)

o

50 100

o

150
Shot number

200

250

300

Figure 4.10: The figure shows the integrated SXRL energy and the relative positions

of the SXRL source in vertical and lateral dimensions, respectively, as a function of

the SXRL shot number for the same target position (ZZH*10).

have been caused by inhomogeneous digging of the target groove due to the lower

laser intensity at the line focus edges or from increased refraction due to higher

electron density gradients in the plasma. Experimentally it was compensated by

automatically turning the target holder with an angular speed of 8 x 1073 degrees

per second. In our experimental configuration, this effect was not critical due to

the short distance to the interaction chamber and the irradiation close to the source

image plane.
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4.2.2 Target consideration

Continuous SXRL operation was achieved by vertically translating the target by
an amount of 200 um every 200 shots maintaining the high SXRIL output energy.
Smaller translations were also investigated but appeared to be inefficient for the
lasing. As the target height of 5cm was limiting the total length of the translation
stage, the maximum number of shots per target was 50.000, corresponding to 250
target craters and a total acquisition time slightly longer than one hour. This kind of
operation was successful due to the robustness of the DGRIP scheme against pump
laser fluctuations. The target longevity could be related to the specific hardness and
high melting point of molybdenum and might have been different for other SXRL
materials. Replacing an old target by a fresh one by vacuum break and re-pumping
took only 10 minutes and did not require any re-alignment of the pump laser beam.
Fig. 4.11 presents a photograph of a used target, showing the periodic craters. The
very simple rectangular shape of the target as compared to the proposition of a
helicoidal shape (WLW™06), allowed the recycling of used molybdenum pieces by
milling them after irradiation. No loss in efficiency was observed using this fast,
simple and cost-efficient technique. Despite the very high number of laser shots
inside the chamber, we did not observe severe problems of optics pollution by the
molybdenum plasma plume or damages from target debris. This was a common
problem in the GRIP scheme, using a lens close to the target for the pre-pulse beam
focusing, which is dispensable in the DGRIP geometry.

The total SXRL energy accumulated for one completely used target slab reached ~
50mJ in 80 minutes, but it is expected to be increased to by further optimization
of the shot number per target position. The average energy deposition per hour
of the DGRIP SXRL was even higher than the QSS SXRLs with pulse energies of
4mJ every 20 minutes (RMP702). So the DRIP operation is especially appealing

for irradiation experiments of samples well standing vacuum exposure.

4.2.3 Irradiation of samples

The application chamber was placed 1.5 m away from the SXRL source. After a
pre-filtering of visible and harder x-ray emission from the plasma by a 150nm Al
filter, the SXRL beam was guided onto a one-inch spherical mirror with multilayer
Mo:Si surface that induced an additional filtering of the SXRL wavelength. The
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Figure 4.11: The nickel-like molybdenum SXRL target with a height of 50 mm shows
grooves for each line focus position on the target. After ~ 50000 shots the target is

completely structured and has to be exchanged (ZZH*10).

mirror aperture was sufficient to collect the full beam with respect to its relatively
high vertical divergence. A 200nJ SXRL energy per shot on-sample was measured
at 18.9nm with a calibrated SXR photo diode connected to a synchronized pico-
amperemeter. This was in good agreement with the cross-calibration of the energy
inferred at the source from the near-field diagnostic, with respect to the mirror

reflectivity and the filter transmission.

To irradiate the sample of 3 mm diameter, required to work with a collimated SXRL
beam to fully control the irradiation spot size by translating the target holder along
the propagation axis around the focus position. The control of the spot profile was
done with a CCD camera near the focus, to match the spot to the sample sizes.
The spatial homogeneity of the dose deposition on the samples was realized despite
the intrinsic speckle structure of the SXRL beam (GKC106). As the speckles were
random, the position of the maxima in intensity for each single shot was changed
from one shot to shot and smeared out to \/Lﬁ, with N as number of shots.

The automatic target movement was software controlled together with the laser

shot sequences. For each shot, the actual SXRL energy was recorded and the total
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Figure 4.12: The photo current on a Mo:Si SXRL mirror is recorded for a sequence

of 21000 shots to demonstrate the long time stability of the SXRL output energy.

energy deposited on the sample was deduced from the integrated photo current
produced by the SXRL reflection on the focusing Mo:Si mirror and measured with
a pico-amperemeter (Fig. 4.12). The graph shows the good stability of the energy
deposition over more than 20.000 shots. With the real-time energy measurement,
the system was able to start the laser, proceed to the sequence of shots, translate

the target, and to stop the irradiation when the required dose on target was reached.

4.2.4 Conclusion

The successful installation of the DGRIP SXRL at the facility LASERIX opened
the way to apply the source in the fields of irradiation experiments. A first ap-
plication was the irradiation of DNA samples to identify the physical mechanisms
underlying the formation of DNA lesions induced by ionizing SXR radiation and
the biological response (CRK'05). During the experiment the stable and reliable
operation of DGRIP was demonstrated for more than one hour, corresponding to
a few ten thousand shots. The spatial and temporal energy deposition was very
homogeneous and did not fluctuate by more than 5%. A total integrated energy of
up to 50mJ at 18.9nm was deposited on user samples. This application proved the
attractiveness of the DGRIP SXRL as a valuable tool for research.
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

In this work, a new double laser-pulse pumping scheme for transient collisionally
excited soft x-ray lasers was developed, characterized and utilized for applications.
Using this concept, efficient SXRL operation from ~ 50eV up to ~ 200eV was
demonstrated. With the implementation of a specially developed Mach-Zehnder
unit in the CPA laser front-end, the generation of fully controllable double-pulses
was accomplished and applied to optimally pump SXRLs and additionally to eval-

uate the amount of nonlinear effects in the CPA laser system.

The fully configurable Mach-Zehnder allowed for the creation of two pulses of
different pulse duration and variable energy balance with an adjustable time delay.
As an application of the double-pulse configuration, besides the SXRL pumping,
the B-integral in the CPA laser system was measured by amplifying short pulse
replica in the system, followed by an analysis in the time domain. This method
was applied at two independent CPA laser systems exhibiting distinctively different
laser parameters. The measurement of B-integral values in the 0.1 to 1.5 radian
range, only limited by the reachable laser parameters, proved to be a precise tool to
characterize nonlinear effects in the laser systems and it is expected to extend the
attainable measurement range starting from as low as 20 mrad to several radians.
The creation of a pulse train of equally spaced pulses will be of interest not only for
the characterization of the laser system itself, but also for pump-probe experiments

where a strobe detection scheme is necessary.
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Contributing to the issue of SXRL pumping, the double-pulse was configured to
optimally generate the gain medium of the SXRL amplification. The focusing ge-
ometry of the two collinear pulses under the same grazing incidence angle on the
target, significantly improved the generation of the active plasma medium. On one
hand the effect was induced by the intrinsically guaranteed exact overlap of the
two pulses on the target, and on the other hand by the grazing incidence pre-pulse
plasma generation, which allows for a SXRL operation at higher electron densities,
enabling higher gain in longer wavelength SXRLs and higher efficiency at shorter
wavelength SXRLs. The observation of gain enhancement was confirmed by plasma

hydrodynamic simulations.

The first introduction of double short-pulse single-beam grazing incidence pump-
ing for SXRL pumping below 20nm resulted in a reliable operation of a Ni-like
palladium SXRIL at 14.7nm with a pump energy threshold strongly reduced to
less than 500 mJ. With the adaptation of the concept, namely double-pulse single-
beam grazing incidence pumping (DGRIP), an improved efficiency and stability of
table-top high-repetition soft x-ray lasers in the wavelength region below 20 nm was
demonstrated. 2 pJ of Ni-like molybdenum soft x-ray laser emission at 18.9 nm with
a total pump laser energy below 1J on the target was obtained at 10 Hz repetition
rate without re-alignment, proving the attractiveness for high average power opera-
tion. On one hand the low costs and the easy and rapid alignment procedure fulfilled
the requirements for a sophisticated installation, and on the other hand the highly
stable output satisfied the need for a reliable strong SXRL source. The qualities
of the DGRIP scheme were confirmed in an application experiment with over fifty

thousand shots and a deposited energy of ~ 50 mJ on user samples.

The generation of double-pulses with high energies of up to 120J enabled the
transfer to shorter wavelength SXRIL operation. The application of DGRIP proved
also here to be a simple and efficient method for the generation of soft x-ray lasers
below 10nm. Ni-like samarium soft x-ray lasing at 7.3nm was achieved at a low
total pump energy threshold of 36 J, which confirmed the suitability of the applied
pumping scheme. A reliable and stable SXRL operation was demonstrated, due to

the single-beam pumping geometry.



99

The generation of the Ni-like Sm x-ray laser was an important milestone for the
feasibility of applying the pumping scheme also for higher pumping pulse energies,
which are necessary to obtain soft x-ray laser wavelengths in the water window.
The reduction of the total pump energy below 40J for 7.3nm lasing fulfilled the

requirement for the implementation at high-repetition rate operation facilities.

5.2 Outlook

5.2.1 Short-wavelength soft x-ray lasers

A number of applications, including imaging of biological specimen and diagnos-
tics of dense plasmas, require soft x-ray lasers with short wavelength. In medical and
biological research, especially attractive is the possibility to reach into the water-
window, in which the carbon absorbs well soft x-ray radiation, while the water is
quasi transparent. In this configuration high contrast imaging of carbon structures

in water is possible.

To achieve such short wavelength SXRLs in the transient collisional scheme requires
high Z materials, ionized to Ni-like states and in addition a high electron temperature
to sufficiently produce a population inversion. These requirements demand a sophis-
ticated pumping geometry. With the development of DGRIP for short wavelengths
a first step towards this aim has been achieved. The generation of the Ni-like Sm
SXRL was an important milestone for the feasibility of applying the DGRIP scheme
for higher pumping pulse energies, which are necessary to obtain soft x-ray lasing in
the above-mentioned water window (Per06),(PerO7a),(Per07b). Together with the
planned capability of the laser facility PHELIX to bring up to 250 J double-pulse
pump laser energy on the target, a Ni-like tungsten x-ray laser at 4.32nm in the

desired water window is conceivable.
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However, to establish soft x-ray lasing in such short wavelengths ranges, a frequency
doubling of high energy CPA laser pulses could be beneficial. A more efficient
laser light absorption and an energy deposition in higher electron densities could
be achieved in this way, increasing the gain of short wavelength soft x-ray lasers.
Additionally the use of nano-structured targets promises tremendous advantages for
the creation of the soft x-ray amplifier medium. If the irradiated target has a volume
density, which even in the case of Ni-like ionization provides an electron density lower
than the critical one, near volumetric heating and ionization of the target material is
possible. Foam targets are promising targets for soft x-ray laser amplification due to
the higher efficiency of the laser energy conversion into bulk electron temperature,
and smoothing of the laser focal spot inhomogeneities. All these efforts together
will probably contribute to an efficient generation of such highly desired soft x-ray

lasers in the water window at the laser facility PHELIX.

For the development of high repetition rate short wavelength SXRL another mile-
stone has been achieved. The reduction of the total pump energy below 40J for
lasing around 7nm in the DGRIP scheme now enables its implementation at the
high-repetition rate routine operation at the facility LASERIX. This allows for the
further optimization of the Ni-like Sm SXRL pump parameters, as it was done ex-
tensively for Ni-like Mo at 18.9nm. Such a study could enhance the SXRL output
energy dramatically and establish sub 10nm SXRLs in the field of applicable SXRL
sources. The possibility to expand the wavelength range for high-repetition-rate

SXRL operation, is highly desired for various irradation experiments e.g. (CRK™05).

5.2.2 High-energy soft x-ray lasers

Transient collisionally excited soft x-ray lasers have the potential to generate
high-energy, short-pulse beams. Due to their high electron density plasmas, they
can store the highest amount of energy among all plasma amplifiers. The available
energy is proportional to the small-signal gain coefficient, the saturation fluence and
the active volume. Since both the saturation fluence and the gain coefficient are
high, the amount of the stored energy is huge. Due to the amplified spontaneous
emission mechanism the energy extraction does not reach the highest efficiency. To

avoid this limitation, the principle of a soft x-ray master oscillator - power amplifier
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concept was developed (DCNT95); as it is common practice in visible lasers.

The idea is to seed the soft x-ray amplifier with a coherent source, e.g. high order
harmonics. The first successful attempt was realized by (ZFS*04) with high order
harmonics injected into an OFI-SXRL at 32.8 nm. Later the method was adopted by
(WGL™06) to a seeded GRIP SXRL by injecting harmonics into the Ni-like Ag am-
plifier at 13.9nm. The gain factor in this configuration was very large with over 400
and accompanied by an extreme improvement of the spatial coherence and reduction
in divergence. Together with the development of efficient soft x-ray amplifiers like
DGRIP, the injected amplifier concept shows a huge potential for upcoming appli-
cations (HSA110).

However, to date, the output energy from solid amplifiers remains as low as ~ 2uJ,
in seeded operation even less than 100 n.J (WGP108). Careful tailoring of the plasma
shape is crucial for extracting the energy stored in the plasma amplifier. With larger
plasma widths, tens of microjoules of soft x-ray laser energy in picosecond pulses are
predicted. With such tailored plasmas, gain and pumping efficiency are expected
to increase by nearly a factor of 10 as compared to the narrower plasma amplifiers
studied here (OZS'09).

To improve the total output energy of soft x-ray lasers in this way, shaped line foci
seem to be promising tools. Sophisticated line focus shapes provide an increased
homogeneity of the plasma gain zone at large line widths and thereby the potential
of high soft x-ray laser output energy. The idea is to install designed apertures
to shape the top-hat pump laser beam, which is then focused to a line focus with
the required dimensions. The aperture shapes are calculated with the ray tracing
software ZEMAX, and have to be adapted to the beam path specifications of the
operating laser system. With this method, rectangular line foci with large widths
are produced, which cannot be achieved by defocusing. The losses associated with
such apertures in the laser system are of negligible amount since the shaping is
performed in the front-end. Designed apertures for the initial beam profile at the
laser facility PHELIX can produce a line focus of 6 mm length and 300 pm width,
promising a soft x-ray laser output of up to 100 uJ. These high photon numbers are

highly desired for diagnostics of warm dense matter, like Thomson scattering for
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electron density and temperature determination.

5.2.3 High average power soft x-ray lasers

The enhancement of the average power of soft x-ray lasers has always been de-
sired by various applications. The aim to increase the average power of soft x-ray
lasers can be achieved by an upgrade of the pump laser system to higher repetition
rates. Diode-pumped solid-state laser systems are capable of delivering repetition
rates up to 100 Hz and being at the same time more compact than equivalent flash
lamp-pumped systems (TJST09). Soft x-ray laser operation at such high repetition
rates can deliver an average power of up to 200 4W. Such a high repetition rate

operation requires a reliable and highly stable pumping geometry.

The DGRIP geometry could provide a sophisticated solution for this kind of SXRL
operation. With its concept of collinear pump laser double-pulses under grazing
incidence, the SXRL is not as susceptible to pump laser instabilities, and at the same
time, provides stable, high-energy output. A first step towards high average power
SXRL operation has already been made by (FRLT09), where an all-diode-pumped
Yb:YAG laser in a geometry similar to DGRIP was applied to pump a 18.9 nm SXRL
at 10 Hz. The results obtained so far are already promising, confirming the observed
advantages of the DGRIP scheme. It is planned to upgrade the operation to 100 Hz
soon, resulting in the highest average power SXRL operation ever by applying the
DGRIP scheme.



Appendix A

An improved double-pulse
non-normal incidence pumping
geometry for transient collisionally

excited soft X-ray lasers
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Appendix B

Optimization of a tabletop
high-repetition-rate soft x-ray laser
pumped 1n double-pulse single-beam

grazing incidence
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Appendix C

Short-wavelength soft-x-ray laser
pumped 1in double-pulse single-beam

non-normal incidence
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Appendix D

Stable and fully controlled long-time
operation of a soft x-ray laser for

user application experiments
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Appendix E

X-ray Parametric Amplification

(XPA)

Complementary to the developments of plasma soft x-ray lasers, a new method
for parametric amplification of soft x-ray radiation, namely X-ray Parametric Am-
plification (XPA), was discovered within a collaboration with the Friedrich-Schiller-
University of Jena (SSH*10). This new type of soft x-ray laser generation has the
potential to be a complementary source next to high-order harmonics and plasma

soft x-ray lasers.
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