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Abstract

X-ray free electron lasers are powerful tools to investigate moderately 
to strongly correlated solid density low temperature plasmas, named warm 
dense matter. These plasmas are of most interest for astrophysics and laser 
plasma interaction, particularly inertial confinement fusion. This work uti
lizes the ultrashort soft x-ray pulse duration and high brilliance of the free 
electron laser in Hamburg, FLASH, to generate warm dense matter and to 
study its ultrafast processes. The techniques applied are absorption mea
surement, emission spectroscopy and Thomson scattering. Radiative hydro
dynamics and Thomson scattering simulations are used to investigate the 
impact of temperature and density gradients in the sample and to fit the 
experimental data. The measurements result in a comprehensive picture of 
soft x-ray matter interaction related to warm dense matter and yield insight 
into ultrafast equilibration and relaxation mechanisms, in particular impact 
ionization and radiative recombination.
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Abstract

Freie Elektronenlaser im Röntgenbereich sind mächtige Werkzeuge zur 
Untersuchung mäßig bis stark korrelierter niedrig-Temperatur Plasmen mit 
Festkörperdichte, sogenannter warmer dichter Materie. Diese Plasmen sind 
von größtem Interesse für Bereiche der Astrophysik sowie der Laser-Plasma- 
Wechselwirkung und insbesondere der Trägheitsfusion. Diese Arbeit nutzt 
die ultrakurzen Röntgenpulse und die hohe Brillanz des freie Elektronen
lasers in Hamburg, FLASH, um warme dichte Materie zu generieren und 
die darin stattfindenden ultraschnellen Vorgänge zu untersuchen. Die ver
wendeten Methoden sind Absorptionsmessung, Emissionsspektroskopie und 
Thomson Streuung. Radiative Hydrodynamiksimulationen und Thomson 
Streuprogramme werden angewandt, um den Einfluß von Temperatur- und 
Dichtegradienten in der Probe auf das Streuspektrum zu untersuchen und um 
die experimentellen Daten anzufitten. Durch die Messungen entsteht ein um
fassendes Bild der Interaktion zwischen der weichen Röntgenstrahlung und 
warmer dichter Materie. Im Detail geben sie Einblicke in die ultraschnellen 
Gleichgewichts- und Entspannungsmechanismen, speziell der Stoßionisierung 
und radiativer Rekombination.

Schlag Wörter:
warme dichte Materie, freie Elektronenlaser, Thomson Streuung, 
Spektroskopie
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Chapter 1 

Introduction

1.1 M otivation

Warm Dense Matter (WDM) is a challenge to modern physics and its investi
gation offers excellent means to understand strongly correlated multiparticle 
systems and their fast dynamics. It is a plasma state with a typical free 
electron temperature of some eV (some 104 K) and free electron densities 
near and beyond solid density. In contrast to this, the so called ideal plasma 
has higher temperatures, lower densities and shows no particle correlations. 
Therefore, WDM is an intermediate state between condensed matter and 
the ideal plasma [20, 21]. The understanding of the condensed matter and 
the ideal plasma, two extremes in terms of particle correlations, has made 
significant progress. However, the intermediate regime, i.e. WDM, combines 
the moderate to strong particle correlation with a high thermal energy. It is, 
therefore, a great challenge to many-particle physics [7, 22]. In particular, 
the knowledge of WDM properties and their dependence on temperature, 
density and pressure is of paramount importance to various fields of physics.

The topics that make the investigation of WDM worthwhile undertak
ing range from astro- over laser-matter and energy physics to industry grade 
applications. In astrophysics WDM is present under stable conditions in 
the interiors of giant planets, such as Jupiter, Saturn, Uranus, Neptune and 
more than 300 exoplanets, but also in brown dwarfs [23]. The depth depen
dent composition of the planets strongly depends on the WDM properties of 
mainly hydrogen and helium and especially their equation of state [24-27]. 
WDM also plays a major role as a transient state in the gravitational collapse 
of interstellar gas to form stars. The rate of such star formation depends on 
the properties of the plasma during the collapse. Current efforts to model 
the process cannot explain the observed rate of star formation [28].
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During laser matter interaction, WDM is generated as a transient state 
between the solid target and the ideal plasma which is formed by the laser 
ablated blowoff. This process occurs on a daily basis not only in the labora
tory, but also in industry applications like material processing and treatment 
(e.g. [29]) or even medical applications, e.g. ablative laser eye correction [30]. 
A greater understanding of WDM could increase the efficiency and capability 
of these processes. A special case of laser matter interaction is inertial con
finement fusion where a mm size deuterium and/or tritium capsule is shock 
compressed and heated to ignite fusion. During the compression and heat
ing phase the WDM regime is crossed and instabilities in the target shape, 
mainly Rayleigh-Taylor, can occur [31-33]. The fusion reaction vitally de
pends on the prevention of the instabilities which can only be modeled and 
predicted correctly if the plasma properties are well understood.

Furthermore, WDM shares common principles with other coupled sys
tems such as semiconductors, high temperature superconductors and ultra
cold trapped atoms. All of these applications require the understanding of 
strongly interacting particle and their many-body correlations. Hence, the 
increased understanding of one system, e.g. WDM, can be transferred to 
other systems of correlated particles possibly leading to high impact appli
cation in sectors such as energy, telecommunications and microchips [21].

Since theoretical models are ambiguous, experimental observations are 
vital for the understanding of WDM (e.g. [34]). However, the generation 
of WDM in homogeneous quantities larger than pm3 and its observation 
under controlled laboratory conditions is a tough task. For example, common 
optical short-pulse laser heating of matter is strongly non-linear leading to 
rapid temporal and spatial variations, steep spatial gradients down to the 
nm scale, and a broad spectrum of plasma physical processes. A promising 
way to generate larger quantities of WDM is by ion heating, which can reach 
pulse durations down to 20 ns. Heavy ion accelerator facilities such as the 
Gesellschaft für Schwerionenforschung (GSI) in Darmstadt are constructing 
new facilities which will also be used for this approach (FAIR [35-37]). More 
pioneering techniques in the generation and investigation of WDM are laser 
based and include shocks, x-ray and heating by energetic ion or electron 
deposition [38-47].

In addition, WDM relaxes on ps to ns time scales into ideal plasma or 
condensed matter states. Therefore, fast diagnostic techniques are required 
and often only temporally integrated measurements can be conducted. One 
of the most powerful plasma diagnostics is Thomson scattering (TS), as it 
enables the measurement of plasma temperature, density and degree of ion
ization by recording the scattering spectrum of an electromagnetic wave. 
This probing light must be in the x-ray regime to penetrate WDM and so
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TS was transferred from the optical [48] into the x-ray regime. Also, the 
currently used laser based plasma x-ray sources advance into the relevant ps 
time scales. Thus, Thomson scattering has by now become a well developed 
technique in the WDM regime [22, 34, 49-52].

With the advent of the first high brightness soft x-ray free electron laser 
in Hamburg (FLASH), we are able to take TS to the ultrafast fs timescale 
[13, 53]. This allows us to diagnose non-equilibrium plasmas and their equi
libration mechanisms, in particular Coulomb collisions, which are the funda
mental particle interactions in plasmas. The high brightness of FEL sources 
allows measurements with unprecedented accuracy, as we will see in chap
ter 4.3 (page 103). We also use simulations of the soft x-ray sample inter
action to investigate the impact of temperature and density gradients on 
the scattering spectrum (chapter 2.4, page 37). We find that the gradients 
produced by the soft x-rays do not significantly affect the TS measurement. 
FLASH enables us to generate WDM more homogeneously than optical lasers 
would, since the soft x-ray photons have large penetration depths in light ele
ments (e.g. 10 fim for liquid hydrogen). The penetration depth can be further 
increased by exposing the sample to particularly high intensity radiation, so 
called saturable absorption. We measure this effect via the transmission of 
the sample and find that it is a viable way of generating very homogeneous 
WDM (chapter 4.1, page 84). Furthermore, we record time integrated plasma 
emission spectra which contain features from bremsstrahlung, line emission 
and radiative recombination. Each of those features allows us to measure the 
plasma temperature. With simulations we can determine the time scale for 
each process outlining the evolution of the plasma temperature (chapter 4.2, 
page 92).

Moreover, FLASH is an ideal test bed for current and upcoming x-ray free 
electron lasers and their capabilities related to WDM research. The Linac 
Coherent Light Source (LCLS, in user operation since 2009), the SPring-8 
Compact SASE Source (SCSS, planned for 2010), and the European X-ray 
FEL (planned for 2014) are the most prominent of these sources. They are 
capable of producing ultrafast x-ray pulses at wavelengths in the Angstrom 
range. These pulses will penetrate even matter from heavier elements deeply 
in order to generate homogenous plasmas and to probe those via TS with 
still higher accuracy. The resolution of these sources will even allow a direct 
measurement of the ion and electron temperature at the same time [54], so 
that a more detailed analysis of the particle interaction is possible.

This work concentrates on pioneering WDM research on x-ray free elec
tron lasers. Thus, an important aspect is giving a greater audience access 
to the knowledge acquired through this work via peer reviewed publications. 
A list of these publications can be found on page ix and the ones most im
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portant for this thesis form chapters within it. Those chapters are marked 
as "(paper)" in the table of contents and with annotations in the respec
tive chapters. The publications in this thesis relate to the simulation of soft 
x-ray matter heating and the impact of gradients on the TS spectrum ([1] 
chapter 2.4, page 37), the construction of a high resolution and throughput 
spectrograph ([3] chapter 3.4, page 64), the generation of WDM via saturable 
absorption, the related transmission and spectroscopic radiative recombina
tion temperature measurement ([4] chapter 4.2, page 84), the spectroscopic 
temperature measurement via bremsstrahlung and line emission in combina
tion with simulations ([5] chapter 4.2, page 92), and the temperature and 
density measurement via TS of homogenously heated hydrogen ([6] chap
ter 4.3, page 103).

Prior to the presentation of these papers and the analysis of experiments, 
an overview of the current knowledge and methods is given. This com
prises basic plasma properties (chapter 1.2, page 4), soft x-ray matter heat
ing (chapter 2.1, page 10), hydrodynamic simulations (chapter 2.2, page 21), 
Thomson scattering (chapter 2.3, page 26), and the employed experimental 
setup (chapter 3, page 44).

1.2 Basic Plasma and W arm  Dense M atter  
Properties

This section introduces some basic quantities to describe plasmas and in par
ticular the WDM state investigated here. Plasma is ionized matter of any 
element composition. There is no clear distinction at which degree of ion
ization one speaks of a plasma. In the context of this work every sample 
that contains free electrons will be considered a plasma. Furthermore, elec
trons which are mobile throughout the plasma extent are regarded as free. 
The fundamental plasma properties include the element composition, its free 
electron density ne and free electron temperature Te. One often refers to 
these quantities simply as plasma density and temperature, as mostly the 
free electrons contribute to the plasma typical properties. However, the tem
perature of other plasma components (ions, atoms, bound electrons) can be 
significantly different from those of the free electrons, as is mostly the case for 
ultrafast time scales (e.g. ultrafast laser heated plasma). Here, we will con
sider plasmas with electronic, ionic and neutral (atomic) components which 
consist of only one element and are charge neutral, i.e. ZfTii =  ne where 
Zf is the average number of free electrons per nucleus and n* the combined 
atomic and ionic density.
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Figure 1.1: Overview of various naturally occurring plasmas (red) as well as 
manmade plasmas and applications (shades of orange) with their approxi
mate density and temperature, including inertial confinement (ICF) as well 
as plasmas generated by x-ray free electron lasers (XFEL) and the soft x- 
ray free electron laser in Hamburg (FLASH). The temperature is depicted 
in Kelvin and in eV (/¿gT), while the density is shown in terms of free elec
trons per volume and as the related plasma frequency upe (equation 1.7). 
The scales are compared to the electron rest energy mec2 via the Boltzmann 
constant Ag, and via the Fermi energy. Lines of constant T and O separate 
ideal, coupled and degenerate plasmas (see text). Based on [7, 8].
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Plasmas in nature and the laboratory span a great parameter space in 
ne and Te (figure 1.1) - from cold dilute interstellar over hot dense inertial 
confinement fusion plasmas to stellar cores [7, 8, 55]. One can further classify 
plasmas by the correlation of its particles. This is done by comparing the 
thermal energy Eth to the Coulomb potential Vc and the Fermi energy Ef in 
the plasma [7, 8, 22], where

Eth =  kBTe =  ( T )  eV =  8.617 x 1CT5 ( T )  eV, (1.1)

Vcb =  - ^ -  =  2.321 x HT90 \ )  1/3 eV, (1.2)
47T£0a \m 6J
h 2 k 2 /  rt \ 2/3

Ef = -----E =3.646 x 10^19( — ) eV, (1.3)
2 me Vm J

with the Wigner-Seitz-radius a =  (47me/3 )_1//3, the Fermi wave number
I / Q

kp =  (37r2ne) 7 , the Boltzmann constant kß, the electron rest mass me, 
the electron charge e, and the vacuum permittivity e.

One parameter to compare these energies is the coupling parameter

Vet
Eth

2.321 x 1(T9 ne \ 1/3 / eV\ 
m“ 3J \Te )  '

(1.4)

If T <C 1, the energy of the particles in the Coulomb potential will be negli
gible in comparison to their random kinetic energy, i.e. their thermal energy. 
Thus, the particle locations will be randomly distributed throughout the spa
tial extent of the plasma. The plasma then behaves much like a gas and one 
speaks of an ideal plasma. In contrast to this, as T approaches unity and for 
T > 1, the Coulomb potential of the particles is no longer negligible. Thus, 
the particles will arrange their average locations to minimize the potential 
energy. With increasing T more particles will have the same distance to their 
neighbors, like in a liquid, up to the point where the particles form a lattice, 
much like an ionic crystal. For T > one speaks of a coupled plasma. Thus, 
T is a good indicator for the correlation of the particles and their related 
macroscopic behavior. The colder and denser a plasma is, the stronger it is 
coupled and the higher is T.

The relevance of quantum mechanical effects in the plasma can be esti
mated via the degeneracy parameter

0 kßTe =  2.742 x 1018 n*
m -3

- 2/3
(1.5)
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Figure 1.2: Free electron temperatures and densities reached by irradiating 
solid aluminium and liquid hydrogen by soft x-ray radiation from FLASH 
(chapter 3.1, page 44) compared to coupling (red), degeneracy (blue) and 
scattering parameter (green, chapter 2.3, page 26).

If 0  1, the thermal energy is much larger than the Fermi energy in the
plasma and the electron kinetic energy distribution is well described with a 
Maxwell-Boltzmann distribution. As 0  approaches unity the Pauli exclusion 
principle becomes important and the electrons follow a Fermi distribution. 
At 0  < 1 one speaks of a degenerate plasma.

In this context, WDM is a coupled and possibly degenerate plasma. The 
strong particle coupling makes the theoretical description of the plasma more 
difficult than in the ideal plasma. It is also challenging to describe WDM 
with solid state physics, as the energy density in the plasma allows many 
additional processes to occur. Thus, experiments are needed to differentiate 
different models that exist in this regime [22, 56]. This work concentrates 
on ultrafast processes in WDM. The coupling and degeneracy parameters 
are depicted for a wide range of plasmas in figure 1.1 and for the plasmas 
relevant to this work in figure 1.2.

The distance over which the charged plasma particles interact is deter
mined by the screening or Debye length A# of the plasma. It is derived
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analytically for a test charge in an ideal plasma [55, 57, 58]:

AD
£o kßTe 7.434 x Í O V Í W —  m

nf
( 1.6 )

Another important aspect for the investigation of plasmas are its opti
cal properties. A key parameter for this interaction is the frequency with 
which the electrons oscillate in the plasma. This electronic plasma frequency 
upe can be derived assuming collective free electron oscillations around their 
rest positions in the static ionic background. Here, in terms of an analytic 
expression [55, 57, 58] and in practical units of energy Epe in eV:

^pe
I e2ne (1.7)

V £o me
Epe\ 
eV J

=  3.713 x 1C)“ 14i / A -  V m*á
(1.8)

Light with an angular frequency ujph lower than the plasma frequency 
cannot penetrate the plasma beyond the skin depth ~c/cjpe (speed of light c) 
and is reflected. Such a plasma with Ljph < wpe is called over-dense while for 
ujph > upe the plasma is under-dense. The plasma density for which uPh =  upe 
is called critical density. Homogeneous plasma heating and plasma probing 
with light is only possible in under-dense plasmas. This limits the capability 
of optical and infrared lasers to generate dense plasmas homogeneously or to 
probe them. For WDM one typically has to use at least photon energies in 
the soft x-ray range. Figure 1.3 shows upe over ne as well as different light 
sources capable of probing the plasma.

A more detailed description of the soft x-ray matter interaction and re
lated plasma generation will be given in the next section. An overview of the 
most important plasma processes from fs to ns timescales is presented after 
that, starting page 12.
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Figure 1.3: Critical free electron density over wavelength (red, dashed) in 
comparison to hydrogen and aluminum solid density and regimes of some 
current and future light sources. Free electron laser sources like the European 
XFEL and FLASH are capable of probing higher than solid density plasmas.
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Chapter 2

Theory and Simulations

2.1 Soft X -R ay  M atter Interaction

This work concentrates on the generation and probing of WDM plasmas 
using soft x-rays. Thus, the interaction of the radiation with matter is an 
important aspect. The following chapters give an overview of the absorption 
of soft x-rays in matter (chapter 2.1.1) and the subsequent processes that 
lead to a distribution of the deposited energy (chapter 2.1.2) and the sample 
relaxation (chapters 2.1.3, 2.2).

2.1.1 Photon Energy Deposition and Target Ionization

The type of interaction photons undergo with matter strongly depends on 
their energy. Figure 2.1 shows the dominant interaction of low intensity light 
with aluminium from high energetic y-radiation down to the ultra violet 
[9, 59, 60]. Above ~107eV photon energy pair production dominates. At 
lower photon energies Compton scattering becomes the major interaction 
and below ~105 eV x-rays and soft x-rays mainly react via photoionization.

When the energy of a single photon Eph is insufficient to overcome the first 
ionization energy Ej, the target material can still be ionized via non-linear 
effects relying on the radiation’s high intensity. These effects are with increas
ing intensity multi-photon, tunnel, and above threshold ionization [61]. High 
intensity radiation can also lead to the alteration of cross sections (fig. 2.1) 
in the Eph > Ej regime when dominantly interacting electronic states are 
excited within a first fraction of the light pulse and cannot contribute to the 
absorption for the remaining pulse. This is also referred to as saturable ab
sorption or target bleaching, ft has been observed within this work at 92 eV 
photon energy and an intensity above 1 PW cm-2 [4] (chapter 4.1) leading 
to more homogeneous target heating. X-ray and soft x-ray experiments are
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Figure 2.1: Total photon cross section in aluminium atot and the different 
contributions: t , atomic photo-effect; acoh, coherent scattering, Rayleigh 
scattering, atom neither ionized nor excited; aincoh, incoherent scattering, 
Compton scattering off an electron; /cn, pair production, nuclear field; « e, 
pair production, electron field; aph, photonuclear absorption. The photon 
energy for the experiments of this work is indicated blue (91.8 eV). Based on 
[9],
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often situated well below this intensity so that the penetration depth does 
not depend on the irradiation intensity.

If the material is an electronic conductor or once it has been partially ion
ized, more photon energy can be deposited via a variety of plasma heating 
mechanisms, of which the most common are inverse bremsstrahlung, stimu
lated Brillouin and stimulated Raman scattering [57, 62]. These plasma pro
cesses play a major role when plasmas are created with optical lasers, often 
800 nm Titan-Saphire based. They are less relevant for high photon ener
gies where, as e.g. inverse bremsstrahlung absorption scales as E~^ [57, 62]. 
In the case of soft x-rays, the absorption mechanisms are usually limited to 
mainly photoionization and partially inverse bremsstrahlung.

During the irradiation and photoionization with x-rays the target mate
rial becomes a plasma. Its degree of ionization will depend on the properties 
of the material and the light. The photon energy is deposited in the elec
tronic system only and the freed photoelectrons are initially not in thermal 
equilibrium with atoms, ions and other free electrons in the plasma. Ini
tially the photoelectrons do not form a Maxwell-Boltzmann distribution, but 
form a narrow peak at a kinetic energy Eph — Ej depending on the ioniza
tion energy Ej of the ionized atomic level. The following chapter presents 
the most important processes in the cascade which leads to the equilibra
tion of photoelectrons with the other plasma species. Over time, all species 
assume a Maxwell-Boltzmann distribution with the same temperature. The 
most relevant equilibration processes are particle collisions, including impact 
ionization, and Auger decay (chapter 2.1.2). Meanwhile, the plasma cools 
via bremsstrahlung emission and radiative recombination (chapter 2.1.3). 
Spectral line emission (chapter 2.1.3) further cools the plasma after ps to 
ns when hydrodynamic expansion sets in (chapter 2.2). Figure 2.2 gives a 
rough estimate on the time scales for individual processes in a dense alu
minium plasma or a similarly excited sample. This figure is a compilation of 
the knowledge presented in chapters 2.1.2 through 2.2. It also contains re
sults of this work on impact ionization (chapter 4.3), Auger decay, radiative 
recombination (chapter 4.1), bremsstrahlung and line emission (chapter 4.2). 
The estimates of the figure also apply to the hydrogen sample in this work, 
with the exception of Auger decay.

2.1.2 Thermal Equilibration

This section discusses the main processes that lead to a redistribution of 
thermal energy between the plasma species and an equilibration of their 
temperature.
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Figure 2.2: Overview of the main plasma heating, equilibration and relax
ation processes during and after irradiation of a solid target with soft x-rays. 
The time scale indicates the related life times graphically. The atomic tran
sitions are depicted exemplary for aluminium.
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P article  C ollisions

The most relevant collisions in plasmas are electron-electron, electron-ion 
and electron-neutral. The collisions lead to an energy transfer between the 
particles and thus equilibrate the plasma species. The rate of temperature 
change for species a is given by [58]

^  =  i f ( 2 >  -  Ta) , (2.1)

with the transfer rate

,<*/P
,-i 1.4 x 10- 7 np

cm - 3
r y 2  r y ' l mamp (m aTa +  mpTp\ 3/2

u* eVu
Aa.p i

( 2 .2)
where T  denotes the temperature, m the mass in proton masses (u), Zf the 
charge state, and n the density of the species a and (5 marked by indices. 
The Coulomb logarithm A is the ratio of maximum and minimum distance 
(impact parameter) between two particles undergoing a small angle Coulomb 
collision [57]. Practical units for A and various species are given in [58].

The collision frequency of a charged species with neutral atoms is given
by [58]

with the neutral density no. Note that usually many collisions are necessary 
to reach thermal equilibrium. Therefore, equation 2.3 gives a lower limit for 
the thermalization time (rth > l/T Qo)-

Im pact Ion ization

Impact ionization can be seen as a special case of a collision where a free 
electron collides with a bound one transferring at least the binding energy 
so that both electrons are free afterwards. A classical model based on a 
resting bound electron has been developed by J.J. Thomson in 1912 [63]. 
Smirnov extends this model to take the orbital electron motion and its radial 
distribution into account [11, 12], yielding an impact ionization cross section

=  t t  /  e  \ 2  1  / _ 5 _________ 1  2 E iz

4 V 47T£o/  Ee Ee 3E%
where e is the electron charge, e0 the vacuum permittivity, and Eiz, Ee with 
Eiz < Ee are the binding and free electron kinetic energies, respectively.
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Figure 2.3: Average time 
between impact ionizations 
with an atomic hydrogen 
density of 4.2 x 1022 cm-3 
(liquid density) and for the 
BEB [10] and Smirnov cross 
sections [11, 12].

The Binary Encounter Bethe (BEB) model [10] additionally takes the 
atomic or ionic dipole moments into account. It is commonly used and tabu
lated values for various elements and electron energies are available from the 
National Institute of Standards and Technology [64]. Its predictions com
pare well to measurements of not pre-ionized targets (e.g. [65]). Figure 2.3 
compares impact ionization times from equation 2.4 and BEB for Hydrogen 
and electron kinetic energies up to 400 eV. The two models differ more than 
a factor of six in this regime.

As one of the main results of this work we find that measurements with 
dense hydrogen plasmas compare significantly better with equation 2.4 than 
with BEB. The related experiments are described in the publication of chap
ter 4.3 [6]. Apparently, the detailed atomic structure becomes negligible in 
the presence of a dense plasma environment. However, it is not fully under
stood why Smirnov’s impact ionization model is in better agreement with the 
dense plasma experiment. Further investigation is required and the outlook 
(chapter 6) gives an overview of possibly responsible mechanisms.

A u ger D ecay

In the plasmas discussed here, core shell holes are generated via photoion
ization with soft x-rays, which have sufficient energy to ionize the L-shell 
electrons of light metals. The holes are then repopulated via Auger decay 
and radiative recombination.

The Auger life time for an L-shell hole in e.g. aluminium is estimated to be 
~40fs [66]. From our measurement of saturable absorption ([4], chapter 4.1) 
we know that the Auger life time of the L-shell hole must be longer than 
the FEL pulse duration of ^40 fs. The LMM-Auger process generates a 
conduction band electron with approximately 70 eV kinetic energy which can
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further heat the system of free electrons via collisions (chapter 2.1.2). The 
Auger process and its impact on the plasma evolution can be estimated using 
Monte-Carlo simulations [67].

T h re e -B o d y  R ecom b in a tion

A free electron with more energy than the atomic ionization energy can be 
captured by an ion into a high lying atomic state while transferring its excess 
energy to another free electron. This is called three-body recombination 
(TBR) [68]. It is the inverse process to impact ionization. As such, the TBR 
cross section otbr and relevant time scales can be obtained from the impact 
ionization cross section oiz using the microscopic reversibility relation [69]

V T B R  (Ee) =  (Ee +  Eiz) , (2.5)
91 Ee

where gi and g2 are the statistical weights of the initial and end states, respec
tively. The impact ionization cross section Elz is described in section 2.1.2 
and depends on the ionization Elz and electron energy Ee.

The experimental conditions considered in chapter 4.3 [6] are a hydrogen 
plasma with 1% ionization, and an electron density and temperature of 3 x 
1020 cmT3 and 13 eV, respectively. This gives an average time between TBRs 
is in the range of 300 fs. Thus, TBR does not play a major role during the 
FEL pulse duration. It becomes important at higher degrees of ionization 
and ps timescales [19]. Simulations with a Boltzmann solver evaluating the 
kinetic equations for the free electron distribution include TBR [18, 19] and 
were used to analyze the experiments (chapter 4.3 [6]).

An approximation for TBR under local thermal equilibrium conditions is 
also given in reference [58].

2.1.3 Plasma Cooling

This section discusses the main processes that lead to a reduction of thermal 
energy in the plasma. The processes are all radiative, as we assume a vacuum 
environment and no loss of particles. The processes take place over fs to 
ns time scales, thus, they partially occur in parallel to the equilibration 
mechanisms described in the previous section (page 12).

B rem sstrahlung E m ission

The intensity distribution of bremsstrahlung emission dRr/d\ by a plasma 
with a Maxwell-Boltzmann electron kinetic energy distribution is described 
by Kramer’s law [70]. In practical units it is
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i dIbr(X)/d\\ 
y W/nm J

=1.90 x lO~23Zf exp ^—1239.8 

f  nm ^2 f  ne \2 (
I x J  \cm-3j v n )  ’

x
(2.6)

with the average degree of ionization Zf, the wavelength A, the free electron 
density and temperature ne and Te, and the emitting sample volume V. In 
the case of soft x-ray excited sample and negligible hydrodynamic expansion, 
V =  A x  l, where A is the irradiated area and l the penetration depth of the 
soft x-rays.

In the experiment the bremsstrahlung emission can be recorded spectrally 
and used to determine the electron temperature via the spectral shape of the 
emission (figure 4.6 in chapter 4.2 on page 96, [5]). The free electron density 
ne can also be measured if the spectrograph is photon calibrated and the 
quantities V  and Zj are known. The degree of ionization can be estimated 
by identifying specific emission lines (section 2.1.3).

Due to the quadratic ne dependance the main bremsstrahlung emission 
occurs while the sample is still dense and hydrodynamic expansion has not 
yet set in. The timescale for this depends on the sample size. We simulate 
the temporal evolution of a an aluminium target irradiated by 92 eV photons 
with a penetration depth of ~40nm (figure 4.8 in chapter 4.2 on page 100, 
[5]). From that we find that the sample free electron density stays mostly 
constant for the first ^200 fs. About 2 ps after irradiation the bremsstrahlung 
emission drops to half of its maximum as the density falls to 2-1/2 of its peak 
due to hydrodynamic expansion. Thus, the bremsstrahlung emission will 
mainly occur within ps after excitation.

R adia tive  R ecom b in a tion

Radiative recombination is an electronic free-bound transition. In aluminium 
the radiative recombination life time of an L-shell hole is about 10 ps [66]. 
The process competes with Auger decay for the repopulation of bound levels. 
As Auger decay has much shorter life times for the plasmas considered here 
(~40fs), only some per mill of the bound holes will be filled via radiative 
recombination [66]. Also, once the bound holes are repopulated no radiative 
recombination can occur. In this way, the Auger life time limits the time 
scale at which radiative recombination can occur. Thus, figure 2.2 shows the 
radiative recombination lifetime including the Auger influence.

The emitted fluorescence radiation from the free-bound transitions can 
be recorded spectrally and is located around the element specific absorption
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edge. The spectral shape depends on the population of the participating 
shells as well as the transition probabilities, which include the dipole selec
tion rules. An exact description of the resulting spectra is a topic of current 
investigation [71]. However, a simplified model already allows us to qual
itatively describe the spectra recorded within our experimental resolution 
on aluminium (chapter 4.1, [4]). We assume that only 3s to 2p transitions 
contribute and that all those are equally probable. Figure 2.4 illustrates 
the process with this assumption. The high energy wing of the fluorescence 
feature is a Fermi-distribution

f {E ph, Te) =  (1 +  exp((Eph -  ELedge)/Te))—1, (2.7)
with the temperature Te of the conduction band electrons and the L-edge en
ergy EL-edge (72.5 eV in aluminium [72]). The low energy wing is determined 
by the density of states in the conduction band. In aluminium the density of 
states is in good agreement with that of a free electron gas g{E)  ~  y/Ë, with 
the Fermi-energy Ef (11.7eV in aluminium [73]). The spectral distribution 
is therefore

Irr{EPh) oc Ephf  (Eph,Te)g(Eph — (EL_edge — E f)), (2.8)

where the Eph factor originates from the radiation energy density.
We record radiative recombination spectrally to diagnose the free electron 

temperature of an aluminium plasma via the density of occupied electronic 
states [4] (chapter 4.1). We narrow the time window of this temperature mea
surement down to ~40fs, as this is the estimated life time of the competing 
Auger process [66].

Plasm a Line Em ission

Radiative bound-bound transitions will occur predominantly when the dense 
plasma continuum of states breaks up into sharp ionic or atomic levels. For 
the excitation intensities available at FELs, this occurs when the plasma 
density drops significantly due to hydrodynamic expansion. Thus, the line 
emission will originate mostly from the ablated plasma blowoff. Simulations 
indicate that the expansion will take place on a timescale of ps to ns after 
excitation (chapters 2.2 and 4.2). At this time the electron and ion tem
perature have thermally equilibrated via Coulomb collisions (chapter 2.1.2). 
Thus, the emission intensity ratio R/E of two bound-bound transitions fol
lows a Boltzmann distribution [5, 74] (chapter 4.2)

_  ^ 1  u>2)/kBTe

E  <̂2 h
(2.9)
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aluminium electronic structure
shell

Figure 2.4: Radiative Recombination schematic showing the aluminium elec
tronic structure (top panel) with an electron from the conduction band filling 
an L-shell hole. The bottom panel shows the emission spectrum resulting 
from an ensemble of such transitions.
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where u is the photon angular frequency and /  the oscillator strength of the 
emission line labeled by indices. The temperature of the sample is Te with 
the Boltzmann constant ks-

The emission lines can be recorded spectrally and identified from tables. 
The oscillator strength is also tabulated for many emission lines (e.g. [64, 
75]), so that the sample temperature can be measured via equation 2.9. In 
this work the technique was applied to aluminium plasmas [5] (chapter 4.2).

2.1.4 Low Intensity ps Approximation

In the limit of low irradiation intensity, where the target does not undergo 
significant changes (e.g. thermal ionization, phase transition, change of heat 
capacity), the target temperature can be estimated using macroscopic quan
tities. On the time scale of ps the electrons and ions will be thermally 
equilibrated by collisions (chapter 2.1.2). Due to the low intensity no sig
nificant hydrodynamic motion occurs within a ps (chapter 2.2). Also, the 
temperature increase of the sample will be small, so that radiative losses and 
heat transport can be neglected during this time. Under these conditions, 
the Beer-Lambert law can be used to calculate the target depth dependent 
energy deposition

Edepo (x) =  (2.10)

using tabulated penetration depths l [72], the energy in the radiation pulse 
E0, and the irradiated area A. With knowledge of the target mass density p 
and its specific heat capacity cy we can calculate the temperature change

A T( x)  =  Edepo{x\  (2.11)
pCy

An example of such a calculation is shown in figure 2.5 for a magnetic 
multilayer consisting of a membrane with alternating cobalt and platinum 
layers. This target was irradiated with an energy density of 4mJ cm-2 at 
a photon energy of 59 eV resulting in an energy deposition below 2kJ cm-3 . 
This is sufficiently low in comparison to the first thermal ionization energy 
(68kJcm-3) and specific melting energy (4.4kJcm-3) of cobalt [76], so that 
the lattice does not undergo significant changes. With this calculation the 
deterioration threshold for the magnetic properties of the multilayer can be 
estimated [77].
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Si N membrane Co/Pt multilayer

Figure 2.5: Calculated tem
perature change in a mag
netic multilayer ~ lp s  after 
irradiation by the FEL pulse 
onto the SisN4 membrane.
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At timescales from ps to ns hydrodynamic motion driven by the risen pres
sure in the ionized hot target can become important. Helios [78] is a com
mercial simulation code from Prism Computational Sciences™ Inc., that 
spans the timescales from energy deposition with simplified models to La- 
grangian hydrodynamic expansion. It is a ID radiation-hydrodynamics code. 
In this work Helios is used to model FEL and optical laser matter interac
tion. Detailed account of the implemented energy deposition, conservation 
and transport equations is given in [78]. This section gives an overview of the 
models used in HELIOS. The last part gives an account of the limitations 
and applications of these models to WDM laser interaction.

E n ergy d ep osition

Helios was originally designed to model high power long-pulse (ps to ns) vis
ible and infrared laser matter interaction. In this regime the target is ionized 
within a first fraction of the pulse. The remaining majority of the pulse 
heats the target via inverse bremsstrahlung. Other heating mechanisms are 
not modeled. Therefore, the target state after irradiation hardly depends on 
the initial ionization mechanism. Helios takes this into account by assuming 
a preionized target and neglecting ionization mechanisms. This is further 
justified in the case of metal targets where the naturally present conduction 
band electrons can undergo inverse bremsstrahlung. The initial degree of
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ionization, i.e. the percentage of electrons that are free, can be user defined. 
For aluminium targets I set it to 20 %, independently of the laser wavelength. 
For hydrogen I set it to 20% when simulating optical laser interaction and 
to zero when FEL irradiation is considered. In the latter case, the main ab
sorption mechanism is photoionization (chapter 2.1.1), which is modeled by 
a custom Helios extension. It additionally models the FEL energy deposi
tion via tabulated opacities which are similar to the Henke tables [72, 79]. If 
the laser impinges on the critical surface it is reflected. Non-linear effects in 
the absorption process, such as stimulated Brillouin and stimulated Raman 
scattering [57] are not modeled. The energy deposited via photoionization 
or inverse bremsstrahlung raises Te and an equilibration with the ions is 
modeled via collisional energy transfer (chapter 2.1.2).

H yd rod yn am ics

The simulation assumes a Maxwell-Boltzmann energy distribution of the elec
tronic and ionic system at all times, with independent temperatures Te and 
Tj, respectively. Values for pressure and degree of ionization are looked up in 
SESAME-like tables [80] using the temperature and density at the particular 
time and space location.

The ID hydrodynamic motion is modeled with a Lagrangian grid of cells, 
i.e. each cell has a constant mass content and its boundaries co-move with 
the liquid. The motion of cell boundaries is determined by the pressures in 
the neighboring cells. The cells can be put together in planar geometry as 
stacked slabs along the target depth, in cylindrical geometry as concentric 
cylinders, and as concentric spheres in spherical geometry. Figure 2.6 gives 
an example of cell boundary motion. The mass in each cell can be user 
defined to find the best compromise between calculation time and accuracy. 
The time steps in the simulation are automatically refined within user defined 
limits, so that e.g. the electron temperature change per time step does not 
overcome an upper limit.

H eat T ran sport

Due to the spatial extent of the target, modeling heat transport is also neces
sary. The main transport mechanisms are radiative and electronic, of which 
both are applied in Helios [78]. The latter is modeled via the Spitzer-Harm 
heat conductivity [57, 81] which is based on the electron mobility limited by 
electron ion collisions. The heat conductivity k  then follows k  oc t C2Z~1 A-1 , 
where Te is the local electron temperature, Z the average degree of ioniza
tion, and A the Coulomb logarithm (section 2.1.2, page 14). This is a good
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Figure 2.6: Logarithmic
plot of the cell boundaries, 
marked by lines in a sim
ulation of aluminium irradi
ated by 92 eV photons with 
an intensity of 10.2Jem -2 
and a pulse duration of 30 fs. 
Initially, the target extends 
from 0 to 5 ¡ma.

approximation for high temperature plasmas with gentle temperature gra
dients. However, it fails at low temperatures and strong gradients as the 
electrons cannot carry more energy than neTeve, where ne, Te, and ve are 
the free electron density, temperature (in eV) and velocity, respectively. This 
has also been observed experimentally (e.g. [82] and references in [57]). To 
extend the validity of the Spitzer-Harm approach an artificial flux limiter /  
is introduced [57], so that the transported energy per time K,dTe/dx does 
not become greater than fn eTeve, where x is the spatial coordinate. This 
allows reducing computational time while maintaining a fairly good accu
racy for most applications. Experimentally an /  =  0.08 ±  0.02 has been 
observed [83]. I use /  =  0.06 in the simulations to obtain an estimate for 
how inhomogeneous a plasma can be expected.

Radiative heat transport is modeled via flux limited diffusion with tab
ulated opacities and Black body emission [78, 84], equivalently to the flux 
limited Spitzer-Harm electronic heat transport.

L im itations and C apability

The most imminent limitations of the Helios code originate from the models 
which simplify the actual physical processes for the sake of computational 
time. The assumption of a Maxwell-Boltzmann electronic energy distribution
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obviously breaks down in the case of x-ray photoionization at fs time scales. 
Thus, the simulation results are incorrect on this time scale. However, the 
amount of deposited energy is modeled correctly so that sample temperature 
and density predictions should agree better with reality once the plasma 
components follow a Maxwell-Boltzmann distribution. This occurs on the fs 
time scale for the electronic system. The ion-electron equilibration takes ps 
(chapter 2.1.2).

At radiation intensities above ~1015 W  cm -2 we observe a reduction of 
absorption in the experiment (chapter 4.1, page 84, [4]). This is not modeled 
in Helios’ tabulated opacities and, therefore, the amount of deposited energy 
will be overestimated in the simulation. For our experimental conditions the 
deviation is up to a factor of three. Yet, most FEL experiments are situated 
below this critical intensity.

Our spectroscopic temperature measurements on aluminium irradiated 
with an average intensity of 2 x 1014 W  cm-2 show qualitative agreement 
with the evolution of the plasma (chapter 4.2, page 92, [5]). However, the 
temperature in the simulation deviates about 35% from the spectroscopic 
measurement. A possible explanation is that the experiment integrates over 
many FEL exposures with varying irradiation intensity. Thus, the created 
plasma conditions vary. Furthermore, denser plasmas will contribute stronger 
to the temporally integrated spectrum. Therefore, a direct comparison of a 
time integrated experiment with a single Helios simulation using an average 
FEL intensity has limited validity. A possible future approach could be to 
run a Helios simulation with an effective irradiation intensity which is the 
weighted average of the individual pulse intensities in the experiment. The 
weighting factors account for the dependance of irradiation intensity on the 
plasma emission intensity. However, a direct comparison with single pulse 
experimental data will allow a better estimate of Helios’ accuracy.

Optical or infrared radiation at high intensity (>  1014W cm~2) can also 
lead to non-thermal electron distributions, e.g. in the form of hot electron 
production [85, 86]. These cause an increased and non local electronic heat 
transport as well as an increased photoabsorption at the critical surface. 
Since Helios does not model this interaction unnaturally strong gradients 
and an underestimate of the deposited energy occurs. Equally important for 
optically generated plasmas, non local radiation transport is not modeled 
but occurs naturally when the plasma gradient length scale becomes smaller 
than the photon mean free path [84]. Furthermore, non-linear absorption 
mechanisms such as stimulated Brillouin and stimulated Raman scattering 
[57] are not modeled. They are important for long wavelengths (optical 
or infrared) radiation at high intensities. In this regime, only qualitatively 
correct results can be expected from Helios.
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Figure 2.7: Comparison of Helios simulations in planar and spherical geome
try with a 10 eV freely expanding hydrogen plasma at initially liquid density 
(0.071 gem -3 ). For planar geometry only the part expanding to positive co
ordinates is shown and the sample has an initial thickness of 20 /am. The 
spherical sample has an initial radius of 10 fim.

In some cases also the ID model system is insufficient to represent reality. 
For example in the case of a droplet target irradiated from one side, a strong 
gradient not only radially but also along the irradiation axis is expected. This 
would better be simulated in 2D cylindrical geometry or even full 3D if laser 
polarization can be taken into account. Also, the hydrodynamic expansion 
of the target is influenced by the choice of e.g. spherical or planar target 
geometry (figure 2.7). Due to the geometry expanding spherical targets loose 
density faster than planar targets, whereas the speed of the removed material 
(blowoff) is almost equal in both cases.

Despite these shortcomings Helios delivers results in good quantitative 
agreement with experiments (e.g. [34, 52]), when it comes to long pulse (ps 
to ns) optical laser driven shock waves. Qualitative agreement has also been 
observed with x-ray heated targets and time scales >  100 fs [5] (chapter 4.2,
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page 92, [5]). For this work, Helios has proven a powerful tool to estimate 
target conditions for preparation or analysis of an experiment.

2.3 Soft X -R ay  Thomson Scattering

2.3.1 Overview

Scattering of radiation can be used as a powerful tool to study the compo
sition of matter. For example Brillouin, Bragg and Raman scattering have 
been used to determine the properties of anorganic as well as biological sam
ples (e.g. [87-89]). Huge facilities such as Diamond in the UK, ESRF in 
France, and Petra III provide the necessary radiation and are prominent ex
amples of this approach. To perturb the sample as little as possible one 
usually chooses radiation for which the material is transparent. Novel FELs 
such as FLASH, the future European XFEL in Hamburg as well as LCLS in 
the USA additionally enable the investigation of ultrashort timescales and 
the study of samples via coherent x-ray scattering (e.g. [90, 91]).

In the context of scattering by the free or quasi free electrons of a plasma, 
one speaks of Thomson scattering (TS), honoring the discovery of the elec
tron by J.J. Thomson in 1897 [92]. TS was first used in the early 1960s to 
study the incoherent scattering of radio waves from various plasma layers 
of earth’s ionosphere [48, 93]. Thomson scattering with visible or near vis
ible light was used to diagnose theta- and z-pinch as well as magnetically 
confined plasmas [94, 95], where the plasma temperature and density could 
be measured. These plasmas had low enough free electron densities so that 
optical photons could penetrate and hence probe the plasma. To probe high 
density plasmas, in particular WDM, high photon energies, typically in the 
x-ray regime, have to be used in order to penetrate the plasma critical surface 
(figure 1.3, page 9). Furthermore, the duration of the probe radiation needs 
to be shorter than the life time of the dense plasma, which is in the ps to 
ns scale. Only in 2000 the first experiment using x-ray probe radiation on a 
dense plasma was successfully conducted by Riley et al. [49]. The x-ray probe 
radiation was emitted by a titanium plasma which was generated through 
optical laser irradiation. In the meanwhile, Thomson scattering has become 
a standard tool to probe plasmas and in particular their free electron density, 
free electron temperature and degree of ionization [22, 34, 50-52, 96]. This 
work transfers the Thomson scattering plasma diagnostic to FELs and in 
particular the soft x-ray free electron laser in Hamburg (FLASH). The fs du
ration of its light pulses allows us to achieve an ultrafast temporal resolution 
for the investigation of equilibration dynamics in the plasma.
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Figure 2.8: Thomson scattering geometry with linearly polarized probe light 
with incident (ho), scattered (£q) and differential (k) wave vectors (left), and 
sketch illustrating the microscopic length scale in the plasma, where v is 
the electron velocity, Xjj the Debye length, and A* the probed length scale 
(right). See text for description.

This section gives an overview of the most relevant relations for non- 
relativistic Thomson scattering by collisionless plasmas and samples trans
parent to the probe radiation. During a scattering process, the momentum 
hk and the energy

Hu — h2k2/2me — Tl (uj0 — (jJi ) (2-12)

is transferred from the photons to the sample electrons, where ljq is the 
incident and u i the scattered frequency. With the geometry in figure 2.8 and 
small cj =  loq — lji we obtain

k =  k1 - k 0j (2-13)
k =  |k| =  2k0 sin (0 /2 ), (2-14)

where ko is the incident wave number and (j) the scattering angle.
One distinguishes collective and non-collective Thomson scattering by 

comparing the length scale A* «  1/k that is probed to the screening length 
Xd (Debye length, equation 1.6, page 8) [22, 97] using the dimensionless 
scattering parameter

1
k\n

(2.15)
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Figure 2.9: Simulated collective (a > 1) Thomson scattering spectrum illus
trating the measurement of free electron temperature and density via detailed 
balance and plasmon dispersion, as well as the ion acoustic modes (ionic plas- 
mons) which are typically not resolved in WDM experiments (from [13]).

If a < 1 than the scattering is non-collective yielding an elastic scattering 
spectrum which is Doppler broadened by the electron thermal velocity. For 
a > 1 collective electron motion is observed (figure 2.9) and the electron 
temperature and density can be measured. Figure 1.2 (page 4) depicts the 
dependance of the scattering parameter on free electron density and temper
ature.

This work concentrates on collective Thomson scattering where the scat
tering signal consists of an elastic part and blue and red shifted contributions 
which are inelastically scattered by electronic plasma waves, plasmons. Here, 
the free electron temperature Te can be determined via the detailed balance 
relation [22]

^  ( k ’ U )  =  - h u / k ß T e
S (—k, —n)

(2.16)

where S (—A:, —in) and S (k,n) are proportional to the red and blue shifted 
plasmons, respectively. The dynamic structure factor S(k, in) describes multi
particle effects in the scattering process and will be discussed in greater detail 
in the next section. Equation 2.16 can be applied when the electronic system
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follows a Fermi or classical Maxwell-Boltzmann distribution and a directed 
flow of the plasma is negligible on the time scale of the probe pulse.

The free electron density in the plasma is determined by the spectral shift 
of the plasmons with respect to the elastically scattered light. This relation 
can be approximated by the Bohm-Gross dispersion [8, 98, 99]

< 2 eS w wpe +
3kBTe

me
(2.17)

in the non-relativistic regime with small momentum transfers kk, small pho
ton energies Tiu and for weakly coupled plasmas with the plasma frequency 
(jjpe (equation 1.7, page 8). It describes the dispersion of purely electrostatic 
electron density waves, so called Langmuir waves [100]. In the case of a 
hydrogen plasma, the relationship (equation 2.17) holds well up to a free 
electron density of ~5 x 1020cm~3 and ^15 eV temperature. Beyond this, 
more sophisticated models need to be applied to obtain the plasmon disper
sion relation [8]. However, for soft x-ray radiation and the hydrogen plasma 
densities of this work, equation 2.17 is a valid approximation. This has 
been shown by comparing scattering codes using more sophisticated models 
(chapter 2.3.2) with equation 2.17.

The power of collective Thomson scattering lies in its ability to determine 
the main plasma parameter ne and Te by recording the scattered spectrum 
of a probe pulse and utilizing equations 2.16 and 2.17. In particular, the 
detailed balance relation (equation 2.16) only relies on the electronic system 
following a Fermi or classical Maxwell-Boltzmann distribution.

2.3.2 The Dynamic Structure Factor

Basic E lectrom agn etics

The following section outlines the treatment of light scattering in plasmas. 
A central quantity in this formalism is the dynamic structure factor (DSF). 
It is derived from basic electromagnetics by Evans and Katzenstein [48], for 
a fully ionized plasma and small photon electron momentum transfers. The 
latter condition is justified for soft x-ray radiation where Compton scatter
ing is negligible (see chapter 2.1.1). The assumption of full ionization does 
not hold for the Thomson scattering experiments of this work. However, the 
modifications in hydrogen are minor and the results obtained with this sim
plification are still valid for our experimental parameters. Generalizations 
will also be introduced further on. For the derivation, one examines the sin
gle electron scattering of an electromagnetic wave with angular frequency cjq
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to a detector and then sums over all electrons in the sampled plasma. This 
yields the power spectrum at the detector

/  (k, in) duodfl — NIqo (k, u) dudQ, (2.18)

with the wave vector difference k from equation 2.14, the incident power J0> 
and the solid angle 12. The total scattering cross section is composed as

<j (k, u) =  <jtS (k, in) , (2.19)

where ot =  e4(mec2) 2sin2¡3 is the scattering cross section of an individual 
electron, the so called Thomson cross section . The angle between the polar
ization axis of the incident light and the detector is (3. The dynamic structure 
factor (DSF) S (k,u) accounts for multi particle effects and is given by

+ o o

S (k ,u ) = J dTel{uj)r (n(k,t)n* (k,t +  r ) ) , (2.20)
— o o

where (..) denotes the ensemble average and n (k, t) is the Fourier transform 
of the electron density fluctuation

N

(r ,t) = y  <5 (r — r, (i)),
7  =  1

(2.21)
J x

N
(k,t) =  y  eikrí (t).

3 =1
(2.22)

So, the DSF contains the temporal autocorrelation function of the electron 
density fluctuations, ft connects observable scattering spectra determined 
by the DSF to microscopic multi-particle properties allowing us to measure 
basic parameters and also test our understanding of plasmas. The measurable 
parameters include plasma temperature and density.

In the course of this derivation [48], one finds that the scattered spectrum 
in the limit a —> 0 is Doppler broadened by the electron velocity parallel to 
k. This is the non-collective Thomson scattering regime. More qualitative 
results can be obtained assuming a collisionless plasma where the species 
follow a Fermi or Maxwell-Boltzmann distribution with possibly different 
temperatures. Under these circumstances, TS probes the electron velocity 
distribution parallel to k and the frequency integrated total scattering cross 
section (Jt S (k) shows the following behavior for extreme conditions of a  [48]:
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lim (JtS (k) =  ay,

lim cttS (k)a—>oo
Z(7t Te=Ti 1 

1 +  ZTe/Ti ~  2°"T’

(2.23)

(2.24)

where Z is the atomic number, and Te and 7* the electron and ion tem
perature, respectively. For a 1 the scattering spectrum consists of two 
Lorentzians, the plasmons, peaking at dzures from the probing frequency, 
where uores follows the Bohm-Gross dispersion relation (equation 2.17).

Further, one can connect equation 2.20 to the macroscopic dielectric co
efficient e via the fluctuation dissipation theorem [101]. Generalizing to a 
not fully ionized plasma, but assuming a thermalized system with possibly 
different ion and electron temperature one obtains [22]

S (k, u)
£0hk: 1

Ime (k, w) (2.25)
7re2ne 1 — ehuj/kBTe

Detailed balance (equation 2.16) is a direct consequence of this equation and 
not dependent on a, e or the treatment of collisions.

C om p os ition  for Soft X -R a y s

Chihara showed that the DSF can generally be decomposed into bound, 
free and bound-free electronic contributions [8, 13, 102, 103] leading to the 
expression

S{k,to) =  Zf S°ee (k, w) +  (fc) +  q (k)|2S8!
i (2-26)
I du'Sce (k, u — uj') Ss (&, cn' ) ,

where the first term describes the response of the free electrons with the 
average number of free electrons per atom Zf. The second term contains the 
ion form factor f j  (k) representing the bound electrons, the free electrons in 
the screening cloud of the ion q(k), and the ion structure factor Sa(k,u). 
The third term is due to inelastic bound-free transitions of core electrons 
(Sce(k,u — u')), which are modulated by the ion motion (Ss{k,LJ')), with the 
binding energy Tluj' . Depending on the relevant wavelength range and for the 
purpose of calculating the DSF it can be practical to decompose S(k, u) in 
different ways.

In the soft x-ray regime the momentum transfer from the photons to the 
electrons is small in comparison to the binding energy of the electrons, so
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that the last term in equation 2.26 is negligible [13]. In the same limit the 
size of the probed structures is in the nm regime and thus large in comparison 
to the atomic structure. Considering this, | f j  (k) + q (k ) \ —► Z — Zb +  Zf so 
that equation 2.26 can be written for soft x-rays as

Another representation of the DSF for soft x-rays is given by Holl et 
al. [13]. As the probed structures are larger than the size of an ion, the 
"frozen core" approximation is justified. That is, the screening cloud and free 
electrons are combined to S'ee and the bound electrons are represented by 
S'n, yielding

with the bound-free correlation term S'ei(k,u). The last term hardly affects 
the total S {k,u) for the experimental conditions considered here. In fact, 
it generates a small dip between the elastic scattering signal [104] and the 
plasmons, which is typically washed out by the detector resolution. Thus, 
for practical purposes equation 2.28 can be simplified to

Equations 2.27, 2.28, and 2.29 are different approximations of equa
tion 2.26 for the soft x-ray regime. These approximations are all in agreement 
within the accuracy of experiments described here. Depending on the method 
to calculate the components of the DSF, a particular representation can be 
more practical.

C o ld  Ions and the D ebye-W aller Factor

The scattering of radiation by bound and screening cloud electrons is strongly 
influenced by the relative location of the ions, represented by Sn(k,u) in 
equation 2.27. The spatial correlation of the ions is contained in the frequency 
integrated ionic structure factor Su(k) and is observable in the scattering 
spectrum as Bragg peaks for different k. The random thermal motion of the 
ions reduces the correlation between them and, thus, reduces the intensity of 
the Bragg peaks. At the same time the thermal ion motion causes the diffuse 
scattering of radiation, i.e. scattering at k away from the Bragg peak. This 
is the well known Debye-Waller-Effect [105]. It also applies to plasmas which 
was shown theoretically [48, 106] and experimentally [6, 107] (chapter 4.3). 
Particularly interesting for the Thomson scattering experiments of this work

S (k, u) = Zf S°ee (k, lu) +  Z2SÜ (k, to) . (2.27)

(2.28)

S (k,w) =  Zf S’ee (fc, w) +  (fc,w ). (2.29)
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[6] (chapter 4.3) is the strong reduction of elastic scattering at small ion 
temperatures T* and at k away from the Bragg peak (diffuse scattering). The 
reduced elastic scattering intensity can be accounted for by the diffuse Debye- 
Waller factor ( l  — e~2Wj which modulates Sn from equation 2.27 calculated 
without collisions. One obtains

S {k, to) =  Zf S°ee (k, to) + Z2 [ l -  e~2W) Su (k, to), (2.30)

where f l  — e~2W) ~  2W  and

2 W
ir2k2h2 /  \2

AMk^TD ’
(2.31)

with the ion mass M. The Debye temperature TD [106, 108] can be estimated 
using the Bohm-Staver relation [106, 109], in practical units

%  =  8.38 x 10“ 13 
ev

1 + ( 1.14589 x 10“ 22 i W r )  
\ V cnm J

x

+
1.33 x 10-29( ^ ; ) 4/3\ c m _J /

1.3251 -  2 8 2 1 0 5 V6)

\

/

1/2-1 - 1/2

(2.32)

where is the ion mass in proton masses u, A the probe wavelength, and 
(f) the scattering angle. This TD can be used for example as an input to the 
scattering code by Gregori et al. [106, 110-112] to calculate the Thomson 
scattering spectrum of a plasma with T* < Te. It was applied in chapter 4.3.

For the Thomson scattering experiment [6] (chapter 4.3) we estimate a 
ksTc, =  lOmeV using equation 2.32. From scattering simulations using the 
code by Gregori et al. we see that the elastic scattering is not observable 
for ion temperatures below 0.1 eV. In the experiment we excite a cryogenic 
sample on the fs timescales, where the ions are hardly heated. We do not 
observe elastic scattering and with the simulation this gives us an upper limit 
for the sample’s ion temperature T* < 0.1 eV. At the same time we measure 
via the plasmons a free electron temperature of 13 eV. Therefore, we observe 
a non-equilibrium plasma [6] (chapter 4.3).
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C alcu lation  o f  the D ynam ic S tru ctu re  Factor

To calculate the DSF one typically uses a convenient decomposition of S (&, u) 
and thus splits the problem into calculating the different contributions to 
S (k,uj). Those contributions relate to different parts of the dielectric con
stant e or of the electron density response function xl°e oc 1/e via the fluc
tuation dissipation theorem [101]. Ideal and collisionless plasmas have been 
studied thoroughly in the last decades [48, 113-115]. Their DSF can be 
calculated assuming that the local electric potential in the plasma averages 
to zero due to the random phase of fluctuations, so that only the prob
ing electromagnetic wave contributes. This is called the random phase ap
proximation (RPA) [8, 110]. At free electron densities above approximately 
ne > 5 x 1020cm~3, higher than the densities reached in this work, particle 
collisions inhibit the free oscillations of the plasma electrons. This affects 
the DSF and RPA is no longer valid. The calculation of the DSF and the 
underlying models in this regime are a topic of current investigation [1, 8]. 
However, the plasmas of this work are well described within RPA.

In the course of this work I have used three programs that are capable 
of synthesizing scattering spectra. They are useful to predict experimental 
data in the planing stage and to analyze the data after the experiment. 
Furthermore, microscopic models included in the codes can be tested by 
comparing their prediction with the experiment. At the current state of 
research this is particularly interesting for ionic correlations Sn(k,u) (e.g. 
[116]) and their relative intensity to See (&, u j ) .  One code to generate Thomson 
scattering spectra is from Fortmann, Thiele, et al. [117, 118] and another 
one from Gregori et al. [106, 110-112]. Both codes are capable of calculating 
the DSF in RPA. They also include various other approximations and in 
particular the latter includes the Debye-Waller effect.

Furthermore, in collaboration with Thiele and Fortmann I have generated 
an RPA based Matlab code to fit the data from Thomson scattering mea
surements in Hydrogen (chapter 4.3). I also used this code to batch process 
density and temperature profiles of inhomogeneous samples generating more 
realistic total scattering spectra (see also chapter 2.4).

S cattering R eg im es

Finally, we classify Thomson scattering within a larger scope of scattering 
regimes in order to see where the above treatment is applicable. Figure 2.10 
shows various k regimes. In the long wavelength limit (hydrodynamic limit, 
k —> 0) using optical or microwave radiation, the scattering spectrum typi
cally shows an elastic Rayleigh peak from a non propagating lattice mode as
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Figure 2.10: Sketch of the frequency integrated DSF S(k) for a dense plasma 
and frequency dependent DSF for various k-regimes (inserts). Based on [14].

well as an inelastic Brillouin doublet red and blue shifted by kcs, with the 
sound speed cs, and dampened by viscous and thermal effects. This regime 
can be investigated using optical Brillouin scattering if the material is suf
ficiently transparent [14]. This is clearly challenging with metals or dense 
plasmas. Approaching this regime of small k via low angle x-ray scattering 
is a topic of current research [14, 119].

At larger k, typically in the x-ray regime, the frequency integrated spec
trum, proportional to S(k), shows resonances (figure 2.10). These correspond 
to the Fourier transform of the ionic correlation lengths in the sample. The 
sample’s state of matter (solid, liquid, gas) and its crystal structure mainly 
determines how pronounced these features are. They are for example visible 
in x-ray diffraction. This is called the kinetic regime (figure 2.10) and the k 
dependent variation of S(k) is mainly due to Sn which dominates the spec
trum here [14, 48]. In this work, we use Thomson scattering of 13.5 nm radi
ation under 90° resulting in a probed length scale of A* «  10 nm. This is sub
stantially larger than the average atomic distance of (3/(47rn))1//3 «  0.2 nm 
in the liquid hydrogen sample of atomic density n =  4 x 1022cm-3 . There
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fore, such resonances are not visible in the Thomson scattering experiment 
described here (chapter 4.3). However, collective electron effects are visible 
in the scattering spectrum as described in the previous sections.

In the limit of k —> oo single particle motion is probed. This is the 
non-collective Thomson scattering regime. Note that the detailed balance 
relationship (equation 2.16) is still valid in this regime.
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2.4 Thomson scattering in dense plasmas with 
density and temperature gradients 1

In the following publication we apply the Thomson scattering code (chap
ter 2.3, page 26) on Helios radiative hydrodynamic simulations (chapter 2.2, 
page 21) to investigate the impact of FEL generated density and temperature 
inhomogeneities on the scattering spectrum. Thus, we study the reliability 
of Thomson scattering measurements at FELs which is a prerequisite for the 
analysis of experiments [6] (chapter 4-3, page 103) and combines methods 
discussed in previous sections.

A b stra ct
Collective X-ray Thomson scattering has become a versatile tool for 
the diagnostics of dense plasmas. Assuming homogeneous density 
and temperature throughout the target sample, these parameters 
can be determined directly from the plasmon dispersion and the ra
tio of plasmon amplitudes via detailed balance. In inhomogeneous 
media, the scattering signal is an average of the density and temper
ature dependent scattering cross-section weighted with the density 
and temperature profiles. We analyse Thomson scattering spectra in 
the XUV range from near solid density hydrogen targets generated by 
free electron laser radiation. The influence of plasma inhomogeneities 
on the scattering spectrum is investigated by comparing density and 
temperature averaged scattering signals to calculations assuming ho
mogeneous targets. We find discrepancies larger than 10% between 
the mean electron density and the effective density as well as between 
the mean temperature and the effective temperature.

In trod u ction

Recently, X-ray Thomson scattering has been demonstrated to be a reliable 
and versatile tool for the diagnostics of dense plasmas [22]. Examples for 
applications cover a large range from laser produced plasmas at temperatures 
of several keV and densities between solid density and a few percent of solid 
density (hot dense plasmas) [111, 120] from so-called warm dense matter 
(W DM ) [121, 122] with temperatures of several eV and densities close to 
solid density [50, 51], up to compressed matter at temperatures between
0.1 eV and several 10 eV [123, 124],

xPeer reviewed paper. This section has been published as: C. Fortmann, R. Thiele, 
R.R. Faustlin et al., High Energy Density Physics [1] ©  2009 Elsevier B.V.
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The determination of the plasma properties, such as the plasma density, 
the plasma temperature, and the plasma composition, requires knowledge 
of the density and temperature dependent scattering cross-section. As will 
be outlined in Sec. 2.4, the cross-section for Thomson scattering is usually 
expressed via the dynamical structure factor (DSF) See(k, u) [103], which is a 
function of the scattering wavevector k and the frequency shift u, convoluted 
with the density and temperature distribution of the target. In this way, 
plasma inhomogeneities can be taken into account in the simulation of the 
scattering spectrum, which is the main purpose of this paper. Such analysis 
was performed earlier by Baldis et al. [125] for the case of VUV photons 
interacting with solid aluminum targets. Here, the scenario of XUV photons 
delivered by the free electron laser facility at DESY-Hamburg (FLASH) [15] 
scattering on solid hydrogen (mass density p =  0.088 g /cm 3) as proposed by 
Holl et al. [13], will be considered.

T h eory  o f  T h om son  sca ttering and the dynam ic structure fa ctor

The scattered power per solid angle dQ =  sin ddddp and unit frequency 
interval dco is given by the expression [125]

^ GaJ w - w ' J x  J d3r / ( r ) A ee(k ,a ;';n e (r),T (r))n i(r  
vrad

(2.33)
<tt =  6.65 x 10_24cm2 is the Thomson cross-section, kj and kf are the initial 
and the final photon wavevector, respectively. By k =  kf — kf, we denote 
the scattering wavevector. From the conservation of momentum, we obtain 
k =  47rsin(d/2)/Ao, with A0 being the probe wavelength. / ( r) is the r depen
dent power density of incoming photons, while Aracf is the radiated surface 
of the target. Using the convolution of the DSF with an appropriately cho
sen instrumental function GAu(u), the finite resolution of the spectrometer 
as well as the probe’s bandwidth is taken into account. Here, we use the 
normalized Gaussian distribution

d2a . <tt kf 
dQ dee A rad k[

Ga“ (w) \/2i(7eXP(  2d2)  ’ (2’34)

Alo — 2\/2 In 2 o is the full width at half maximum (FWHM) of the instru
mental function.

Finally, the plasma inhomogeneities are taken into account by averaging 
the DSF with the electron density profile ne(r) and the temperature profile 
T (r).
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It is convenient to separate the DSF into contributions from free-free, 
free-bound and bound-bound correlations as proposed by Chihara [103],

5ee(k,w) =  \fi(k) + q(k)\2 5a(k ,u )

/ o o

duo' Sc(k, ca)S's(k, u — oo') (2.35)
- o o

+ ZtS*(k,w).
The first part gives the correlation of electrons that are weakly and tightly 

bound to the ions and follow the ion’s movement adiabatically. The ampli
tude is determined by the atomic form factor / i ( / c ) ,  i.e. the charge distribu
tion of the electrons in the valence shell orbitals and the screening cloud q(k) 
which gives the distribution of quasi-free electrons screening the ion’s charge 
[112].

The second term contains the contribution of core electrons, 5c(k,(u) and 
describes Raman type transitions of inner shell electrons to the continuum, 
modulated by the ion’s movement which is contained in Ss(k,cj) [126].

Finally, 5^ (k ,o ;) is the free electron contribution. It determines the be
haviour of the total electron structure factor at frequencies close to the plasma 
frequency. Since we focus on the application of Thomson scattering to di
agnostics of dense plasmas via analysis of the plasmon feature, the third 
term in Eq. (2.35) will be discussed in more detail in the following. This 
contribution is calculated in the Born-Mermin approximation [118], thereby 
including collisions among electrons and ions in second order Born approx
imation. Higher order terms can be treated via the t-matrix and inclusion 
of dynamical screening, see Ref. [127]. The influence of collisions on the 
collective scattering spectrum has been thoroughly discussed by some of the 
authors in Ref. [56]. In this paper, we will concentrate on the impact of the 
density and temperature profiles on the scattering signal.

T em perature and density  profiles

We consider the interaction of cryogenic (T cs 20 K) hydrogen droplets 
of about 30 /un diameter with XUV free electron laser radiation delivered 
by FLASH at 13.5 nm wavelength with a pulse length of 30 fs and 50 /¿J 
pulse energy. In order to infer the absorption characteristics of the tar
get, we calculate the inverse absorption length a(u) of cryogenic hydrogen 
(T =  20 K) via ab-initio quantum molecular dynamic simulations using the 
Kubo-Greenwood formula [128]. The inverse absorption length as a function 
of the photon energy is shown in Fig. 2.11. At the FLASH energy (92 eV, 
indicated by the red arrow) the absorption length is 7 /un, in excellent agree
ment with tabulated x-ray absorption data [72], which is in the same order of
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Figure 2.11: Ab-initio simu
lation of the inverse absorp
tion length for cryogenic hy
drogen at solid density as a 
function of the photon en
ergy. The arrow indicates the 
FLASH energy (92 eV).

magnitude as the diameter of the hydrogen droplet. Thus, FLASH photons 
can penetrate deeply into the target.

The interaction of FLASH photons with the hydrogen target was simu
lated using the radiation-hydrodynamic simulation code HELIOS [78]. HE
LIOS features a Lagrangian reference frame, separate ion and electron tem
peratures, and flux-limited Spitzer thermal conductivity. It allows for depo
sition of laser energy via inverse bremsstrahlung as well as bound-bound and 
bound-free transitions, using a SESAME-like equation of state.

Figure 2.12 shows the free electron density profile (a) and temperature 
profile (b) (red solid curves). The density profile decreases exponentially 
from ne =  2.2 x 1022cm-3 at the irradiated surface (x =  0) to ne =  1.0 x 
1020cm-3 at the rear surface (x =  3 .0pm). The 1/e-decay length of the 
exponential profile is roughly 11 ¡ml, which is consistent with the absorption 
length obtained from the QMD simulation, c.f. Fig. 2.11; the absorption is 
mainly due to bound-free transitions.

The plasma temperature decreases from T =  2eV to T =  1.1 eV. For 
comparison, the dashed lines indicate the mean electron density he =  7.0 x 
1021cm -3 and mean temperature T =  1.5 eV, respectively.

R esults

In Fig. 2.13, we show calculations of the scattered intensity as a function of 
the photon energy shift with respect to the FLASH photon energy, assuming 
FLASH photons scattering from partially ionized hydrogen under an angle of 
$ =  90°. The thin curves show calculations of the scattering spectrum using 
a single density and temperature combination corresponding to a particular 
position x in the HELIOS profiles, see Fig. 2.12. Scattering from plasma 
regions close to the front surface (high density, high temperature) results
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x [|um]

Figure 2.12: Density (a) and 
temperature (b) profile from 
HELIOS simulation of liquid 
hydrogen droplet irradiated 
by XUV-FEL pulses, Ao =
13.5 nm, pulse length 30 fs, 
pulse energy 50 fiJ (bold 
curves). The dashed curves 
indicate the corresponding 
mean density and tempera
ture.

ti(o [eV]

Figure 2.13: Thin curves: 
Scattered intensity spectra at 
constant density and temper
ature corresponding to the 
HELIOS profiles (Fig. 2.12). 
Bold curve: Density and 
temperature averaged scat
tering spectrum. Scattering 
angle d =  90°.
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Figure 2.14: Density and 
temperature averaged scat
tering spectrum (bold curve) 
compared to a calculation us
ing the effective density and 
temperature (dashed curve) 
obtained from the plasmon 
peak positions and detailed 
balance analysis from the 
profile averaged spectrum. 
Scattering angle d =  90°.

in a comparatively large plasmon resonance energy, while scattering from 
the rear surface (low density, low temperature) gives rise to small plasmon 
energies, as indicated by the arrows and the corresponding electron densities. 
Finally, the bold curve gives the density and temperature averaged scattered 
intensity, c.f. Eq. (2.33). Note, that since the DSF is weighted with the local 
density ne(r), i.e. with the number of scattering electrons in the unit volume 
d3r, as well as with the number of photons in that volume, regions close 
to the irradiated surface with increased density contribute more strongly to 
the spectrum than the dilute parts located towards the rear surface. This 
results in a scattering spectrum that is significantly more broadened than 
the original spectra taken at constant density and temperature.

We compare the averaged spectrum to a calculation for the DSF using 
homogeneous density and temperature distributions. The result is shown in 
Fig. 2.14. The bold curve is again the DSF averaged with the HELIOS profiles 
as in Fig. 2.13, the black dashed curve gives the DSF using the effective 
electron density nes =  8.3 x 1020cm -3 and effective temperature Teg =  1.7 eV, 
which are inferred from the peak position of the plasmon resonances and the 
detailed balance analysis of the profile-averaged spectra (red curve). Both, 
effective density and effective temperature deviate significantly (i.e. more 
than 10%) from the corresponding mean values he =  7.0 x 1020 cm-3 and 
T =  1.5 eV. Also note that in different setups, e.g. excitation of the plasma 
via intense optical laser radiation, stronger density and temperature gradients 
are observed [129], and even larger deviations between the effective values 
and the mean values for n and T may occur. A further interesting observation 
is that the peaks of the averaged spectrum (Fig. 2.14) are not symmetrically 
located with respect to the incident photon energy as would be the case for 
a homogeneous temperature and density distribution in the target.
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Conclusions

We simulated Thomson scattering spectra including density and tempera
ture gradients in the target. By comparing these spectra to calculations 
that assume homogeneous density and temperature distributions, we found 
significant differences between these methods. In particular, the free elec
tron density that is inferred from the simulated spectrum from the plasmon 
dispersion, as well as the effective temperature, inferred via detailed balance 
analysis of the simulated spectrum may not be interpreted as the mean values 
of these observables. In the scenario studied here (FLASH photons at 13.5 
nm wavelength scattering on near solid density hydrogen heated by the same 
photons), both ne& and Teg differ by more than 10% from the corresponding 
mean value.

Besides being important for the determination of density and tempera
ture as demonstrated in this paper, deconvolution of the scattering spectra 
and the profiles is also crucial if one is interested in the broadening of the 
plasmon satellites due to collisions and Landau damping [56]. Collisional 
broadening of plasmons gives valuable information about the electrical and 
thermal conductivities in the plasma and is thus an important feature of the 
scattering spectrum. However, neglecting the homogeneous broadening due 
to the density and temperature gradients may lead to significant underesti
mation of the conductivity. Thus, gaining information about the density and 
temperature profile of the target, e.g. from radiation hydrodynamic simula
tions, is indispensable for the application of Thomson scattering spectra to 
plasma diagnostics.
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Chapter 3

Experiments and Equipment

3.1 The F LA SH  Facility

Free electron lasers (FELs) are novel light sources with a variety of research 
applications ranging from diffraction imaging [90, 130] over cluster [131, 132] 
to atomic physics [133-135]. Their physical principle is described in text 
books (e.g. [136]) and the properties of the soft x-ray FEL in Hamburg 
(FLASH) in various publications (e.g. [15, 137-140]).

X-ray FELs are of particular interest for W DM research due to three 
key properties: They are capable of producing short wavelength light that 
can penetrate dense plasmas (see critical density, chapter 1.2, page 4), so 
that studies are not limited to surface effects. Furthermore, their fs pulse 
duration is substantially shorter than the plasma life time (ps to ns), which 
allows even the investigation of ultrafast fs equilibration processes. On top 
of that, the number of photons in an FEL pulse is sufficiently high to gener
ate homogenous plasmas and to enable the Thomson scattering diagnostic, 
which has a low cross section (chapter 2.3). The latter two properties can be 
combined into the peak brilliance, which is the number of photons emitted 
per unit time, solid angle, source surface area, and within 0.1 % bandwidth. 
The figures of merit are displayed in a two dimensional graph for various 
current and future light sources (figure 3.1). It clearly shows the advantages 
of x-ray FEL sources for W DM research.

Besides the soft x-ray FEL itself, the FLASH facility also offers various 
diagnostic instruments. Of particular interest for this work is the residual 
gas ionization detector, also called gas monitor detector (GMD), and a spec
trograph located in the soft x-ray transport line. The GMD measures the 
energy of each soft x-ray pulse [141]. This is important as FLASH uses self- 
amplified spontaneous emission, where the light pulse is amplified from noise
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Energy (eV)

Figure 3.1: Peak brilliance 
of current and future light 
sources over photon energy 
(based on [15, 16]).

leading to ~10% pulse energy fluctuation in our experiment. The FEL spec
tral structure can be measured by steering the soft x-ray pulse with a mirror 
into a spectrograph. However, the mirror blocks the light from reaching the 
experiment, so that no parasitic operation is possible. To monitor the FEL 
spectrum synchronously to the experiment we use an additional spectrograph 
at the experiment (section 3.5).

Two experimental setups were used. Figure 3.2 shows the instruments 
used for Thomson scattering and low FEL intensity solid bulk target irradi
ation and spectroscopy [5, 6] (chapters 4.2 and 4.3), while figure 3.3 depicts 
the setup for high intensity solid target irradiation with micro-focused FEL 
pulses and spectroscopy [4] (chapter 4.1). The following sections describe the 
most important components of the setup in more detail.
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HiTRaX

glass target 
manipulator

reference
spectrometer

solid target 
manipulator

turbo pump 
dumping H-jet

optical spectrometer 
fiber feedthrough

13.5nm 800nm
FEL laser

multilayer mirror 
off axis parabola

25001/s 
turbo pump

Figure 3.2: Raytrace of the Thomson scattering and bulk solid target irradi
ation experimental setup from computer aided design drawings. Interactive 
CAD drawings of this setup are in the appendix (figure A .l).
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Figure 3.3: Experimental setup for high intensity solid target irradiation and 
transmission measurement, here depicted without vacuum chamber.
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3.2 Soft X -ray scattering using FEL radiation 
for probing near-solid density plasmas at 
few electron volt temperatures1

The following publication describes techniques and setup used for FEL sam
ple heating, Thomson scattering (chapter f . 3, page 103) and emission spec
troscopy (chapter 4.2, page 92). It also presents preliminary results that 
demonstrate the feasibility of the experiments.

Abstract
We report on soft X-ray scattering experiments on cryogenic hydrogen 
and simple metal samples. As a source of intense, ultrashort soft X- 
ray pulses we have used free-electron laser radiation at 92 eV photon 
energy from FLASH at DESY, Hamburg. X-ray pulses with energies 
up to 150/iJ and durations 15 — 50 fs provide interaction with the 
sample leading simultaneously to plasma formation and scattering. 
Experiments exploiting both of these interactions have been carried 
out, using the same experimental setup. Firstly, recording of soft 
X-ray inelastic scattering from near-solid density hydrogen plasmas 
at few electron volt temperatures confirms the feasibility of this diag
nostics technique. Secondly, the soft X-ray excitation of few electron 
volt solid-density plasmas in bulk metal samples could be studied 
by recording soft X-ray line and continuum emission integrated over 
emission times from fs to ns.

3.2.1 Introduction

Short-wavelength radiation exhibits significant differences in its interaction 
with matter compared to near-visible radiation. This had led to the proposal 
to employ intense, ultrafast, tunable and bright X-ray sources in studying 
properties of dense plasmas at an un-paralleled level of detail [122]. Several 
studies suggested the creation of solid-density plasmas by intense femtosec
ond X-ray pulses [137, 142] or the probing of dense plasmas using various 
X-ray scattering and spectroscopy techniques [13, 49, 125, 126, 143, 144], 
Since existing conventional sources could not provide X-ray radiation with 
the required properties these experiments were, until recently, not possible. 
The Erst facility to provide intense, femtosecond, high brightness, soft X-ray

1Peer reviewed paper. This section has been published as: S. Toleikis, R.R. Faustlin 
et al., High Energy Density Physics [2] ©  2010 Elsevier B.V.
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radiation is the free-electron laser (FEL) facility FLASH at DESY, Hamburg 
starting user operation in 2005 [15, 145]. In this paper we report on two types 
of soft X-ray plasma physics experiments, both carried out for the first time 
and both using 92 eV FEL radiation. These experiments aim at the investi
gation of thermodynamic properties such as electron temperature, electron 
density and ionization for strongly coupled plasma systems. In particular, 
the regime of interest is near-solid electron densities of ne =  1021 — 1023 cm "3 
and temperatures from a few to tens of electron volts.

In contrast to ideal plasmas, for strongly coupled plasmas correlations 
between the charged particles have to be considered. The regime of strongly 
coupled plasmas can be identified by the ratio of Coulomb energy to the ther
mal energy, i.e., the dimensionless coupling parameter T =  e2/ (4:7reodkBTe), 
being larger than unity, where d =  (4/37\ne)~1̂ . The interest in studying 
these systems experimentally arises from the complexity of the theoretical 
description and the necessity to verify the applicability of models using ex
perimental data. Experiments have been limited so far by the fact that 
near-visible laser methods bear intrinsic restrictions for the investigation of 
near-solid density matter.When using near-visible radiation the probing of 
dense matter is not possible due to strong absorption and reflection. Further, 
the generation of plasmas using high intensities is accompanied by complex 
shock wave creation as well as strong density and temperature gradients. 
X-rays overcome both problems due to their largely increased penetration 
power.

3.2.2 Description of experimental techniques

Measuring near-solid density plasma parameters using inelastic soft 
X-ray scattering

The measurement of plasma parameters such as temperature, free-electron 
density or ionization is required for the investigation of equation-of-state 
properties. One standard technique is Thomson scattering using near-visible 
radiation [94, 95]. The applicability of this method is limited to plasmas with 
much smaller densities than targeted here. For near-solid density plasmas 
X-ray radiation is required and the technique of X-ray Thomson scattering 
had been successfully introduced using few keV X-rays, generated by high- 
energy laser radiation interaction with backlighter samples [50, 51]. Since 
FEL pulses provide similar photon numbers per pulse as used in the re
ported high-energy laser experiments, but have an even higher brightness, it 
is conceptually straightforward to implement this inelastic X-ray scattering 
technique using these new sources. Moreover, the much higher repetition
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rates of the FEL, when compared to the high-energy lasers, further facilitate 
the investigation of various samples, sample configurations, as well as scan
ning wide parameter ranges. At the same time the high temporal resolution 
in FEL experiments enables one to investigate the dynamics of plasma for
mation and equilibration. We report here initial experiments carried out in 
the soft X-ray regime at 92 eV photon energy.

The scattering kinematics in inelastic X-ray scattering is determined by 
the momenta of incoming X-ray photon k{ and scattered photon kf, where 
the momentum K  = ki — kf, K  = K  is transferred to the scattering par
ticle. The kinematics determines if the collective plasmon-like character of 
electron excitations or noncollective single electron properties is probed. To 
distinguish the two regimes the scattering parameter a — l/(KX]j)SC) is used. 
a >  1 corresponds to the collective regime where the probed length scales 
are larger than the Debye screening length X2D sc =  e0knT/ (nee2). Here, scat
tering from collective electron excitations, i.e., plasmons, can be observed. 
In the non-collective regime, a < 1, the probed length scale is shorter than 
A£>)SC and the momentum distribution for individual electrons is probed. The 
energy transfer from the photon to the single electron is Tiu =  h(uji — Uf). 
For bound electrons with fiu >  Eb \ Eb being the binding energy of this 
electron, Compton scattering becomes observable. Since the energy transfer 
in the soft X-ray regime is very small, typically below the energy resolution 
and difficult to investigate, these first inelastic X-ray scattering experiments 
using FEL sources have been carried out in the collective scattering mode. 
In this mode scattering from the plasmon gives rise to down- and up-shifted 
resonances, relative to the elastic scattering. From the energy difference of 
the resonances with respect to the FEL probe pulse the electron density can 
be estimated and the slope of the peak heights of the resonances allows an 
independent estimate of the electron temperature [13]. Experimentally, an 
infrared femtosecond laser is used to heat a liquid hydrogen sample with an 
initial density below solid-density. We estimate that the plasma equilibrates 
within a few picoseconds, before the measurement of plasma parameters by 
soft X-ray scattering occurs. Using two soft X-ray spectrometers at different 
scattering angles q, the simultaneous measurement of scattering for two val
ues of a, respectively K, provides the possibility of investigating the scattering 
from electrons bound to the ions [34].

Creation of solid-density plasmas using soft X-ray radiation

The current operation of FLASH allows one to obtain intensities up to 
1017 — 1018 W cm-2 by focusing the soft X-ray FEL beam. The interaction of 
the focused soft X-ray radiation with a small volume of solid-density matter
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can lead to an energy deposition of up to ?sl03 kJ/cm 3 and subsequent plasma 
formation. The energy absorption occurs over the duration of the FEL pulse 
of few ten femtoseconds, which is too short for the material to expand. For 
our experimental conditions and sample materials the primary absorption 
process is photoabsorption by L-shell electrons. Initially, the material enters 
into a highly excited, non-equilibrium state that develops with time after 
the FEL impact. During the entire cycle the sample transits from strongly- 
correlated cold matter, via a highly excited non-equilibrium plasma, to an 
equilibrated plasma state that cools down while expanding. Both continuum 
and line emission occur at different times in this cycle. The spectral shape of 
the continuum radiation and the relative intensities of plasma emission lines 
can be used to determine plasma parameters [5]. In these experiments one 
has to consider averaging effects due to spatially varying energy deposition 
and to time integration of the developing plasma states. Initially no time 
resolution could be applied to the spectral measurements. Therefore it is 
not possible to determine when radiation from the various emission channels 
occurred.

3.2.3 Experimental setup

Experiments have been carried out using soft X-ray radiation provided by 
FLASH, an FEL facility operating in the self-amplified spontaneous emis
sion (SASE) mode [136]. In FLASH very low emittance electron bunches are 
generated in a photo-injector and are immediately accelerated to avoid space 
charge effects. After two compression steps using magnetic chicanes the elec
trons are accelerated to their final energy of 300 — 1000 MeV, producing soft 
X-ray FEL radiation, in a fixed gap 30 m long permanent magnet undulator, 
in the range 30 — 200 eV [140]. In these experiments we used 92 eV photon 
energy, which corresponds to an electron energy of 700 MeV. In the employed 
operation mode of FLASH the electron bunch, which has a higher density 
on the its leading edge, generates X-ray pulse durations of 15 — 50 fs with a 
bandwidth near 1.0% and pulse energies up to 150 mJ. These X-ray pulses 
are transported to the experiments using carbon-coated mirrors operated at 
a grazing angle of 2 and 3°. The experiments have been carried out at BL2 of 
FLASH with two flat and one ellipsoidal mirrors, the latter producing a focal 
spot of 20 — 30 mm diameter (FWHM). The total beamline transmission is 
considered to be 64 ±  4% [140].

For the experiments reported here fluctuations of the pulse energy and 
of the spectral distribution need to be considered. The pulse energy Io is 
measured pulse-by-pulse and this measurement is used for normalization of 
single-pulse data [141]. For measurements that integrate over several X-ray
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Photon Energy [eV]

Figure 3.4: Single-pulse spec
tra indicating the pulse-to- 
pulse fluctuation of the spec
tral distribution of incident 
SASE FEL pulses. The 
bold line corresponds to the 
spectral distribution aver
aged over 8 pulses and in
dicating the incident band
width of ~2eV  correspond
ing to ~ 2 %  relative band
width.

pulses the averaged pulse energy is used for normalization. The spectral dis
tribution also fluctuates from pulse-to-pulse as is shown in Fig. 3.4. In the 
case shown, which has been collected during a particularly unstable period of 
FEL operation, the averaged distribution exhibits a bandwidth of ^2%  cor
responding to 2 eV, and the individual spectra indicate a spectral structure 
with a typical peak width of 0.3 —0.5 eV. Since only few modes are populated 
the weight of the spectral distribution can vary strongly from pulse-to-pulse. 
In order to normalize the scattering spectra with respect to this fluctuation 
an additional spectrometer measures the spectral distribution of the incident 
beam. Fluctuations of the temporal distribution of the FEL pulses can occur 
within an envelope of smaller 50 fs, but do not affect the data analysis pre
sented here. FLASH can accelerate trains of 1 — 800 electron bunches with 
a repetition rate of 5 Hz. The repetition rate of bunches within the train can 
be selected between 40 kHz and 1 MHz. Most of the experiments reported 
here have used single pulses or a 5 Hz repetition rate. In a few cases trains 
with up to 30 pulses at 5 Hz, corresponding to 150 pulses per second have 
been used to increase the counting statistics.

The experimental setup is mounted in ultrahigh vacuum conditions using 
a total of 22001/s pumping speed. The geometry is chosen such that the soft 
X-ray spectrometers are mounted in the vertical plane at scattering angles 9 
equal to 0, 16 and 90°. The choice of the vertical plane follows from the very 
high degree of linear polarization of incident radiation in the horizontal plane. 
The spectrometer at 9 =  0° is used for measuring the spectral distribution 
of the incident radiation. In flat-field geometry a planar variable line spac
ing grating with 12001ines/mm is mounted at ^170 cm from the interaction 
point. A 100 pm slit is used for background reduction and vacuum separation.
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For detection a back-illuminated CCD is used and we obtain an energy res
olution A E/ E  =  3.6 x ICC3 [146]. The spectrometer at 9 =  16° employs the 
same spectrometer principle and the same grating, which is mounted 23.5 cm 
from the interaction point. The main spectrometer, mounted at 6 =  90°, 
was optimized to provide large solid angle, high throughput and high spec
tral resolution in order to maximize the signal level. For the first experiment 
a focusing spectrometer based on a transmission grating was used [147], but 
artifacts arising from the support grid of the grating and the need for im
proved alignment and higher efficiency led to design and construction of a 
new spectrometer [3]. This spectrometer employs a toroidal mirror together 
with an 8001ines/mm variable line spacing reflection grating, accepts a solid 
angle of 19 x 10_4sr, obtains a resolution of A  E/ E  =  5 x ICC3 at 92eV and 
has an estimated throughput of ~  4 x ICC2 including detection efficiency 
of the back-illuminated CCD. In addition to the soft X-ray spectrometers 
we use optical spectrometers for detection of emission radiation in the near- 
visible regime. Analysis of line and continuum emission in this regime should 
provide further information about the temperature of the hydrogen plasma.

The samples are positioned in the focus of the FEL beam. The inelas
tic scattering experiment uses a liquid hydrogen jet produced by nozzles of 
10 — 20 mm diameter at a temperature ^20 K [148]. The jet diameter under 
ideal conditions is equal to the nozzle of the liquid hydrogen source. The 
preparation of the liquid jet can lead to a variety of jet conditions. The 
phase space of liquid hydrogen is rather dense in this regime and small fluc
tuations of parameters like pressure or temperature and impurities will lead 
to rather strong variations. In particular, we have observed that the mean 
density of the liquid jet can vary strongly. In the ideal condition we observe 
a homogeneous jet of liquid hydrogen with a mass density p =  0.0706 gem-3
[149] . In another operation mode the hydrogen is ejected in tiny droplets 
with liquid density forming a jet with a mean density approximately 5-10 
times less than for the liquid. The solid samples are mounted on a manip
ulator enabling translation to the chamber center once the liquid hydrogen 
source is retracted. The incidence angle of FEL radiation is roughly 45° with 
respect to the sample surface.

The near-solid density hydrogen plasma is created using a femtosecond 
infrared laser delivering 3 — 5 m j pulses at 800 nm at 5 Hz into a focal spot of 
~30 pm diameter. A nearly collinear excitation geometry using a parabolic 
mirror with a central hole is chosen. With a measured pulse duration of 
roughly 150 fs obtained by compression of the stretched pulse just before en
tering the vacuum chamber this system reaches intensities of >  1015 Wcm-2
[150] . The laser is synchronized using a radiofrequency clock to the arrival 
of the X-ray pulse with an accuracy of few ps over of several hours duration
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[151]. Sub-picosecond time resolution can be obtained in a pulse-by-pulse 
measurement of the temporal fluctuation of the infrared laser with respect 
to theX-ray arrival [152]. In the experiments reported here we use a time 
resolution of the order 1 — 2 ps obtained by cross-correlating the infrared laser 
to visible synchrotron radiation using a streak camera [151]. To improve the 
signal-to-noise ratio we always analyzed differences of two measurements: 
Onewith the infrared laser before the FEL, leading to plasma formation, and 
a second, with the infrared laser after the FEL, thus probing the cold hy
drogen system. In addition, background images without X-ray illumination 
and of similar duration are taken to account for stray scattering and detector 
noise.

In the reported experiments X-ray scattering emerges from an interaction 
volume formed by the crossing of the soft X-ray beam of 25 pm (FWHM) 
diameter and the 20 pm diameter cryogenic liquid hydrogen jet. The inci
dent intensity in this scenario is 2.5 x 1014Wcm-2 corresponding to 30 p j  
pulse energy at the sample, 25 fs duration and 25 pm focal spot diameter. 
The absorption length of 92 eV radiation in liquid hydrogen of 9.5 pm [72] 
corresponds to 12% transmission for a 20 pm thick sample. For the measure
ments on solid aluminum and magnesium the FEL beam hits the surfaces at 
an angle close to 45° and the absorption lengths are 0.036 pm and 0.039 pm, 
respectively. These absorption lengths are valid for the unperturbed ground- 
state materials. If the deposited energy is sufficient to modify the material 
properties significantly, one has to consider a transiently changing absorption. 
We have simulated this effect using the HELIOS code [78] assuming that the 
energy deposited by the FEL beam is absorbed through photoabsorption and 
inverse Bremsstrahlung. For the particular conditions the main mechanisms 
are bound-free (photoionisation) and free-free (inverse Bremsstrahlung) tran
sitions. To determine the appropriate ratios the code uses the sample charge 
state which is obtained from tabulated values via the current electron tem
perature which for simplicity is assumed to settle on a timescale shorter than 
the pulse durations. The simulations confirm that the soft X-ray FEL pulse 
heats the sample more homogeneously than the infrared laser pulse. We 
are currently investigating the effect of inhomogeneous heating of the liquid 
hydrogen jet by the infrared laser leading to variations of the electron tem
perature and density. Initial analysis indicates that the use of the plasmon 
peak to estimate the plasma parameters provides good accuracy [1].

For the experimental conditions of these experiments we obtain the fol
lowing relation for the scattering parameter
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Free Electron D ensity [1/ccm]

Figure 3.5: Phase space rep
resentation for electron den
sity ne and temperature Te, 
probing photon energy Tiuj =  
92 eV and scattering angle 
0  =  90°. Lines for a =  0.5; 
1; 2 and T =  1 have been cal
culated according to the rela
tions in the text and in equa
tion (1). Filled areas indi
cate the expected parameter 
regimes for hydrogen and A1 
plasmas investigated. Densi
ties of cold hydrogen and alu
minum are indicated.
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a
K Vs0kBTe

=  20.4 x
ne [1022cm -3

Te [eV]
(3.1)

that is shown graphically in Fig. 3.5. One finds that in the case of liquid 
hydrogen scattering occurs in the collective regime for all densities between 
the liquid (ne =  4.2 x 1022cmT3) and expanded densities of below ne ~  
1020cm~3 if one assumes that the electron temperatures do not exceed a few 
eV. For solids (ne ss 1023 cm -3 ) temperatures can be considerably higher still 
fulfilling the condition for collective scattering. Using 60 pJ FEL pulses at the 
sample and scattering from a liquid hydrogen jet of ~20 pm diameter we are 
able to obtain significant scattering from a single pulse (compare Fig. 3.6). 
These are ideal conditions for this experiment, as they allow measuring the 
beam properties of FEL beam on a pulseby- pulse basis. Unfortunately we 
could not operate the whole experiment in this mode but had to collect 
scattering data from laser-heated hydrogen plasma using integration over 
several hundred pulses. During integration both FEL pulse energy and mean 
density of the liquid jet were fluctuating. In this mode signal was collected 
over a predefined time and in parallel the mean FEL pulse energies and 
the spectral distribution were measured for normalization of the scattering 
data. In order to normalize the fluctuations of the liquid jet a monitoring 
signal is needed which is linear with respect to the scattering probability 
of the FEL beam. Two approaches were attempted: First, one can use the 
transmitted beam intensity to determine the absorbed beam fraction. This 
method was shown to be unfeasible since a detector for the transmitted 
beam gets overloaded with the infrared pump laser beam. Second, one can 
use a fast, pulse resolved scattering signal. Both light scattering and particle 
emission have been analyzed using a multi-channel plate detector mounted 
for this purpose. The normalization using this signal works, in principle, 
providing sufficient counting statistic can be acquired. As this is not always 
the case, the error margin can be relatively high.

Providing fresh sample volumes is a prerequisite for integrating experi
ments. Using the liquid jet with an expansion speed ~ 60 m /s  we calculate 
that fresh sample volumes are safely achieved for FEL repetition rates up 
to 1 MHz. Using the femtosecond infrared laser for pumping the system 
experiments were carried out using the 5 Hz repetition rate. In the solid ex
periments the sample was continuously translated using the 5 Hz repetition 
rate of the FEL.
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3.2.4 Results and discussion

The results of soft inelastic X-ray scattering experiments from liquid hy
drogen can be separated into two areas. These are: a) the experimental 
procedures to observe scattering of FEL radiation and detection using effi
cient spectrometers and b) the time-resolved investigation of the parameters 
of an infrared laser prepared hydrogen plasma. The experiment itself can be 
subdivided into (i) the scattering of FEL radiation including the preparation 
and characterization of the FEL beam and the spectrometer for efficient de
tection, (ii) the sample preparation and characterization and (iii) the infrared 
laser heating of the hydrogen plasmas.

For soft X-rays absorption is considerable even in the case of the reduced 
density of liquid hydrogen. The energy absorbed from the focused FEL radi
ation will therefore itself lead to strong excitation of the sample that eventu
ally leads to plasma formation. The amount to which a transient change of 
the sample affects the inelastic scattering, a process called self-scattering, is 
the issue of a forthcoming publication [153]. The experimental results show 
that the two parameters of the FEL radiation that are most critical to the 
success of these experiments are the pulse energy and the bandwidth. It is 
found that a pulse energy of order 30 — 50 /rJ is needed to obtain a signifi
cant amount of scattered signal using single pulses or very short (few 10 s) 
integration times. In addition, it is crucial that the liquid hydrogen source 
operates stably throughout the integration time in the high average density 
liquid jet mode. Short integration times can be still acceptable as the sta
bilization of parameters can work on this timescale. Further, it is extremely 
critical for the observation of plasmon peaks that the bandwidth of incident 
FEL radiation be sufficiently small and the spectral resolution of the spec
trometer be sufficiently high. As shown in Ref. [13] the shift of the plasmon 
signal with respect to the elastic scattering is in the order of only a few eV. 
The broadening of the spectroscopic data due to the incident bandwidth or 
by spectrometer resolution would wash out the experimental results. A total 
spectral resolution better than 1% is therefore required for the conditions of 
these experiments. Fig. 3.7 shows experimental data obtained from liquid hy
drogen. Spectra shown are for the cases of infrared laser arriving 3 ps before 
and 3ps after the FEL pulse and integrating over 9000 pulses at 5 Hz. Since 
the two spectra do not differ significantly we subtract them after background 
subtraction and normalization to the same value. The resulting difference 
signal yields a small signal. Also shown are the corresponding spectra of the 
incident FEL radiation, measured at 0 =  0° and using the same integration 
times as for the scattered spectra. After normalization the difference profile 
of the incident FEL radiation shows features similar to the difference pro-
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x 104

Figure 3.7: Soft X-ray Thomson scattering spectra near 92 eV from hydrogen 
integrated over 9000 FEL pulses. Scattering spectra for the cases that the 
800 nm infrared laser hit the liquid hydrogen 3ps prior (dots, broken line) 
and 3ps after (crosses, dotted line) the FEL pulse are shown. Differentence 
spectra (error symbols, line) have been obtained from normalized scatter 
data after background subtraction. The corresponding FEL spectra and 
their difference are shown as dash-dotted lines.

file of scattered radiation. In this case we conclude that likely fluctuations 
of the spectral composition of FEL radiation over the integration period of 
the measurement are responsible for the different profiles. This result demon
strates the crucial importance of a simultaneous measurement of the spectral 
composition of FEL radiation and the requirement that the FEL must oper
ate under very stable conditions in order to enable experiments of this kind. 
Comparing the peak width of the scattered radiation and the measured FEL 
spectrum we observe a clear broadening in the scattered spectrum. Whether 
this broadening is due to inelastic scattering near the elastic peak or is due to 
source broadening requires still further clarification. The oscillations of the 
signal away from the scattering peak is reproducible and are due to density 
modulations of the 200 nm Zr filter for visible light suppression inside the 
spectrometer.

The preparation of the liquid hydrogen jet needs to include the charac
terization of its correct alignment with respect to the crosssection of FEL 
beam, optical laser and spectrometer axis and of the mean density of the jet 
during the measurement. These measurements are critical for determining
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Figure 3.8. The upper curve shows an unfiltered soft X-ray spectrum ob
tained fiom bulk aluminum following impact of 92 eV FEL radiation and the 
lower curve the spectrum for 1.6 eV infrared laser radiation using a 200 nm Zr 
filter. The intensities were 4 x 1014 WcmT2 and 4 x 1015 Wcm~2, respectively.

the absolute scattering intensity, e.g. in investigations of the FEL intensity 
dependence of the amount of self-scattering. We further note that the fluc
tuations of the infrared laser pulse energy and beam pointing need to be 
monitored to ensure identical plasma conditions in these highly repetitive 
measurements.

These experiments are challenging in that FEL, liquid hydrogen jet, and 
infrared laser have to operate simultaneously with specified parameters other
wise the experimental outcome will be compromised. Integration over many 
FEL pulses introduces uncertainty and broadening of experimental param
eters which are crucial to the observation of results for the plasma param
eters. On the other hand, the operation of FLASH at high pulse energies 
(>  30 pJ) has shown the feasibility of carrying out these measurements using 
single-pulse spectra. In this case the accumulation of a significant amount of 
spectral data with good resolution can be achieved by sorting data according 
to simultaneously measured FEL and infrared laser data. Also, dependen
cies related to FEL intensity or sample variation can be followed using this 
procedure.

The impact of the FEL pulse on solid samples was investigated by observa
tion of emission radiation using the same experimental setup. The deposited
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energy leads to the formation of a plasma exhibiting emission characteristics 
that are fundamentally different from those of a plasma created by an in
frared laser of similar intensity. Fig. 3.8 shows a comparison of the emission 
spectra of a bulk aluminum sample for FEL and infrared laser irradiation. 
Following soft X-ray excitation one observes, in addition to the elastically 
scattered soft X-ray radiation, a strong difference of ion line emission and 
continuum radiation indicating the different plasma state the aluminum has 
turned into after soft X-ray irradiation. In contrast to the elastic and near
elastic scattering the continuum, the ion line emission can occur at delayed 
times after impact of the FEL pulse. The spectra shown in Fig. 3.8 integrate 
over timescales up to ns in which the plasmas may emit. Detailed results of 
this characterization of FEL createdwarm dense A1 plasmas using soft X-ray 
emission spectra have been published separately [5]. In order to achieve high 
statistical accuracy during these measurements they are carried out integrat
ing over a large number of FEL pulses. The variation of FEL pulse energy 
and the modification of sample conditions related to the high repetition rate 
of the FEL pulses require further investigation using single-pulse spectra.

3.2.5 Conclusions

The experimental procedures for soft X-ray inelastic scattering experiments 
on cryogenic liquid hydrogen jets using FEL radiation have been developed. 
The observation of single-pulse scattering spectra using efficient spectrome
ters is found to be possible. First results have been obtained for the time- 
resolved investigation of the parameters of an infrared laser prepared hydro
gen plasma. The interaction of the FEL pulse with the sample leading to 
plasma heating, thereby changing the measured state, is still under investi
gation. The experiments reported here were the first of their kind carried 
out using FEL radiation. The results of these experiments indicate the re
quirements for future experimental campaigns with respect to diagnostics of 
FEL and infrared laser radiation as well as sample characterization. Scatter
ing data have been collected using an integrating 5 Hz mode for laser-heated 
hydrogen plasmas varying the time delay between excitation and probing. 
These results will be subject of future work. Most importantly we found 
that single-pulse scattering on liquid hydrogen gives significant scattering 
signal for a detailed study of plasma conditions. Applying single-pulse data 
collection offers the advantage of reducing statistical errors and experimental 
uncertainty introduced by integration over varying parameters.

For solid aluminum samples the absorption of intense soft X-ray FEL 
radiation and subsequent formation of warm dense plasmas have been inves
tigated by observation of the time-integrated emission spectrum which differs
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strongly from the spectrum after heating using infrared lasers.
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Figure 3.9: Description of the hydrogen source components with (a) and 
without (b) heat shield.

3.3 Cryogenic Hydrogen Jet

As a target for Thomson scattering experiments we use a liquid hydrogen jet 
[154, 155]. Its location in the experimental setup is depicted in figure 3.2. 
Hydrogen has the advantage of being the most simple element which reduces 
the number of processes that can occur in the plasma. In particular, Auger 
decay (section 2.1.2, page 15) does not occur. Furthermore, the jet provides 
a target with sufficient refresh rate so that we can make use of the 5 Hz FEL 
repetition rate by integrating scattering spectra over several pulses. Also, 
hydrogen has with Z — 1 the lowest number of bound electrons and, there
fore, a small elastic scattering signal (see Thomson scattering, section 2.3.2, 
page 29). This facilitates to spectrally resolve the plasmon peaks from the 
elastically scattered signal.

The source of this jet is based on a cryostat (figure 3.9). It cools the 
hydrogen by liquid helium to around 20 K and injects it into the vacuum 
chamber through a 20 fim nozzle with about 1 bar pressure. The hydrogen 
reaches a speed of around 60m /s which guarantees a new target for every 
FEL pulse.

Moreover, the nozzle is equipped with piezoelectric actuators which can 
induce a controlled and reproducible breakup of the liquid jet into droplets
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Figure 3.10: Modulated hydrogen jet ejected from the cryogenic nozzle into 
the vacuum chamber. One can see how a droplet collides with another droplet 
which has been reflected by the chamber walls and is substantially slower than 
the stroboscopic illumination. See also the appendix for a video of the source 
(figure A .3).

via the Rayleigh instability. The formation of droplets can be adjusted by the 
vibration frequency and amplitude of the actuators. Figure 3.10 shows the 
nozzle ejecting a modulated hydrogen jet. A video of the source operation 
can also be seen in the appendix (figure A .3). By changing the phase of 
the actuator frequency with respect to the FEL pulse one can adjust the 
location of the droplet during that event. This way, one can synchronize 
the arrival of a droplet at the interaction point with the arrival of an FEL 
pulse. After switching off the piezoelectric actuators the string of droplets 
transforms back into a continuous jet.
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3.4 A  Compact Soft X -R a y  Spectrograph Com 
bining High Efficiency and Resolution2

The following publication describes a spectrograph which was constructed 
with the Thomson scattering requirements in mind, namely high resolution 
and throughput. It is the main diagnostic of the Thomson scattering and 
low intensity bulk target irradiation experiments of this work (chapter 4-3, 
page 103). Due to its flexibility it could also be used with the experimental 
setup for high intensity solid target irradiation (chapter 4-1, page 84)- In
teractive CAD drawings of the spectrograph are also shown in the appendix 
(figure A .2).

Abstract
A compact and light weight soft X-ray spectrograph covering 5 —
35 nm and employing a toroidal mirror and a variable line space re
flection grating has been newly developed. Particular emphasis has 
been placed on achieving a large collection solid angle (1.9 x 10-3 sr) 
and a high efficiency of the components in order to enable Thomson 
Scattering plasma diagnostics which has a small total cross section 
(6.65 x 1(T25 cm2). The instrument achieves a signal-to-noise ratio of 
5 with a 13.5 nm source which isotropically emits 2.5 x 10* 5 photons.
A resolution A/AA =  330 was measured at 21 nm and the dispersion 
was calibrated. The instrument is housed inside a DN 100 CF ultra 
high vacuum manipulator (43 x 46 x 47 cm3) which allows position
ing relative to the source within ± 5  mm and ±50 mm in X ,Y  and 
Z direction, respectively. It can be used with or without entrance 
pinhole and is equipped with a motorized grating, a filter wheel with 
five filters, and a shutter. Altogether, these features make the spec
trograph a versatile instrument which can be employed in a variety 
of physics applications such as line and bremsstrahlung spectroscopy 
or Thomson scattering.

3.4.1 Introduction

Soft X-ray emission and scattering spectra are of great interest for various 
fields of physics. Possible applications range from the investigation of liq
uid and solid matter electronic structure [156] over lithography [157] and

2Peer reviewed paper. This section has been published as: R.R. Fäustlin, U. Zastrau,
S. Toleikis et ah, Journal of Instrumentation [3] ©  2010 IOP Publishing Ltd, SISSA
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astrophysics [158, 159] to plasma diagnostics [5, 53]. In particular, plasma 
emission spectroscopy has profited from the abundance of emission lines in 
the range from 2 to 35 nm motivating the construction of advanced spectro
graphs [147, 160, 161]. The advent of soft X-ray free electron lasers (FELs) 
with the first of its kind in Hamburg (FLASH, DESY) [15] opens this spectral 
range for applications requiring higher intensity radiation. Here, we focus on 
the realization of soft X-ray Thomson scattering to investigate dense plas
mas [2, 13, 117]. With this technique, temperature, density and degree of 
ionization of the plasma can be obtained via the spectral measurement of 
inelastic and elastic scattering components of the probe radiation [22], It de
mands sufficient resolution to discriminate the different spectral contributions 
which is A/AA >  100 in the FEL case [13]. More challenging, a high collec
tion angle and efficiency of the spectrograph are required, as the total cross 
section for Thomson scattering is relatively small (6.65 x 10~25cm2). The 
greatest challenge is to integrate all these requirements into a most compact 
spectrograph so that it can be attached to various experimental chambers. 
Compactness and versatility are also what commercial products fail to offer. 
Therefore, the design of a new spectrograph was necessary. Beyond fulfilling 
these specifications, we aimed to construct a most versatile, easy to operate 
and in vacuum adjustable instrument with motorized Liter change, motor
ized grating rotation and motorized shutter. In this paper we present the 
successful technical realization of these design goals as well as the calibration 
of the High Throughput, High Resolution Spectrograph for Soft X-Ray Light 
(HiTRaX) which has already been applied in various experiments [2, 4].

3.4.2 Design

For the use in soft X-ray (5 — 35 nm) Thomson scattering the spectrograph 
requires a resolution A/AA >  100 [13], a maximized efficiency due to the 
low cross section, various filters to suppress visible light over the whole spec
tral range, and a compact and light weight construction to be compatible 
with various experimental chambers and geometries. The combination of 
these design goals made the construction of a new instrument necessary. To 
increase the efficiency and in particular the acceptance angle, a collection 
and imaging optic is needed. As a dispersive element, we choose a planar 
variable line space (VLS) grating. It is more robust against the necessary 
evacuation and venting cycles of the instrument then the alternative trans
mission gratings, as the latter have to be free standing in this wavelength 
region (e.g. [147]). Also, larger transmission gratings are supported by a 
grid structure which in turn produces artifacts in the dispersion direction. 
Therefore, we chose customized reflection optics from Horiba Scientific™.
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Figure 3.11: Geometry of the optics utilized in the spectrograph. Dimensions 
are in mm or degrees.

These are platinum coated and consist of a toroidal mirror and a planar 
variable line space (VLS) holographic grating with an average line density of 
8001ines/mm (Figure 3.11). The mirror root mean square surface roughness 
was measured 0.6 nm which enables a high specular reflectivity throughout 
the wavelength range. Both optics have an active optical surface area of 
50 x 20 mm2. The mirror images the source with no magnification onto a 
Princeton Instruments PIXIS-XO: 2K B™  back thinned CCD which has a 
pixel size of 13.5 x 13.5 pm2. The grating in between CCD and mirror dis
perses the image spectrally while the variable spacing of the lines focuses 
the light further along the dispersion direction improving spectral resolu
tion and producing a flat focal plane. The CCD (28 x 7 mm) then typically 
records a spectral bandwidth of 35 nm without moving grating or camera. 
To obtain high reflectivity even with soft X-ray light the optics are placed at 
grazing incidence geometry for total external reflection (78% at 7.3 degree 
and 13.5nm for the mirror [72]). The distance between mirror and source 
is 255 mm resulting in a solid collection angle of 1.9 x 10- 3 sr. Figure 3.11 
shows the distances and angles of the optical components in the setup.

The spectrograph includes a motorized shutter to protect the optics from 
debris when not in use, motorized grating rotation with ± 3  degree range of 
motion and a motorized filter wheel containing up to five filters (Figure 3.12). 
The electric motors are vacuum compatible and all are equipped with drive 
trains that do not require end switches, reducing possible sources of mal
function. The shutter is driven via a slipping clutch, the planar grating via 
an excenter wheel and the filter wheel can rotate perpetually. The filters 
help suppress visible light to which the CCD is sensitive as well as certain 
ranges in the soft X-ray spectrum depending on the filter material. The 
most used filters are 200 nm thick zirconium and aluminium which suppress 
visible light and have a bandpass of 6nm — 16 nm and 17.1 nm — 75 nm, re
spectively. These filters can be produced without fractures or holes and thus 
reduce visible and stray light reliably. Their dimensions (28 mm x 6 mm)
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Figure 3.12: Three dimensional raytrace of the computer aided spectrograph 
design (a) indicating various components of the instrument in (right) and 
outside (right) of the manipulator, (b) Photograph of the spectrograph in
terior.

match the local soft X-ray beam size. The filter wheel is located between 
the CCD and the grating, away from the source, to protect fragile filter foils 
from debris that is common in laser plasma experiments. Furthermore, the 
filter wheel is surrounded by sufficient open space to minimize the pressure 
on the foils by air currents during evacuation and venting of the apparatus. 
The components facing the optical path have been anodized and dyed black 
to minimize stray light. Three apertures (Figure 3.12), shaped and experi
mentally adjusted to the optics outer dimensions also reduce stray light. The 
optics housing is built from aluminium to reduce weight to a minimum.

The whole spectrograph was built compact enough to be completely em
bedded in a DN 100 CF ultra high vacuum three-way-manipulator with di
mensions 43 x 46 x 47 cm3. Using the manipulator the instrument can be 
adjusted by ± 5  mm parallel and ±50 mm perpendicular to the DN100CF 
base flange. These degrees of freedom as well as a removable tip pointing to
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the source location reduce alignment time to the source significantly and al
low the spectrograph to adapt to possibly changing source locations without 
having to break vacuum. The removable tip can be replaced with a pinhole 
holder so that high resolution spectra can be recorded even with large radi
ation sources. A flexible, 20 pm thin Mylar foil coated on both sides with 
250 nm of A1 covers the gap between the spectrograph and the opening of the 
DN 100 CF manipulator to prevent stray light from reaching the CCD while 
maintaining the full range of motion (Figure 3.12). The foil also separates 
the vacuum chamber of the experiment from the spectrograph interior, which 
is differentially pumped by means of a small turbo pump. Thus, the inte
rior reaches an estimated pressure of 10~6 mbar. This prevents residual gas 
freeze-out on the CCD chip which is peltier cooled to ~200 K with ambient 
air and no additional water cooling is necessary. The CCD housing is held in 
place using clamps. These press the CCD flange with an o-ring seal against 
the polished surface of the DN 100 CF. The construction allows the CCD to 
be rotated and shifted parallel to the flat flange surface when the instrument 
is not evacuated, thereby aligning the camera to the dispersion direction. Via 
this flange the filter wheel can be accessed quickly without having to remove 
the whole instrument and thus without loosing neither time nor alignment 
of the whole instrument. The above features allow a seamless integration 
and operation within the Thomson Scattering setup at FLASH for a most 
efficient use of experimental time.

3.4.3 Measurements and Calibration

Dispersion

The dispersion was calibrated using radiation from the DORIS-III synchrotron 
beam line BW3 [162-164] at DESY. The monochromator of this beam line 
delivers 1012 photons per second with an energy between 2 nm and 80 nm and 
a typical resolution of A/AA =  104. A pinhole of 5/rm diameter in the soft 
X-ray beam and at the source location of the spectrograph reduces intensity 
and produces a collimated ray of light entering the evacuated instrument 
( 10-6 mbar) and generating a small image on the CCD. The location of the 
image in 0th, 1st and 2nd order on the CCD is recorded for different wave
length settings of the beamline. Figure 3.13 shows this characterization of 
the spectrograph’s dispersion.

Due to the geometry of the setup the dispersion is not perfectly but in in 
good approximation linear with 0.0170 nm/pixel (1.259 nm/mm) at 13.5 nm. 
The relative error of this linear fit is less than 1 % in the wavelength region 
from 10.2 nm to 18.2 nm and below 0.1 % within 12.3 nm to 14.8 nm. Beyond
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relative distance (mm)
8.10 10.80 13.50 16.20 18.90 2 1.6 0  24.30 27.00

Figure 3.13: Measurement of the distance between different diffraction orders 
of the grating at various monochromator wavelength settings of the DORIS- 
III BW3 beam line. Data points from the 2nd order have been entered with 
twice their wavelength to allow a common dispersion fit with the 1st order.
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this, the dispersion curve (Figure 3.13) can be fitted and interpolated with a 
parabola. Thus, radiation in the 1st order and at a distance x in pixels from 
the 0th order corresponds to a wavelength

—  =  2.60 x 10' 6 +  1.211 x 10~2 ( —— — 0.137 (3.2)
nm \ pixel J \ pixel J

or taking the pixels size of 13.5 pm into account we obtain for with the 
distance x in mm

- h  =  1.43 x 1(T2 ( — i  +8.970 x 10“ 1 ( — )  -0 .1 3 7 . (3.3)
nm \m m / Vmm /

In linear approximation, this corresponds to the above dispersion of
0.0170 nm/pixel (1.259 nm/mm) at A =  13.5 nm. Generally, the dispersion 
can vary up to 15 % for other source positions and grating angles than applied 
here. This measurement was conducted with the CCD located in the center 
of the flange and the 0th order light focusing onto the 125th pixel (1.69 mm) 
from the edge of the CCD. One should also point out that the linear fit 
dispersion for a given wavelength in first order will be slightly different from 
that in the second order of that wavelength. This is due to the non-linearity 
of the overall dispersion.

Resolution

To determine the resolution we use plasma line emission spectra from FEL 
and optical laser irradiated bulk aluminum (figure 3.14). In the case of op
tical laser irradiation, the lines have a natural width mainly determined by 
the plasma temperature. Therefore, the measured line width gives a lower 
limit for the resolution of the spectrograph where the plasma temperature 
is high, i.e. for the optical laser produced plasma. However, the FEL gen
erates a relatively cold plasma (~34eV  [5]) so that we can use those lines 
to estimate the spectrograph’s resolution. They have an average full width 
half maximum of 0.065 nm between 21 nm and 22 nm. We also observe spec
tral structures from FEL single pulse scattering at 13.5 nm which have a 
width of 0.06 nm. That agrees well with the FEL plasma lines at 21 nm and 
22 nm and is evidence of the low dependance of the optics’ imaging quality 
on the wavelength in this spectral region. From the average of the spectral 
widths we estimate that the spectrograph can resolve AA =  0.063 ±  0.006 nm 
where the error is estimated using the standard deviation of the line widths. 
This corresponds to a resolution of A/AA =  330^0 at 21 nm. The average
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Figure 3.14: Comparison of soft X-ray emission spectra from bulk aluminium 
irradiated by 4 x 1014W  cm -2 with a photon energy of 91.8 eV (13.5 nm, 
without filter, top blue line) and 4 x 1015 W  cm -2 with a photon energy of 
1.6 eV (800nm, using a 200nm zirconium-filter, bottom red line). From [2].

line width for the optical laser generated plasma is AAql — 0.13 ±  0.03 nm, 
broader due to the higher plasma temperature. Figure 3.15 shows the sharp
ness of various emission lines in terms of A/AA for the optical laser and FEL 
generated plasma spectra from figure 3.14. Furthermore, we observed no 
significant change in resolution when rotating the grating. The dependance 
of the angle between focal plane and CCD on the grating rotation seems to 
be overcompensated by the large depth of field of the imaging system. An 
indication for the large depth of field is also that we observe no resolution 
change when varying the spectrograph source distance within approximately 
±1  cm around the optimum position.

Throughput

Optimizing the spectrograph design for efficiency requires to maximize a 
figure of merit which is composed of the acceptance angle and the effi
ciency of the components. Here, we use the throughput t (A), defined by the 
wavelength-dependent ratio of photons, delivered to the detector, to isotrop
ically emitted source photons. It is composed as

t (A) =  x m (A) x glst (A)
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wavelength (nm)

Figure 3.15: Sharpness À/AÀ of different optical laser (red diamonds) and 
FEL (blue circles) generated aluminium plasma lines. The wavelength de
pendent resolution of the spectrograph can be estimated from sharpness of 
the FEL generated plasma line emission.
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with no filters used and where A is the wavelength, Q the acceptance solid an
gle, m (A) the mirror reflectivity, and glst (A) the gratings first order absolute 
efficiency. Table 3.1 compares this value for various types of spectrographs 
at A =  13.5 nm.

Various spectrographs fl (sr) t (13.5 nm)
HiTRaX (imaging toroidal mirror and VLS re
flection grating)

1.9 x 10~3 2.9 x 10~5

Non-imaging spherical grating (40 x 100 mm2, 
5m  radius), 350mm from source, Rowland ge
ometry (similar [165, 166])

- 2  x 10~3 ~2  x 10"5

Non-imaging 12001ines/mm VLS reflection 
grating [160, 161]

1.2 x 10"3 9.6 x 10~6

Imaging toroidal mirror and transmission grat
ing [147]

4.1 x 10“ 4 2.6 x 10“ 6

Pinhole (100 pm) camera with 15001ines/mm 
grating [167], image distance 20 cm, and no 
magnification (e.g. [168])

2.0 x 10“ 7 1.6 x 10“ 9

Table 3.1: Comparing different spectrographs for acceptance solid angle and 
throughput at 13.5 nm wavelength.

The wavelength-dependent efficiency of the spectrograph’s components is 
shown in Figure 3.16. Each photon reaching the CCD generates cr (A) counts, 
where

cr (A) =  —  x QE (A) x ADC  (A) , 
eA

with the quantum efficiency Q E (A), the electron-hole-pair to count conver
sion ADC  (A), Planck’s constant h, and the speed of light c. The average 
energy to create an electron hole pair, e, is 3.6 eV for a typical silicon detector 
at room temperature. The quantum efficiency and the resulting count-to- 
source photon ratio for different analog to digital converter (ADC) settings 
of the employed Princeton Instruments PIXIS-XO: 2KB™  are also depicted 
in figure 3.16. A D C 1, AD C2 and ADC3 correspond to ADC amplifications 
at the 2 MHz low noise output where on average 3.56, 1.84 and 0.99 electrons 
produce one count, respectively. The vendor measured this for our particular 
camera. Thus, 77(A) =  t{A) x <r(A) is the ratio of counts on the detector to 
isotropically emitted photons. Using 77(A) the expected or observed signal in 
terms of counts on the CCD can be converted into the absolute number of
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Figure 3.16: Efficiency or reflectivity of the spectrograph components accord
ing to the vendor specifications and the total efficiency of the optical elements 
(left), and the ratio of counts to isotropically emitted source photons (right) 
for different analog to digital converter (ADC) settings (see text).

isotropical source photons. A minimum amount of photons from the source 
is necessary to detect a signal. This detection threshold is determined by 
the signal-to-noise ratio (S/N) of counts on the CCD. The root mean square 
noise on the CCD without illumination is 4.5 counts measured in a box of 
50 x 200 pixel in the center of the CCD cooled to ~200 K and along its major 
axis. Thus, the detection threshold for an minimum desirable S/N — 5 is 
overcome with

5 x 4.5 counts
9.2 x 10~5 counts/photons

2.4 x 105 photons

emitted isotropically from a source smaller than the pixel size of the detector 
(13.5 x 13.5yum2). For larger source sizes and non-imaging spectrographs 
the number of pixels over which the photons are spread needs to be taken 
into account. After the experiment, Figure 3.16 can be applied to determine 
the number of photons emitted from the source into 47t solid angle and at 
a specific wavelength range. For example, this can be used to determine 
the free electron density in a plasma via the intensity of Bremsstrahlung 
emission [5].

3.4.4 Integration into FLASH  experiments

The spectrograph was already successfully used in various experiments at 
FLASH [2, 4]. Due its small dimensions and weight we were able to attach it
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to vacuum chambers of various geometries. We achieved ultra high vacuum 
down to 1CT8 mbar, allowing the simultaneous operation with pressure sen
sitive instruments like multi channel plates. The vacuum is also sufficiently 
clean to run a liquid hydrogen jet [2]. Furthermore, the stability of the spec
trograph made changing from horizontal to vertical orientation seamless as 
the dispersion calibration was maintained. The integration into a DN 100 CF 
manipulator made alignment to the source fast and saved valuable exper
imental time. The motorized positioning of grating and filter wheel has 
proven to work repeatable over many cycles. The plasma emission spectra 
(figure 3.14) with which we determined the resolution are examples of our 
experimental results.

3.4.5 Conclusion

In summary, the tests have shown that the High Throughput, High Resolution 
Spectrograph for Soft X-Ray Light (HiTRaX) fulfills and even surpasses the 
design goals for Thomson Scattering plasma diagnostics at FLASH. The dis
persion was calibrated and a resolution of A/AA =  330 measured at 21 nm. 
A very high efficiency of the instrument was achieved, so that only 2.5 x 105 
isotropic source photons at 13.5 nm yield the desirable signal to noise ratio 
of 5. With this, the signal levels can be estimated before the experiment, 
and absolute photon numbers reconstructed from the experimental data.

In addition, low weight, the motorized grating and filter wheel rotation as 
well as the compact built within a DN 100 CF manipulator make the spectro
graph a versatile instrument and interesting for applications beyond Thom
son Scattering. It has been successfully used for various FLASH experiments 
where its ease of use and integration into different setups have been practi
cally shown. Emission spectroscopy experiments on materials excited with 
high intensity soft x-ray [4] or particle beams [36, 44] are also being conducted 
and planned for the future.
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3.5 Reference Spectrograph

The single shot FEL spectra in figure 3.4 (page 52) were recorded with a 
spectrograph based on a spherical variable line space grating (average den
sity 12001ines/mm) from Hitachi™ [160, 161], located ~170cm  from the 
interaction region (figure 3.2) in a setup by Beiersdorfer et al. [146]. It 
records the light which passes by the liquid hydrogen target as the FEL fo
cus (~25 pm) is larger than the target (~20/rm ). The high intensity of the 
direct FEL beam makes the use of a 1 pm Mylar filter foil necessary. A slit 
further reduces intensity and acts as a differential pumping stage. Further
more, the slit increases the spectrograph’s resolution achieving A /A  A ^  200, 
estimated from the single pulse spectral structures. However, longer inte
gration times showed spectra with substantially lower resolution which is 
accounted to mechanical vibrations in support structure of this particular 
spectrograph. Therefore, the recorded spectra could not be used as a kernel 
to deconvolve the Thomson scattering signal.

3.6 Temporal Overlap via Plasma Critical Sur
face Imaging

First steps towards pump-probe experiments with optical pump and FEL 
probe radiation were made. To conduct such experiments one first needs 
to spatially and temporally overlap pump and probe beams with the target. 
Spatial overlap can be achieved by aligning the reduced intensity FEL and 
800 nm spots on a cerium doped Y3Al50\2 (Ce:YAG) crystal. The crystal is 
removed once spatial overlap has been established.

Temporal overlap with fs resolution is more difficult to obtain. In a first 
attempt we had successfully used the generation of side bands in an electron 
time of flight spectrograph when the soft x-ray and optical pulses overlap. 
We used a setup similar to [169]. However, the time of flight must be close 
to the interaction point, which can obstruct other instrumentation and the 
occupied flange is not available for vacuum pumping.

To overcome this, we transferred a shadowgraphy based technique used 
with optical lasers to the soft x-ray regime. We position a movable glass slide 
in the target region, attenuate the 800 nm laser with a neutral density filter 
of known thickness, and defocus the 800 nm beam by moving a lens already 
present in the beam path. With this, we backlight an FEL generated plasma 
on the glass surface. The defocused and attenuated optical laser does not 
further damage the target. If the FEL plasma is present when the optical 
laser pulse reaches the glass then the 800 nm laser is reflected by the plasma
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Figure 3.17: Image of the slightly defocused 800 nm spot transmitted through 
the glass target when it impacts the glass before (a) and after (b) the focused 
FEL beam. In the latter case (b), the shadow of the plasma critical surface 
can be seen.

critical surface. This effect can be observed in transmission and by imaging 
the glass surface onto a CCD (figure 3.17). If the optical laser pulse arrives 
at the same time or later than the FEL pulse the plasma critical surface 
shade will be visible in transmission. The delay of the 800 nm laser can be 
adjusted with a delay line. Iteratively scanning the delay while observing the 
transmitted signal for many pulses allows us to find the temporal overlap. 
Figure 3.18 illustrates this process.

Each pulse must hit a new spot on the glass slide as the FEL leaves 
permanent damage which distorts the transmitted light. Therefore, the glass 
target is mounted on a manipulator and shifted between pulses (figure 3.2). 
To facilitate the procedure, FEL and optical laser were operated with a fast 
shutter. When temporal overlap is found, the 800 nm focus is reestablished 
by returning the lens to its original position. The neutral density filter is 
removed and the optical laser delay has to be compensated for the filter 
thickness. The accuracy of this method is limited by the duration of the 
optical laser (150 fs in our case) and by the short time scale temporal jitter 
of the FEL which is ~590fs full width half maximum [152].

Once temporal overlap is found it needs to be maintained as variations in 
the FEL electron trajectory can lead to ps changes in the arrival time over 
the course of minutes. This is done using a streak camera which continu
ously compares the arrival time of optical laser light with bending magnet 
radiation. The long time scale changes in relative arrival time can then be 
compensated by the delay line of the optical laser. The fast arrival time jitter 
of ~590fs full width half maximum [152] cannot be compensated. However, 
the method is sufficiently accurate for future pump-probe experiments related 
to W DM TS.
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Figure 3.18: FEL irradiation generates a plasma on a glass target. The 
plasma critical surface can be imaged in transmission by backlighting with 
800 nm, thus, finding temporal overlap of the two pulses.
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3.7 Tim e of Flight and Classifying Target Ir
radiation

The FEL pointing was found to be relatively stable when monitoring it with 
a Ce:YAG fluorescence screen at the center of the chamber. However, the 
hydrogen jet (chapter 3.3) position fluctuates several 10 pm around the inter
action point on the time scale of seconds, even in its stable operation mode. 
On top of that, the jet can drift several mm over the course of minutes.

At the current state of development these fluctuations cannot be avoided. 
Therefore, it is necessary to monitor them in order to sort or compensate the 
recorded data sets after the experiment. We measure how well the hydrogen 
sample was hit by the FEL utilizing a field free electron time of flight (TOF). 
Figure 3.19 shows a typical signal of the multichannel plate (MCP) at the 
end of the TOF. The Earth’s magnetic field has to be compensated to allow 
for a ballistic electron trajectory in the TOF. This is done by a counter acting 
magnetic field produced by Helmholtz coils surrounding the experiment. The 
MCP records the arrival time of the electrons but is also sensitive to Rayleigh 
scattered light. The strong peak from scattered FEL light (figure 3.19) is 
followed by damped oscillations in the read out system due to an impedance 
mismatch. However, the integral light signal remains proportional to the 
amount of photons impinging the MCP and the detector is not saturated. 
On top of that, an electron signal is visible x 10~7s after the light peak. 
The MCP is located approximately 70 cm from the interaction region, so 
that the electrons have a kinetic energy of ^35 eV. The electron signal can 
be identified via the Helmholtz coils. It is only visible if the coils are switched 
on so that Earth’s magnetic field is compensated.

For the analysis of the target irradiation we use the integral signal from 
the prompt light peak (figure 3.19). If the hydrogen jet was not hit there will 
be no TOF signal, neither from light nor from electrons. Light scattering by 
the chamber walls was negligible. If the target was fully hit a maximum signal 
I m a x { N pulse) will be recorded, which depends only on the actual number of 
photons Npulse in an FEL pulse, measured by the residual gas ionization 
detector (or gas monitor detector, GMD) [141]. Further, we assume that the 
recorded signal from Rayleigh scattering 7* for the ith pulse is proportional 
to the number of photons that hit the target volume

a jtarget   nj-pulse

' “  ¡max (N T l3e)  ‘

Now, the maximum signal I m a x { N pulse) has to be determined. Using the 
above assumptions
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Figure 3.19: Typical TOF 
signal recorded via the MCP 
showing a light peak and 
an electron peak which can 
be identified through the 
Helmholtz coils that compen
sate for the Earth’s magnetic 
field, see text.

Imax (N”ulse) = m N ^lse, (3.5)

with the proportionality constant m. If I\ over N^ulse is recorded for many 
pulses then there will be several full target hits, i.e. data points for which A =  
fmax(Nfulse)- Depicting over J\fPulse we can fit m and t to the points with 
maximum signal by eye (red lines, figure 3.20). Then, equation 3.4 determines 
the effective amount of photons interacting with the target volume. This was 
done for each data set. A relatively stable hydrogen jet allows for a hit ratio 
jytarget jjypuise -¿2 5 %  with an estimated relative error of 15%.
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GMD signal (a.u.)

Figure 3.20: Integral TOF 
light peak signal over the 
GMD signal representing the 
FEL pulse energy, both in 
arbitrary units, for different 
pulses in a pulse train (a-d), 
many pulse repetitions (blue 
dots), and with fits for Imax 
(red lines), see text.
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Chapter 4

Data Analysis and 
Interpretation

The publications in this chapter comprise the current main scientific results of 
this work. They are based on the know-how and equipment described in the 
previous sections. The experiments range from transmission over emission 
spectroscopy to Thomson scattering measurements of WDM using FLASH 
soft x-ray radiation. The different methods allow us to access various time 
scales and processes during plasma generation and relaxation.

In the publication of chapter 4.1 [4] we observe effects on the time scale 
of the FEL pulse duration (~40 fs). The transmission measurement of alu
minium foils indicates a saturation of absorption on this time scale and shows 
a possible mechanism to generate very homogeneous WDM. These experi
ments have been carried out using the setup depicted in figure 3.3, page 47. 
Furthermore, radiative recombination radiation is recorded spectroscopically 
from the same sample element but using the setup of figure 3.2, page 46. 
From the radiative recombination spectral shape we can measure the sample 
temperature using, as described in section 2.1.3, page 17. The time scale of 
this measurement is also in the 40 fs range.

The publication of chapter 4.2 [5] uses plasma emission spectroscopy in 
conjunction with hydrodynamic simulations to measure the free electron tem
perature over different time scales. The spectral shape of bremsstrahlung 
emission allows a temperature measurement on the timescale of few ps (sec
tion 2.1.3, page 16). The ratio of emission lines also enables the temperature 
measurement, but on time scales of the hydrodynamic expansion which oc
curs over ps to ns (section 2.1.3, page 18). The experiments have been carried 
out with the setup of figure 3.2, page 46.

The third publication (chapter 4.3 [6]) utilizes the FEL radiation to gen
erate a homogenous warm dense hydrogen plasma and to probe it using
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Thomson scattering (chapter 2.3, page 26). This allows us to measure the 
free electron density and temperature on the time scale of the FEL pulse 
duration. The absence of elastic scattering indicates via the Debye-Waller 
factor (section 2.3.2, page 32) that the sample is in a non-equilibrium state 
where electron and ion temperature are significantly different. The scatter
ing spectra were fit using various scattering codes (section 2.3.2, page 34) to 
determine the free electron density, temperature as well as an upper limit for 
the ion temperature. We compare the measurements with simulations using 
different models for impact ionization (section 2.1.2, page 14) and find that 
the classic model describes the WDM case more accurately. A video showing 
the time dependent electron energy distribution from the simulation can also 
be seen in the appendix (figure A .4).

Each publication focuses on the investigation of specific processes. Com
bining these pieces allows us to increase our overall understanding of the 
WDM puzzle.
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4.1 Turning solid aluminium transparent by 
intense soft X -ray photoionization 1

Abstract
Saturable absorption is a phenomenon readily seen in the optical and 
infrared wavelengths . It has never been observed in core electron 
transitions due to the short lifetime of the excited states involved 
and the high intensities of the soft x-rays needed. We report sat
urable absorption of an L-shell transitions in aluminium using record 
intensities over 1016 W /cm 2 at a photon energy of 92 eV. From a con
sideration of the relevant time-scales we infer that immediately after 
the x-rays have passed, the sample is in an exotic state where all 
the aluminium atoms have an L-shell hole, and the valence band has 
approximately a 9 eV temperature, while the atoms are still on their 
crystallographic positions. Subsequently, Auger decay heats the ma
terial to the Warm Dense Matter regime, at around 25 eV tempera
tures. The method is an ideal candidate to study homogeneous Warm 
Dense Matter, highly relevant to planetary science, astrophysics and 
inertial confinement fusion.

Saturable absorption, the decrease in the absorption of light with increas
ing intensity, is a well-known effect in the visible and near-visible region of 
the electromagnetic spectrum [170], and is a widely-exploited phenomenon 
in laser technology. Whilst there are many ways to induce this effect, in the 
simplest two-level system it will occur when the population of the lower, ab
sorbing level is severely depleted, which requires light intensities sufficiently 
high to overcome relaxation from the upper-level. Here we report on the 
production of saturable absorption of a metal in the soft x-ray regime by 
the creation of highly uniform warm dense conditions, a regime that is of 
great interest in high pressure science [21, 171], the geophysics of large plan
ets [25, 27], astrophysics [172], plasma production and inertial confinement 
fusion [33]. Further, the process by which the saturation of the absorption 
occurs will lead, after the x-ray pulse, to the storage of about 100 eV/atom  
which in turn evolves to a warm dense state. This manner of creation is 
unique as one requires intense, sub-picosecond, soft x-rays. As such, it has 
not hitherto been observed in this region of the spectrum, owing both to 
the lack of high intensity sources, and the rapid recombination times asso
ciated with such high photon energies. However, with the advent of new

1Peer reviewed paper. This section has been published as: B. Nagler, U. Zastrau,
R.R. Faustlin et ah, Nature Physics [4] ©  2009 Macmillan Publishers Limited
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Figure 4.1: A schematic di
agram of the experimental 
setup. The energy of the 
incoming beam is measured 
by the Gas Monitor Detec
tor (GMD). The beam is fo
cused with an Off-Axis multi
layer coated M o/Si Parabola 
(OAP) onto the sample. The 
transmitted energy is mea
sured by a silicon photodi
ode.

4th-generation of x-ray light sources, including the Free-electron LASer in 
Hamburg (FLASH) [15], soft x-ray intensities that have previously remained 
the province of high power optical lasers can now be produced. Experiments 
at such high intensities using gas jets have already exhibited novel absorption 
phenomena [173], and the possibility of irradiating solid samples with intense 
soft and hard x-rays has aroused interest as a possible means of producing 
warm dense matter (WDM) at known atomic densities [174, 175].

We present the first measurements of the absorption coefficient of solid 
samples subject to sub-picosecond soft x-ray pulses with intensities up to and 
in excess of 1016 W cm -2 , two orders of magnitude higher than could previ
ously be obtained. The experiment has two phases: the first occurs during 
the 15 fs FEL pulse while the second occurs after the pulse. During the 
first phase the sample absorbs predominantly via inner L-shell photoioniza
tion. As the pulse intensity is increased the rate of photoionization surpasses 
the recombination rate so that the inner-shell absorbers are severely depleted, 
leading to a saturation of the absorption, (i.e., the aluminium becomes highly 
transmissive). In the second phase the photoionized electrons decay by two 
paths, radiative and Auger (radiationless) decay. In principle the former pro
vides spectral information on the temperature of the valence band while the 
latter transfers energy to the valence electrons that is effectively stored for 
times of order of several picoseconds (the electron-phonon coupling time). 
We observe the first phase by measuring the transmission of the pulse over 
a wide range of fluences. In separate experiments, covering only the lowest 
fluences used, we have observed the second phase by spectroscopy.

The experiment, shown in schematic form in Fig. 4.1, was performed us
ing FLASH operating at a wavelength of 13.5 nm, i.e. a photon energy of
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92 eV. The laser produced pulses of radiation containing between 10 and 
50 /¿J per pulse in a pulse length of order 15 fs [15] at a repetition rate 
of 5 Hz. The highly-collimated beam of diameter 5 mm was focused onto 
solid samples using a M o/Si multi-layer-coated off-axis parabola with a focal 
length of 269 mm, and reflectivity of 48%. Focal spot sizes were deter
mined to be 1.5/rni at best focus by using Nomarski optical microscopy and 
atomic force microscopy to look at damage craters induced by the radiation 
on poly(methyl methacrylate) (PMMA) [176]. The aluminium samples were 
placed at nine different positions from best focus, with the FWHM diameter 
of the laser spot varying from 1.5 ¡ml at best focus, up to 45 pm. The energy 
within each pulse was measured with a gas-monitor detector (GMD) [141]. 
By variation of both the sample position and laser energies, three orders in 
magnitude of laser fluence were scanned. The transmission of 53 nm thick 
aluminium was recorded as a function of laser fluence using a silicon photodi
ode, which was calibrated with the GMD energies in the absence of a sample. 
The calibration shows a linear correlation of the GMD signal with respect 
to the photodiodes. However, this measurement shows a ±10%  shot-to-shot 
error, which limits the accuracy of the measured absorption to ±10%  on a 
shot-to-shot basis. Statistically larger variations between GMD and photo
diode readings were found for the lowest beam energies (<10/iJ), and such 
unusually low energy shots are excluded from the analysis.

With an unexposed region of the A1 sample in place the transmission is 
measured by comparing the energies recorded by the calibrated photodiode 
and GMD for every shot. Transmission as a function of fluence is shown in 
Fig. 4.2. Saturable absorption can readily be seen in the experimental data, 
with an increase in transmission from 15% at the lowest fluence of 0.3 J cm-2 , 
to 65% at a fluence of 2 x 102Jcm ~2. Given a pulse length of 15 fs, these 
limits correspond to irradiances of 2 x 1013 W  cm-2 and 1.5 x 1016 W  cm-2 
respectively.

A theoretical model that explains this increase in transmission with flu
ence can be constructed by considering the absorption mechanisms and relax
ation timescales pertinent to these extreme conditions. At standard temper
ature and pressure, solid aluminium has a filled-shell ionic core (ls22s22p6) 
with the three free electrons (coming from the 3s2 and 3p atomic electrons) 
in the valence band. As such, it has a relatively deep L-edge. The Lm and Ln 
edges he below the photon energy, at 72.7 and 73.1 eV respectively, whereas 
the Li lies at 117.8 eV [72]. Experimental values for the absorption coefficient 
of cold aluminium are well known in this region [72]. The contribution due 
to free-free absorption (i.e. due to the valence electrons) in this region is 
very small compared to the photoionization, and we determine values for the 
photoionization absorption coefficient and the free-free coefficient as 27 /xm-1
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Figure 4.2: A1 transmission 
as a function of fluence. The 
circles are the experimental 
data points with a la  error 
bar, the solid line is the the
oretical prediction (see text). 
The dashed curve is the pre
dicted electron temperature 
in eV (right Y-axis) in the 
valence band after the FEL 
pulse has passed, but before 
the L-shell holes are filled 
and the Auger recombination 
heats the band further.

and 0.2 pm~1 respectively for cold A1 [177]. Therefore, for photons of energy 
92 eV, almost all of the absorption is due to photoionization of L-shell elec
trons. At high intensities the fraction of aluminium atoms with photoionized 
L-shell electrons is high, leading to depletion of L-shell absorption: after an 
electron is ejected from the L-shell of an atom, the L-edge of that particular 
atom will increase due to reduced screening. The energy needed to eject a 
second L-shell electron is calculated to be 93 eV [178], which is confirmed by 
measurements of Auger energies [178, 179]. Therefore, the FEL (at 92.5 eV) 
will not be able to create a second L-shell hole; the photoionization quenches 
and the absorption coefficient is heavily reduced to the value of the free-free 
absorption. Once an electron is ejected from the L-shell, the hole will be re
filled via either radiative decay or the dominant Auger decay. However, the 
total lifetime of such an L-shell vacancy (which is much shorter than the ra
diative lifetime) is estimated to be around 40 fs [66], i.e. long compared with 
the FLASH pulse length, but still short compared with any electron-phonon 
coupling time, or hydrodynamic motion. Thus, the loss of L-shell electrons 
during the initial part of the FLASH pulse results in reduced absorption dur
ing the rest of the pulse -  an effect that is negligible at previously accessible 
soft x-ray intensities.

We can calculate the absorption of the FEL pulse versus its intensity by 
keeping track of the densities of the unexcited and photo-excited aluminium 
cores as the pulse propagates through the foil, and scaling the bound-free 
and free-free contributions to the absorption accordingly. Thermal ionization 
of the L-shell does not occur, as it requires a temperature above 10 eV at
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solid densities [180]. The resultant transmission as a function of fluence is 
plotted alongside the experimental data in Fig. 4.2. Since the surface of A1 
foils readily oxidizes, we assume a 10 nm layer of aluminium oxide formed 
on either side of the foil [181], which matches both our data at the lowest 
fluence and transmission measurements performed on the same sample at a 
synchrotron facility (ALS) with the tabulated cold absorption of aluminium 
[72]. The theoretical model shows excellent agreement with the experiment.

The photo-excited electrons have an energy of order 20 eV above the orig
inal Fermi energy. Measured inelastic scattering lengths for such electrons in 
aluminium are between 5-10 A, [182] corresponding to time-scales of order 
0.85 to 1.7 fs, in good agreement with calculations based on electron gas 
dielectric theory [183]. Thus the photo-excited electrons rapidly lose their 
energy and thermalize with the initial cold valence electrons on a time-scale 
considerably shorter than the FLASH pulse. Since this electron thermali- 
sation time is short compared with the pulse length and Auger decay time, 
both the electron temperature and electron density immediately after the 
passage of the FLASH pulse can be calculated. The electron temperature 
is calculated by assuming that the excited electrons, which have a kinetic 
energy equal to the photon energy minus the energy of the bottom of the 
valence band, thermalize with the other valence electrons. This predicted 
electron temperature after the FLASH pulse has passed is plotted as a func
tion of fluence in Fig. 4.2. We note that even at the highest fluences, where 
we expect to have 4 electrons per atom in the band, we estimate that the 
electron temperature at the end of the passage of the pulse is only of order 
9 eV.

Subsequently, L-shell holes will be filled with valence band electrons. The 
dominant mechanism here will be Auger recombination (the radiative yield 
is only 0.2% [66]), which will heat the valence band electrons, as each Auger- 
electron will receive about 70 eV of energy. Therefore over the lifetime of the 
excited L-shell state, we calculate that the electron temperature will increase 
from about 1 eV to approximately 2 eV for the lower fluences in Fig. 4.2, and 
from 9 eV to 25 eV for the highest fluences.

Information about the electron distribution (and hence temperature) in 
the valence band can be inferred from soft X-ray emission spectra. We have 
measured such spectra in separate experiments corresponding to the lower 
end of the fluence regime shown in Fig. 4.2. In these experiments, performed 
with a different setup and a 29 pm focal spot [5], the integrated spectra 
of 1800 shots were measured (see Fig. 4.3). The radiative recombination of 
electrons from the valence band to the Lm or Ln levels results in emission that 
ranges in energy from approximately 62 eV (the energy difference between 
the L levels and the bottom of the valence band) to a thermally broadened
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Photon Energy (eV)

Figure 4.3: Experimental 
soft x-ray emission spec
trum (solid lines) of solid 
Aluminium for fluences of 
0 .6Jcm _z, 0.3 Jcm -  ̂ and
0.04Jem -2 . Spectra are 
fitted (dashed lines) using 
(4.1) where we also include 
electron collision and Auger 
level broadening [17], result
ing in temperatures of re
spectively 1.2 eV, 0.5 eV and 
0.1 eV. Spectra are offset for 
clarity.

region at an energy corresponding to the difference between the Fermi energy 
and the L-shell -  an energy of around the L-edge energy at 73 eV.

The lineshape of the emission can be written as [184]:

I { E ) ~ ^ P { E ) g ( E ) f Te{E), (4.1)

with u the emission frequency, P{E)  the square of the relevant transition 
matrix element, g(E) the free-electron density of states (DOS) and fre{E) 
the Fermi function for electron temperature Te. In Fig. 4.3. experimentally 
recorded spectra are compared with theory based on equation (4.1), where 
we also take Auger broadening and broadening due to electron collisions into 
account [17].

The soft X-ray emission is here seen to arise from the aluminium valence 
band from which we infer that the sample is still at solid density and the 
electrons at a temperature that can be estimated by the slope of the spectra 
on the high energy edge. In this way the electron temperature is inferred to be
1.2 eV, 0.5 eV, and 0.1 eV for fluences of respectively 0.6 J cm -2 , 0.3 J cm-2 , 
and 0.04 J cm-2 -  temperatures which are broadly in agreement with those 
calculated for the lower end of the fluence regime shown in Fig. 4.2. In fact 
they are slightly lower than the calculated temperatures, which may be due 
to the fact that the temperature is not uniform as a function of depth within 
the sample in this unsaturated regime. Evidently the collection of XUV 
spectra at higher irradiances in future experiments affords the potential to 
learn directly about the electron temperature in this regime.
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Returning to consider the response of the target at the highest fluences, 
we note that immediately after the passage of the FLASH pulse, where the 
high transmission indicates that almost every atom has an L-shell hole, we 
expect the aluminium ions to be close to their original lattice positions: 
the expected electron-phonon coupling time is over a picosecond [185] and 
even after receiving energy from the electrons, an aluminium ion with a 
temperature of a few eV takes more than 50 fs to traverse a lattice spacing. 
Thus, at the instant the pulse has passed, we can infer that the aluminium 
is in an exotic, highly-ionized, yet crystalline state, of which the physical 
properties (e.g. band structure, equation of state, phonon spectrum, etc.) are 
largely unknown. How this system will subsequently evolve into equilibriated 
WDM is still largely an open question, as this depends on electron-phonon 
coupling times and ion-ion interactions which have yet to be measured for 
these conditions. Measuring these crucial parameters is beyond the scope 
of the current work, and clearly one of the key experiments that must be 
performed with XUV FELs in the future.

The results presented here are of significant interest in the context of the 
creation of warm dense matter by the irradiation of solid samples by high 
intensity soft and hard x-ray radiation. Saturating an absorption edge allows 
for a very uniform heating of a sample: while the front part of the pulse is 
absorbed and heats the front of the sample, the back of the pulse will pass 
through this bleached region, heating the back of the sample to nearly the 
same temperature. For example, at 100 J cm-2 , 50% of the FEL pulse will be 
absorbed (see Fig. 4.2), but the temperature difference between the front and 
the back of the sample is calculated to be only 5%. This compares favourably 
with experiment where thin samples are heated with high intensity optical 
lasers. While such experiments have yielded excellent results and increased 
our understanding of WDM significantly [46, 186], the sample thickness that 
can be uniformely heated in this way is ultimately limited by the electron 
ballistic depth of the hot electrons that the laser generates. For example in 
[46], this ballistic depth is around 110 nm, which would mean that the back 
of 52 nm A1 targets is exposed to only 60% of the energy compared to the 
front of the target, which will never allow for uniform heating within 5% 
as in our current experiments. By saturating the absorption edge we have 
efficiently created uniformly heated warm dense aluminium.

In summary, we have presented the first demonstration of saturable ab
sorption induced by record soft x-ray intensities. These results are consistent 
with the ejection of an L-electrons from almost all atoms in the sample on 
femtosecond time-scales. Although each atom receives around 100 eV from 
the photons, a consideration of the relative timescales of electron-electron 
inelastic scattering and Auger decay implies that the electrons in the valence
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band remain relatively cool before filling the L-shell holes via Auger decay. 
Soft x-ray emission data obtained at the lower end of the fluence regime 
shows that in the future more detailed measurements of the electron tem
perature may be possible. By bleaching the L-edge transition in this way 
within 15 fs (on a much shorter timescale than the picoseconds calculated to 
be necessary for electron-ion equilibriation), we infer that we have created a 
very transient exotic state of highly ionized crystalline matter.
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4.2 Bremsstrahlung and Line Spectroscopy of 
W arm  Dense Aluminum  Plasma heated 
by X U V  Free-Electron Laser Radiation 2

Abstract
We report the novel creation of solid density aluminum plasma us
ing free-electron laser (FEL) radiation at 13.5 nm wavelength. Ul
trashort pulses were focused on bulk A1 target, yielding an inten
sity of 2 x 1014 W /cm 2. The radiation emitted from the plasma was 
measured using an XUV spectrometer. Bremsstrahlung and line in
tensity ratios yield consistent electron temperatures of about 38 eV, 
supported by radiation hydrodynamics simulations. This shows that 
XUV FELs heat up plasmas volumetrically and homogeneously at 
warm dense matter conditions, which are accurately characterized by 
XUV spectroscopy.

Introduction

The physics of warm dense matter (WDM) [121] gains increasing interest 
because of its location in the transition region from cold condensed materials 
to hot dense plasmas. W DM states are of paramount importance to model 
astrophysical objects such as giant planets [27] or brown dwarfs [23]. Further
more, W DM  occurs as a transient state in novel experiments to generate high 
energy densities in materials, most notably the realization of inertial confine
ment fusion [33, 187]. First experimental investigations of WDM have been 
performed, e.g., with shock wave experiments [40] and with laser excited 
plasmas [41, 42, 45-47].

WDM describes materials at temperatures of several eV at solid-like den
sities. Its creation and investigation under controlled conditions in the lab
oratory is a difficult task. Using common optical short-pulse lasers, non
linear absorption leads to rapid temporal variations, steep spatial gradi
ents, and a broad spectrum of plasma physical processes. Pioneering tech
niques such as laser-driven shock heating, x-ray heating, ion heating tech
niques [38, 40, 43, 44, 188] and x-ray Thomson scattering [50] have been 
developed in order to improve the plasma heating mechanism.

In W DM  the electron temperature is comparable to the Fermi energy, i.e., 
the degeneracy parameter 9 =  k^Te/E-p is close to unity. Furthermore, the

2Peer reviewed paper. This section has been published as: U. Zastrau, C. Fortmann, 
R.R. Faustlin et ah, Physical Review E [5] ©  2008 The American Physical Society
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ion coupling parameter T = Z2/ 47re0&B î (47mj/3)1//3 is greater than or equal 
to unity, i.e. the interparticle Coulomb correlation energy is equal or exceeds 
the thermal energy; Z is the ion charge and rq is the ion density. Thus, 
electrons as well as ions exhibit strong temporal and spatial correlations 
which depend strongly on the plasma parameters, temperature and density.

A proper description of WDM is also a tremendous challenge to many- 
particle physics. Both the theory for ideal plasmas and condensed matter fail 
in this regime. Classical plasma theory based on expansions of the correlation 
contributions in powers of the coupling parameter breaks down since T >  1, 
and strong coupling effects among the various species have to be taken into 
account. On the other hand, the plasma is too hot to be considered as 
condensed matter, i.e., expansions in terms of the degeneracy parameter 9 
also fail. Thus, the precise knowledge of physical properties as function of 
the plasma parameters temperature and density is of primary importance.

In this article, we demonstrate that XUV free-electron lasers (FELs) open 
a new and promising possibility to heat matter volumetrically and homo
geneously. Furthermore, we show that XUV bremsstrahlung and line spec
troscopy allow the determination of the plasma temperature and free electron 
density.

Experimental setup

Free-electron laser characteristics

The fourth generation light source FLASH (Free-electron LASer in Hamburg) 
uses the self-amplified spontaneous emission (SASE) principle to generate 
brilliant XUV pulses [15, 189]. In the experiment, pulses of 91.8 eV photon 
energy (wavelength A =  13.5 nm), (15 ±  5) fs duration were focused to a 30 
pm spot by a carbon-coated ellipsoidal mirror with gracing incidence angle 
of 3°° and 2 m focal length, as shown in Fig 4.4.

Since the FEL process starts from spontaneous radiation, it shows an 
intrinsic shot-to-shot pulse energy spread. The relevant distribution of pulse 
energies for this experiment is shown in Fig. 4.5. The total number of pulses 
in our measurement was 81 000, including 3% of zero-energy events and a 
significant fraction of high-energy pulses up to 130 pi. The mean value is 
48 pi, measured at the end of the undulators. Since the beamline transmis
sion is known to be T =  0.68, the average pulse energy at the experiment is 
33 pi.
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a) . ,
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i M i i l  i /

F E L ellipsoidal aluminum
undulators mirror target

b) XUV spectrometer

Figure 4.4: Experimental 
setup, a) The XUV pulses 
from the FEL undulators 
are focused by an elliptical 
beamline mirror on the bulk 
aluminum target, creating a 
30 pm focus, b) The target 
is hit under 45° and plasma 
is created. A high-resolution 
XUV spectrometer observes 
the plasma emission under 
45° to the surface normal.
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X U V  Pulse  Energy [pj]

Figure 4.5: Histogram of 
the energy spread of 13.5 nm 
XUV pulses generated by 
Self-Amplified Spontaneous 
Emission (SASE). Only 
pulses contributing to the 
measured spectrum of the 
performed experiment are 
shown. The top ordinate 
shows the corresponding 

-140 irradiation intensities on 
target.
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X U V  Plasma Spectroscopy

Each pulse irradiates a bulk aluminum target under 45° incident angle, result
ing in an average intensity of 2 x 1014 W /cm 2, see Fig. 4.4. The polarization 
is linear in the horizontal plane. At the chosen wavelength, the critical den
sity for penetration into the bulk ncrit =  (27rc)2eome/e2X2 =  6.1 x 1024cm “ 3 
is about 40 times higher than the valence electron density in cold solid alu
minum, ne =  1.6 x 1023 cm-3 , therefore the initial absorption length is 40 nm 
[72]. The pulse energy is deposited in a target volume of 7r x (15 pm)2 x 40 nm, 
generating WDM. The number of 1012 atoms in this volume is in the same 
order of magnitude as the incident photon number.

At fixed target position, the emission spectrum of about 104 exposures 
was recorded before moving to a fresh site. Since the very first FEL pulse 
ablates a few-nanometer thin surface layer, further surface cleaning technique 
was not necessary. The target was at ambient temperature, and vacuum was 
kept constant at 10_7mbar.

The FEL was run in multibunch operation mode at 5 Hz repetition rate, 
with 20 bunches per train giving 100 FEL pulses per second. Five separate 
measurements of different durations adding up to a total interaction time 
of 13.5 min were performed. Since the individual spectra look identical we 
assume that plasma formation and emission processes vary very slowly during 
the measurement.

XUV emission spectra in the region of 6 — 18 nm were measured with a 
high throughput spectrometer, featuring a toroidal Ni-coated focusing mirror 
and a free-standing transmission grating. The spectrometer is described in 
detail in reference [147]. The spectral resolution was limited to 0.2 nm due 
to a slightly fluctuating plasma position. A back-thinned XUV CCD camera 
with 1 3 x 1 3  pm2 pixel size and a quantum efficiency of 77 =  0.45 served as 
detector. From the measured spectra, absolute photon numbers per wave
length interval and solid angle are calculated using the tabulated efficiency 
of all components.

Data analysis

Figure 4.6 shows the sum of all spectra in logarithmic scale after correction 
for the spectrometer throughput and detection efficiency. The error-bars 
arise essentially from statistical signal-to-noise ratios beside uncertainties 
of the spectrometer components. The main peak at 13.5 nm stems from 
Rayleigh scattering of FEL photons by bound aluminum electrons. It is 
broadened symmetrically by ±0 .4  nm due to artifacts originating from the 
support grid of the transmission grating. Spectral lines from A1IV and A1 V
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Figure 4.6: Experimental 
XUV photon spectrum per 
solid angle Af2=4 x 10-4sr 
and wavelength interval 
AA=0.025nm (symbols 
with error bars) and 
bremsstrahlung calcula
tions for different electron 
temperatures. The spectrum 
is corrected for the spec
trometer throughput and the 
detection efficiency.

Table 4.1: List of the spectral lines emitted from the plasma, identified with 
the NIST database [190, 192],

Experimental
data
[nm]

Reference
data
[nm]

Relative
intensity
(NIST)

Oscillator 
strength /  

(NIST)

Transition

11.6 ± 0 . 2 11.646 250 0.332 Al IV: 2s22p% 
-2s22p5(2p°/2)Ad

12.7 ± 0 . 2 12.607 800 Al V: 2s22p5 
-2s22pi (1D)3s

16.2 ± 0 .2 16.169 700 0.247 Al IV: 2s22p6 
-2s22pS(yi/2)3s

17.2 ± 0 .2 17.14 - - Lii/mM

are identified using the NIST tables [190] as listed in Tab. 4.1. The continuum 
emission is formed by free-free transition radiation (bremsstrahlung) and free- 
bound recombination radiation. Since the target is heated volumetrically, the 
continuum emission is partly reabsorbed and we observe a step-like feature at 
17.0 nm that is consistent with the absorption Z/n/in-edge [72]. This indicates 
deep deposition of energy into the target, as expected for XUV photon-matter 
interaction. The corresponding absorption L-edge at a similar excitation 
flux was also analyzed in laser excited silicon [191]. Finally, the Tii/m M - 
fluorescence line [192] is observed at 17.2 nm.
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Bremsstrahlung

The experimental spectra allow the determination of the plasma parameters 
using fundamental relations [193]. The electron temperature and density are 
inferred from the continuum background radiation due to bremsstrahlung. 
We compare the experimental data to Kramers’ law [70]

for the free-free emissivity js(X). Here, me is the electron mass and #t (A) 
is the wavelength dependent Gaunt factor [194], accounting for medium and 
quantum effects. It is calculated in Sommerfeld approximation [195]. We 
assume an average ion charge of Z =  4, which is supported by calculations of 
the relative ion abundances using the code COMPTRA04 [196], see below. 
In the wavelength range from 7.1 nm to 8.0 nm (marked by the dotted box in 
Fig. 4.6), we expect no essential contributions from bound-bound and bound- 
free transitions. Statistical analysis of the data in this range yields 40.5 eV 
for the temperature with an rms error of ±5.5 eV. Bremsstrahlung spectra 
for 35 eV, 40.5 eV, and 46 eV are shown in Fig. 4.6. Reabsorption was consid
ered using tabulated opacity data [72], in this way the L-edge at 17.0 nm is 
reproduced. The height of the L-edge corresponds to a transmission through 
40 nm of cold aluminum.

Kramers’ law (Eqn. 4.2) depends on the square of ne. From the absolute 
photon number at A =  17.0 nm, Nphoton =  51424AiG1 AA_1, we calculate 
the free electron density using Eq. 4.2 as ne =  4.0 x 1022 cm "', taking the in
ferred plasma temperature of 40.5 eV. This value is consistent with radiation 
hydrodynamics simulations, see below.

Transition Line Ratio

Independently, the electron temperature can be obtained from the ratio of 
integrated line intensities Iu for the identified transition lines from the Boltz
mann distribution [74] as follows

with the corresponding photon frequencies ljv and oscillator strengths f u, 
having in mind that the plasma is optically thin. Here, the A1 IV lines 
(doublets) at Ai=16.169 nm and A2 =11.646 nm, with oscillator strengths 
given in Tab. 4.1, are used. Integration was performed from 15.9 nm to 16.3

(4.2)

h _ lA f l e-h(uJl-uJ2)/kBTe
h  <^2 Î2

w v e (4.3)
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Figure 4.7: Calculation of 
the relative A1 ion species 
abundance from COMP- 
TRA04 as a function of 
the electron temperature. 
Solid line is for A1 density 
pSoi =  2 .7g /cm 3, dashed line 
0.5psoi =  1.35 g /cm 3.

nm and from 10.8 nm to 11.9 nm after subtraction of the bremsstrahlung 
continuum, respectively. The resulting temperature is (34±6) eV. Within the 
error bounds, this is consistent with the temperature inferred by analysis of 
the bremsstrahlung continuum, so that we can state the plasma temperature 
with about 38 eV.

A full compliance of line and continuum temperature cannot be expected, 
since the plasma dynamics affects both emission processes in different ways. 
At early times after the laser-target interaction, the system is still very dense 
and the excited levels of the transitions under consideration are possibly 
dissolved into the continuum. Only after expansion, the excited levels are 
well defined and radiative transitions take place. Bremsstrahlung, on the 
other hand, is most relevant at early times due to the Ug-dependance of its 
emissivity, see Eq. 4.2. Thus, in the bremsstrahlung emission we expect a 
higher temperature than in the line spectrum.

Relative Ion Abundance

The relative abundance of aluminum ions was calculated with the code 
COMPTRA04 [196]. Results for electron temperatures from 10 eV to 50 eV 
are shown in Fig. 4.7, assuming solid density psoi =  2 .7g /cm 3 and 0.5psoi, 
i.e. slightly expanded. The concentration of ion species for the relevant 
temperatures between 34 and 40 eV complies with the observed line emission 
spectrum. At an averaged temperature of 38 eV, the ion fractions of A1 IV, 
A1 V, and A1 VI take the values of about 7%, 45%, and 46%, respectively. 
Amounts of A1 I-III as well as A1 VII and higher are negligible.

All expected spectral lines from A1 IV in the observed spectral range 
are either observed (at 16.2 nm) or covered by the strong FEL signal (at
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12.9nm). For transition details see Tab. 4.1. Weak lines from Al V between 
11.9-13.2 nm overlap with the Rayleigh peak and only the 12.607 nm line can 
be identified. Transition lines from Al VI, which are located between 8.6-
10.9 nm, are not significantly present compared to the detector noise. This 
indicates, that the corresponding high-lying excited levels are dissolved and 
do not contribute.

Emission lines from Al VII (and higher) are expected to play a significant 
role only at temperatures exceeding 40 eV, as shown in Fig. 4.7. These 
lines have also not been found, but have previously been observed in optical 
laser-matter interaction experiments [197]. This contrast is well understood 
by scrutinizing the different mechanisms of absorption and ionization in the 
case of optical light as opposed to the case of XUV photons.

Discussion

Different Photon Absorption Mechanisms

In optical laser-matter interaction, dominant absorption mechanisms are 
multi-photon ionization, nonlinear processes, inverse bremsstrahlung, and 
resonance absorption [62]. When the critical free electron density of the op
tical laser is exceeded, most light is reflected and absorption is limited to 
the skin layer, leaving behind a plasma with steep density and temperature 
gradients.

For XUV photons, nonlinear absorption is negligible at the considered 
intensity and resonance absorption is not important since the plasma is un- 
dercritical. Thus, “hot” electron production in the keV to MeV range is 
unlikely. Photo-excitation and inverse bremsstrahlung are the only possible 
mechanisms. Since there are no prepulses in the FEL case, the deposition of 
photons starts in a cold target and the energy is distributed volumetrically 
and homogeneously throughout the interaction zone.

A change in the polarization of the FEL (e.g. using circularly polarized 
light) could lead to less heating and certainly to a reduction in the scattered 
intensity (Rayleigh peak). For atomic systems, a systematic decrease in the 
photo-ionization yield has been reported upon changing the laser’s polariza
tion [198], while such studies for solid state targets at XUV conditions remain 
to be done.

The novel plasma production mechanism presented here, takes advantage 
of photons exceeding the 2p level binding energy of 72.8 eV. In particular, a 
2p bound electron is photoionized with a cross section of crpi =  7 Mbarn [72]. 
This electron is transferred into the conduction band, leaving behind a hole in 
the 2p-shell. For the partially ionized aluminum the photoabsorption cross-
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(a) E lectron density (b) E lectron tem perature
M / _ „ 3i r X/1

depth [pm]

Figure 4.8: HELIOS simu
lation results for the elec
tron density (left) and elec
tron temperature (right) as a 
function of time and radius.

section increases below the Tn/m-edge slightly with temperature [142]. Due 
to their high excess energy of about 20 eV, further electrons at lower energies 
are excited via impact ionization and Auger processes [121]. The electrons 
equilibrate at a temperature of several eV within hundred femtoseconds [53, 
199], forming typical WDM. During this time, electrons can also recombine 
with the 2p-holes by emitting fluorescence radiation at 17.2 nm wavelength. 
This state of matter cools down on a picosecond timescale by energy transfer 
to the lattice via electron-phonon scattering [193].

Hydrodynamics Simulation

To illustrate the hydrodynamic processes and to estimate the electron tem
perature, ID radiation hydrodynamics simulations using HELIOS [78] have 
been performed. HELIOS features a Lagrangian reference frame, i.e., grid 
moves with fluid, separate ion and electron temperatures, and flux-limited 
Spitzer thermal conductivity. It allows the deposition of laser energy via 
inverse bremsstrahlung as well as bound-bound and bound-free transitions, 
using a SESAME-like equation of state. Per atom, 2.6 conduction band elec
trons were assumed to contribute to the laser absorption [200]. The results 
are shown in Fig. 4.8. On the timescale of the FEL pulse, both electron den
sity and temperature rise up to values of ne ~  1023 cm~3 and k-eTe ~  26 eV, 
respectively, without any steep gradient. These values are in good qualitative 
agreement with the results for ne and Te obtained by the spectral analysis.

This hydrodynamics simulation uses the average pulse energy of 33 /iJ on 
target as an input parameter. As discussed above, Fig. 4.5 illustrates that 
a significant fraction of pulses have much higher pulse energies up to 130 pJ. 
Since the free-free emissivity (Eqn. 4.2) depends strongly non-linear both 
on electron temperature and density, we expect the observed radiation to be 
rather dominated by the high-energy fraction of the XUV pulses than by its 
average value. This finally explains the slight underestimation of the electron
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temperature in the hydrodynamics simulation compared to the experimental 
results.

Additionally, the simulation shows that these WDM conditions exist for 
about 200 fs, at almost constant plasma density and temperature, and hy
drodynamic motion is negligible [201]. Plasma expansion as well as electron 
diffusion to the cold matter of the bulk target and heat conduction becomes 
important during the first several picoseconds [202], while the density de
creases about a factor of two, influencing the relative abundance of ion species 
only slightly, as demonstrated in Fig. 4.7.

Summary and concluding Remarks

The capability of XUV FEL radiation to create W DM by interaction with a 
solid aluminum target was demonstrated for the first time. The analysis of 
the XUV line and continuum emission spectra yield an electron temperature 
of (34 ± 6 )  eV and (40.5 ±  5.5) eV, respectively. The observed line spectrum is 
compatible with predicted ion abundances. Together with radiation hydro
dynamics modeling, we get a sound picture of complex XUV laser-plasma 
interaction dynamics. The simulations confirm the volumetric heating of the 
target without strong gradients. Our results provide new complementary 
information to results that were reported for optical laser-matter interaction
[197].

Further and detailed studies of WDM will include spatially and tempo
rally resolved experiments to determine electron temperature and density. 
For this regime, novel diagnostic techniques such as x-ray interferometry 
[39, 203] and x-ray Thomson scattering [13, 51, 53] have been developed. In 
combination with these techniques, the XUV FEL will be a unique platform 
for WDM investigations. This will be important for shock wave physics, 
applied material studies, planetary physics, and inertial confinement fusion, 
and other forms of high energy density matter generation.
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4.3 Observation of ultrafast non-equilibrium  
collective dynamics in warm dense hydro
gen3

Abstract
We investigate ultrafast (fs) electron dynamics in a liquid hydrogen 
sample, isochorically and volumetrically heated to a moderately cou
pled plasma state. Thomson scattering measurements using 91.8 eV 
photons from the free electron laser in Hamburg (FLASH) show that 
the hydrogen plasma has been driven to a non-thermal state with an 
electron temperature of 13 eV and an ion temperature below 0.1 eV, 
while the free electron density is 2.8 x 102Ocm-3 . For dense plasmas, 
our experimental data strongly support a non-equilibrium kinetics 
model that uses impact ionization cross sections based on classical 
free electron collisions.

The investigation of Warm Dense Matter (WDM) is one of the grand chal
lenges of contemporary physics [21]. W DM is a plasma state characterized by 
moderate-to-strong inter-particle coupling which takes place at free electron 
temperatures of several eV and free electron densities around solid density
[21]. It is present in many physical environments, such as planetary interiors 
[25, 27], gravitationally collapsing protostellar disks, laser matter interac
tion and particularly during the implosion of an inertial confinement fusion 
capsule [33]. While in the astrophysical context WDM exists under stable 
conditions, in the laboratory it is achieved only as a transient state bridging 
condensed matter and hot plasma regimes. Here, we report on the first in
vestigation of the non-equilibrium transition of hydrogen from a liquid to a 
moderately coupled plasma on the fs time scale, induced by highly intense 
soft x-ray irradiation. This is an important step towards the investigation 
of strongly coupled plasmas which are within reach of current light sources 
such as LCLS. Our measurement enables unprecedented direct tests of non
equilibrium statistical models beyond mean field theories in a regime where 
collision and relaxation processes are dominant [22, 47, 49].

The use of x-ray scattering for the investigation of dense, strongly-coupled 
plasmas was successfully demonstrated in the past decade [22, 34, 49-52]. 
This technique is the x-ray analog of optical Thomson scattering (TS) [48] 
and enables the experimental determination of plasma parameters in dense

3Peer reviewed paper. This section has been published as: R.R. Faustlin, Th. Bornath 
et ah, Phys. Rev. Lett, accepted [6] ©  2010 American Physical Society
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systems where optical light cannot penetrate. While previous experiments 
were carried out using high-energy laser facilities, the advent of soft and hard 
x-ray free-electron lasers (FELs) makes ultrashort high brightness beams 
available for this type of research [13, 53]. This letter reports on ultrafast 
heating of liquid hydrogen and TS measurement of dense plasma parameters 
using soft x-ray FEL radiation. For the first time, non-equilibrium distri
butions are observed and the underlying relaxation dynamics are compared 
with kinetic models showing electron relaxation times in the order of 20 fs, 
thus, shorter than the pulse duration.

The scattering taking place is collective TS, which is characterized by 
a spectrally blue and red shifted response due to collective electron mo
tion, plasmons, and nearly elastic scattering due to ion acoustic fluctuations 
[22, 204]. The frequency shift lj of the plasmons with respect to incident 
radiation is described by the dispersion relation u? «  cn2 +  3TeA:2/m e, their 
intensity ratio by the detailed balance relation Abiue/^red =  e~huĵ Te, where 
ldp = \jnee2/ mee0 is the plasma frequency, k the photon wave vector change, 
rae, ne, Te electron rest mass, density and temperature (in eV), e the electron 
charge, and £q the vacuum permittivity. Therefore, from the measured asym
metry and frequency position of the plasmons we can determine the electron 
temperature via detailed balance and density via the above dispersion rela
tion.

Our experiments have been performed at DESY using the Free Electron 
Laser in Hamburg (FLASH) [15, 140] at a photon energy of 91.8 eV. FEL 
radiation with 5 Hz pulse repetition rate, average pulse energy on target of 
15 /iJ and duration of ~40fs is focused to a 25 pm spot using an elliptical 
mirror, yielding intensities of x 1013Wcm-2 . The energy of each pulse 
is measured using a residual gas ionization detector [141] and fluctuates less 
than 10%. Figure 4.9 shows a schematic of the experiment. The FEL pulses 
hit the liquid hydrogen jet which has a diameter of 20 gm, an atomic density 
of 4.2 x 1022 cm-3 , and a temperature of 2meV, prepared in a liquid helium 
cooled cryostat [2]. With 60m s-1 flow velocity of the hydrogen jet each 
pulse scatters from an unperturbed region of the sample. During hydrogen 
injection the chamber was at a pressure of ^10~5 mbar. Scattering from 
the hydrogen jet is collected at 90 ° relative to the incident FEL radiation 
and in the vertical plane since the FEL radiation is horizontally polarized. 
We use a variable line space grating spectrograph [3] with a resolution of 
A/AA =  180. A  toroidal mirror 25.5 cm from the jet provides a collection 
solid angle of 1.9 x 10_3sr. Reference measurements of the FEL spectrum 
(Fig. 4.9) were performed using a second spectrograph, introduced into the 
FEL beam during tuning and setup, or a third spectrograph [146] which
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Figure 4.9: Experimental 
setup showing the liquid hy
drogen jet in the focus of the 
FEL beam with typical time 
averaged spectrum, and the 
spectrograph at 90° scatter
ing angle with the lineout re
gion of the CCD, correspond
ing to the focussed part of 
the source image, marked by 
white bars.

simultaneously records radiation passing by the liquid jet target.
For these experiments we have chosen 91.8 eV soft x-ray radiation to be 

in a regime where the photon energy is well above the plasma frequency for 
liquid density hydrogen (hcjp =  7.6 eV) and to match the large penetration 
depth of 9 .4pm [72] to the target radius (10pm). While at this photon en
ergy attenuation via photo-absorption has the highest cross section, a small 
fraction of the incident radiation is Thomson scattered. The ratio between 
these two cross sections is 3.8 x 104 at 91.8eV [72]. Thus, the FEL pulses 
deposit energy in the liquid hydrogen while simultaneously probing the sys
tem. Due to the ultrashort pulse duration and the high penetration depth, 
the liquid hydrogen is heated isochorically and volumetrically by the pulse 
[!]-

A scattering spectrum for 15 min integration time (4500 pulses) is shown 
in Fig. 4.10. It is composed of asymmetric peaks (plasmons) equally blue 
and red shifted from the incident photon energy by 0.65 eV. The measured 
spectrum is mainly broadened by the incident FEL bandwidth (1.1 eV full 
width at half maximum, mainly Gaussian, Fig. 4.9). Further source broaden
ing effects (0.2 eV corresponding to the 20 /¿m source diameter) are minimal 
due to the geometry of the setup and the FEL pointing stability.

The total spectrum is described by the dynamic structure factor S (cj) 
[103, 110]:

S(u) =  Zf See(oj) + Z2{ 1 -  e - 2W)Sit{uj). (4.4)

Here, Z  is the nuclear charge and Zf the average number of free electrons per 
atom. The first term in Eq. (4.4) describes the high frequency free electron 
fluctuations which includes collective plasmon scattering. The second term 
describes the ionic, nearly elastic response with the ion-ion structure factor 
Sn modulated by the Debye-Waller factor 1—e~2W os 2W  oc Z f /T p  [106, 108],
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Figure 4.10: Experimental spectrum (red circles) and the best fit of a calcu
lated spectrum with ne =  2.8 x 1020 cm~3 and Te — 13 eV (solid blue line). 
Comparison to fits with variation in density (left graph), 5.6 x 102OcmT3 
(dashed green) and 1.4 x 1020cm~3 (dash-dotted brown), and in tempera
ture (right graph), 20eV (dash-dotted brown) and 5eV (dashed green), are 
shown.
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4. Data Analysis and Interpretation

which accounts for low frequency ion acoustic fluctuations coupling with ionic 
thermal vibrations, where T* is the ion and TL> the Debye temperature. In this 
experiment T* is sufficiently small against 2% (T* ~  2meV, and TD ~  lOmeV 
estimated using the Bohm-Staver relation [109]) so that elastic scattering 
is strongly suppressed. This effect was previously observed in laser based 
non-equilibrium experiments [107].

Collective TS spectra are calculated in Born-Mermin approximation [118] 
and convolved with the experimental resolution. A synthesized spectrum fits 
the measurement best using an electron temperature and density of 13 eV and 
2.8 x 102Ocm-3, respectively (Fig. 4.10). Spectra obtained by varying these 
parameters by a factor of two deviate considerably from the observed spectra. 
Sensitivity analysis shows that the error in the fitting procedure is 25% and 
7% in electron temperature and density, respectively. Furthermore, elastic 
scattering is practically absent in the experimental spectra and comparing 
with synthesized spectra we obtain an upper limit for T* < 0.1 eV, where Slt 
has been estimated using the screened one component plasma model [112]. 
Consequently, the liquid hydrogen is excited to a non-equilibrium plasma 
state with different electron and ion temperatures at a very low degree of 
ionization (~0.7%) but high atomic density (4.2 x 1022cm-3).

The degree of ionization remains low despite the high electron temper
ature, due to the short time scale of the interaction. The electron-atom, 
electron-ion, and electron-electron energy transfer time scales for 13eV elec
trons are >13ps, ~16ps, and ~25fs, respectively [58]. Impact ionization 
takes 0.4 — 1 fs [12, 205], being the fastest process for electrons between 
20 eV and 400 eV. This suggests that the electronic sub-system is thermal- 
ized within the duration of the FEL pulse (Fig. 4.11 (b)), but no equilibration 
has been reached between the other components explaining the combination 
of low degree of ionization and high electron temperature.

We have simulated the evolution of the electron kinetic energy distri
bution during and after the FEL irradiation (Fig. 4.11), using a model 
[18, 19, 206] based on kinetic equations. Due to the almost uniform tar
get conditions (target radius matches penetration depth) [1] we can simulate 
a smaller target, a cluster of only ^105 hydrogen atoms. The simulation in
cludes the following predominant interactions: photo- and collisional ioniza
tion, three-body recombination, elastic electron-ion and electron-atom scat
tering, and screened electron-electron interactions. Our model follows the 
full dynamics of an irradiated sample, from the non-equilibrium up to the 
thermal equilibrium phase for electrons. The electron temperature from the 
simulation T'e =  2/3 (E^in) is 12 eV, averaged over the FEL pulse duration, 
and the degree of ionization is 0.5%, where (£^in) is the instantaneous en
semble average of the free electron kinetic energy. These results compare well
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Figure 4.11: Cluster simula
tion (a) with the FEL tempo
ral profile (dotted blue) and 
the evolution of the ioniza
tion degree (solid green) as 
well as the electron temper
ature T'e (dashed red) using 
the Lieberman and Lichten
berg impact ionization. The 
electron kinetic energy distri
bution (b) 20 fs before (dot
ted green), at (dashed blue), 
and 20 fs after (dash-dotted 
red) the FEL pulse peak. 
A Maxwell-Boltzmann dis
tribution fit at Ofs (solid 
black) and the photoelec
tron (78.2 eV) and ionization 
(13.6 eV) energies are shown 
for comparison.
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4. Data Analysis and Interpretation

Figure 4.12: Measurements 
(colored circles) compared 
to the simulated evolution 
of the target’s free electron 
density and temperature us
ing different impact ioniza
tion cross sections and F EL 
pulse energies: Lieberman 
and Lichtenberg (solid red, 
15 pi) and the BEB model 
(15 /iJ dashed blue, 60 /rJ 
dotted green). The FEL full 
width half maximum dura
tion is indicated in gray scale.

to the TS measurement. Furthermore, the electron energy distribution ap
proaches Maxwell-Boltzmann (MB) ~20fs before the peak of the FEL pulse 
(Fig. 4.11 (b)). This assures that detailed balance is indeed applicable to 
evaluate the experimental spectrum.

Simulating the target interaction we can study the influence of different 
cross sections for impact ionization in dense plasmas by comparing with our 
measurement. We used the National Institute of Standards and Technol
ogy (NIST) database for molecular hydrogen [205] as well as an expression 
from Lieberman and Lichtenberg [12], The latter approximates the ioniza
tion via the low angle scattering of two free electrons and was employed in 
Fig. 4.11. NIST uses the binary encounter Bethe (BEB) model taking atomic 
and molecular structure into account. The models deviate up to a factor of 
four in the relevant electron energy range. Simulations with the classical 
model [12] yield an electron density and temperature at the FEL peak (0 fs) 
which matches our measurement significantly better than BEB (Fig. 4.12). 
Even assuming a four times higher FEL incident flux can not explain the 
observed values. A possible interpretation is that the atomic structure (as 
treated in BEB) does not play a significant role in the context of dense plas
mas where, due to screening and correlation effects, high lying atomic states 
are removed and the electron interaction is more properly described with a 
classical ionic background.

In conclusion, we were able to obtain Thomson scattering spectra with 
an unprecedented signal to noise ratio due to the high repetition rate of
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the FEL and compared to single laser pulse driven x-ray sources [50-52]. 
The ultrashort high intensity soft x-ray pulses allow us to heat liquid hy
drogen isochorically and volumetrically to the observed moderately coupled 
non-equilibrium state. Our results compare well to non-equilibrium kinetic 
simulations using classical impact ionization models which show an electron 
relaxation time scale of ~20fs. Already available pump-probe techniques 
[207] will allow the measurement of time scales for the subsequent relaxation 
channels via electron-ion equilibration. This is a pioneering step towards the 
investigation of non-equilibrium and strongly coupled plasmas with implica
tions from astro- to energy physics [21].
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Chapter 5 

Conclusion

In conclusion, pioneering warm dense matter (WDM) research was performed 
using the soft x-ray free electron laser (FEL) in Hamburg (FLASH). For 
this purpose, a versatile high throughput and high resolution spectrograph 
was constructed and integrated into various experimental setups [3] (chap
ter 3.4). Radiative hydrodynamic and Thomson Scattering (TS) simulations 
were conducted to prepare the experiments and analyze the gathered data 
[1, 5, 6] (chapters 4.2, 2.4 and 4.3). The conducted experiments measure the 
transmission [4] (chapter 4.1), emission [5] (chapter 4.2) and scattering [6] 
(chapter 4.3) of soft x-rays by WDM. In the course of these experiments a 
sound understanding of basic soft x-ray matter interaction relating to WDM 
was established.

In more detail, the interaction of the FLASH pulses with various targets 
was simulated permitting an interpretation of time integrated spectroscopy 
measurements and their time resolved composition [5] (chapter 4.2). The 
radiative hydrodynamics simulations also enabled us to estimate target in
homogeneities in free electron temperature and density after FLASH irradi
ation. From the resulting target profiles we could analyze the effect of the 
inhomogeneities on the TS spectrum. These more realistic scattering spectra 
are evidence that TS is a viable plasma diagnostic even for samples which 
are inhomogeneous to some extent, e.g. soft x-ray FEL irradiated hydrogen
[1] (chapter 2.4).

Most insight into WDM and its interaction with soft x-rays was gained 
through experiments. In particular, the absorption of aluminium was mea
sured intensity dependent. The observed saturable absorption was found to 
be a feasible method of generating larger quantities of homogenous WDM 
using soft x-ray FEL radiation [4] (chapter 4.1). Radiative recombination 
spectra were recorded with the newly built spectrograph. The spectra are an 
image of available and occupied states in the plasma approximately 40 — 60 fs
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after soft x-ray irradiation (chapter 2.1.3, page 17). Thus, they are a direct 
and ultrafast measurement of the free electron temperature [4] (chapter 4.1).

In addition, temporally integrated spectroscopic measurements of the 
plasma bremsstrahlung and line emission in conjunction with simulations en
abled the distinct measurement of the plasma free electron temperature on 
different time scales. The temperature measured by bremsstrahlung emission 
was attributed to the first ps of radiative cooling (chapter 2.1.3, page 16). 
The temperature measured by line ratios in the radiative recombination oc
curs in the ps to ns hydrodynamic expansion phase (chapter 2.1.3, page 18). 
Therefore, even time integrated emission spectroscopy allowed us to distinctly 
probe various phases in the plasma evolution spanning several orders of mag
nitude [5] (chapter 4.2).

Furthermore, the method of self-TS was developed, where the sample is 
heated and probed within a single light pulse. This enabled the measure
ment of free electron temperature and density on the sub 40 fs timescale. By 
comparing the experimental results with simulations based on Boltzmann 
equations it was possible to distinguish different models for electron impact 
ionization, which is one of the main equilibration mechanisms for x-ray ir
radiated matter. The data strongly supports an impact ionization model 
based on classic electron-electron collisions [6] (chapter 4.3). Generally, TS 
spectra with unprecedented signal to noise ratio were recorded which allow 
high precision measurements of the plasma parameters and their comparison 
with models.

Altogether, this work constitutes a leap forward in WDM research. It 
utilizes for the first time soft x-ray FEL radiation to investigate WDM. The 
results yield a comprehensive picture of ultrafast soft x-ray matter interaction 
on the fs and particle to ns and macroscopic scale. The relevant relaxation 
mechanisms and particle interactions studied form the macroscopic behavior 
described by the equation of state. Thus, the findings are of relevance for 
various fields ranging from astrophysics over laser-matter interaction and 
inertial confinement fusion to industry applications.
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Chapter 6 

Outlook

The experiments in this work are among the first to utilize ultrashort and 
high brilliance soft x-ray FEL radiation to investigate WDM. They constitute 
a first step for this type of research and consequently concentrate on the 
exclusive use of FEL radiation and ultrafast timescales. A logical step for 
the subsequent investigation is to extend to a larger time domain via pump- 
probe experiments, while building on the knowledge acquired here. First 
techniques necessary for setups using optical pump and FEL probe radiation 
were already developed in this work (chapter 3.6, page 76). Furthermore, 
upgrades to the FLASH facility which are in progress at this time will deliver 
five to ten times more FEL pulse energy (~500/iJ) to the experiments. This 
is sufficient to split the FEL pulse itself into a pump and probe portion using 
an already available split and delay device [207].

In particular, the experiments on saturable absorption [4] (chapter 4.1) 
and TS [6] (chapter 4.3) can profit from the additional time information. 
Through the conducted transmission measurement it is not clear for how 
long the aluminium target stays transparent for soft x-rays, i.e. how long 
the life time of the L-shell hole is. This time is determined mainly by the 
Auger recombination rate which might not be reliably predicted by theory 
for the WDM environment. The lifetime is also of interest because it limits 
the time window in which radiative recombination can occur, and through 
which the sample temperature is measured spectroscopically. An extension 
of the current setup to an FEL pump, FEL probe experiment will be capable 
of measuring the time dependent sample transmission to answer these open 
questions.

Thomson Scattering pump probe experiments will extend the measure
ment of free electron temperature and density from the ultrafast fs timescale, 
that was probed in this work, to the ps and ns timescale where electron-ion 
equilibration and plasma expansion occur (chapter 2.1). As the ions are
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heated by the electrons over ps the elastic scattering signal will increase and 
enable a spectral measurement of the ion temperature via the Debye-Waller 
factor (chapter 2.3.2). Thus, the pump-probe technique can measure the 
electron ion equilibration time in a WDM sample. This was not possible be
fore as the optical high power lasers that can be used to indirectly drive TS 
have ns pulse durations [22]. A topic of current investigation is if fs optical 
pump lasers will be capable to generate WDM sufficiently homogenous for 
TS experiments. Should this not be the case, FEL pump and FEL probe 
setups will have to be used. Furthermore, the accuracy of the TS measure
ment can be increased by deconvolving the scattered spectra with incident 
spectrum. Up to now, this was not possible as the reference spectrograph 
had insufficient resolution (chapter 3.5). After the 2009/2010 shutdown of 
FLASH, an online spectrograph integrated into the FEL beamline will be 
able to provide reference spectra with higher resolution for each FEL pulse. 
Then, the deconvolution of the scattering spectra can increase accuracy of 
the TS measurement.

Another topic of investigation are impact ionization models in WDM. 
In particular, why the self-TS measurements [6] (chapter 4.3) are better 
described by a model based on classic electron-electron collisions than by the 
binary encounter Bethe (BEB) model [205]. The BEB model takes the atomic 
structure into account and is in good agreement with previous experiments 
that use electron guns and low free electron densities in a dilute sample [64, 
208]. However, in dense plasmas small angle Coulomb collisions predominate 
and are the basis of the classical description, which is possibly the reason 
why it matches our dense plasma data better. Other mechanisms that could 
influence the interaction include continuum lowering, collisions, and the laser 
electric field. Yet, these effects are small for the experimental conditions of 
this work and further investigation is necessary.

In greater perspective, the FEL sources have opened new possibilities for 
WDM research, which has only just begun to utilize these light sources. They 
enable unparalleled accuracy in the determination of plasma parameters and, 
thus, allow for vital comparisons to statistical models of correlated multi
particle systems. The new accuracy is possible due to the high brilliance of 
the FEL, it’s comparatively high repetition rate and the ability to accumulate 
over many events. These attributes also describe present and future x-ray 
FELs such as the LCLS, the European XFEL and SPring-8. Therefore, much 
of the knowledge acquired through this work will be easily transferable to the 
new radiation sources. They will, for example, allow the generation of larger 
quantities of homogenous WDM from heavier elements. TS with these light 
sources will even be able to resolve ion acoustic modes to directly determine 
the ion temperature [54].
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Appendix A

Interactive Content

This document is optimized for on screen viewing using Adobe Reader 9. All 
references within the document are hyperlinks. Use the alt +  left arrow keys 
to return to the hyperlink origin. Where available, the bibliography entries 
also contain external hyperlinks to the publications. You can also use the 
bookmarks to navigate between the sections.

The figures A .l and A.2 show the computer aided designs of the Thomson 
scattering experimental chamber (section 3.1) and the HiTRaX spectrograph 
(section 3.4), respectively. In the electronic version of this document, viewed 
using Adobe Reader 9, these drawings can be manipulated interactively. Left 
click the drawing with the mouse to activate interactivity. Predefined views 
and sections can be selected from the model tree. The following table shows 
the most useful manipulations:

left mouse drag rotate object
ctrl/alt +  left drag shift object
right mouse drag zoom
mouse wheel zoom
ctrl/alt +  right drag zoom to selection

Furthermore, videos of the hydrogen jet (figure A.3) and the electron ki
netic energy distribution in the hydrogen during FEL irradiation (figure A.4) 
can be played and paused by clicking on them. If you encounter problems 
playing the videos try upgrading to the latest Adobe Reader or installing the
Cinepak codec.
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Figure A .l: Interactive CAD drawing of the experimental chamber used foi- 
Thomson scattering and bulk solid target irradiation. See also chapter 3.1. 
Cycle through different views by clicking here.
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A. Interactive Content

Figure A.2: Interactive CAD drawing of the HiTRaX spectrograph. See 
chapter 3.4 for a detailed description. Cycle through different views by click
ing here.

C lic k  to  p lay.

Figure A.3: The increasing amplitude of the piezo actuator oscillation induces 
a controlled Rayleigh breakup of the hydrogen jet into droplets. The video is 
stroboscopically illuminated to observe the fast (~60m /s) droplets. Droplets 
bouncing off the vacuum chamber walls can be seen as streaks since they are 
much slower than the kHz illumination. See also section 3.3
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Click to play.

Figure A.4: The electron kinetic energy distribution (red) assumes a 
Maxwell-Boltzmann distribution with the same average electron energy 
(blue) before the FEL pulse peaks. The simulation uses a Boltzmann solver 
[18, 19] to obtain the electron kinetic energy distribution during FEL irradi
ation of a hydrogen cluster with 105 atoms. The FEL pulse has a Gaussian 
pulse shape with a full width half max duration of 40 fs, peaking at 40 fs sim
ulation time, and an intensity of 85TW cm ~2 (15 /¿J on target) at 13.5 nm. 
The BEB impact ionization cross sections are used here. See also chapters 2.1, 
4.3, and figure 4.11.
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Comment on my Contribution

This thesis represents the majority of warm dense matter related research 
during the last three years at the free electron laser in Hamburg (FLASH). 
The experiments were performed within large international collaborations. I 
took the offered opportunity to play a central role in the joint efforts and 
actively participated in all experimental work at FLASH itself, but also in 
preparative measurements at the University of Jena. Also, I designed a 
spectrograph which formed the main diagnostics in most of the presented 
experiments. I collaborated strongly with the University of Rostock and 
Oxford on Thomson scattering theory and concentrated in particular on the 
analysis of the related experiments.

I have contributed essentially to the papers included here, in the exper
imental work, analysis, interpretation and writing. This is also reflected by 
the rank of my name in the respective author lists.
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B ohm -G ross dispersion, 29 
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brem sstrahlung emission, 16
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C om pton  scattering, 10 
C oulom b potential, 6 
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cross section 
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Debye tem perature, 33
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density fluctuation, 30
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detailed balance, 28
dielectric coefficient, 31
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D oppler broadening, 30
droplets, 63
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tor
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ture factor
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FLA SH , 44 
flux lim iter, 23
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heat transport, 22 
H iT R aX , 65 
hydrodynam ic limit, 34 
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Lagrangian hydrodynam ics, 21 
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over-dense plasma, 8

particle collisions, 14 
peak brilliance, 44 
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plasm on, 31 
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142



INDEX
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scattering parameter, 27
screening lenght, see D ebye length
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tem poral overlap, 76 
therm al energy, 6 
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under-dense plasma, 8
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