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Abstract

All matter exposed to intense femtosecond x-ray pulses from the Linac Coherent Light Source

(LCLS) free-electron laser is strongly ionized on femtosecond time scales. On these time scales,

the ionization is competing with the lifetimes of the created inner-shell vacancies. In the present

work, it is shown that for nanoscale objects the environment, i.e., nanoparticle size, is an im-

portant parameter for the time-dependent ionization dynamics in intense x-ray pulses because

it has an in�uence on the inner-shell vacancy liftimes. As a sample system, argon atoms and

clusters with sizes between ⟨N⟩=55 and ⟨N⟩=1600 were chosen. The clusters were irradiated

with 480 eV x-ray pulses reaching power-densities of up to a few 1017W/cm2. At this photon

energy dominantly the argon L-shell is ionized and the remaining vacancies are most likely �lled

via Auger decay. To investigate the electron dynamics, the x-ray pulse length was tuned between

30 fs and 85 fs, using the novel LCLS slotted spoiler technique. The ionization products were

measured with an ion time-of-�ight spectrometer with a special slit aperture. This aperture

e�ciently suppresses atomic background, which yields cluster spectra of unprecedented quality.

Spectra for di�erent pulse lengths and a range of pulse energies were collected for atoms and

all cluster sizes. In atoms, as in clusters, longer x-ray pulses are absorbed more e�ciently than

shorter x-ray pulses with the same number of photons. To shed light on size-dependent e�ects

in clusters, an independent measure for the time-dependent component of the absorption for

every cluster size was found by means of x-ray induced transparency increase (XITI). The XITI

increases from atoms to clusters and shows a clear cluster size dependence. A rate equation

model for the ionization of atomic systems has been developed to support the interpretation of

the experimentally determined XITI as a function of the cluster size. As a result, the Auger

lifetimes of large argon clusters are found to be longer than for small clusters and isolated atoms.

This is due to delocalization of the valence electrons in the x-ray induced nanoplasma, resulting

in a smaller overlap between valence electrons and core holes. As a consequence, large nanometer

sized samples absorb intense femtosecond x-ray pulses less e�ciently than small ones.
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Kurzfassung

Jegliche Materie, die den intensiven Femtosekunden-Röntgenpulsen des Linac Coherent Light

Source (LCLS) Freie-Elektronen Lasers ausgesetzt ist, wird sehr stark ionisiert. Auf den Fem-

tosekundenzeitskalen der Pulse, konkurriert die Ionisierungsrate mit den Lebensdauern der In-

nerschalenlöcher. In dieser Arbeit wird gezeigt, dass für Teilchen auf der Nanometerskala der

Ein�uss der Umgebung, d.h. die Teilchengröÿe, ein wichtiger Parameter für die zeitabhängige

Ionisierung in intensiven Röntgenpulsen ist, weil sie Auswirkungen auf die Lebensdauern von

Innerschalenlöchern hat. Als Probensystem wurden Argon-Atome und Argon-Cluster mit einer

Gröÿe zwischen ⟨N⟩=55 und ⟨N⟩=1600 gewählt. Die Photonenenergie wurde mit 480 eV so

eingestellt, dass vorranig die Argon-L-Schale ionisiert wird, wobei die entstandenen Innerschalen-

löcher hauptsäechlich durch Auger-Zerfall wieder aufgefüllt werden. Um die Ionisationsdynamik

zu untersuchen, wurde die Länge der Röntgenpulse zwischen 30 fs und 85 fs mit Hilfe der neuar-

tigen LCLS slotted spoiler -Technik eingestellt. Im Experiment wurden Leistungsdichten von

einigen 1017W/cm2 erreicht. Die Ionisationsprodukte wurden mit Hilfe eines Flugzeitmassen-

spektrometers mit einer speziellen Schlitzblende gemessen. Diese Schlitzblende unterdrückt den

atomaren Hintergrund und ermöglicht es Clusterspektren von hoher Qualität aufzunehmen. Es

wurden Argon-Atome und Cluster bei verschiedenen Pulslängen und Pulsenergien untersucht.

Die Daten zeigen, dass in Atomen und Clustern lange Röntgenpulse auf der Femtosekunden-

zeitskala e�zienter absorbiert werden als kurze Pulse mit der gleichen Anzahl von Photonen.

Für die Untersuchung gröÿenabhängiger E�ekte wurde für jede Clustergröÿe ein Maÿ für die

zeitabhängige Absorption gefunden, dass von sekundären E�ekten unabhängig ist, die sogenan-

nte röntgeninduzierte Transparenzzunahme (engl. x-ray induced transparency increase - XITI).

Es zeigt sich, dass die XITI von Atomen zu Clustern zunimmt und ein charakteristisches gröÿen-

abhängiges Verhalten hat. Ein Ratengleichungsmodel für die Ionisierung von atomaren Systemen

wurde entwickelt, um die Interpretation der experimentell bestimmten XITI in Abhängigkeit der

Clustergröÿe zu unterstützen. So konnte gezeigt werden, dass die Auger-Lebensdauern in groÿen

Clustern länger sind als in kleinen Clustern und isolierten Atomen. Dies wird durch die De-

lokalisierung der Valenzelektronen im röntgeninduzierten Nanoplasma verursacht, durch die der

Überlapp zwischen Valenzelektronen und Innerschalenlöchern veringert ist. Dadurch absorbieren

gröÿere Partikel auf der Nanoskala intensive Femtosekunden-Röntgenpulse weniger e�zient als

kleinere Partikel.
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Chapter 1

Introduction

Intense x-ray �ashes from free-electron laser sources such as the Linac Coherent Light Source

(LCLS) [1] open the door for a wide range of novel applications. Femtosecond infra-red laser

systems can reach ultrahigh intensities on sub femtosecond time scales and synchrotron sources

produce light at very short wavelengths. Free-electron lasers, however, are the �rst light sources

that can produce pulses that access both, short timescales and short wavelengths. X-ray pulses

with a length down to few femtoseconds and intensities up to 1018W/cm2 have become available.

For the �rst time a wide range of atomic core-levels can be reached with ultrashort and ul-

traintense x-ray pulses. This allows for imaging ion motion [2] and probing bond-breaking and

changes in chemical shifts [3] on a femtosecond time scale. With the intensity of the pulses of

the LCLS small objects [4] and proteins in nanocrystals [5, 6] can be imaged with single shots

and even single-shot imaging of non-periodic nanometer-sized objects is within reach. At the

same time new states of matter can be prepared and probed ranging from double and multiple

core-holes in atoms [7] and molecules [8, 9] to hot plasmas in clusters [10] and solid samples

[11]. The absorption steps leading to these states and the processes following the absorption

are barely investigated. Understanding these phenomena is of great interest for time-resolved

imaging of molecules, imaging of non-periodic objects and understanding the dynamics in hot

dense plasmas.

Speci�cally, future single-shot imaging experiments will be limited by the x-ray pulse length.

Fig. 1.1 shows a schematic of a typical single shot imaging setup for non-periodic objects. The

pulse length needs to be shorter than the timescale on which the sample experiences signi�cant

damage. Two types of damage can be distinguished, electronic and structural damage. Elec-

tronic damage refers to the removal or excitement of bound electrons that subsequently do not

scatter or do not contain information about the structure of the sample anymore. Structural

damage occurs as a result of the electronic damage. When the sample is ionized and turned

into a nanoplasma through photoabsorption, it will explode. The structural damage in large

molecules is predicted to happen on a few ten femtosecond timescale. For nanocrystals signi�-

1



2 Chapter 1. Introduction

Figure 1.1: Schematic of a setup for single shot scattering imaging of non-periodic objects at an x-ray

free-electron laser [12]. Molecules are injected and hit by the intense x-ray pulses. Two photon detectors

record the scattering image of the sample. The molecule explodes after being hit by the x-ray beam. If

the x-ray pulse is short enough, su�cient light is scattered before the sample experiences severe damage.

cant displacement of the sample has even been estimated above a pulse length of about 50-80 fs

[13, 14]. Fig. 1.2 shows the results of simulations performed by Neutze et al. on the explosion of

Lysozyme excited by an intense x-ray pulse [15].

Electronic damage, however, happens on a shorter time scale in very intense x-ray pulses. Fig. 1.3

shows the result of calculations for the number of scattered photons as a function of the photon

�uence in a scattering experiment [16]. At high �uences, already for an x-ray pulse length of 1 fs,

the number of scattered photons is not proportional to the incoming �uence anymore. Further,

there is a signi�cant di�erence in the scattering intensity between x-ray pulses of a length of 1 fs

and 10 fs. This calculation shows that electronic damage already happens on a sub-femtosecond

time scale. After initial ionization, the absorption cross section of the sample drops until an

Auger decay happens. Therefore, an upper limit for the x-ray pulse length that could be used for

imaging experiments without causing signi�cant electronic damage is set by the Auger lifetimes

of the sample. An increased Auger lifetime would implicate that longer x-ray pulses could be

used than predicted by current damage models [16].

First experiments at LCLS have focussed on the investigation of ionization dynamics of atoms

[7, 17, 18] and small molecules [9, 8] in intense x-ray pulses. Atoms exposed to intense x-ray

pulses are sequentially ionized from the inside out starting with the inner-shell electrons, which

exhibit the highest absorption cross section in the x-ray regime. Until the inner-shell vacancy is

�lled the sample becomes transiently more x-ray transparent, which is also referred to as core-

level bleaching. The overall sample absorption depends sensitively on the x-ray pulse length and

inner-shell vacancy lifetimes [7]. On a larger scale hot plasmas induced in solid state surfaces
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Figure 1.2: Simulation of the ion dynamics of Lysozyme after ionization with an intense x-ray pulse

[15].

[11] and larger clusters were studied [10]. However, for extended nanometer-scaled systems there

are theoretical predictions that there exists a size-dependence of the ionization dynamics in in-

tense x-ray pulses, as the charges created by the x-ray pulse lead to delocalization of the valence

electrons and subsequently to a reduction of the Auger rates [19].

In the present work the in�uence of the environment, i.e., particle size is studied in detail. As a

sample system argon clusters are chosen. Rare gas clusters are ideal model systems for nanometer

scaled systems in the gas phase. Their size can be easily tuned and there is no energy dissipa-

tion to surrounding media. By setting the proper photon energy, the argon L-shell could be

selectively excited. The size of the nanometer sample, i.e., the in�uence of the environment was

tuned by changing the cluster size from single atoms to about 1600 atoms or 2.5 nm in diameter.

To investigate the dynamics of the absorption process the x-ray pulse length was scanned using

the LCLS slotted spoiler foil [20]. The results show that there is a strong change in the Auger

lifetime in the nanoplasma going from an atomic to an extended sample. Further the Auger

lifetime depends on the cluster size. Larger clusters exhibit a longer Auger lifetime once they

are strongly excited and ionized. An increased Auger lifetime result in reduced absorption for

larger samples compared to smaller ones and atoms in intense femtosecond x-ray pulses. The

results have implications for coherent imaging of nanometer-sized samples. With an increased

Auger lifetime, longer x-ray pulses than predicted by current damage models [16] could be used

for such experiments.



4 Chapter 1. Introduction

10−4

10−3

10−2

10−1

100

101

103 104 105 106 107 108 109

N
um

be
r 

of
 s

ca
tte

re
d 

ph
ot

on
s

Fluence (photons/Å2)

1 fs FWHM

10 fs FWHM

100 fs FWHM

 (a) 8 keV  (b) 12 keV

Figure 1.3: Simulation of the scattering intensity as a function of x-ray �uence and x-ray pulse length

[16]. For shorter x-ray pulses the number of scattered photons is higher because the pulse is over before

a signi�cant number of Auger decays happen.



Chapter 2

Fundamental concepts

2.1 Principle of x-ray free-electron lasers and the LCLS

For the last decades synchrotron storage rings have been the most powerful x-ray sources. With

the advent of short-wavelength free-electron lasers (FELs) in the past decade, light sources with a

brilliance several orders of magnitude higher have become available. Fig. 2.1 shows the brilliance

of several state of the art synchrotron light sources, the Free-Electron Laser Hamburg (FLASH)

and the Linac Coherent Light Source (LCLS) free-electron laser. The brilliance B of a light

source is de�ned as:

B =
n

A · θ · t · ∆E
(2.1)

where n is the number of photons emitted from a cross section A to a solid angle θ in a time

interval t and with a spectral width of ∆E. The following section will focus on the physical and

technical principles of an x-ray FEL.

All light sources mentioned in Fig. 2.1 use the same basic principle of producing light with

electron beams that are transversally accelerated by a magnetic �eld and emit bremsstrahlung.

If an electron bunch travels through a simple dipole magnet, the power of the emitted radiation is

proportional to the number of electrons in the bunch. A further development in second generation

synchrotron light sources resulted in placing many pairs of dipole magnets with alternating

polarity into the electron beam. Fast electrons wiggle through the set of magnets on a sinusoidal

trajectory and emit light on every turn. The emitted power, Pw, in such a devise, called wiggler,

increases proportionally to the number of magnets n. The emitted spectrum is continuous with

the centroid position depending on the electron energy.

Wiggler : Pw ∝ n (2.2)

5



6 Chapter 2. Fundamental concepts

Figure 2.1: Peak brilliance of di�erent synchrotron and SASE light sources [21].

In the 1950 years the undulator was developed as an improvement of the wiggler design [22].

Fig. 2.2 shows a schematic of an undulator. It consists, just like a wiggler, of a number of pairs

of alternating dipole magnets with a distance λu from one dipole magnet to the next magnet of

the same orientation. λu is called the undulator period. The distance λu and the magnetic �eld

are chosen such, that the radiation emitted in every turn of the electrons in a magnet interferes

constructively with the radiation emitted in the next magnet. As a result, discrete spectral peaks

are emitted because only one wavelength and its higher harmonics interfere constructively. The

fundamental wavelength emitted into an observation angle Φ from an electron beam with the

energy γ0 in an undulator with the period λu is:

λr =
λu

2γ20

(
1 +

K0

2
+ γ20Φ

2

)
(2.3)

with K0, the undulator parameter, given by:

K0 =
eBλu

2πmc
= 0.934B0[Tesla]λu[cm] (2.4)

B0 being the magnetic �eld between the magnets. Tuning the wavelength of the emitted light can

be achieved by varying the distance between the two poles of the magnets (gap) and therewith the
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magnetic �eld B0. The power of the emitted radiation Pu at the wavelength λr in an undulator

scales with the number of magnets n in the undulator squared.

Undulator : Pu ∝ n2 (2.5)

Figure 2.2: Scheme of an undulator with the period λu. The magnets are arranged with alternating

polarity. An electron beam traverses the undulator on a sinusoidal trajectory due to the magnetic �eld

and emits light in beam direction.

In free-electron lasers light is also produced using an undulator [23]. However, the deviation of

the electron bunch in every magnet is small and the electron bunch itself is so small that the

electromagnetic wave copropagating with the electron beam exchanges signi�cant energy with

the electrons. The relative phase of the electron bunch and the light �eld is determined by the

electron energy γ0. In the vacuum light is always faster than the electrons. Hence, the radiation

overtakes the electrons in one undulator period along the beam axis by the resonant wavelength

λl given by [23]:

λl = λr(Φ = 0) =
λu

2γ20

(
1 +

K0

2

)
(2.6)

This is also referred to as slipage and λl or λl/2 is referred to as slip. Fig. 2.3 shows the trajectory

of electrons with a kinetic energy γ0 and the light �eld with the wavelength λl in an undulator with

the period λu. Depending on the relative phase of the electrons to the light �eld some electrons

loose energy to the radiation and some electrons gain energy. As a result, some electrons get

accelerated and some get slowed down by the light �eld causing a periodic density modulation

of the electron bunch called microbunching (c.f. Fig. 2.4). These microbunches resemble dense

slices of electrons separated by λl. The electrons in the microbunches emit radiation almost

in phase and the radiation power PFEL becomes proportional to the number of electrons Ne

squared as opposed to an unbunched electron beam where the radiation power is proportional

to Ne.

FEL Undulator : PFEL ∝ N2
e (2.7)
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lu + ls
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slip electron trajectoryelectric field
of the light

Figure 2.3: Slipage of the electron beam with respect to the light wave in an FEL undulator. In resonant

condition the light wave (blue line) with the wavelength λl overtakes the electron beam with the energy

γ0 (green line) by λl in one undulator period λu. Electrons that are out of phase with the light �eld get

either accelerated or slowed down resulting in a periodic modulation of the electron bunch (c.f. Fig 2.4.

The red arrows indicate the velocity component of the electron beam perpendicular to the undulator axis.

Fig. 2.4 shows the structure of the electron bunch and the emitted power as a function of the

distance traveled through the undulator z. In the beginning the emitted power P (z) in a free-

electron laser grows exponentially along the undulator with distance z:

P (z) = APin exp

(
2z

Lg

)
(2.8)

where A is the input coupling factor that is equal to 1/9 in 1-dimensional FEL theory [24]. Pin is

the e�ective input power and Lg is the gain length, which are machine speci�c parameters. The

exponential gain stops once the beam has lost enough energy to upset the resonant condition

given in Eq. 2.6. At this point (on the right of Fig. 2.4) the radiation intensity and microbunching

have reached their maximum and go into saturation. To ensure su�cient overlap between electron

bunch and light �eld, and because the ampli�ed wavelength λl depends on the emission angle

(c.f. Eq. 2.3 and Eq. 2.6), the electron bunch needs to be transversely small compared to the

wavelength. Furthermore, the emittance of the electron bunch has to be small. The emittance of

an electron bunch can be understood as the volume it covers in the six dimensional phase space

including the three spatial directions and their temporal derivatives.

According to Eq. 2.6, the resonant wavelength in the undulator λl is proportional to the inverse

square of the electron energy γ20 . This means the resonant wavelength, i.e. the wavelength

of the emitted light, can be tuned by adjusting the electron beam energy. In order to reach

saturation the electron bunch has to travel long enough through the undulator. In infrared FELs

the electrons go repeatedly through a short undulator and emit only a small fraction of the total

radiation per cycle. This concept is called low gain FEL. A resonator is necessary to conserve

the light. For x-rays it is more di�cult to build normal incident mirrors for resonators or cavities

that conserve the light. In addition, the repetition rate of x-ray FELs is comparably low. The

light would have to be conserved in a resonator for as long as microseconds up to milliseconds
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Figure 2.4: Energy of the emitted x-ray pulse vs. distance the electron beam traveled through the

undulator [25]. At �rst, the power of the emitted light grows exponentially until it reaches saturation.

Above the blue curve the structure of the electron bunch at the beginning, during the gain period and

in saturation is shown. Due to interaction with the emitted light �eld the electron bunch gets structured

to microbunches with the period of one light wavelength which enhances coherent emission.

until the next pump pulse is available. Therefore, x-ray FELs are built as high gain sources

that produce all the radiation in just one pass through the undulator. The gain length, Lg, of

x-ray FELs is typically on the order of meters, which makes very long undulators necessary. For

the LCLS the gain length is, depending on the photon energy, between 1.5m and 3.5m and the

undulator has a total length of 112m. Fig. 2.5 shows a picture of the LCLS undulator. It is built

into a tunnel under ground, inside a hill in order to ensure thermal stability.

In current high gain x-ray FELs the lasing process is started through spontaneous emission of

the electron bunch at the beginning of the undulator. The light from the spontaneous emission

is then ampli�ed. This principle is called self ampli�ed spontaneous emission (SASE). The initial

spontaneous emission is of statistical nature and the exact wavelength is random within certain

bandwidth de�ned by the electron energy and the magnetic �eld of the undulator. Even though

only wavelength close to the resonant wavelength λl (c.f. Eq. 2.6) can be ampli�ed, the bandwidth

of SASE FELs is about 0.2% - 1% of the photon energy. Di�erent parts of the electron bunch

may even lase at di�erent wavelengths. Because of the statistical nature of the initial spontaneous
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Figure 2.5: Picture of the LCLS undulator in its tunnel. The undulator consists of 33 sections with a

total length of 132m including quadrupole focusing magnets. The active undulator is 112m long. The

tunnel is located underground to avoid thermal �uctuations. The undulator segments have to be aligned

very precisely with respect to each other. Between the undulator sections quadrupole magnets recompress

the electron bunch transversally and beam position monitors measure its position.

emission it is also said that the lasing process in a SASE-FEL starts from shot noise. The SASE

process induces a lot of �uctuations in the properties of the x-ray pulses. Shot-to-shot variations

of 10% - 20% in the x-ray pulse energy are not unusual for x-ray FEL sources.

In future FEL sources, the lasing process could be stimulated with a monochromatic x-ray

beam in order to decrease the bandwidth and reduce statistical �uctuations. In this process,

called seeding, mostly the stimulating wavelength will be ampli�ed and not the statistical shot

noise [26]. This results in a much narrower bandwidth, down to 0.001% of the wavelength,

and therefore in a much higher brilliance (c.f. Eq. 2.1). However it is di�cult to produce short,

narrow bandwidth x-ray pulses to seed an FEL. Promising concepts for seeding sources are higher

harmonic generation with femtosecond NIR lasers or spontaneous emission from the �rst part of

an undulator which is spectrally �ltered with a monochromator.
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Figure 2.6: Schematic of the LCLS free-electron laser. The electron bunch is generated with a gun laser

hitting a copper anode. It is accelerated in accelerator sections (L1, L2, L3) and temporally compressed

with magnetic chicanes in between (BC1, BC2). The undulator is located at the end of the linear

accelerator. After the undulator the electron beam is separated from the light pulse by a magnet and

dumped. The front-end enclosure (FEE) with beam diagnostics, steering mirrors and attenuators as well

as the experimental endstations are located downstream of the undulator.

At the time of the writing of this work there are worldwide �ve FEL sources in operation in the

XUV or x-ray regime throughout the world. In chronological order they are:

• FLASH (Free-electron laser Hamburg) at DESY in Hamburg, Germany was the �rst FEL

that produced intense light pulses in the XUV and soft x-ray regime [27]. It became

available for user operation in 2005.

• SCSS (Spring-8Compact SASE Source) at the Spring-8 synchrotron facility in Japan came

online in 2006 and is an XUV source [28].

• LCLS (Linac Coherent Light Source) was the �rst FEL covering x-ray photon energies

from 480 eV to 12 keV and started user operation in 2009 [1]. A seeded x-ray beam at

8 keV was achieved in 2011 by using light from the �rst part of the undulator that is

monochromatised with a diamond crystal [29].

• The FERMI FEL at the Elettra synchrotron laboratory in Trieste, Italy came online in

2011 [30]. It produces light in the XUV range and was the �rst short-wavelength FEL light

source that uses seeding to produce intense pulses with a narrow bandwidth.

• SACLA (Spring-8 angstrom compact free-electron laser) is the second FEL light source in

the hard x-ray regime and is also located at the Spring-8 laboratory in Japan [31].

The LCLS is the light source that was used in the current work and it will be explained in

more detail below. In Fig. 2.6 a schematic of the LCLS free-electron laser is depicted [1]. The

electrons are produced by targeting a copper cathode with a picosecond near infra-red (NIR)

laser. They are accelerated by three linear accelerator (linac) sections (L1, L2 and L3) and

compressed longitudinally by two magnetic chicane bunch compressors (BC1 and BC2) after the
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Property Hard x-ray Soft x-ray Unit

Charge per bunch 0.02/0.04/0.25 0.02/0.04/0.25 nC

Repetition rate 120 120 Hz

FEL gain length 3.5 1.5 m

X-ray wavelength 1-1.5 6-26 Å

X-ray photon energy 0 0 eV

Photons per pulse 1.0 - 2.3 10-20 1012

Pulse energy 1.5-4.0 1-4.0 mJ

Pulse length 5-100 5-500 fs

Bandwidth 0.1 0.2 %

Peak brightness 20 0.3 1032

Table 2.1: Electron beam and x-ray beam parameters of the LCLS in the hard and soft x-ray regime.

�rst and the second linac section. A transversal cavity (TCAV3) is located in the third linac

section to measure the electron bunch length. After the third linac section the electrons enter

the undulator where the x-rays are produced. The x-ray light continues to the experimental

endstations, while the electron beam is de�ected by a magnet and dumped into a graphite block.

In Tab. 2.1 the electron beam and x-ray pulse parameters of the LCLS are listed.

2.2 X-ray pulse length and slotted spoiler foil

The pulse length of the x-ray beam in a free-electron laser is determined by the length of the

electron bunch in the undulator. There are two magnetic chicane bunch compressors (BC1 and

BC2) that compress the bunch and maintain its longitudinal emittance. They are located after

the �rst (L1) and the second (L2) linac sections (c.f. Fig. 2.6). Such a magnetic chicane bunch

compressor is depicted in Fig. 2.7 a). It consists of four dipole magnets (green triangles). The

electrons in the bunch have a velocity distribution that results in bunch spreading over time

along the linac path. When the electrons enter the �rst magnet in the bunch compressor, they

are de�ected perpendicular to their velocity vector by the Lorentz force. Faster electrons travel

transversally further compared to the slower electrons, leading to a longer trajectory in the bunch

compressor. The slower electrons on their shorter trajectory can catch up with the faster ones.

When the electrons are de�ected back to their initial trajectory the bunch is shorter in time, i.e.

compressed.

By tuning the magnetic �eld and the position of the magnets in the bunch compressor the electron

bunch length, and therefore the x-ray pulse length, can be varied. Changing the compression,

however, changes the properties of the electron bunch and may a�ect the lasing process in

the undulator. More importantly, for a certain bunch charge, i.e. number of electrons in the
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Figure 2.7: a) Schematic of a magnetic bunch compressor with the electron trajectory (blue line). The

temporally expanded electron bunch (red) is de�ected by magnets (green). The magnetic �eld vector

is pointing out of the drawing plane. Faster electrons at the front of the bunch travel further out then

slower ones which translates the temporal expansion of the bunch into a spacial expansion. The spoiler

foil (yellow) spoils the emittance of the bunch that does not go through the small slot. Afterwards the

bunch is de�ected back on its original trajectory translating the spacial expansion back into a temporal

expansion. Only the short part of the bunch that is not spoiled is lasing in the undulator. b) Detailed

scheme of the spatially expanded electron bunch and the slotted foil. Most of the bunch gets Coulomb

scattered when crossing the foil. Only a small portion (red) of the electron bunch still has a high enough

emittance to lase [20].

bunch, only a limited range of bunch lengths are possible. Varying the bunch charge requires

major tuning of the accelerator which may sacri�ce the reproducibility of measurements in a

experiment. A novel method to reduce and tune the pulse length without a�ecting the bunch

charge and compression is the so called slotted spoiler technique [20]. With the slotted spoiler a

part of the electron bunch is spoiled so that it cannot contribute to the lasing process anymore,

making the x-ray pulse shorter. The principle of slotted spoiler technique is explained in the

following.

When the electron bunch is deviated from its initial trajectory in the bunch compressor, the

longitudinal distribution of the bunch in front of the bunch compressor is converted into a

transversal distribution between the 2nd and 3rd magnet. At this point a thin Aluminium foil

with a thickness of about 15µm is inserted into the beam inside the second bunch compressor

(BC2) of the LCLS (c.f. Fig. 2.6). This foil has a vertical slot smaller than the transversal

extension of the electron bunch. In Fig. 2.7 a this foil is shown as a black vertical line. When the
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Figure 2.8: Simulation of the x-ray pulse length depending on the slot width of the slotted spoiler [20].

The graph shows the FWHM of the x-ray pulse (blue) and peak current of the electron bunch (red) vs.

half width of the slotted foil. The resulting x-ray pulse length has a linear behavior with the slot width.

electron bunch crosses the slotted foil (c.f. Fig. 2.7 b) the electrons encountering the Aluminium

foil are Coulomb scattered while the electrons that pass through the opening of the slot are left

undisturbed. Coulomb scattering disturbs the trajectory of the electrons slightly and therefore

spoils the emittance of this part of the electron bunch. The spoiled part of the electron bunch

will cease lasing when it travels through the undulator. After the slotted spoiler foil, the electron

bunch is de�ected back to its initial trajectory. It will continue to the undulator and only the

small central part of unspoiled electrons will lase, resulting in a much shorter x-ray pulse. The

size of the unspoiled part of the electron bunch and therefore the length of the x-ray pulse can

be tuned by changing the width of the slot.

In Fig. 2.8 the blue curve shows the simulated x-ray pulse length, as a function of the spoiler

width [20]. The x-ray pulse length depends linearly on the slot width over most of the range

allowing for fairly simple tuning of the pulse length. Besides tuning the pulse length, the slotted

spoiler method allows much shorter x-ray pulses than the shortest possible electron bunch, down

to fractions of femtoseconds [32].

Fig. 2.9 shows a picture and a schematic of the slotted foil installed in the LCLS. The lowermost

single slot was used to tune the pulse length for the experiments in this work. It is V-shaped

so that the width can be changed by moving it perpendicular to the electron beam. Above the

single slot, two double slots can be seen that allow producing two temporally separated x-ray

pulses with a femtosecond delay for x-ray pump � x-ray probe experiments [33].
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Figure 2.9: Left: picture of the LCLS slotted spoiler foil. The lowermost slot is the single slot. It is

V-shaped to adjust the pulse length of a single pulse. The slots above it are double slots to produce two

x-ray pulses separated in time. Right: drawing of the single slot
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2.3 Rare gas clusters

zone of

silence

Figure 2.10: Schematic of a supersonic expansion of a gas with the temperature T0 and the backing

pressure P0. The region of free �ow (zone of silence) is limited by the barrel shock to the sides and the

Mach disk downstream [34]. The background pressure has to be low enough so that the Mach disk is

located downstream of the interaction region or at least downstream of the �rst skimmer. At the bottom

of the �gure, the velocity distribution is depicted for di�erent parts of the �ow. The gas cools down

traveling downstream from the nozzle.

The sample system that was studied in the experiments shown in the present work are rare

gas clusters, and more speci�cally, argon clusters. Rare gas clusters can be liquid or solid an

usually consist of a few up to millions of atoms [35, 36]. They are a widely used model system

to study light-matter interactions in intense laser pulses from the infrared to the x-ray regime

[37, 38, 39, 40, 41, 42, 43, 44]. As rare gases have closed electron shells they form only weak

Van-der-Waals bonds with binding energies between 0.8meV for Helium and 130meV for Xenon.

Therefore, the clusters can only exist at cryogenic temperatures. When they are produces through

supersonic expansion the atoms forming the cluster usually arrange in an energetically favorable

sphere-like shape. Most of the rare gases, including argon, form solid clusters, only helium

clusters and small neon clusters can be liquid. Solid clusters usually exhibit an icosahedral

structure when they are small while clusters above a size of a few thousand atoms exhibit an

fcc structure with possible stacking faults [45, 46]. The condensation of atoms and molecules

- i.e. cluster formation - in a supersonic jet was �rst studied in 1956 for thermonuclear fuel

applications [47] and later extensively studied [48, 49]. In the following section an overview

about the production of rare gas clusters is given.

Rare gas clusters are generally produced by supersonic expansion of the sample gas through a

nozzle into the vacuum. Their size can easily be tuned by adjusting the expansion parameters

[48, 50, 51]. Fig. 2.10 shows a schematic of a nozzle and the gas expansion [34, 52]. The cluster

formation process involves a gas with a backing pressure p0 and the temperature T0 expanding

through a small nozzle with a diameter d into the vacuum with a background pressure pb. If

the ratio p0/pb is greater than the critical value G which is smaller than 2.1 for all gases, the

expansion velocity v can exceed the local speed of sound c. Then the Mach number M, de�ned
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as the ratio v/c, is greater than 1. Accordingly, the gas travels faster than information can be

transferred in the medium. The gas in this zone of silence does not "know" about boundary

conditions and must not adjust. It has almost no energy exchange with the surrounding vacuum

and the expansion process can be considered adiabatic or isentropic. With the local speed of

sound c =
√

γkT/m and γ = cp/cv, the ratio of speci�c heat at constant pressure cp and constant

volume cv which is independent of the temperature for an atomic gas, M can be described as:

M = A
(xM

d

)γ−1
(2.9)

with A = 3.20 for atomic gases and xM being the distance from the nozzle. M increases

downstream along the beam direction. At the boundaries of the zone of silence, M drops below

1 and the gas suddenly has to meet the boundary conditions resulting in very thin nonisentropic

regions of large density, pressure, temperature and velocity gradients. These zones are called

barrel shock to the sides, and Mach disk downstream of the zone of silence.

In an experiment, the Mach disk needs to be downstream of the interaction region to achieve

an undisturbed �ow. The distance from the nozzle to the Mach disk xMD in terms of nozzle

diameters d is:

xMD

d
= 0.67

(
p0
pb

) 1
2

(2.10)

For a certain backing pressure pb, the background pressure p0 needs to be low enough to move

it far enough downstream. Usually a skimmer is placed close to the nozzle (c.f. Fig. 2.10)

separating the vacuum in the nozzle chamber from the interaction region or further di�erential

pumping. Because the background pressure in the vacuum section behind the skimmer is lower,

the Mach disk shifts further away from the nozzle. Skimmers are small apertures that are conical

or trumpet shaped to avoid turbulence and maximize the transmission. They cut out the center

part of the gas jet where the cluster density is highest.

In the zone of silence where the �ow is isentropic, Bernoulli's equation relates the enthalpy in

the stagnation region (H0) with that of the �ow (H) and with the kinetic energy of the directed

mass of the �ow [49, 52]:

H0 = H +
1

2
mv2 = cp T +

1

2
mv2 = cp T0 (2.11)

where cp is (5/2)k for a monoatomic gas and T is the temperature of the expanding gas. With

the Boltzmann constant k = cp − cv and M being the Mach number, Eq. 2.11 can be expressed

as follows:

T = T0

(
1 +

1

2
(γ − 1)M2

)−1

(2.12)

Eq. 2.12 shows that the gas is cooled during the expansion. When the gas is cold enough the
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cluster formation process starts with a three-body collisions where a dimer is formed and the

released binding energy is carried away by the third atom as kinetic energy. The dimers act as

condensation nuclei for further cluster growth. Depending on the ratio of atoms to clusters, the

clusters grow further, either by addition of monomers or cluster-cluster aggregations [34, 53].

Concurrent to the temperature also the gas density decreases as the gas expands. From a

hydrodynamic expansion at the nozzle, where the gas density is close to the density in the

backing volume, the expansion changes to a molecular �ow further downstream. The cluster

formation takes place in the hydrodynamic expansion region and discontinues in the molecular

�ow region.

In the phase diagram shown in Fig. 2.11 the cluster formation can be seen as a gas to liquid/solid

transition. Point A represents the gas before the expansion. During the expansion it follows

the adiabatic line down to point B where it crosses the vapor pressure curve. From there the

gas expands further along an adiabatic line into the nonequilibrium so called supersaturated

state at point C. Then the formation and growth of clusters starts bringing the gas back to the

equilibrium vapor pressure curve pv(t).

Figure 2.11: Phase diagram with the condensation path of a gas in a supersonic expansion [34]. From

the initial point A the gas expands and cools down to point B where it crosses the vapor pressure

curve. It expands and and cools further to nonequilibrium supersaturated state at point C. The onset of

condensation an growth of clusters brings it back to the vapor pressure curve pv(t).

A small particle or cluster of radius r has a vapor pressure Pr larger than vapor pressure P0 of

a plane surface:

ln
Pr

Po
=

2σm

k T ρ

1

r
(2.13)

where σ is the surface tension of the small particle and ρ is its density. As the radius r increases,

the vapor pressure decreases. A cluster having a radius greater than the critical radius r∗ grows

while a smaller one evaporates. Therefore there are two peaks in the mass spectrum of the cluster
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Helium Neon Argon Krypton Xenon

K 3.85 185 1646 2980 5554

Table 2.2: Material speci�c cluster parameter K for the rare gases [55].

jet: an exponential decay distribution of small clusters and a wide distribution of larger clusters.

The average cluster size, ⟨N⟩, for a certain gas and nozzle, with speci�c expansion parameters

pb and T0, can be determined using the empiric Hagena scaling laws [48, 54, 50]. The so called

Hagena parameter Γ∗ is de�ned as:

Γ∗ = K pb d
q
eq T

0.25q−1.5
0 (2.14)

K and q are gas speci�c parameters, deq is the equivalent nozzle diameter. For pinhole nozzles:

deq = d (2.15)

and for conical nozzles with a half opening angle ϕ:

deq = d
tanϕ0

tanϕ
= 0.719

d

tan(ϕ)
(2.16)

with ϕ0 being the half opening angle of the free expansion. While q was experimentally deter-

mined to be 0.85 for all the rare gases, K depends on gas speci�c properties (c.f. table 2.2). For

rare gases Eq 2.14 reduces to:

Γ∗ =
K pb[mbar] d0.85eq [µm]

T 2.2875[K]
(2.17)

Gas jet setups with the same Hagena parameter Γ∗ will produce the same average cluster size

⟨N⟩. This average size can be determined from the Hagena parameter Γ∗ as follows.

For Γ∗<350 no condensation is observed.

For 350≤Γ∗<1800 the average size ⟨N⟩ is found to be:

⟨N⟩ = 38.4 (Γ∗/1000)1.64 (2.18)

and for Γ∗≥ 1800 ⟨N⟩ is:

⟨N⟩ = 33 (Γ∗/1000)2.35 (2.19)

Every supersonic cluster jet will always produce a size distribution. The centroid of this dis-

tribution is given by the average size ⟨N⟩ calculated from the Hagena scaling law. In good



20 Chapter 2. Fundamental concepts

approximation the width of this distribution is about half the average size ⟨N⟩.
For many purposes the size distribution is of secondary importance because the main interest

lies in determining a size dependent e�ect. Even though a size distribution is investigated the

whole distribution shifts when the expansion parameters are changed. To perform experiments

with clusters of a single size there are two possible methods. The �rst method is to �lter the

clusters by mass using special techniques [56]. The second method is to reduce the density of

the cluster jet and perform experiments on single clusters. In these types of experiments some

information about the size has to be collected with every single shot. This has become possible

with the advent of free-electron laser sources [10, 57].
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2.4 X-ray photoionization and relaxation of inner-shell holes

�

Figure 2.12: Measured linear photoionization cross section of atomic argon [58]. The photon energy

of 480 eV that was used for the experiments in this work is marked with a red line. The respective

photoabsorption cross section of the argon 2p shell is marked with a green line.

Photoionization describes the absorption of photons by an atom with the result that one or

more electrons are excited into the continuum, i.e. removed from the atom. In the x-ray/XUV

wavelength range the absorption of one photon is enough to ionize an atom. The ionization cross

section for a certain electronic shell depends strongly on the x-ray photon energy. Usually the

electronic levels with the highest binding energy below the photon energy exhibits the highest

absorption cross section per electron. Furthermore, the total absorption cross section for an

electronic level is roughly proportional to the number of electrons in this level. As a result of the

photoionization process, the atomic Coulomb potential is recon�gured and other electrons can

end up above the ionization potential in bound states (shake-up) or in the continuum (shake-o�).

Fig. 2.12 shows the experimentally determined ionization cross sections for argon, and Tab. 2.3

shows di�erential ionization cross sections of argon at 480 eV as calculated with the Los Alamos

Atomic Physics Code [59]. The photon energy of 480 eV used in this study is above both the

argon 2s and 2p levels.

If an electron is removed from an inner-shell the remaining hole leaves the atom in an excited

state. Inner-shell holes are usually �lled with higher-lying electrons on a femtosecond timescale.
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Figure 2.13: Possible decay channels of an inner-shell hole. Auger decay (left): The inner-shell hole is

�lled by an electron from a higher shell and and electron from this or an even higher shell is emitted.

Koster-Kronig decay (middle): The inner-shell hole is �lled with an electron from the same shell and an

electron from a higher shell is emitted. Fluorescence (right): The inner-shell hole is �lled by any higher

electron and the released energy is emitted as a �uorescence photon is emitted.

shell cross section [Mbarn] Ionization potential [eV]

2s 0.206 328.0

2p 1.05 249.0

3s 0.027 34.3

3p 0.065 15.6

Table 2.3: Di�erential photoabsorption cross sections and Ionization potentials of argon at 480 eV

Fig. 2.13 illustrates the three most likely inner-shell hole decay channels. In an Auger decay

[60, 61] the hole is �lled with an electron from a higher lying shell. The released energy is

transferred to another electron from that shell or a higher shell that is ejected. This results in

two holes in higher lying shells. Similarly, the inner-shell holes can also be �lled by a higher-lying

electron of the same shell and an electron from a higher shell is ejected. This decay channel is

called Koster-Kronig decay and results in one hole in the inner-shell where the initial hole was

produced and another hole in an higher lying shell. The third important decay channel is the

�uorescence decay where the inner-shell hole is �lled by higher lying electron and the released

energy is emitted as a photon. The yield of each of the three channels for a certain hole in a

certain atom depends on its electronic con�guration and where the hole is created. In general

the probability for a �uorescence decay increases compared to an Auger decay and a Koster-

Kronig decay with the energy di�erence between the hole and the next energetic higher occupied

electronic level. In Fig. 2.14 the relative yield for an L-shell hole is plotted vs. the core charge

Z of the elements. The probability for �uorescence (red lines) is very low for light elements and

increases monotonically with Z for all three levels. For the L2-shell and L3-shell the Auger yield
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(blue lines) is almost 1 for low Z and decreases with Z. The L3-shell cannot decay via Koster

Kronig (green lines) and the probability for a Koster-Kronig decay in an L2 shell is below 20%

for all elements. For the L1-shell, Koster-Kronig decay and Auger decay are competing. Their

relative probability depends on the electronic con�guration of the atom. argon with a core charge

of Z=18 is marked with black vertical line in Fig. 2.14. Fluorescence is almost irrelevant for all

levels of the argon L-shell. Holes in the L2-shell and L3-shell most likely decay via Auger decay

resulting in two valence holes. If a hole in the L1-shell is created, it will decay with a probability

of about 95% via Koster-Kronig decay, resulting in one hole in the valence shell and one in the

L2-shell or L3-shell. It is important to note that a Koster-Kronig decay of a L1-shell hole results

in another L-shell hole and the ejection of a valence electron. Therefore it doesn't signi�cantly

change the absorption cross section for photon energies above the L1 edge.
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Figure 2.14: Auger, Fluorescence and Koster-Kronig yields for the L-shell of di�erent elements. For

argon (Z=18) Fluorescence is negligible for all levels. For L2 and L3 Auger decay is clearly dominating.

For L1 a Koster-Kronig decay ist most likely which then results in and L2 or L3 hole [62].

2.5 Field e�ects in x-ray ionization

Conventional x-ray and XUV sources, e.g. synchrotron storage rings, x-ray tubes or higher

harmonic generation, produce light beams that are not intense enough to induce non-linear

absorption in a sample. With the advent of free-electron lasers producing x-ray pulses with

power densities up to 1018 W/cm2 this has become possible. However there are few experimental

results on non-linear absorption in the x-ray regime available. The following section gives an

overview about the current state of research about ionization mechanisms of atomic systems in
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Figure 2.15: Ponderomotive potential Up as a function of Intensity and Photon energy [41]. The

diagonal lines represent areas with the same ponderomotive potential. Di�erent types of light sources are

marked as grey shaded areas.

intense x-ray pulses.

Ionization with intense x-ray pulses is fundamentally di�erent from ionization with intense optical

pulses. With intense optical femtosecond pulses it is possible to transfer enough energy to an

electron with the electric �eld of the laser to drive it out of the atomic Coulomb potential. If

the laser intensity is high enough the atomic Coulomb potential is deformed and formerly bound

electrons can tunnel out of it (tunnel-ionization) or can end up above the Coulomb barrier and

leave the atom (over-the-barrier ionization). For x-rays however, the �eld frequency is much

higher, and therefore, the time the electrons are accelerated in one direction is much smaller

until they are turned around by the �eld again. Similarly, the in�uence of the light �eld on the

atomic Coulomb potential is much smaller with x-ray intensities currently available. As a result

the absorption of an intense x-ray pulse can be described perturbative model with quasi-static

Coulomb potential. From another point of view, the light of intense x-ray pulse can be described

by its photon character rather than its �eld character.

To get a more quantitative understanding, two quantities that are commonly used to describe

the strength of �eld e�ects in the absorption of laser pulses are compared for an intense x-

ray and optical laser pulse in the following. Namely the ponderomotive potential Up and the

Keldysh parameter γ. The ponderomotive potential Up also referred to as quiver energy gives a

quantitative measure of the electron motion induced by the electric �eld. It is de�ned as:

Up =
E2

4ω2
(2.20)
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where E is the �eld strength and ω is the �eld frequency. As an example, for soft x-ray pulses

of the LCLS with a power density of 1017 W/cm2 and a photon energy of 1 keV these quantities

are roughly: E,≈ 2 and ω ≈ 37, both in atomic units. For an near infra-red (NIR) laser with a

power density of 1015 W/cm2 and a photon energy of 1 eV they are: E≈ 0.17 and ω ≈ 0.037.

This results in a ponderomotive potential for both light sources:

LCLS : Up =
22

4 · (37)2
= 0.0007 au ≈ 20meV (2.21)

NIR− laser : Up =
0.172

4 · (0.037)2
= 5 au ≈ 140 eV (2.22)

The ponderomotive potential for pulses of the LCLS is about four orders of magnitude lower than

for pulses of a typical NIR femtosecond laser. As a result the energy that can be transferred

to an electron by the light �eld is four orders of magnitude lower for the LCLS in comparison

to a typical NIR laser. In Fig. 2.15 the ponderomotive potential Up is plotted as diagonal lines

as a function of light intensity and wavelength. Di�erent types of light sources are marked as

grey shaded areas. While optical lasers easily reach into the �eld dominated area current short-

wavelength sources are clearly on the photon dominated side.

To describe the in�uence of a laser �eld on the Coulomb potential of an atom the Keldysh

parameter γ [63] is commonly used. For γ < 1 the �eld of the atom is signi�cantly in�uenced

by the laser �eld and the interaction has to be described in a non-perturbative picture while

for γ > 1 the in�uence of the laser �eld is minor and the interaction can be described in a

perturbative picture with a quasi-static atomic Coulomb potential. The Keldysh parameter is

de�ned as:

γ =
opticalfrequency

tunnelingfrequency
=

√
Eb

2Up
(2.23)

where Eb is the binding energy of the electron. For the LCLS, where inner-shell binding energies

are typically a few hundred eV and above, this results in:

γ =

√
400 eV

2 · 20meV
≈ 100 (2.24)

For NIR lasers, with valence binding energies of 5-15 eV the Keldysh parameter is:

γ =

√
10 eV

2 · 140 eV
≈ 0.2 (2.25)

Regarding these numbers the interaction of intense x-ray pulses from current FEL light sources

can be understood in a perturbative picture. It can be described by single photons absorption
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and the �eld character of the light plays a minor role. According to Eq. 2.23 x-ray power densities

of about 1021 W/cm2 would be needed to reach a regime where tunnel ionization of inner-shell

electrons occurs. This is about 3 to 4 orders of magnitude more than LCLS can currently deliver.

In Fig. 2.15 the photon energy is plotted vs. laser intensity [41]. The ponderomotive potential

is marked as diagonal lines. The regime where the absorption can be understood in a photon

absorption picture is on the upper left side while the �eld dominated region is on the lower right

side.

Figure 2.16: Ionization of neon with intense x-ray pulses at di�erent photon energies of 800 eV (red,top),

1050 eV (green,middle) and 2000 eV (blue,bottom), a pulse length of 230 fs to 340 fs and a pulse energy of

2.4mJ [7]. Experimental ion tof spectra (left) are compared to results of a rate equation model (right).

The diameter of the focus was estimated to 2µm2.

2.6 Nonlinear x-ray absorption

The �rst experimental study of core-level ionization with intense x-ray pulses at the LCLS was

performed by Young et al. [7] on neon atoms. Concurrent with other studies at LCLS [18, 9], the

observed e�ects can be su�ciently explained by sequential absorption of x-ray photons. No indi-

cations of simultaneous multi-photon absorption were observed. In addiation to the experimental

data theoretical calculations were performed. A rate equation model was developed including
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calculated ionization cross sections, Auger rates and �uorescence rates of neon. Fig. 2.16 shows

the measured ion time-of-�ight (tof) spectra and ion yields compared to the theoretical data.

Except for some deviations that can be explained by missing double Auger and shake-o� prob-

abilities in the model, the simulations agree very well with the experiment. In more detail,

Fig. 2.16 shows tof spectra of atomic neon irradiated with intense x-ray pulses at di�erent pho-

ton energies between 800 eV and 2000 eV and a pulse energy of 2.4mJ. Fig. 2.17 illustrates the

most likely ionization pathways that lead to the highest observed charge state, observed in the

spectra shown in Fig. 2.16, for the di�erent photon energies.

The red curve in Fig. 2.16 is recorded at a photon energy of 800 eV, below the neon 1s ionization

potential of 870 eV. Neon 1s core-electrons cannot be ionized and only valance ionization with a

relatively low cross section occurs. The valence electrons are removed by sequential photoioniza-

tion and charge states up to Ne6+ are observed. Due to the low valence ionization cross section

the ionization process does not saturate and the yield of the ions is monotonically decreasing as

a function of increasing charge states.

The green curve in Fig. 2.16 shows data taken with a photon energy of 1050 eV above the neon 1s

edge, where the neon 1s electrons exhibit the highest absorption cross section. Compared to the

spectrum at 800 eV the ion yield changes dramatically. Charge states up to Ne8+ are observed

with a maximum yield at Ne7+. The highest observed charge state is Ne8+ because the photon

energy of 1050 eV is above the Ne7+ → Ne8+ ground state ionization potential (240 eV [59]) but

below the Ne8+ → Ne9+ ground state ionization potential (1196 eV [59]). In other words the

photon energy is not high enough to remove one of the two 1s electrons if all the valence electrons

are already stripped of.

For a neon 1s core-hole the Auger decay is the most likely decay path resulting in at least two

charges per atom. Therefore the Ne1+ signal is very small resulting only from weak valence ion-

ization and �uorescence decay following 1s ionization. There are two main reasons for the much

higher average charge state compared to 800 eV photon energy. First, the neon 1s absorption

cross section at 1050 eV is much higher than the valence absorption cross section at 800 eV, lead-

ing to more absorbed photons per atom. Second, the most likely ionization pathway at 1050 eV

is cycles of core-ionization followed by an Auger decay that re�lls the hole. This results in two

charges per atom per absorbed photon. The ionization pathway leading to Ne8+ in Fig. 2.17

shows that the photoionization�Auger decay cycles stop at Ne6+. At this point the neon 1s

ground state ionization potential with 1196 eV is higher than the photon energy. Higher charge

states are produced by subsequent valence ionization until only the two core-electrons are left.

The tof spectrum represented by a blue line in Fig. 2.16 is recorded at a photon energy of 2000 eV,

above the ground state ionization potential of Ne9+ → Ne10+ at 1362 eV [59]. All electrons can

be stripped of the neon atoms through cycles of core ionization and subsequent Auger decay.

Charge states up to Ne10+ are observed.

It is noted that the ion spectra shown in Fig. 2.16 are integrated over the whole volume of the x-

ray focus. Higher charge states from atoms that have absorbed many photons and that undergo
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the ionization pathways shown in Fig. 2.17 are mostly produced in the central, most intense

region of the focal volume. Accordingly, lower charge states from atoms that have absorbed

only few photons are mostly produced in the outer region of the focal volume, where the x-ray

intensities are lower.

Figure 2.17: Ionization pathways for the highest charge states observed in the spectra shown Fig. 2.16

according to the photon energy. The possible Ionization steps are valence photoionization "V", core

photoionization "P" and ionization via Auger decay "A" [7].

2.7 Induced x-ray transparency

An important aspect of the ionization with intense x-ray pulses are the dynamics of the partic-

ipating phenomena. While the photoabsorption happens on time scales much shorter than the

x-ray pulses, the Auger lifetimes are comparable to the x-ray pulse lengths. If one of the inner-

shell electrons is removed by the leading part of the x-ray pulse the absorption cross section is

lowered due to the missing electron. The atom is transiently more transparent to the rest of the

pulse until the hole is �lled via Auger decay. In other words, the x-ray pulse induces transparency

in the sample, what is also referred to as bleaching [7, 8]. In a temporal average it is more likely

for a longer pulse to see �lled inner-shells than for a shorter pulse with the same number of

photons. That is, the atom is more transparent to a shorter pulse than to a longer pulse if both

pulses consist of the same number of photons. Vice versa, the Auger lifetimes have an in�uence

on the absorption. An atomic system that has longer Auger lifetimes, on average, absorbs less

photons from a pulse with certain length than the same system with shorter lifetimes. As a result
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the Auger rates of an atomic system and the x-ray pulse length are critical parameters for the

absorption of intense x-ray pulses. In contrast to pulses of optical light, for x-rays, longer pulses

can be absorbed more e�ciently than shorter pulses. In Fig. 2.18 the result of the pulse length

dependent ionization of neon is shown. This data set has been recorded in the high �eld physics

(HFP) chamber of the AMO endstation as a preliminary study for this work and to evaluate the

performance of the slotted spoiler foil.

In this experiment atomic neon was irradiated with intense x-ray pulses at a photon energy of

1200 eV and a pulse length between 15 fs and 75 fs while the pulse energy was held constant at

0.3mJ for all pulse lengths. In the top panel of Fig. 2.18 the tof spectra for neon are shown for

three di�erent pulse lengths. In the lower left panel of Fig. 2.18 the relative abundance of the

neon charge states for the 30 fs and 80 fs pulse length compared to the 15 fs pulse length are

displayed. The charge states higher than Ne4+ are less abundant for shorter x-ray pulses. As

a result, the average charge state (in the lower right panel of Fig. 2.18) decreases with shorter

pulse length. This can be understood as an increase in transparency as explained above. Ne4+

and lower charge states are mostly una�ected as they are produced in the outer part of the focus

where only 1-2 photons per atom are absorbed and therefore the induced transparency is only a

weak e�ect.
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Figure 2.18: Top: Ion spectra of neon for di�erent pulse length at pulse energy of 0.3mJ. Bottom, left:

Relative abundance of neon charge states normalized to the ion yield at a pulse length of 15 fs. The high
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una�ected as they stem from regions of the focus where the intensity is low. Bottom, right: Average

charge state of neon as a function of the pulse length.



Chapter 3

Clusters in intense short wavelength

pulses

The ionization of clusters in intense short-wavelength pulses and the processes following the ion-

ization are an active �eld of research. Cluster are commonly used as model systems to study

basic light�matter interaction. Many experimental studies have been performed at the FLASH

and SCSS free-electron-lasers in the EUV to soft x-ray regime and research at the LCLS x-ray

laser just started in the recent years. Common methods to study clusters in intense short wave-

length pulses are electron and ion spectroscopy [43, 64, 65, 66, 67], �uorescence spectroscopy

[68] and elastic scattering [10, 53, 69, 70]. Also many theoretical studies have been performed

on this subject [40, 41, 71, 72, 73, 74]. However many processes during and after the ioniza-

tion are not yet well understood and are still under active investigation. This chapter gives an

overview of the current state of research in the �eld of clusters in intense short-wavelength pulses.

3.1 Absorption processes

The �rst studies of clusters in intense light pulses were performed in the infra-red regime. At

those wavelengths the ionization dynamics of clusters, as nanometer sized objects, in intense

laser �elds is very di�erent from atoms [37, 38, 42, 75, 76]. The electrons are e�ciently driven

out of the cluster by the electric �eld of the laser. After an initial ionization in the cluster, the

plasma can be e�ciently heated with the light �eld. As a result, a large number of electrons can

be removed from the cluster and high ion charge states can be produced. This causes a violent

Coulomb explosion with kinetic energies up to MeV, enough to trigger even nuclear fusion [38].

In the XUV and x-ray regime, no collective absorption e�ects in clusters were observed [43, 44, 66].

The light �eld frequency is too high to couple e�ciently into collective excitations. As a result,

31
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the absorption can be understood in a photon picture where one photon after the other or many

photons simultaneously are absorbed from single atoms in the cluster. The �eld character of the

light does not play a signi�cant role.

3.2 Electron trapping in Coulomb potential
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Figure 3.1: Electron trapping during the ionization of a cluster by an intense x-ray pulse [43]. Left:

The solid lines show experimental photoelectron spectra of argon clusters at a photon energy of 37.8 eV

for di�erent intensities. The dotted lines are the corresponding simulations (c.f. right graph). Right:

Red plots show a Monte Carlo simulation of the sequential ionization in the multistep model. As the

Coulomb potential of the cluster increases with every ionization event the emitted electrons get slowed

down and are �nally trapped. The black curve shows the total photoelectron spectrum of all emitted

electrons. The blue curve results from a model including cluster size distribution, light intensity pro�le

and spectrometer resolution.

When a cluster is irradiated with a short-wavelength pulse, initially electrons are removed from

the single atoms in the cluster. However, when multiple photons are absorbed by atoms of the

cluster and more and more electrons leave the cluster, the in�uence of the neighboring atoms

becomes important. The removal of electrons leaves positively charged ions back, and a Coulomb

potential for the cluster as a whole starts building up. Electrons that leave the cluster are slowed

down by this Coulomb potential and their �nal kinetic energy decreases with every ionization

event. After a certain number of ionization events the Coulomb energy of the cluster is higher

than the initial kinetic energy of the photoelectrons. From that point the electrons cannot leave

the cluster anymore, they are trapped in the clusters Coulomb potential [43, 66]. The process,

when electrons are excited and removed from their atomic core but remain trapped in the cluster,

is referred to as inner ionization.
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Electron trapping in the clusters Coulomb potential has been experimentally observed and val-

idated by theoretical calculations. The experimental approach was to measure photoelectrons

from clusters as a result of the ionization with intense XUV pulses. During the ionization process

the kinetic energy distribution of the electrons changes under the in�uence of the increasingly

positively charged cluster core. Fig. 3.1 (left, solid lines) shows experimental photoelectron spec-

tra of argon clusters in an intense XUV pulse with a photon energy of 37.8 eV [43]. The top

spectrum (blue solid line) is recorded at a power density of 5 x 1013 W/cm2 where roughly 0.3

photons per atom in the cluster are absorbed. At a kinetic energy of about 20 eV there is a peak

from photoelectrons that are emitted in the beginning of the pulse when the clusters are still

neutral. The tail to lower kinetic energies can be explained with electrons that are emitted later

in the pulse. They are slowed down by the already positively charged cluster core. The electron

kinetic energy decreases with increasing charge of the cluster core during the ionization process.

A Monte Carlo simulation in Fig. 3.1 (right) gives a more detailed insight in the stepwise ion-

ization process. In this graph the kinetic energy distribution for all ionization steps is plotted

(red). While the �rst electron keeps its full kinetic energy all the following electrons are slowed

down by the cluster Coulomb potential. After about 20 ionization steps the excess kinetic energy

drops below zero and all electrons that are excited afterwards cannot leave the cluster anymore.

From this point on only inner ionization occurs. The resulting total electron spectrum including

cluster size distribution and XUV beam pro�le is plotted as a blue line. In Fig. 3.1 (left) the

simulation (dotted blue line) is compared to the experimental result (solid blue line) with good

agreement.

For the conditions in the experiment shown in Fig. 3.1 the kinetic energy of the electrons leaving

the cluster can be easily approximated. In argon clusters at a photon energy of 37.8 eV most of

the ionization occurs in the 3p-level. At intensities of 5 x 1013 W/cm2, on average, less than one

electron per atom leaves the cluster. In a simple electrostatic model the kinetic energy Ek,j of

the j-th electron leaving the cluster is:

Ek,j = hν − Ip −
e2

4πϵ0

all i∑
i̸=j

qi
rij

(3.1)

where i runs over all other ions in the cluster with charge qi and distance rij . Ip is the ionization

potential of the atoms and hν the photon energy. The total number of electrons M that can leave

the cluster can be determined by calculating at which ionization step M+1 the kinetic Energy

Ek,M+1 drops below zero.

For higher photon energies, photoionization from many shells and Auger electrons have to be

taken into account. Further, if the x-ray pulse intensity is very high and signi�cantly more than

one electron per atom is removed, the ionization energies and Auger energies become dependent

on the ionic state of the atom the particular electron belongs to. Eq. 3.1 changes to:

Ek,j = ES
φ − e2

4πϵ0

all i∑
i ̸=j

qi
rij

(3.2)
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Meaning the j-th electron is emitted from an atom in the electronic con�guration S. If the j-th

electron is excited by direct photoionization:

ES
φ = hν − ES

b (3.3)

where Eb is the binding energy of the excited electron. If it is excited by an Auger decay:

ES
φ = ES

a (3.4)

where ES
a is the initial kinetic energy of the Auger electron. It depends on the course of the

ionization process from which atom in what con�guration S the j-th electron is emitted. To

calculate the number of electrons that can escape from the cluster a theoretical model describing

the course of the ionization process statistically has to be utilized to determine the initial kinetic

energy of every electron.

In general it can be stated that the total number of electrons that can escape the cluster depends

on the cluster size, the photon energy and the element the cluster consists of. In larger clusters

less electrons per atom in the cluster can escape for a certain photon energy because of the long

range Coulomb potential. The dependence on the photon energy and cluster composition is not

as simple. It depends on which electronic shell is preferably ionized and how inner-shell holes

decay. In intense XUV or soft x-ray pulses usually only a small fraction of the excited electrons

can leave the cluster.

All the electrons that cannot leave the cluster remain trapped in the cluster Coulomb potential.

They are not bound to a speci�c atom anymore but to the whole cluster core. These electrons

are delocalized over the cluster and they can freely move inside the cluster but cannot leave it.

In the literature they are called quasi-free electrons.

3.3 Formation of a nanoplasma

The quasi-free electrons in the cluster have a signi�cant amount of kinetic energy that depends

on the initial kinetic energy Eφ from the ionization process. Together with the ions in the cluster

core they form a nanometer-sized con�ned plasma also referred to as nanoplasma. The plasma

electrons can cause further inner ionization through collisions with bound electrons. They can as

well exchange energy with each other on a femtosecond time-scale through collisions also referred

to as energy exchange collisions [64, 77]. This leads to a thermalization of the electrons and their

kinetic energy can be described by a thermal energy distribution which de�nes the electron tem-

perature of the plasma. The temperature depends on the initial kinetic energy Eφ of the excited

electrons. In a combined experimental and theoretical study the thermal energy distribution of

the electrons was measured through electron emission [64]. In the nanoplasma, some electrons in



3.3. Formation of a nanoplasma 35

−15

−12

−9

−6

−3

0

3

6

9

12

15

ti
m

e 
o

f 
el

ec
tr

o
n

 a
ct

iv
at

io
n

 [
fs

]

a)a)

10 20 30 40 50
energy E[eV]

0

2

4

6

8

ab
u

n
d

an
ce

 [
a.

u
.]

c)c)

0 5 10 15
emission rate [1/fs]

b)

0 0.5 1

0 n/2 n

activated electrons

direct

plasma 

direct

plasma

(   =19.7eV)E
~

0

1

2

3

0

1

2

3

el
ec

tr
o
n
 i

n
te

n
si

ty
 [

ar
b
it

ra
ry

 u
n
it

s]

0

1

2

3

10 30 50 70 90
energy     [eV]

0

1

2

3

1.0×10    W/cm
13               2

4.7×10    W/cm
13               2

1.0×10    W/cm
14               2

5.8×10    W/cm
14               2

E

a) experimental data b) theoretical model

Figure 3.2: Emission of thermal electrons from an excited cluster nanoplasma [64]. The left panel

shows experimental photoelectron spectra from xenon clusters at di�erent intensities and the middle

panel the respective simulated spectra. Graph a) in the right panel shows the result of simulations on

the time-resolved electron emission from the clusters. At the beginning (T< -9 fs) direct photoelectrons

are emitted until the emission gets frustrated. The trapped electrons thermalize and form a nanoplasma.

Through energy exchange collisions additional energy can be transferred to some of the electrons so they

have enough kinetic energy to leave the cluster (T> -9 fs).

the plasma can gain enough energy through energy exchange collisions to overcome the cluster

Coulomb potential. These electrons that are emitted after the direct photoionization is frustrated

can be measured through photoelectron spectroscopy.

In the experiment xenon clusters were excited with an intense soft x-ray pulse at a photon energy

of 90 eV and peak intensities of 4 x 1014 W/cm2. Fig. 3.2 shows the measured photoelectron spec-

tra (left panel) for di�erent intensities compared to simulated spectra (middle panel). Electrons

emitted from the plasma can be seen as a tail (red and blue shaded) at kinetic energies above the

main photo-emission line at 19.7 eV. The simulations agree well with the measurements. For a

more detailed understanding time-dependent simulations have been performed. The right panel

in Fig. 3.2 shows the resulting time resolved photoelectron spectrum. Early in the pulse (-15 fs

to -9 fs) direct photoelectrons are emitted until they are trapped by the cluster Coulomb poten-

tial. Afterwards only inner ionization happens resulting in trapped, quasi-free electrons. They

thermalize through energy exchange collisions and electrons that have enough kinetic energy are

emitted resulting in a tail at kinetic energy above 19.7 eV. The projection of the 2-dimensional

graph in the right panel of Fig. 3.2 on the energy axis results in the total kinetic energy spectrum

shown in the middle panel of Fig. 3.2.
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3.4 Interatomic barrier suppression in the ionized cluster

Valence electrons

Quasi-free electrons

Figure 3.3: Simpli�ed Coulomb potential of a cluster in the neutral state (left) and the nanoplasma

state (right). The valence levels are indicated as black horizontal lines. In the neutral cluster the single

atoms are separated by Coulomb barriers. When the cluster is ionized and turned into a nanoplasma

by inner ionization the intra-atomic barriers are lowered. The quasi-free electrons in the nanoplasma are

indicated as a green band.

The ionization process and the formation of a nanoplasma has a strong impact on the Coulomb

potential inside the cluster. Fig. 3.3 shows a schematic of the cluster Coulomb potential before

(left) and after (right) the ionization. The Coulomb potential of a neutral rare gas cluster is

basically a superposition of the atomic potentials of the atoms in the clusters (c.f. Fig. 3.3, left).

The bound electrons of each atom are well separated by the Coulomb barriers between them.

After ionization, the Coulomb potentials of the single atoms in the cluster become deeper because

the remaining electrons are less screened from the core. When the electron emission from the

cluster is frustrated the excited electrons get trapped as quasi-free electrons. As a result, the

interionic Coulomb barriers are pulled down by the surrounding charges (c.f. Fig. 3.3, right) [78].

The change in the Coulomb barriers has multiple implications. First, the energy that is necessary

to excite an electron that is bound to an atom into the intra-cluster continuum, can be lower

than the ionization potential in the neutral cluster. Second, the remaining valence electrons that

are still bound to the single ion potentials are in�uenced. They shift up in energy compared

to an atomic case without barrier suppression and their tunnel probability to neighboring ions

increases.

3.5 Relaxation of the nanoplasma

After the absorption of a short wavelength pulse the highly excited nanoplasma will start to

expand due to the thermal energy of the plasma and Coulomb repulsion of the ions. Depending

on the temperature and the density of the plasma this expansion can be something between,
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Figure 3.4: Charge transfer and recombination of clusters in intense soft x-ray pulses [79]. In a xenon

core - argon shell system at 93 eV mostly the xenon is ionized. The charge results in a strong electric �eld

pointing towards the center of the cluster pulling the trapped electrons there. In smaller clusters with

a thinner argon shell (top panel) only a small part of the central xenon ions recombine and both argon

and xenon remain ionized and are detected. In a larger cluster with a thicker argon shell (bottom panel),

most of the xenon ions in the center recombine, the xenon core neutralizes again and virtually no xenon

ions are detected.

or a mixture of, a thermally driven hydrodynamic expansion and a violent Coulomb explosion

[8, 80, 81]. As the plasma expands it will cool down, enabling possible electron-ion recombi-

nation. Which of the expansion processes is dominant and if recombination occurs strongly

depends on the size of the cluster, the degree of ionization, i.e., intensity of the light pulse,

and the temperature of the nanoplasma, i.e., the wavelength of the light. A higher degree of

ionization increases recombination. On the other hand the recombination rate decreases with

increasing temperature of the nanoplasma. In the following, experimental results are presented

for di�erent combinations of these parameters.

For small clusters in the XUV and soft x-ray regime, it was observed that the quasi-free electrons

in the cluster are pulled towards the ionic core and partially recombine with the ions [79, 81].

Experiments on pristine xenon clusters in intense 93 eV pulses from FLASH have investigated

the kinetic energy release and abundance of the di�erent ionic charge states from the clusters

explosion [81]. The results indicate that the quasi-free electrons are pulled towards the center

of the cluster by a strong electric �eld resulting from the cluster Coulomb potential. Atoms in



38 Chapter 3. Clusters in intense short wavelength pulses

the outer shells of the cluster remain highly ionized and explode o� driven by a strong Coulomb

repulsion while the quasi-neutral core of the cluster expands hydrodynamically driven by thermal

forces.

In another investigation xenon-argon core-shell systems were irradiated with intense 93 eV pulses

from FLASH. The resulting tof spectra are shown in Fig. 3.4. At this photon energy the pho-

toabsorption cross section of xenon is about a factor 25 higher than for argon. That is, in a

mixed xenon-argon cluster mostly the xenon absorbs while the argon is almost transparent [82].

By changing the expansion parameters of the gas jet the ratio of xenon to argon atoms could be

changed. In a �rst measurement, clusters with a size of ⟨N⟩=400 atoms were irradiated. In this

case the xenon core and the argon shell consist of a similar amount of atoms. The resulting ion

tof spectrum is shown in the upper panel of Fig. 3.4. When these small clusters are irradiated

a relatively high number of electrons per atom can escape the cluster Coulomb potential. The

resulting charge is distributed over the whole cluster. The quasi-free electrons are pulled towards

the center of the cluster resulting in a small quasi-neutral cluster core. Here, they can recombine

with xenon ions in the cluster core. As the total number of charges per atom is high, there is

still ionized xenon as well as ionized argon that appears in the measured tof spectrum.

In a second measurement the cluster size was changed to ⟨N⟩=4000 atoms. Now the argon shell

contains much more atoms than the small xenon core. The lower panel of Fig. 3.4 shows the

resulting ion tof spectrum. Due to the larger cluster size, less electrons per atom can escape

compared to the smaller clusters and the number of charges per atoms is lower. Quasi-free elec-

trons, that are pulled into the center of the cluster, recombine with most of the xenon ions and

neutralize them. The neutral xenon is not detected and it does not appear in the resulting ion

tof spectrum, while the ionized argon from the shell ist still apparent. For higher photon energies

there is some controversy. In a recent study small xenon clusters have been investigated at a

photon energy of 850 eV at the LCLS [44]. The abundance and kinetic energy of the ionic frag-

ments from the clusters has been determined. Supported by a rate equation models and plasma

modeling the results have been interpreted as a hydrodynamic expansion of the nanoplasma with

signi�cant electron-ion recombination. However, for larger clusters at a photon energy of 800 eV

very little to no recombination has been observed [10]. Fig. 3.5 (top panel) single shot ion tof

spectra of large single xenon clusters with a diameter of 30 nm are displayed. Scattering images

have been recorded in coincidence to determine the size of the cluster and intensity that it is

exposed to, i.e., the position of the cluster in the focus pro�le. From clusters at the highest x-ray

intensity only high charge states are observed (a) while for lower intensities (b and c) only inter-

mediate or low charge states can be observed. These results have been interpreted as a absence

of recombination in the hot nanoplasma that is produced in the clusters through absorbtion of

many x-ray photons per atom. During the expansion the temperature of the plasma is high

enough to suppress the recombination. The electrons and ions stay sperate until the ions reach

the detector.
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Figure 3.5: Top panel: single shot tof spectra of single clusters for di�erent positions of the cluster in

the focus pro�le [10]. The intensity at the cluster position and the cluster size has been determined from

a coincidentally recorded scattering image. Lower panel: Single cluster tof spectra averaged over many

shots for di�erent x-ray pulse intensities.
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Chapter 4

Experimental setup at the LCLS-AMO

endstation

The experiments for this work were conducted in the HFP vacuum chamber of the endstation for

Atomic Molecular and Optical (AMO) sciences of the Linac Coherent Light Source (LCLS) free-

electron laser (FEL) at the SLAC National Accelerator Laboratory in Menlo Park, California,

USA [1, 83]. Intense x-ray pulses produced with the help of a 1 km long section of the linear

accelerator can be delivered to six experimental hutches in two experimental halls.

The near experimental hall (NEH) located downstream of the undulator contains the AMO, the

soft x-ray material science (SXR) and the hard x-ray pump-probe (XPP) endstations. Further

downstream of the NEH a cavern called far experimental hall (FEH) contains the x-ray coherent

scattering (XCS), the coherent x-ray imaging (CXI) and the materials under extreme conditions

(MEC) endstations. In the following chapter the x-ray beamline to the AMO endstation and the

experimental setup will be described.

Figure 4.1: Schematic of the gas energy monitor at LCLS. The unfocused x-rays beam travels through

a 30 cm long vacuum tube �lled with nitrogen gas at a pressure in the mbar range. The nitrogen gets

excited and ionized by the x-rays, and photoelectrons are emitted. Some of the excited electronic states

in the nitrogen decay by emitting �uorescence photons that are detected by photomultipliers. A magnetic

�eld is applied parallel to the x-ray beam to force photoelectrons on spiral trajectories and excite the gas

more e�ciently.

41
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4.1 Front end enclosure - FEE

Between the undulator and the NEH the x-ray beam crosses the Front End Enclosure (FEE)

[84]. The FEE contains a set of x-ray optics, diagnostics, and beam attenuators. There are two

attenuator stages to reduce the x-ray intensity according to experimental needs, a gas absorber

and several solid absorbers. The gas absorber is a two meter long vacuum pipe that can be �lled

with up to 20mbar of nitrogen gas. A set of solid foils of di�erent material can be quickly moved

in and out of the beam in addition to the gas attenuator.

Because the SASE process is of statistical nature the intensity of the x-ray pulses �uctuates

strongly with every shot (c.f. section 2.1). Therefore, two x-ray pulse energy monitors are

installed in the FEE that measure the pulse energy of every single shot [85]. One is located in

front of the attenuators to measure the full beam and one after the attenuators to measure the

attenuated beam. Fig. 4.1 shows a scheme of LCLS pulse energy monitor. It is composed of a

30 cm long vacuum tube that has two small holes for the x-ray beam on both sides. The vacuum

tube is �lled with nitrogen gas at a pressure in the mbar range. When the unfocused x-ray beam

crosses the energy monitor it excites and ionizes the nitrogen. Fast photoelectrons emitted from

the nitrogen excite and ionize further nitrogen molecules through collisions. Excited states in

the molecules will decay emitting �uorescence photons in the UV range that are detected by

two redundant photomultipliers. To prolong the electron trajectories a magnetic �eld parallel

to the x-ray beam is applied that causes the photoelectrons to gyrate around the x-ray beam

axis and increase the probability of collisions. This magnetic �eld is produced by a solenoid

around the vacuum tube. Because the x-ray beam is unfocused and the gas density is low the

x-rays induce only linear processes in the nitrogen. Thus, the �uorescence signal registered by

the photomultipliers is proportional to the pulse energy of the x-ray pulse that goes through

the energy monitor. However, the signal strongly depends on photon energy, x-ray beam size

and alignment. Hence, the energy monitors have to be calibrated to an absolute measure of the

pulse energy and recalibrated every time major x-ray parameters are changed. For calibration,

a so called energy loss scan of the electron beam going through the undulator is performed as

explained in the following.

The total kinetic energy of the electron bunch is measured before and after the undulator. This

di�erence in energy is called energy loss. By inducing a slight spatial oscillation, called orbit

oscillation, in the electron bunch the lasing process can be partially or fully disturbed. Even

though the lasing process is disturbed the electrons still lose energy in the undulator due to

spontaneous emission of light. On average, the di�erence in energy loss between a lasing and a

non-lasing electron beam equals the average pulse energy of the coherent x-ray pulse. For that

reason, the energy loss can be used to calibrate the energy monitor. To obtain a calibration

curve the orbit oscillation is slowly ramped up to get a range of x-ray intensities. Every point of

this energy loss scan is averaged over many shots to even out the statistical �uctuations of the

x-ray pulses.
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For the experiments in this work, it was a major experimental challenge to keep the average x-ray

pulse energy, i.e., the number of photons per pulse, constant for di�erent pulse lengths. This was

achieved by setting the gas attenuator to a pressure such that the downstream energy monitor

was showing the same average reading for the di�erent pulse lengths. This resulted in a very

stable average pulse energy in the experiment for di�erent pulse length, independent of linearity

and dynamic range of the energy monitor. Downstream of the x-ray diagnostics and attenuators

in the FEE a set of optics is installed to de�ect the beam to the di�erent endstations in the NEH

and to the FEH. The mirrors are single crystal silicon substrates coated with boron carbide that

re�ect the x-rays in gracing incidence. To reach the AMO endstation the x-ray beam is re�ected

o� three mirrors.

Figure 4.2: Schematic of the AMO endstation at the LCLS. From right to left (upstream to downstream

of the FEL): Fast shutter assembly to pick single pulses. 4-jaw slit to cut beam down in front of the

optics in order to reduce stray light. Set of variable focal length KB optics to focus the x-ray beam

into the experimental chamber. High Field Physics (HFP) chamber with cluster jet, ion and electron

spectrometers. Diagnostics chamber for beam diagnostics and as alternative experimental chamber.
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Photon energy 480 eV − 2000 eV

Focus diameter ≈ 1.2µm

Pulse energy < 4mJ

Power density < 1018W/cm2

Pulse length 5− 500 fs

Table 4.1: Available x-ray beam parameters at the AMO endstation

4.2 The endstation for atomic, molecular and optical (AMO) sci-

ences at LCLS

The endstation for Atomic Molecular and Optical (AMO) [83] sciences is the �rst endstation

downstream of the undulator. It was the �rst endstation that received light from the LCLS in

August 2009. In Tab. 4.2 the x-ray beam parameters that are available in the AMO endstation

are listed. Fig. 4.2 shows a schematic of the AMO beamline and endstation, where the x-ray

beam is coming from the right side. On the upstream end a fast shutter is installed to pick single

pulses for experiments that need only a single x-ray shot at a time. A 4-jaw slit can be used to

aperture down the unfocused beam and control what part of the focusing optics is illuminated.

The x-ray beam is focused with a pair of variable focal length Kirkpatrick-Baez (KB) optics

into the experimental vacuum chambers. Fig. 4.2 shows the standard con�guration of the AMO

beamline with the High Field Physics (HFP) vacuum chamber in the optimal x-ray focus and

the Diagnostic (DIA) vacuum chamber downstream of the HFP. Depending on the experimental

needs both chambers have been recon�gured and the diagnostic has been temporally replaced by

the CAMP (CFEL ASG Multi Purpose) vacuum chamber in the past [86]. In the following, the

elements of the AMO endstation that are most important for this work are described in more

detail.

4.3 Kirkpatrick-Baez x-ray optics

When the soft x-ray beam reaches the AMO endstation it has a size of about 1.5mm to 2.5mm

fwhm depending on the photon energy. In order to reach high intensities the x-ray beam has

to be focused. The light delivered to the AMO endstation has wavelengths that are too short

for multilayer optics but not short enough for crystal di�raction or x-ray lenses. Therefore, the

most versatile way of focusing the x-ray beam is using gracing incidence mirrors.

In the AMO endstation a pair of Kirkpatrick-Baez (KB) [87] optics is utilized to focus the x-ray

beam. Fig. 4.3 shows a schematic of KB optics. The x-ray beam is re�ected in gracing incidence

and focused in each dimension by one elliptic mirror. The curvatures of the two mirrors have to
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Figure 4.3: Schematic of Kirkpatrick-Baez (KB) optics. The x-ray beam is re�ected in gracing incidence

o� two curved mirrors. The upstream mirror is focussing in vertical direction and the downstream mirror

in horizontal direction. In the AMO endstation both mirrors can be dynamically bent to change the focal

length. Best focussing is achieved in a distance of 1.1m from the center of the downstream mirror where

the interaction region of the HFP chamber is located.

be di�erent as they have a di�erent distance to the focus, i.e., the upstream mirror has a longer

focal length than the downstream mirror. Both mirrors are consist of 40 cm long single crystal

silicon substrates that are coated with boron carbide (B4C). The substrate can be dynamically

bent to move the focal spot along the beam axis or defocus the x-ray beam when needed. The

di�raction limit for the diameter of the x-ray focus is about 1µm at a distance of 1.1m from the

center of the downstream mirror. Realistically, focal spot size measurements indicate that the

focus diameter is about 1.2 -1.8µm fwhm [88].

4.4 High-�eld physics (HFP) vacuum chamber

All experiments shown in this work where conducted in the HFP vacuum chamber of the AMO

endstation. The interaction region of this chamber is located 1.1m downstream of the second

KB focusing mirror in the spot of the smallest possible focus. At this point power densities of up

to 1018 W/cm2 can be reached. In its original con�guration this chamber was built for atomic

and molecular ion spectroscopy and precision electron spectroscopy. The chamber is doubly mu-

metal shielded and a low density pulsed gas with a single skimmer stage is mounted in direction

perpendicular to the x-ray beam.

For the present work the setup has been recon�gured to accommodate the needs of a cluster

experiment. In Fig. 4.4 a schematic of the modi�ed HFP vacuum chamber is shown. The x-ray

beam (green arrow) is crossing the chamber perpendicular to the cluster jet (yellow arrows)
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Figure 4.4: Experimental setup inside the HFP vacuum chamber. Clusters are produced by supersonic

expansion through a pulsed solenoid valve with a conical nozzle of 100µm throat diameter and 15 ◦ half

angle. The main chamber with the tof-spectrometer is separated from the nozzle by two di�erentially

pumped skimmer stages. A gas cell next to the �rst skimmer could be used to scatter out atomic

background and produce heterogeneous clusters.

as indicated. In the interaction region the x-ray focus is overlapped with the gas target and

surrounded by the entrance apertures of electron and ion spectrometers. Five high resolution

electron tof spectrometers similar to the design published by Hemmers et al. [89] are pointing

to the interaction region from the upper hemisphere in di�erent angles to investigate dipole and

non-dipole e�ects.

The ion spectrometer that is important for the current investigation is inserted from the bottom

of the chamber. Fig. 4.7 shows a detailed top view of the interaction region where the x-ray beam

intersects the cluster jet above the entrance aperture of the ion spectrometer. The slit aperture

for this spectrometer has been designed and tested in order to screen atomic background from

the detector. A more detailed description of the ion tof spectrometer is given in section 4.6.

On the left side on Fig. 4.4 the newly designed cluster jet setup is shown. Clusters are produced

by supersonic expansion through a pulsed solenoid valve with a conical nozzle. They pass two

di�erentially pumped skimmers before they get to the interaction region as indicated with yellow

arrows. The cluster jet setup is described in more detail in following section. The HFP vacuum

chamber is pumped by a 1000 l/s turbomolecular pump to reach a low base pressure and to be

able to handle the gas load from the gas jet.
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Figure 4.5: Schematic of the pulsed Parker Series 99 solenoid valve with a conical nozzle. The nozzle

cylinder is clamped to the front plate of the valve and sealed with an indium gasket foil. In the closed

state the magnetic cylinder holding the poppet is pushed towards the nozzle to seal the opening. When

a current is �owing through the solenoid the magnetic cylinder together with the poppet is pulled back

and gas can �ow through the nozzle.

4.5 Cluster jet

For the experiments in the present work a de�ned cluster jet with su�cient density and low

atomic background was necessary. Therefore, a special gas jet setup was designed. The overall

setup is shown in Fig. 4.4 with the pulsed valve, two di�erentially pumped skimmers and a

doping and scattering cell. In section 2.3 of this work, the principle of the cluster production

through supersonic expansion is explained. The clusters are produced by a supersonic expansion

of argon gas through a nozzle. A pulsed valve (Han�n-Parker Series 99 General Valve) running

at the beam frequency of 120Hz was used to reduce the gas load in the nozzle chamber and the

background pressure in the main chamber. Fig. 4.5 shows a schematic this valve with the nozzle.

When current �ows through the solenoid the magnetic cylinder holding the sealing poppet is

pulled back and gas can �ow through the nozzle. After the opening cycle the current is turned

o� and the magnetic cylinder is pushed back into the closed position by a spring. For the cluster

experiments a conical nozzle with a throat diameter of 100µm and a opening half angle of 15◦ was

used. This particular nozzle was used for many cluster studies before [43, 79, 81] and is therefore

very well characterized. The whole valve is mounted on a three-axis motorized in-vacuum stage

to be able to align the nozzle with respect to the skimmers and the interaction region.

Downstream of the nozzle, the clusters travel through two trumpet shaped skimmers to the

interaction region (c.f. Fig. 4.4) The skimmer next to the nozzle has a hole diameter of 1mm

the skimmer next to the interaction region a hole diameter of 0.5mm. Both skimmers reduce

the background pressure stepwise and transmit only the central part of the cluster jet. This

results in a cluster beam diameter of 0.6-0.7mm in the interaction region. The skimmers can

be separately aligned to form a straight line that intersects with the interaction region. To

be able to service the gas jet it is separated with a gate valve from the vacuum of the main
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experimental chamber. Turbomolecular pumps were installed in the two vacuum volumes to

ensure high pumping speed. The chamber containing the nozzle was pumped with a pumping

speed of 2600 l/s and the chamber between the two skimmers with 1000 l/s.

4.6 Time-of-�ight spectrometer
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d =1 14.8 mm
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Figure 4.6: Drawing of the ion time-of-�ight (tof) spectrometer. The interaction region is located

between the repeller and the extractor plate. The drift tube is terminated by highly transmissive meshes

on both ends. Both plate electrodes and the drift tube can be set to independent potentials. At the lower

end of the drift tube the MCP detector is located.

The data for the present work were recorded with an ion time-of-�ight (tof) spectrometer. Fig. 4.6

shows a drawing of the spectrometer. It consists of two electrode plates, a �ight tube and a multi

channel plate (MCP) detector. Repeller and the extractor plates are solid Molybdenum plates,

with the extractor having a rectangular 1mm x 2mm slit aperture in the center (c.f. Fig. 4.7).

The drift tube is a solid metal tube that is terminated with a copper mesh on both sides to avoid

the electric �eld reaching into the drift region. All electrodes and the drift tube can be set to

independent potentials. The ions are detected by a 120mm diameter chevron-stack double MCP

that is located at the end of the drift tube with an anode behind it. Tab. 4.2 shows the operating

potentials of the spectrometer relative to ground.

Ions produced by the x-rays in the interaction region are accelerated downwards by the electric

�eld between the electrodes. After the ions reach the upper mesh of the drift tube they drift

with a constant velocity. Behind the lower mesh of the drift tube, the ions are accelerated over a

short distance to the detector. Eq. 4.2 shows the relation between the tof and the mass-to-charge

ratio (m/q) for the ion spectrometer with the distance d0 and U0 the voltage between repeller

and extractor, d1 and U1 between extractor and drift tube and d2 the length of the drift tube
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Repeller ground

Extractor -500V

Drift Tube -1445V

MCP front -2000V

MCP back ground

Anode +100V

Table 4.2: Operating voltages for the ion tof spectrometer

[90].

k0 = 2 (U0/2 + U1)/U0 (4.1)

TOF = 1.02

√
m

2q

(
2
√

k0d0/2 +
2
√
k0√

k0 + 1
d1 + d2

)
(4.2)

For constant lengths d0,d1,d2 and voltages U0,U1 the time-of-�ight TOF of an ion is proportional

to its mass-to-charge ratio:

TOF ∝
√

m

q
(4.3)

Ions with an initial kinetic energy will have a shorter tof if they have a velocity component

towards the detector and a longer tof if they have a component away from the detector.

Fig. 4.7 shows top view of the extractor plate with the slit aperture. The interaction region is

located above the slit aperture where the cluster jet and x-ray beam cross. This slit has the long

axis perpendicular to the x-ray beam and reduces the acceptance of the spectrometer along the

x-ray beam to a small region where the x-ray focus is located. The width of the slit is 1mm

which is similar to the Rayleigh length of the x-ray focus where the �uence is nearly constant.

In addition, the slit reduces the signal from atomic background along the x-ray beam and the

acceptance for ions with initial kinetic energy. Fig. 4.8 a) shows trajectories of ions with kinetic

energy in the spectrometer that start in di�erent directions. Only ions �ying in a small angle

towards or away from the detector cross the slit. Ions with a signi�cant velocity component

perpendicular to the spectrometer axis will hit the solid part of the extractor plate and do not

reach the detector. The transmission of ions with an isotropic velocity distribution depends

strongly on their initial kinetic energy. While ions with no or very low kinetic energy compared

to the acceleration �eld are fully transmitted only a small fraction of ions with higher kinetic

energy make it to the detector. Ionic fragments from clusters irradiated with intense x-ray pulses

usually have a signi�cant kinetic energy and therefore their transmission is low compared to the

uncondensed atomic background from the expansion.

To increase ion signal from the clusters compared to ion signal from atomic background a
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Figure 4.7: Schematic of the x-ray beam intersecting the cluster jet above the extractor plate with the

slit aperture in a top view. The x-ray focus is located above the slit where it intersects the cluster jet

coming from the left.

smaller slit design compared to earlier con�gurations has been implemented together with the

capability of moving the HFP chamber far enough along the cluster jet to reach the edge of the

slit. Fig. 4.8 shows the principle of the slit design. In Fig. 4.8 a) a setup with a large slit is shown

with the resulting ion spectrum. Dominantly ions without kinetic energy and some ions with

kinetic energy �ying in a small angle towards and away from the detector cross the slit. Ions

without kinetic energy form the sharp peak in the center and the broader peaks to the left and

right of it can be assigned to ions with kinetic energy �ying towards and away from the detector.

Fig. 4.8 b) shows a setup with a slit of exactly half the size compared to Fig. 4.8 a). The velocity

distribution of ions from a cluster explosion is isotropic and the according spectrum exhibits the

same features with half the intensity because half the ions compared to Fig. 4.8 a) hit the metal

plate and are not detected. In Fig. 4.8 c) the slit is slightly smaller so that ions without kinetic

energy just hit the edge of the plate. Because the interaction volume is very small in the direction

perpendicular to the beam this is a very small movement compared to the slit size and the signal

from ions with kinetic energy (from clusters) remains almost unchanged while the signal from

ions without kinetic energy (from atomic background) is greatly suppressed. In order to move

the slit with respect to the interaction region the whole vacuum chamber with the spectrometer

and the gas jet was moved perpendicularly to the x-ray beam in direction of the cluster jet.
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Figure 4.8: Schematic of the atomic background reduction using a specially designed slit aperture

of the tof spectrometer. Top: Interaction region (yellow) with ions starting towards (blue) and away

(purple) from the detector. Bottom: Ar2+ portion of the resulting tof spectrum with the sharp peak

from background atoms in the center. Two broad peaks toe the left and right stem from ions with kinetic

energy starting towards and away from the detector from a cluster explosion.

(a) Interaction region is located above the center of the slit. Only ions starting in an narrow

angle towards or away from the detector or atomic background make it through the slit and are detected.

The atomic background is comparably strong because all of it is transmitted.

(b) Slit aperture is slightly about half the size of (a). The intensity of the cluster signal is cut to

about half the signal of (a) because only the ions starting to the left are transmitted while ions starting

to the right hit the metal of the slit plate. However, qualitatively the cluster signal is similar because the

ions are emitted isotropically from the cluster explosion. The atomic signal has the same intensity as in

(a) because still all of it is transmitted.

(c) Slit aperture is slightly smaller than in (b) in a way that the atomic signal is just cut

o�. The cluster signal is almost unchanged because the total width of the slit is about the same. The

signal from the atomic background, however, is greatly reduced.

It is noted that for the explanation of the background reduction principle the slit width is changed in this

�gure. In the actual experiment the slit has a �xed width. To switch between the background reduction

mode and a mode where atoms can be measured the whole vacuum chamber including the slit was moved

with respect to the x-ray beam. The cluster spectra were measured in a position similar to (c) while for

atomic spectra the slit was centered on the x-ray beam (similar to a).
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Figure 4.9: Outcoupling electronics for the MCP detector of the ion time-of-�ight spectrometer. The

signal is decoupled from the detector that is at a potential given by the HV power supply. While the

capacitor separates the signal output from the DC voltage from the supply the high-frequency pulses

from the detector can travel through it to the output. The capacity together with the impedance of the

detector is matched to transmit the ns tu µs pulses from the detector. The 10 kΩ resistor separates avoids

re�ections from the HV supply and the 100 kΩ resistor pulls the output to ground if nothing is connected

to it.

The ions are detected with a chevron stack multi channel plate (MCP) detector. The tof ion

signal is decoupled from the anode which is a +100V potential. A custom made RC-circuit was

used to decouple the high-frequency signal from the potential of the anode. Fig. 4.9 shows a

schematic of the RC circuit. The high voltage of the detector is separated with a capacitor from

the signal cable. High frequency signals from the detector can travel through the capacitor to

the signal output and further to the digital transient recorder. The capacitor is optimized to the

length of the pulses from the ion tof spectrometer of a few nanoseconds to a few microseconds.

To avoid signal re�ections from the high voltage power supply it is separated by a 10 kΩ resistor

from the detector. The signal output is pulled to ground with a 100 kΩ resistor to keep it from

charging up when nothing is connected to it. The tof traces are recorded on a shot-by-shot

bases with Aqiris digital transient recorders and fed into the LCLS data acquisition system. All

important experimental as well as beam and machine parameters are saved with every single

shot together with a tof trace. This allows sorting the data according to the properties of the

respective x-ray pulse (e.g. pulse energy) in the o�-line analysis.
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4.7 SIMION simulation of the ion tof spectrometer
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Figure 4.10: Left: Schematic of the tof spectrometer in the SIMION simulation. The interaction region

is located between the repeller and extractor plate. Equipotential curves are drawn as red lines. The

green and blue lines are ion trajectories of Ar2+ ions starting in the interaction region. All ions have a

kinetic energy of 120 eV and their initial velocity vector is pointing in an angle of ± 25◦ towards (blue)

or away (green) from detector. Right: Magni�cation of the interaction region and the slit aperture. Ions

starting with an angle of larger than 10 ◦ to the detector axis and towards the detector don't make it

through the slit and hit the extractor plate. For better display the interaction region is located at the

center of the slit in this simulation.

To estimate the expected ion �ight times in the spectrometer and the spectrometer transmission

for this experiment and to be able to estimate the kinetic energy of the measured ions, a sim-

ulation of the ion trajectories in the electric �elds of the tof spectrometer was performed using

SIMION. SIMION is a simulation software package that calculates electrostatic �elds from a

given set of electrodes and ion trajectories in this �eld using numerical integration techniques

[91]. The geometry of the tof spectrometer was imported to SIMION from the original CAD

model. In Fig. 4.10 a cut through the spectrometer is shown with the electric �eld lines (red)

and ion trajectories (blue and green). In the beginning the exact position of the interaction

region in the direction along the spectrometer symmetry axis (horizontal direction in Fig. 4.10)

is unknown for the experiment. It was determined by varying the position in the simulation

until the tof of argon ions without kinetic energy �t the experimental tof shown in Fig. 6.3. In

Fig. 4.11 the simulated tofs of argon ions with charges from 1+ to 16+ are compared to the

measured tofs and the red line in Fig. 4.11 represents an inverse square root function �tted to

the tof values. The inset of Fig. 4.11 shows the relative error of the tof for every charge state.

It can be seen that the simulated values agree with the experimental results to an accuracy of

below 1%. The ion trajectories shown in Fig. 4.10 belong to Ar2+ ions with a kinetic energy of
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120 eV. Their initial velocity vector points in an angle of ± 25◦ to the spectrometer axis towards

(blue) or away (green) from the detector. In the magni�cation of the interaction region on the

right side of Fig. 4.10 it can be observed that fewer of the backwards �ying ions cross the slit

to the detector. This is due to the wider transversal spread once they reach the extractor plate

because of the longer �ight time. According to the simulations the transmission for backwards

going ions should be about 50% lower than for forward going ions. However, in the experiment

much fewer of the backward going ions are transmitted, only about 10% (c.f. Fig. 4.8). The lower

transmission can be explained by slight misalignment of the spectrometer and inhomogeneities

in the electric �eld between extractor and repeller and has been observed in other experiments

with similar spectrometer geometries [81, 92].
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Figure 4.11: Comparison of simulated tof (green markers) to the experimentally measured tof (blue

markers, see Fig. 6.3.) of the charge states of atomic argon. The values agree within less than 1%

deviation and �t favorably to an inverse square root function.



Chapter 5

Simulation of the ionization dynamics

At the time this experiment was conducted, LCLS was the �rst and only light source producing

intense x-ray pulses with photon energies above the C1S edge. Meaning there is only little exper-

imental data available in this regime and the ionization dynamics of even simple atomic systems

in intense x-ray pulses is not yet completely understood. A �rst study performed by Young et

al. delivered insight into the ionization of neon with intense x-ray pulses and showed that a

rate equation model with a perturbative approach can describe the experimental data well [7].

To quantitatively describe the pulse length dependence of ionization with intense x-ray pulses a

theoretical model was needed. For argon, however, multiple ionization via unknown intermediate

excited states becomes important adding uncertainty to the simulations [93]. Speci�cally, the

unexpected high charge states above Ar10+ observed in the atomic spectra (c.f. Fig. 6.3) indicate

that these processes play an important role under the current experimental conditions. Therefore

neon is chosen for this simulation because all relevant rates and states are known.

5.1 Rate equation model

Similar to earlier studies [7, 94] a rate equation model was set up for the x-ray ionization of neon.

The ionization cross sections σ for the 64 di�erent electronic states of neon were calculated using

the Los Alamos Atomic Physics Code [59]. Auger and Fluorescence rates Γ were taken from the

literature [95, 96]. The probability for a shake-o� electron from the ionization of the neutral

atom is also included [97]. Not included in these simulations are shake-o� processes in ions and

double Augers decays. The temporal x-ray pulse pro�le J(t) was modeled as a statistical en-

semble of 2 fs fwhm spikes distributed over the nominal pulse length and normalized with total

pulse energy.

The ionization rate from a certain state S to an ionized state S′ is σS→S′J(t). The popula-

tion of the state that is ionized PS(t) decreases by σS→S′J(t) and the population of the ionized

55
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Figure 5.1: Simulated neon ion yields compared to ion yield measured in the HFP chamber at 1200 eV

photon energy. The simulations agree well with the experimental data. Di�erences a most likely due to

the fact that double Auger decays and shake-o� processes are not included in the simulations and due to

the temporal and special structure of the x-ray beam.

state P ′
S(t) increases by σS′→SJ(t). In the same way the population of states increase or de-

crease through Auger decay and �uorescence decay independent of the current x-ray intensity

by ΓS→S′PS(t) and ΓS′→SPS′(t) respectively. In more detail, ΓS→S′PS(t) is the probability that

the state S with the population PS(t) decays to another state S′ in a certain time interval. All

cross sections and transition rates were included in a set of coupled rate equations where the

temporal change d
dtPS(t) of the population of every electronic state S of neon is described by:

d

dt
PS(t) =

all config∑
S′ ̸=S

(RS′→SPS′(t)−RS→S′PS(t)) (5.1)

with RS→S′ are being the combined transition rate of ionization and inner-shell vacancy decay:

RS→S′ = ΓS→S′ + σS→S′J(t) (5.2)

In the beginning, before the x-ray pulse starts only the neutral ground state S = 0 is populated:

P0(t → −∞) = 1 (5.3)

all other states are not populated:

PS ̸=0(t → −∞) = 0 (5.4)
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The Auger decay rate for the ground state is 0:

Γ0→S′ = 0 (5.5)

And the neutral ground state cannot be produced through ionization:

σS′→0 = 0 (5.6)

The coupled rate equations in Eq. 5.1 are solved by numerical integration for small time steps of

1/200 fs to calculate the asymptotic neon charge state distribution. For every set of x-ray pulse

parameters 10000 simulations were made and averaged to decrease statistical �uctuations that

are caused by the random pulse pro�le.
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Figure 5.2: Simulated average charge state of neon atoms vs. pulse energy of the x-ray beam for a pulse

length of 15 fs and 75 fs. The average charge state grows with the pulse energy until it starts to saturate.

The saturation levels are di�erent for the shorter and the longer pulse.

5.2 Simulated ion yields

To verify the validity of the rate equation model, a set of neon tof spectra was recorded with

the HFP ion tof spectrometer [83] at a photon energy of 1.2 keV and a x-ray pulse length of 50 fs

and compared to the results of the simulations. For the simulations a gaussian spatial x-ray

focus pro�le with a diameter of 1.6µm fwhm was assumed. Fig. 5.1 shows the measured and

simulated charge state distribution with an average pulse energy of 0.4mJ. There is a very good

agreement between the experimental data and the theoretical distribution. The lower amount of

Ne2+ in the experimental data compared to the simulation can be explained with double Auger
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Figure 5.3: Average charge state of neon as a function of the pulse length for di�erent pulse energies.

The red and green triangles represent experimental data at di�erent pulse energies and the blue lines

represent the simulated results.

decays, one photon double ionization or shake-o�/shake-up processes. These are not included

in the simulations and are leading from neutral neon to Ne3+ and higher charge states with the

absorption of only one photon.

Pulse length and pulse energy are the two important x-ray pulse parameters for the investigation

presented in this work and their dependence has to be included in the simulations. Fig. 5.2 shows

the pulse energy dependance of the simulated average charge states vs. pulse energy for an x-ray

pulse with a pulse length of 15 fs and a 75 fs. For a constant x-ray pulse length of 15 fs the

average charge state increases with the pulse energy as more and more electrons are removed

from the atoms. Around 1mJ the average charge state starts to converge to a constant value.

This is because the atoms that see the highest �uence in the center of the focus are ionized to

the highest charge state that can be reached via sequential photoabsorption with 1.2 keV.

If the average charge state of a short 15 fs pulse is compared to a longer 75 fs pulse di�erences

in the pulse length dependent ionization become apparent. As mentioned in section 2.7 a longer

x-ray pulse with the same number of photons can ionize more e�ciently than a shorter one

because the probability that inner-shell holes are re�lled via Auger or �uorescence decay is

higher in during longer pulse. This di�erence can be observed in Fig. 5.2 in terms of a higher

average charge for the 75 fs pulse compared to the 15 fs pulse for the same pulse energy. For

pulse energies below 0.02mJ both pulses yield a similar average charge state as in average close
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to one photon per atom is absorbed and the pulse length doesn't play a role in the absorbtion

process.

Fig. 5.3 shows experimental data for neon recorded with di�erent x-ray pulse length and pulse

energies compared to the simulations. In this graph the average charge state is plotted vs.

the x-ray pulse length for di�erent pulse energies. The red and green triangles represent the

experimental data for x-ray pulse length between 15 fs and 75 fs and pulse energies of 0.27µJ

and 0.37µJ respectively. The blue lines show the simulated spectra for the same parameters.

Overall, there is a good agreement between the simulated and the experimental data indication

that the current rate euqation model describes the atomic ionization processes well.

5.3 Auger rates during the ionization process
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Figure 5.4: The red curve shows the temporal pro�le of a statistical x-ray pulse. The blue curve shows

the average Auger rate of an ensemble of neon atoms in the focus of the x-ray beam. Overall the Auger

rates drop over time as more and more valence electrons are ejected from the atoms. Only for a very

short time after an x-ray spike when core electrons are removed there is a transient increase of the Auger

rates until the holes are �lled via Auger decay and the rates drop again.

The data in Fig. 5.2 and Fig. 5.3 show that there is a signi�cant increase for the average charge

state of neon from an x-ray pulse length from 15 fs to 75 fs. Young et al. [7] reported a change

in the ion distribution of neon going from x-ray pulse length of 80 fs to 200 fs. The question may

arise why the di�erence in pulse length a�ects the ionization process at all if both pulses are

much longer than the Auger lifetime of a single neon 1s hole of 2.8 fs [95].

To answer this question the intermediate ionic states during the ionization process have to be

considered. A single neon 1s hole is only the �rst step in the ionization process of neon in an

intense x-ray pulse. When this hole decays and more photons are absorbed the valence shell
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will be emptied resulting in longer Auger lifetimes up to many hundred femtoseconds for highly

ionized ions [95]. Fig. 5.4 shows an illustration of this decrease in the Auger rates over the

duration of the x-ray pulse. It shows the result of a simulation of the ionization of neon atoms in

the central part of the x-ray focus where the intensity is high. A single random x-ray pulse (red

line) and the ionic states of neon produced by this pulse where extracted from the simulation in

1/25 fs steps. From the state distribution the average Auger rate of all states that can possibly

Auger decay weighted by their abundance was calculated for every time step (blue line). It is

noted that the average Auger rate in the blue curve in Fig. 5.4 is not normalized to the ratio of

states than can Auger decay to states that cannot. That is, in the beginning of the x-ray pulse

and long after the x-ray pulse the average Auger rate is only represented by very few atoms of

the whole ensemble.

At the start of the pulse (t=-25 fs) only few atoms are singly ionized and the average the Auger

rate is 0.357/fs which corresponds to a lifetime of 2.8 fs of a single neon 1s hole. Whenever there

is an intense x-ray spike more core holes and even double 1s core holes are produces and the rate

transiently increases. However, over the duration of the whole x-ray pulse when the valence shell

of neon becomes emptier through Auger decays, the average Auger rate strongly decreases. This

results in an average Auger rate of about 0.026/fs some time after the pulse which corresponds to

a lifetime of 38 fs. During the x-ray pulse the average Auger lifetime is in between 2.8 fs and 38 fs.

This shows that the intermediate ionic states that are produced during the ionization process

have much longer Auger lifetimes than the single core hole and they are produces in signi�cant

amounts. As a result the ionization dynamics of neon in intense x-ray pulses are sensitive to

di�erences in pulse lengths on the order of tens of femtoseconds.



Chapter 6

Experimental results and Discussion

The goal of the present work is to investigate the time and size dependent ionization dynamics

of nanometer sized samples in intense x-ray pulses. In general, there are two important exper-

imental parameters for the study of these phenomena. First, the sample size to investigate the

size dependence of the ionization. Second, the pulse length to measure the time dependence of

the ionization for every sample size. As a sample system atomic clusters are ideal for the present

investigation because their size can be easily tuned and they can be produced in su�cient den-

sity for measurements in the gas-phase. In gas-phase studies any in�uence from a surrounding

medium or sample support can be excluded. Therefore, argon nanoclusters were chosen as a

sample system. Argon is a monoatomic gas and argon clusters can reliably be produced. Fur-

ther, argon has been also used in the model calculations by Saalmann et al. [7].

To study the time dependance of the ionization the pulse length of the LCLS was tuned using

the slotted spoiler technique (c.f. section 2.2). The x-ray photon energy for this study was set to

480 eV, well above the binding energy of the argon L-shell. 480 eV was the lowest photon energy

available at the LCLS at the time this study was performed. At this photon energy the argon

L-shell exhibits the highest ionization cross section compared to the M-shell.

As preliminary steps the x-ray focus in the AMO endstation was optimized and the slit aperture

to suppress atomic background (c.f. section 4.6) was aligned. Then argon ion tof spectra for

atomic argon were recorded as a reference and to gain an understanding of the atomic absorption

process. Afterwards, ion tof spectra for di�erent sample sizes, i.e., cluster sizes were measured.

To investigate ionization dynamics the x-ray pulse length was varied for all argon measurements.

In the following chapter the results of these three experimental steps are presented, discussed

and compared to simulations.
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6.1 Atomic neon reference data

The ionization dynamics studied in this work are relying on highest possible x-ray intensity. This

is because many photons per atom have to be absorbed in order to e�ciently induce transparency

in atoms and clusters. For that reason the size of the focal spot is a critical parameter for the

success of the experiment. However the shape, size and position of the focus depends sensitively

the bending of the KB optics and their positioning relative to the x-ray beam on a micrometer

scale. Therefore, the �rst step in the experimental study was to optimize these parameters in

order to minimize the size of the x-ray focus in the interaction region and to reach highest possible

x-ray pulse intensities. From experience in earlier studies the charge state distribution of neon

gas ionized at photon energy of 2000 eV gives a reliable feedback [7] on the intensity in the focus.

It has also the largest set of experimental and theoretical reference data [7, 8, 18, 44, 98, 99]. For

these reasons neon ionization at a photon energy of 2 keV has become the de-facto standard for

the focus optimization at the LCLS AMO endstation. The optics were tuned by pitching and

tilting the KB mirror set relative to the x-ray beam and bending the two mirrors. Fig. 6.1 shows

the neon spectrum at 2000 eV and an average pulse energy of 2.4mJ for the optimized focus. It

compares very well to the spectrum in Fig. 2.16 [7] (blue line) at the same photon energy and

pulse energy indicating a diameter of the focal spot of about 1.6µm.
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Figure 6.1: Neon ion time-of-�ight spectrum after optimization at a photon energy of 2 kV and a pulse

energy of 2.4mJ. Comparison to Fig. 2.16 shows that the focal conditions where similar to the ones

reported by Young et al. [7].
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6.2 Suppression of atomic background

The second important step in the alignment of the experiment was the positioning of the slit

aperture in the extractor plate of the tof spectrometer relative to the interaction region to

suppress the atomic background (c.f. Fig. 4.8). As explained before, in the current setup the

extractor plate with the slit is �xed to the ion spectrometer and the x-ray beam cannot be

moved without sacri�cing the focus. For that reason, to align the slit aperture relative to the

interaction region, the whole HFP vacuum chamber was moved in direction perpendicular to the

x-ray beam axis to change the relative positioning of the slit and the interaction region. The

cluster jet also moves with the vacuum chamber, but the overlap between cluster jet and x-ray

beam is maintained moving in this direction (c.f. Fig. 4.7). Starting from the slit centered to

the x-ray beam the chamber was moved sideways until the atomic background was reduced to

a tolerable level. A comparison of the ion tof spectra from atomic argon with the interaction

region above the center of the slit (red line) and at the position on the edge of the slit (black

line) is shown in Fig. 6.2. These spectra were recorded at a photon energy of 480 eV and a cluster

size of ⟨N⟩=150. Sharp peaks in the red curve stem from ions of single uncondensed atoms in

the jet and from the background that do not have kinetic energy. Signal from cluster ions with

kinetic energy are the broader underlying peaks. When the interaction region is positioned at

the edge of the slit (black line) the atomic signal is nearly absent except for small residues and

the broad cluster signal is almost unchanged. This allows for measuring cluster tof spectra of

unprecedented quality that have only minimal atomic background.
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Figure 6.2: Two cluster tof spectra for the same cluster size ⟨N⟩=150 and a photon energy of 480 eV.

The red curve is recorded with the interaction region at the center of the tof slit aperture and the black

curve at the edge of the tof slit aperture (c.f. Fig. 4.8). In the inset the area inside the dashed rectangle

is magni�ed. In the black curve the atomic background (narrow peaks) is greatly suppressed while the

cluster signal (broader peaks) is almost unchanged.
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6.3 Atomic argon in intense x-ray pulses
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Figure 6.3: Tof spectrum of atomic argon with a pulse energy of 1mJ and a pulse length of 50 fs. The

most prominent peak is Ar11+. The ionization potential of Ar9+ in its ground state is 479 eV while for

Ar10+ it is already 540 eV. That is, the highest charge state that can be reached by ionization of ionic

ground states with 480 eV photons is Ar11+. In this spectrum a signi�cant amount of higher charge states

up to Ar16+ can be observed indicating that ionization via resonant excitation and intermediate excited

states occurs.

Understanding the interaction between intense x-ray pulses and argon atoms is a prerequisite for

the study on clusters. Currently, very few atomic and molecular systems have been investigated

under the in�uence of intense x-ray pulses and there are no published experimental results on

atomic argon or argon clusters. Therefore, as a �rst step, the ionization of atomic argon with

intense x-ray pulses was investigated.

Fig. 2.12 in section 2.4 shows measured absorption cross sections of argon in the soft x-ray regime

and Tab. 2.3 lists calculated di�erential absorption cross sections at 480 eV. The 2p shell exhibits

with 1.05 Mbarn by far the highest absorption cross section, the cross section of the 2s shell

is about a factor �ve lower while the 3s and 3p cross sections are about 20-40 times lower and

therefore negligible for most purposes. Fig. 2.14 shows the probability of the inner-shell decays

for L-shell holes in argon. When a 2p electron is removed from an argon atom the Auger decay

dominates over the �uorescence decay. For a 2s hole a LLM Koster-Kronig decay is most likely

with the result that a valence electron is removed and the atom remains with a 2p hole.

In the following the number of absorbed photons under the experimental conditions in this

experiment is calculated in a crude estimate with the linear absorption cross section of argon

(c.f. Tab. 2.3). The diameter of the x-ray focus was determined to be about 1.6µm fwhm and

the average pulse energy in the full x-ray beam at 480 eV is about 1mJ. The transmission of the

beamline between undulator and experiment is not precisely known but a value between 10% and

50% ist most likely according to earlier results [100, 101]. For this estimate a value of 20% for the
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beamline transmission is assumed. This results in a x-ray �uence in the focus of the experiment

of about 13000 photons/Å2. With the linear photoabsorption cross section of 1.35Mbarn for

argon at this photon energy about 175 photons/atom would be absorbed. Certainly this value is

an overestimate because it assumes a linear cross section for a non-linear absorption process and

on top of this argon just does not have enough electrons to absorb such a high number of x-ray

photons. In reality, the absorption cross section will change with the �rst absorbed photon as

the electronic levels shift and the number of electrons is changed. Also this calculation does not

include the time dependent processes in the atom and temporal structure of the x-ray pulse which

are important for the x-ray induced transparency. In addition the spatial pro�le of the x-ray

focus is not �at so that atoms in di�erent areas of the focus are exposed to di�erent intensities.

But nevertheless the estimated number of, in average, 175 absorbed photons per atom shows

that with the current �uence and power density the absorption process is far beyond the linear

regime and many photons are expected to be absorbed per atom. This argument still holds when

the slotted spoiler is inserted to reduce the pulse length. Then the pulse energy is reduced by a

factor 5-10.
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Figure 6.4: Examples of likely ionization pathways until the valence shell is empty for argon at a photon

energy of 480 eV. Participating processes are Photoionization (P), Auger decay (A) and Koster-Kronig

decay (K). In the upper row four 2p photoionization�Auger decay cycles lead to Ar8+ with an empty

valence shell. In the lower row a 2s-electron is ionized. This leads to a Koster-Kronig decay followed by

an Auger decay. As a result Ar7+ is produced with the absorption of three photons.
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In Fig. 6.3 a measured tof spectrum of atomic argon at a pulse energy of 1mJ and a photon energy

of 480 eV is plotted. Charge states up to Ar16+ can be observed with the maximum intensity at

Ar11+. While Ar1+ is almost absent there is a local maximum at Ar2+ and Ar3+. The 2p and 2s

holes that are mostly created at this photon energy are subsequently re�lled via Auger decay or

Koster-Kronig decay. This results in the creation of about two or three charges per atom even

for the absorption of a single photon. Ar1+ is only produced through valence ionization that is

very unlikely at this photon energy (c.f. Tab. 2.3). Ar2+ and Ar3+ are most likely produced by

absorption of a single photon in the L-shell while Ar4+ and Ar5+ are most likely produced by

absorption of two photons. This indicates that the lowest observed charge states are produced in

the outer parts of the x-ray focus where only one or few photons per atom are absorbed. For the

production of the strongest peak Ar11+, however, at least 6-8 photons have to be absorbed per

atom. Fig. 6.4 shows examples of two likely ionization paths to Ar7+ or Ar8+. In the upper row

of Fig. 6.4 four 2p photoionization�Auger decay cycles lead to Ar8+ with an empty valence shell.

In the lower row a 2s-electron is ionized and a Koster-Kronig decay followed by an Auger decay

leads to the emission of two valence electrons. As a result Ar7+ is produced with the absorption

of only three photons. This shows that after about three to four photoionization�Auger decay

cycles the valence M-shell is empty. Further ionization occurs through photoionization of the L

shell. In these cases seven photons would be needed to produce Ar11+. If double Auger decays

or shake-o� processes less photons will be needed. On the other hand if valence ionization occurs

even more photons are needed for Ar11+. It is noted that in Fig. 6.4 the ionizations processes are

shown in sequences of photoionization and Auger decays. If the x-ray intensity is high enough

there could be two or more photoionizations until an Auger decay happens. This will change the

order of the processes but not their number because every inner-shell hole will most likely Auger

decay if valence levels are still occupied.

In the case of neon (c.f. section 2.6) the maximum observed charge state is the one with the lowest

ground state ionization potential above the photon energy. This is di�erent for the electronically

more complicated systems argon. In Tab. 6.1 the ground state ionization potential of all argon

charge states are listed. The spectrum in Fig. 6.3 shows that in argon charge states beyond

the ground state ionization potential can be produced. Already the ground state ionization

potential of Ar10+ with 539 eV is higher than the photon energy of 480 eV. Therefore, the high

abundance of charge states above Ar10+ and up to Ar16+ is surprising. A simple explanation

would be simultaneous two-photon absorption. However, this is very unlikely at the power

densities currently delivered by LCLS (c.f. section 2.5) and has not been observed experimentally

even at higher intensities and absorption cross sections [18]. The most likely explanation for the

creation of these charge states are resonant excitation and ionization via intermediate excited

states [93]. This will be discussed in more detail in the section 6.10 of this chapter. As these

resonances and excited states are unknown it is impossible to model this charge state distribution

with a simple rate equation model used for neon by Young et al. [7] and in chapter 5 of this

work.
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CS IP [eV] CS IP [eV]

0+ 15.8 9+ 478.7

1+ 27.6 10+ 539.0

2+ 40.7 11+ 618.2

3+ 59.8 12+ 686.1

4+ 75.0 13+ 755.7

5+ 91.0 14+ 851.3

6+ 124.3 15+ 919.3

7+ 143.5 16+ 4121

8+ 422.4 17+ 4426

Table 6.1: Ground state ionization potential (IP) for the di�erent charge states (CS) of atomic argon.

6.4 Pulse length dependent ionization of argon atoms

Prior to investigating clusters, the ionization dynamics of atomic argon has to be understood.

For that purpose, atomic argon spectra are recorded as a function of the x-ray pulse length. The

tof spectra of argon atoms for pulse lengths between 30 fs and 85 fs and the same pulse energy

of 0.2mJ are shown in Fig. 6.5. The x-ray pulse length was tuned with the slotted spoiler foil.

Therefore, the total x-ray pulse energy is lower compared to the spectrum in Fig. 6.3 because

the spoiled part of the electron beam does not emit coherent radiation anymore. As a result of

the lower �uence, the relative abundance of the highest charge states is lower and the maximum

observed charge state is Ar14+ with Ar11+ still being the most prominent peak amongst the

higher charge states.

For better visibility the abundance of the single charge states of argon for x-ray pulse lengths of

49 fs, 67 fs and 85 fs relative to the measurement at 30 fs is displayed in Fig. 6.6. For longer pulses

the high charge states above Ar9+ increase compared to shorter pulses, while the lower charge

states are almost unchanged. This behavior is similar to the pulse length dependent ionization in

neon observed by Young et al. [7] and as well described in section 2.7. When L-shell electrons are

removed by the leading edge of the x-ray pulse the atoms are more transparent to the pulse until

an Auger decay happens and the vacancies are re�lled. In a longer pulse it is more likely that

Auger decays happen during the pulse and the average photoabsorption cross section is higher,

leading to more absorbed photons and an increased yield of high charge state. In other words,

argon atoms are more transparent to shorter x-ray pulses compared to longer ones with the same

number of photons. However, this e�ect can only be observed if a su�cient number of photons

per atom are absorbed within a time on the order of the Auger lifetimes, i.e., in the central part

of the focus. All charge states that are dominantly produced in outer parts of the focus where

the intensity is lower do not show a pulse length dependence. For the current experimental
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Figure 6.5: Tof spectra of atomic argon for di�erent x-ray pulse length from 30 fs to 85 fs and the same

x-ray pulse energy of 0.2mJ. For longer pulses the higher charge states (>9+) increase. The inset shows

a more detailed view of these charge states. The relatively small overall change with pulse length can be

explained with the focal intensity distribution. The lower charge states stem from regions where only few

photons per atom are absorbed and therefor the ionization process is not as sensitive to the pulse length.

conditions these are all charge states below Ar9+. Even though about 4-5 photons are needed to

produce Ar9+ the pulses are not short enough yet to induce signi�cant transparency.

As a measure for the relative absorption the average charge state q̄ of the argon atoms is calculated

from the yield of the single charge state peaks Iq and their charge q as:

q̄ =

14∑
q=1

Iq · q

14∑
q=1

Iq

(6.1)

In Fig. 6.7 the average charge state of argon atoms as a function of the pulse energy is shown.

It increases with increasing pulse length. This can be directly attributed to an increase in

absorption for longer pulses. Vice versa, the transparency induced by the x-rays increases with

decreasing pulse length.
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6.5 Argon clusters in intense x-ray pulses
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Figure 6.8: Ion tof spectra for di�erent clusters with a size of ⟨N⟩=150, ⟨N⟩=650, and ⟨N⟩=1600

atoms. For better visibility the part of the spectrum to the left of the dashed line is multiplied with a

factor seven. The peaks of the di�erent argon charge states are broadened and shifted compared to the

atomic spectra in Fig. 6.3 due to kinetic energy of the cluster fragments. There are less high and more

low charge states and a prominent Ar1+ peak. This is due to recombination and charge transfer processes

in the cluster nanoplasma after the x-ray pulse is over.

In the following section the results of measurements of the ionization of argon clusters in intense

x-ray pulses are presented. Cluster spectra for di�erent sizes are compared and the di�erences to

an atomic spectrum is explained. For all cluster measurements, the HFP chamber was positioned

in a way that the interaction region is above the edge of the tof slit aperture (c.f. Fig. 4.8) and

the atomic background is mostly suppressed.

In Fig. 6.8 tof spectra of clusters with di�erent sizes at a photon energy of 480 eV and a pulse

energy of 0.2mJ are shown. Compared to the atomic argon spectrum in Fig. 6.3 the peaks rep-

resenting the di�erent charge states are shifted an broadened in the cluster spectra. The higher

charge states are even overlapping each other. Further, the charge state distribution in the clus-

ter spectra is di�erent from the atomic case. The Ar1+ peak is highest and the intensity of the

peaks decreases with increasing charge state in contrast to the atomic spectrum in Fig. 6.5 with

a local maximum at Ar11+. Theses di�erences in the cluster spectra compared to the atomic

spectra are due to processes happening in the cluster after the light is absorbed (c.f. chapter 3).

They are explained and assigned in the following.

In the nanoplasma that is formed during the ionization, charge can be very easily distributed

even if the atoms in the cluster are initially ionized inhomogeneously. This leads to a more con-
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tinuous charge state distribution compared to the atomic case. After the ionization the cluster

expands and recombination in the cooling nanoplasma is possible. The recombination leads to

lower observed charge states than for atoms. Another process leading to lower charge states

compared to the atom, especially the large Ar1+ peak, is due to the focal pro�le of the x-rays.

In atoms, two or more charges are created most of the times even if only a single photon is

absorbed. For the atoms in the cluster, this is also true but the charge can be distributed to

neighboring neutral atoms resulting in mainly singly charged fragments [65].

The broadening and shifting of the peaks for the charge states can be explained with kinetic

energy release of the ionic cluster fragments after the expansion or explosion of the cluster. The

slit aperture of the tof spectrometer limits the transmission to ions �ying in a small angle com-

pared to the spectrometer axis either towards or away from the detector and suppresses most of

the atomic background (c.f. Fig. 4.8). Ions with a velocity component towards the detector will

hit it earlier and ions with a velocity component away from the detector will hit it later than

ions with the same charge and no kinetic energy. In general this leads to three peaks for every

charge state. A small central sharp peak, that is still visible, from atoms in the residual gas

without kinetic energy. A broad peak at earlier tof from ions �ying towards the detector and a

broad peak at later tof from ions �ying away from the detector. The amount and distribution

of kinetic energy of the ions determine the shape and separation of the forward and backward

peaks. All three peaks can be seen for the Ar2+ charge state in Fig. 6.8 which also compares to

the part of the tof spectrum shown in Fig. 4.8.

Because the atomic background is mostly suppressed by the slit aperture the signal from residual

atomic argon is very weak. The backward peak is much weaker than the forward peak because of

the smaller e�ective solid angle for the backwards �ying ions and the spectrometer transmission.

For higher charge states the backward peak starts overlapping with the forward peak of the

preceding charge state. In the case of the Ar1+ the small kinetic energy of the fragments and a

continuous kinetic energy distribution results in a complete overlap of the forward and backward

peak.

6.6 Pulse length dependent ionization of argon clusters

The central results for the investigation of the ionization dynamics of clusters is the pulse length

dependent data that will pe presented in the following section. By tuning the x-ray pulse length

the dynamics of the ionization process in the cluster can be studied. In Fig. 6.9 two cluster

spectra for a pulse length of 30 fs and 85 fs and a pulse energy of 0.15mJ are shown. The inset

in Fig. 6.9 represents a tof spectrum of atomic argon at a pulse energy of 0.15mJ and a pulse

length of 50 fs for comparison. In the cluster spectrum for the 30 fs pulse the yield of low charge

states is higher and the yield of high charge states is lower compared to the 85 fs pulse. In
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Figure 6.9: Time-of-�ight spectra from argon clusters with a size of ⟨N⟩=1600 atoms for 30 fs and 85 fs

x-ray pulse length and 0.15mJ pulse energy. The di�erence between long and short pulses is indicated

in orange (higher intensity for long pulses) and blue (higher intensity for short pulses). The dashed

lines indicate the �tted charge states when they are not clearly separated anymore. Inset: Atomic argon

time-of-�ight spectrum for the same pulse energy and 50 fs pulse length.

more detail, for the shorter pulse the Ar1+ and Ar2+ peaks are increased by the blue shaded

area and the charges states of Ar6+ and above are decreased as indicated by the yellow shaded

area. Ar3+ to Ar5+ exhibits similar intensities. Generally speaking, these di�erences lead to a

decreased average charge state for the short pulse spectrum. Qualitatively the observed behav-

ior is similar to the x-ray pulse length dependencies observed in atomic argon. However it is

interesting to note that compared to the atomic spectra, in clusters the low charge states also

exhibit a pulse length dependance. The yield of Ar1+ and Ar2+ decreases with increasing pulse

length. This pulse length dependence indicates that some of these low charge states in clusters,

unlike in atoms, are produced in the central part of the focus where the x-ray intensity is high.

As all atoms in the cluster in this part of the focus are initially highly ionized, these Ar1+ and

Ar2+ ions must be produced through electron-ion recombination processes of higher charged ions.

Discussing the absorption dynamics of clusters in intense laser pulses poses the di�culty that the

spectra from di�erent cluster sizes are not directly comparable to each other due to secondary

processes a�ecting the tof spectra. These processes include recombination and thermally driven

expansion and Coulomb explosion of the nanoplasma which are explained earlier in this section

and in chapter 3. While the primary absorption process does not depend on the cluster size

except for the time-dependent e�ects discussed in this work, these secondary processes strongly

depend on the size of the cluster. When spectra for di�erent cluster sizes and pulse length
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are compared it is not clear what changes are attributed to the ionization dynamics and what

changes to size-dependent secondary e�ects, e.g. expansion or recombination. To overcome this

hurdle it was taken advantage of the fact that the secondary processes are slow compared to the

femtosecond x-ray pulse [70]. Therefore the same number of absorbed photons will lead to the

same �nal ion yield spectrum and thus, average charge state. By this means a measure for the

time-dependent component of the absorption can be found for every cluster size. The �rst step

in this method, that has to be taken before the data is analyzed in more detail, is to calculate

the average charge state as a measure for the absorption. In the following section it is explained

how the average charge stat is determined from the cluster tof data.

6.7 Average charge state for cluster spectra
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Figure 6.10: Fitting of the charge states in the argon cluster spectrum using SIMION. Left: Centroid of

the kinetic energy distributions as a function of charge state. Right: Simulated ion distributions for the

single charge states (red) and resulting summed spectrum (black) compared to the measured spectrum

(blue).

For the analysis of the cluster absorption as function of the x-ray pulse length the average charge

states of clusters are determined from the ion yield spectra displayed in Fig. 6.9. Due to their

kinetic energy, the cluster fragments with charges higher than 4+ can hardly be separated. To

compute the average charge state from the tof spectra the SIMION simulation shown in section

4.7 is used to �t higher charge states under the assumption of a quadratic increase in kinetic

energy with ion charge state in good agreement with the data and earlier results [81]. Fig. 6.10

shows the simulated average kinetic energies of the argon ions with a charge higher than 4+.

The simulated ion peaks of the charge states Ar4+ and above are depicted as black dashed lines

in Fig. 6.9. For the calculation of the average charge state the transmission of the single charge

states were normalized according to their simulated kinetic energy kinetic. It is important to

note that the main purpose of this routine is to assign a charge to every part of the spectrum
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and to identify spectra with similar charge state distributions for the same cluster size. Therefor

possible inaccuracies in the assumptions for the charge state assignment are irrelevant as long as

the same assignment is used for all spectra of the same cluster size.
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6.8 X-ray induced transparency increase (XITI)

2.8

2.6

2.4

2.2

2.0

1.8

A
ve

ra
ge

 c
ha

rg
e 

st
at

e 
[q

]

0.300.250.200.150.100.05

Pulse energy [mJ]

2.0

1.6

1.2

0.8

R
el

at
iv

e 
ab

un
da

nc
e

1 2 3 4 5 6 7 8 9 10
Charge State [q]

 A
 B
 C

  85 fs
  67 fs
  60 fs
  49 fs
  37 fs
  30 fs

A

B

C

Figure 6.11: Average charge state of the detected ionic cluster fragments vs. x-ray pulse energy for

clusters with an average size of ⟨N⟩=1600 atoms. The di�erent colors indicate di�erent pulse length.

The diamond shaped markers are binned data points and the dashed lines interpolated curves. The black

horizontal arrow marks the XITI from a 30 fs to a 85 fs pulse. Inset: Abundances of charge states at

point A, B and C. For better visibility the single charge states are normalized to the value of point C.

As explained earlier (c.f. section 6.6) tof spectra for di�erent cluster sizes are not directly

comparable. Therefore, an independent measure for the time-dependent e�ects in the absorption,

i.e., the Auger lifetimes of the sample, for every cluster size is needed. This measure is called x-

ray induced transparency increase (XITI). In the following it is shown how the XITI is extracted

from the data sets for atomic argon and four argon cluster sizes and how it is related to time-

dependent e�ect during the ionization.

In the experiment tof spectra for di�erent pulse lengths (30 fs - 85 fs) and pulse energies were

recorded for atoms and four cluster sizes. The principle of extracting the XITI from the data

is explained as an example for clusters with a size of ⟨N⟩=1600. In Fig. 6.11 the measured

average charge state as a function of the pulse energy of a ⟨N⟩=1600 cluster for six di�erent

x-ray pulse lengths is plotted. Every data point is computed from an averaged tof spectrum

containing a few thousand laser shots within a pulse energy bin of δE = 0.02mJ. The dotted

lines are interpolations of the data bins. In the data two trends are apparent: First, for constant

pulse length the average charge state increases with increasing pulse energies (along each curve

in Fig. 6.11). Second, for constant pulse energies the average charge state increases with longer
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pulses (going vertically up in the set of curves in Fig. 6.11). In the inset of Fig. 6.11 the ion

yield distributions (i.e. spectra) for the three distinct points A, B, and C are compared. For

better visibility the single charge states are normalized to the value of point C. It shows that

fundamentally the same average charge state for the example points A and B are generated by

the same charge state distribution.
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Figure 6.12: XITI from 85 fs to 30 fs x-ray pulse length for atoms and di�erent cluster sizes ranging

from ⟨N⟩=55 atoms (2 geometric shells) to ⟨N⟩=1600 (7 geometric shells). The dashed line is a guide

to the eye.

To measure the same average charge state for a long (e.g. 85 fs, point A) and a short (e.g.

30 fs, point B) pulse, a higher pulse energy is needed for the short pulse. The horizontal arrow

in Fig. 6.11 illustrates this di�erence in pulse energy. Speci�cally, for the ⟨N⟩=1600 cluster in

Fig. 6.11, 60% more pulse energy, i.e., photons are needed to produce the same average charge

state with a 30 fs pulse compared to a 85 fs pulse. In other words, an argon cluster of ⟨N⟩=1600

atoms is 60% more transparent for an intense 30 fs x-ray pulse compared to an 85 fs one. We

de�ne this as x-ray induced transparency increase (XITI) of 60% in a 30 fs pulse compared to

a 85 fs pulse for a �xed initial pulse energy. It is pointed out that XITI is purely a measure for

the time-dependent components in the absorption, i.e., the lifetime of the inner-shell vacancies.

All processes that in�uence the absorption and that are not time-dependent do not have an

impact on the XITI. This is because for both point A and B in Fig. 6.11 the same number of

photons are absorbed by the sample. For a better understanding one could imagine a situation

where purely valence ionization occurs and no time-dependent e�ects such as inner-shell vacancy

decays can possibly happen. In this case a pulse with the same number of photons would always

lead to the same number of absorbed photons regardless of the pulse length, given non-sequential

multi-photon absorption does not occur. For argon excited with intense 480 eV x-ray pulses the
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inner-shell vacancy lifetime and thus the XITI, is dominantly determined by the Auger rates as

�uorescence decay does not play a role for the XITI of argon at 480 eV (c.f. section 2.4).

The next step is to investigate the size-dependence of the ultrafast x-ray absorption. Therefore

similar data sets to the one exempli�ed in Fig. 6.11 have been acquired for an atomic target and

four cluster sizes ranging from ⟨N⟩=55 to ⟨N⟩=1600. The XITI for the atom as well as for the

clusters for the same pulse length combination of 85 fs and 30 fs has been determined as explained

above. The result is summarized in Fig. 6.12. First and foremost, the XITI in Fig. 6.12 is much

higher for all cluster sizes compared to the atom reference which can be directly attributed to

changing Auger lifetimes in the clusters. Further, the XITI varies systematically within the

di�erent samples indicating a dependence of the Auger rates on the cluster size. It increases

from atoms to small clusters and decreases for larger clusters again. The relative change of the

Auger lifetime with the cluster sizes is encoded in the shape of the curve in Fig. 6.12 which can

be explained as follows.

Fig. 6.13 shows an illustration of the general dependance of the XITI on the Auger lifetime in an

atomic system for ionization with x-ray pulses of two �xed length. For simplicity an atom with

only one inner-shell electron and eight valence electrons is assumed as shown in the upper left

in Fig. 6.13. When the inner-shell electron is removed this system is quasi transparent until the

hole is re�lled via Auger decay. This atomic system is ionized by x-ray pulses with a rectangular

temporal pro�le of two di�erent length and the same number of photons, that are represented

by green lines. The long pulse has the length τ1 and a short pulse the length τ2. X-ray pulse

energy, i.e. number of photons, is chosen such that, assuming the inner shell was immediately

re�lled after ionization, four photons would be absorbed in both cases. Accordingly, the potential

ionization events, i.e. the ionization rate, are indicated with vertical orange dotted lines. Below

the x-ray pulses an inner-shell photoionization is marked as a light blue arrow and the Auger

decay as red arrow. The horizontal extension of the red arrow represents the Auger lifetime. In

Fig. 6.13 three distinct possibilities for the Auger lifetime of this system are shown. In case (a)

the Auger lifetime T is much shorter than the two pulse length τ1 and τ2, in case (b) T is on the

order of τ1 and τ2, and in case (c) T is much longer than τ1 and τ2. The number of absorbed

photons for every case is indicated inside the blue circles.

For a very short Auger lifetime T in case (a) the inner-shell hole is always re�lled between two

possible ionization events (orange dotted lines). Therefore, the number of absorbed photons for

both pulse lengths is similar (four) and eight electrons are removed from the atom in total. That

is, the sample exhibits the same absorption for both pulse length which results in a XITI of 0.

If the Auger lifetimes are such that they are close to the used pulse lengths, they play a role in

the sequential absorption processes. This is shown in case (b). In the long pulse the potential

ionization events are still spread enough in time to allow for an Auger decay resulting in four

absorbed photons. For the short pulse, however, the potential ionization events are temporally

closer resulting in only two absorbed photons resulting in a XITI from the long to the short

pulse that is greater than 0. In other words, a shorter pulse will see a more transparent sample
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because on average the probability that the vacancies are �lled is lower compared to a longer

pulse. Therefore, the XITI will be greater than 0 and it will depend sensitively on the Auger

lifetimes. For a very long Auger lifetime in case (c) the absorption for both pulses is similar

again. The Auger decay does not happen between two potential ionization events and for both

pulse lengths only one photon is absorbed. Thus, the XITI is 0.

The general behavior of the XITI as a function of the Auger lifetime is summarized in the upper

right of Fig. 6.13. For Auger lifetimes much shorter (a) and much longer (b) than the x-ray pulse

length the XITI is close to 0. In between, for Auger lifetimes close to the x-ray pulse length,

there is a maximum where the XITI is greater than 0. This maximum compares to the maximum

of the measured XITI for argon clusters in Fig. 6.12 indicating an increase of the Auger lifetime

from argon atoms to clusters and with the cluster size. To support this arguments and to further

investigate the impact on Auger lifetimes on the curve shape, the XITI of a simpli�ed and well

understood system as a function of inner-vacancy lifetimes is simulated with a rate equation

model. The result of the simulations is presented in the following section.
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Figure 6.13: Illustration of the dependance of the XITI on the Auger lifetime for two �xed x-ray pulse

length (for more detailed explanation see text). A simpli�ed atomic system with one inner shell electron

and eight valence electrons is assumed (c.f. upper left). It is transparent after a photoionization event

(blue arrow) until the Auger decay happens (red arrow). In the lower part the three distinct cases for

the Auger lifetime are explained. X-ray pulse pro�les are indicated with green lines and the ionization

rate is marked as orange dotted lines. The number of absorbed photons for every combination of pulse

length and Auger lifetime is written in a blue circle.

(a) The Auger lifetime T is much shorter than the pulse lengths τ1,τ2. For both pulses the Auger decay

happens on a time scale shorter than the temporal spacing between two potential ionization events,

leading to similar absorption of four photons (XITI=0).

(b) The Auger lifetime is on the order of the pulse lengths. For the shorter pulse less photons get

absorbed because the Auger happens on a longer time scale compared to the temporal spacing between

two ionization events (XITI > 0).

(c) The Auger lifetime is much longer than the pulse lengths. The absorption is similar for both pulse

lengths because the Auger lifetime is much longer than the temporal spacing between two potential

ionization events.
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6.9 Simulation of the XITI
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Figure 6.14: Simulated average charge states for neon atoms in a 5 fs and 75 fs. The inner-shell vacancy

lifetime has been arti�cially modi�ed as indicated in the graph. These curves are used to determine the

XITI in the same way as in Fig. 6.11 for the argon clusters.

Rate equation models similar to the one described in chapter 5 have been used to describe the

absorption of neon atoms in intense x-ray pulses [7]. For argon, however, multiple ionization

via unknown intermediate excited states becomes important as explained in section 6.3. These

unknown processes add uncertainty to the simulations. Speci�cally, the unexpected high charge

states above Ar10+ observed in the atomic spectra shown in Fig. 6.9 indicate that these processes

play an important role under the current experimental conditions. Therefore neon is chosen

for this proof-of-principle simulation because all relevant rates and states are known. Details

about the rate equation model that was developed for this work are explained in chapter 5. The

results of the simulations agree well with experimental neon ion spectra at di�erent pulse lengths.

Also earlier work performed by Young et al. found good agreement between an ionization rate

equation model for neon and experimental data [7]. To simulate the XITI the average charge

states from ion yields for di�erent pulse lengths and pulse energies were calculated. To investigate

the impact of the inner-shell vacancy lifetimes they are arti�cially varied in the calculations. The

resulting average charge states as a function of pulse energy is plotted for pulse lengths of 5 fs

(dotted lines) and 75 fs (dashed lines) in Fig. 6.14. The green lines show the neon-like system

with the natural lifetimes, for the blue line all lifetimes have been multiplied by 5 and for the

red line all lifetimes have been multiplied by 0.5. From the results the XITI is determined as

described above for the experimental data (c.f. Fig 6.11). It is also noted that the pulse length

are chosen to be slightly shorter than in the experiment to make up for the shorter lifetimes in
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the modeled neon-like system compared to argon. The horizontal lines in Fig. 6.14 indicate two

points with the same average charge state. Their length shows the XITI for the respective set

of lifetimes with respect to a 5 fs and 75 fs x-ray pulse. It can be seen that the XITI is lowest if

the inner-shell vacancy lifetimes are multiplied with a factor 0.5, it increases when multiplying

the lifetimes with a factor 1 and decreases again when multiplying the lifetimes with a factor 5.

In Fig. 6.15 the simulated XITI is plotted as a function of di�erent multipliers of the lifetimes.

The three cases shown in Fig. 6.14 are indicated with colored arrows. Overall, the shape of

the simulated curve is very similar to the one deduced from the experimental data displayed in

Fig. 6.12. The XITI goes through a maximum for intermediate lifetimes and decreases for shorter

as well as for longer lifetimes.

70

65

60

S
im

ul
at

ed
 X

IT
I [

%
]

6543210

Relative inner-shell vacency lifetime

 Neon-like atom

Figure 6.15: Simulated XITI of an atomic Ne-like system extracted from the data shown in Fig. 6.14.

The colored arrows refer to the respective plots in Fig. 6.14. All lifetimes of the inner-shell vacancies are

arti�cially multiplied by the linear factors shown on the x-axis. The dashed line is a guide to the eye. The

simulated XITI exhibits qualitatively the same shape as the cluster-size dependent XITI (c.f. Fig. 6.12)

and goes through a maximum for intermediate lifetimes, indicating that di�erent cluster sizes result in

di�erent inner vacancy lifetimes.



82 Chapter 6. Experimental results and Discussion

6.10 Discussion

The measured XITI for argon clusters shown in Fig. 6.12 shows an increase of the XITI for argon

atoms to argon clusters. Further, the XITI goes through a maximum for small clusters and

decreases for larger clusters. The variation in the XITI can clearly be associated to a change in

Auger lifetimes as the Auger decay is the only signi�cant time-dependent process that in�uences

the absorption of the argon L-shell. The simple model discussed in Fig. 6.13 indicates that the

maximum of the XITI can be associated to an increase in Auger lifetime for increasing cluster

size. Concurrent with this model, simulations using a rate equation model of a neon-like atomic

system show a similar behavior of the XITI for increasing inner-shell vacancy lifetime. The ex-

perimental data in combination with the simulation show that in intense x-ray laser pulses the

Auger lifetimes of nanoscale samples increase with size.

The Auger lifetimes have been theoretically predicted by Saalmann et al. to change for clusters

in intense x-ray pulses compared to atomic samples [19]. Fig. 6.16 gives an illustration of the

processes in the cluster ionization leading to reduced Auger lifetimes in the nanoplasma. As

explained in chapter 3 the atoms in a cluster are ionized by the x-ray pulse through inner-shell

photoionization and Auger decay (a). With every ionization event the positive cluster Coulomb

potential increases (b). At some point the photo- and Auger electrons cannot leave the cluster

any more (c). This massive creation of charges leads to suppression of the Coulomb barrier

between the atoms in the cluster [78]. At least the high laying valence electrons are then turned

into quasi-free electrons and they are e�ectively delocalized (d). Consequently, the overlap be-

tween these electrons and the localized inner-shell vacancies decreases and therefore the Auger

rates are reduced [19]. As outlined in section 2.7, longer Auger lifetimes result in a decreased

absorption. This is because inner-shell holes are re�lled slower and the sample remains with a

transiently increased transparency for a longer time. Therefore, the increase in Auger lifetime

for argon clusters results in decreased absorption with increasing cluster size.

Fig. 6.17 shows a calculation of the absorbed energy per atom for atomic argon and di�erent

argon cluster sizes as a function of the �eld strength, i.e, intensity of the x-ray pulse [19]. The

data has been calculated for a photon energy of 350 eV. For low intensities the absorbed energy

is similar for atoms and both cluster sizes. This compares to a region of the x-ray focus where

the intensity is low and the induced transparency e�ects are minor. For higher intensities the

absorption is di�erent for and atoms and clusters. The clusters absorb fewer photons than the

atom and the larger cluster absorbs less than the smaller cluster. It is noted that in these cal-

culations two e�ects account for the reduced absorption of clusters. First, the decrease in Auger

lifetime, that is subject of the present study. Second, a shift in the binding energy of the valence

electrons compared to a cluster without interionic barrier suppression. As the second e�ect is

not time-dependent it is not observed in the present study.

While a quantitative statement about the increase of Auger lifetimes in the Ar clusters is di�cult

without detailed calculations, a crude estimate can be given. If the XITI is assumed to be linear
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(a) (b) (d)(c)

Figure 6.16: Scheme of the potential barriers in a highly excited cluster in an intense x-ray pulse for

di�erent times during the pulse. In the beginning of the pulse (a) photoelectrons and Auger electrons

can still escape the cluster. When the cluster charge increases (b) the electrons cannot leave the cluster

anymore (c). Due to the charges of the trapped electrons the barriers between the single atoms are

lowered. This leads to delocalization of the valence electrons an subsequently smaller overlap between

inner-shell holes and the valence electrons (d).

between a lifetime of zero and the maximum, the measured increase by a factor two from the

atom to ⟨N⟩=155 in Fig. 6.12 can be translated to a factor two increase in average lifetimes as

a lower limit. This is in good agreement with the factor �ve predicted by the calculations of

Saalmann et al. for slightly di�erent pulse conditions [19].

Another outcome of this study contributes to the ongoing discussion whether electron-ion re-

combination occurs in expanding hot nanoplasmas produced by the intense x-ray pulses. For

large xenon clusters it has been shown that in the most intense part of the focus the electron

temperature is high enough so that electron-ion recombination is nearly impossible resulting

in exclusively highly charged fragments detected from a single cluster [10]. According to these

results lower charge states are purely a result of clusters that are illuminated in the much less

intense part of the focus. In a di�erent publication lower charge states and the kinetic energy

distribution of the fragments are explained with electron-ion recombination in the expanding hot

nanoplasma [44]. In the present study indications for recombination in the intense part of the

focus were observed. The di�erence in the ion tof spectra of atoms and clusters for di�erent pulse

lengths can clearly be assigned to the most intense part of the focus (c.f. section 2.7). For atoms

and molecules the result is an increase of high charge states that are produced in this part of

the focus for longer pulses (c.f. Fig. 2.18, Fig. 5.3, Fig. 6.5, and Ref. [7, 8]). In the cluster spectra

in Fig. 6.9 however, in addition to an increase of high charge states for longer pulses a decrease
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Figure 6.17: Simulation of the absorbed energy per atom for an atom and clusters of di�erent sizes in

intense x-ray pulses by Saalmann et al. [19]. Due to the reduced Auger rates and the lowered binding

energy of the valence electrons clusters absorb less energy than atoms and larger cluster less than smaller

clusters.

of low charge states (Ar1+ and Ar2+) is observed. This indicates that these charge states are

produced through electron-ion recombination in the most intense part of the focus where initially

all atoms are highly ionized. It should be noted that the studies mentioned above [10, 44] where

performed at a photon energy of 800 eV and 850 eV while the current study was performed at a

photon energy of 480 eV. The photon energy is an important parameter because the probability

for electron-ion recombination in a plasma is proportional to 1/T 4 with T being the temperature

of the plasma.

In addition to the results in free clusters, this study also yields insight into a hitherto uninves-

tigated regime of the ionization of argon atoms. At the highest x-ray intensities argon ions with

a charge of up to Ar16+ with a maximum intensity at Ar11+ were observed at a photon energy

Charge state 2s 2p 3s 3p IP(2s) IP(2p) IP(3s) IP(3p)

4+ 0 4 2 6 - 428 114 92

5+ 0 3 2 6 - 485 139 117

6+ 0 2 2 6 - 553 165 144

4+ 2 2 2 6 493 445 115 93

5+ 2 1 2 6 540 503 141 117

6+ 1 1 2 6 595 554 166 144

7+ 0 1 2 6 - 607 194 173

Table 6.2: Di�erential ionization potentials of selected hollow states of argon Los Alamos Atomic Physics

Code [59].
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of 480 eV (c.f. Fig. 6.3). In other words all electrons except for the 1s core electrons could be

removed from the argon. This is surprising because the ground state ionization potential (IP)

of Ar10+ is with 539 eV already higher than the photon energy and the IP of Ar15+ is 918 eV.

The most likely pathway to these high charge states is ionization via intermediate states that

can be resonantly exited. These can either be empty valence states or Rydberg states that shift

down in energy an get within reach from the inner-shell levels. Other pathways that lead to such

high charge states can be excluded. Simultaneous multi-photon absorption is very unlikely (c.f.

section 2.5) and has not been observed at the LCLS even in more favorable conditions [18]. In

principle also the production of extreme hollow atoms that are subsequently valence ionized or

Auger decay could explain these high charge states. Tab. 6.2 shows di�erential IPs for a selection

of extreme hollow atoms of di�erent charge states. Already the IPs of the 2p shell in hollow

Ar5+ are slightly above the photon energy of 480 eV and in Ar6+ they are clearly above. Even

if all eight valence electrons of Ar6+ would be removed via direct ionization only Ar14+ could

be reached. However, the Auger lifetimes in such extreme hollow atoms are very short because

of the strong population inversion. Therefore, it is unlikely that these hollow ions are even pro-

duced through removal of �ve or six L-shell electrons are before a single Auger decay happens.

In addition to that, even if such hollow atoms were produced, the valence ionization rate in these

ions would be much lower than the Auger rates. This means inner-shell holes would be re�lled

via Auger decay before many valence electrons are removed. In other words, extreme hollow ions

would relax to a ground-state-like con�guration very quickly before enough electrons from the

valence shell could be removed to produce charge states on the order of Ar12+ to Ar14+.

Therefore the ionization via intermediate excited sates is the most likely explanation for the

production of higher charge states. While in lighter atoms this e�ect clearly do not play a major

role [7], indications for similar e�ects have been observed in much heavier atoms [93]. There, the

ionization via resonant excitation has been identi�ed as a likely ionization pathway in electroni-

cally complicated systems. However, all results so far achieved are of qualitative character. The

detailed electronic structure of these highly excited atoms and the dynamics of the ionization

process has not yet been understood. Argon plays a key role in the investigation of ionization

via intermediate resonant states because it is one of the lightest, i.e., simplest systems where it

has been demonstrated so far.
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Chapter 7

Summary and Outlook

7.1 Summary

In the present work the ultrafast ionization dynamics of nanoscale systems in intense x-ray pulses

was investigated. The experiments were conducted in the high-�eld physics (HFP) system at the

endstation for atomic, molecular and optical (AMO) sciences of the linac coherent light source

(LCLS) free-electron laser in Stanford. As a sample system argon atoms and clusters with sizes

between ⟨N⟩=55 and ⟨N⟩=1600 were studied. The clusters were irradiated with intense 480 eV

x-ray pulses with power densities of a few 1017W/cm2. Ionic fragments of the atoms and clusters

were recorded with an ion time-of-�ight spectrometer. To investigate time-dependent e�ects, the

x-ray pulse length was tuned between 30 fs and 85 fs using the novel LCLS slotted spoiler tech-

nique.

Argon atoms and clusters show a clear pulse length dependence in the ionization. Longer x-ray

pulses are absorbed more e�ciently than shorter x-ray pulses with the same number of photons.

Because of secondary processes in the cluster nanoplasma, including recombination and explo-

sion, it is virtually impossible to directly compare spectra from di�erent sizes. To overcome this

limitation from previous experiments, a novel analysis approach is introduced, taking advantage

of the fact that the same number of absorbed photons leads to the same ion spectrum for every

cluster size. The x-ray induced transparency increase (XITI) describes the di�erence in x-ray

pulse energy, i.e., number of photons, to induce the same absorption in a sample with a long and

compared to a short pulse. In a short pulse more photons are needed to achieve a fundamentally

similar cluster ionization compared to a long pulse. As a result, the XITI is a measure for the

time-dependent e�ects in the absorption process. It was determined for every cluster size from

the acquired data set including measurements for di�erent pulse lengths and pulse energies. The

XITI shows a clear size dependance, it increases from atoms to small clusters and decreases for

larger clusters again. With a simple model this can be interpreted as an increase of the Auger

87
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lifetime with size of the highly ionized clusters. To support the interpretation of the experimen-

tal data, a rate equation model for the pulse length dependent ionization was developed. The

experimental data together with the simulations show that the Auger lifetime increases from an

atom to a cluster and with increasing cluster size. This increase in Auger lifetime can be ex-

plained with delocalization of the valence electrons in the massively ionized cluster that has been

theoretically predicted [19]. When the valence electrons are delocalized they have a lower overlap

with inner-shell holes which results in decreased Auger lifetimes. Due to core-level bleaching, the

increase in Auger lifetime leads to a lower absorption of intense x-ray pulses for larger cluster

compared to smaller ones.

The size-dependence of the Auger rates is of importance for a wide range of experiments at

free-electron laser sources making use of the high power densities. These range from single-shot

imaging, where advanced damage models could be developed to the investigation of hot dense

plasmas.

7.2 Outlook

In the following section the impact of the present results for ultrafast x-ray science is explained

in more detail and an outlook on future experiments investigating the ionization dynamics in

intense x-ray pulses is given.

Single-shot imaging of nanometer sized non-periodic objects and nanocrystals is one the most

important applications for intense x-ray pulses. In those imaging techniques the photo absorp-

tion damage limits the usable photon �uence. Very high �uences can still be used to record

meaningful scattering images, if the pulse length is short compared to the Auger lifetimes of the

sample [16]. Through the increased Auger lifetimes in nanometer-sized samples the radiation

damage may be lower than predicted by current damage models.

Double core-hole spectroscopy has been proposed to greatly increase the sensitivity in chemical

analysis [102, 103]. The lifetimes of the inner-shell holes are the decisive parameters for these

investigations as they determine the core hole abundance for a certain pulse intensity. For larger

systems the in�uence of the environment and the additional changes in the valence electrons

through ionization will have to be taken into account.

In dense x-ray excited plasmas inner-shell ionization and subsequent Auger decays play an im-

portant role [11, 104]. The Auger rates of the sample system are an important part of theoretical

models that are used to simulate an interpret experimental data. Understanding the environ-

mental in�uence on the ionization dynamics, i.e., Auger rates, could help to develop more so-

phisticated models for such matter in extreme conditions.

In a further step, the method of measuring the x-ray induced transparency increase (XITI) can

be extended to more complicated systems such as heterogenous clusters or large molecules. It
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will yield information about the ionization dynamics in di�erent sample systems. Once a larger

set of experimental data for the ionization with intense x-ray pulses becomes available, more

sophisticated theoretical models for the ionization dynamics could be developed. Together with

those models the XITI can give a precise quantitative feedback on the time-dependent e�ects in

the samples.

To improve the time resolution of the measurements and extract a direct gauge for time-

dependent e�ects in the ionization, x-ray pump � x-ray probe experiments could be performed.

With the �rst pulse, a certain ionization state of the sample could be prepared and its develop-

ment over time could be probed with a second x-ray pulse. Populations and binding energies of

electronic states in the nanoplasma could be measured as a function of time and give insight on

inner-shell vacancy lifetimes. Through ion spectroscopy the total absorption and the fragments

of the exploding nanoplasma can be measured. Photoelectron and Auger-electron spectroscopy,

as well as scattered photons and �uorescence photons can give a snapshot of electronic states in

the nanoplasma during the ionization process. All these experimental techniques are available

and have been used in experiments at x-ray free-electron lasers. Also, double x-ray pulses with a

femtosecond delay have recently become available at the LCLS. Both pulses are produced with

the same electron bunch, of which two slices are cut out using a spoiler foil with a double slot

(c.f. Fig. 2.9). As both pulses come out of the undulator they are automatically spatially over-

lapped in the focus. However, the pulse length of both pulses is �xed and the range of delays is

limited by the electron bunch length. Another way to produce two temporally separated x-ray

pulses is split and delay unit using mirrors, as it has been implemented at the FLASH FEL for

the XUV wavelength regime [105]. At the LCLS a simpler approach with two mirrors is under

development [106] and a eight mirror system is in planning for future beamlines. A coincident

measurement of ions, electrons and photons in an x-ray pump � x-ray probe experiment can give

a complete picture of the ionization dynamics of nanometer sized samples.

While the ionization dynamics of intense x-ray pulses in samples is of interest for a large com-

munity performing experiments with x-ray lasers, there is also a fundamental interest in the

properties and dynamics of a hot dense plasmas itself. Matter with a high density and a high

temperature is prevalent in stars and the cores of giant planets. It is also relevant for inertial

con�nement fusion. Free nanoclusters are ideal model systems to prepare and probe such plas-

mas as they initially have solid density and no energy dissipation to surrounding media occurs.

If the nanoplasma is prepared using an optical laser, ultrashort x-ray pulses can be used to probe

the time-dependent properties similar to the study in the present work. When the clusters are

excited with an intense but long optical laser pulse the properties of induced plasma undergoes

changes over the length of the pulse. A certain combination of density, temperature and charge

density of the nanoplasma can be probed by adjusting the delay between the optical pump pulse

and one or two x-ray probe pulses. X-ray induced dynamics in the nanoplasma produced with

an optical pulse could be traced. Therefore, the plasma is produced with the optical pulse. After

a certain time, a �rst x-ray pulses ionizes inner-shell electrons and the population of these states
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can be probed with a second x-ray pulse. State-of-the art optical laser systems are available

at most FEL sources. The time resolution between optical and x-ray pulses is limited by an

inherent jitter between the accelerator based FEL and the optical laser. A way to reduce this

jitter is to measure the delay between x-ray and optical pulse for every shot. At the LCLS AMO

endstation such an x-ray�optical cross-correlator system has been developed improving the time

resolution to currently below 50 fs fwhm and potentially below 10 fs with shorter x-ray pulses

[107].
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