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Abstract

With the implementation of intense, short pulsed light sources throughout
the last years, the powerful technique of resonant inelastic X-ray scattering
(RIXS) became feasible for a wide range of experiments within femtosecond
dynamics in correlated materials and molecules. In this thesis I investigate the
potential to bring RIXS into the fluence regime of nonlinear X-ray-matter inter-
actions, especially focusing on the impact of stimulated scattering on RIXS in
transition metal systems in a transmission spectroscopy geometry around tran-
sition metal L-edges. After presenting the RIXS toolbox and the capabilities
of free electron laser light sources for ultrafast intense X-ray experiments, the
thesis explores an experiment designed to understand the impact of stimulated
scattering on diffraction and direct beam transmission spectroscopy on a CoPd
multilayer system. The experiments require short X-ray pulses that can only be
generated at free electron lasers (FEL). Here the pulses are not only short, but
also very intense, which opens the door to nonlinear X-ray-matter interactions.
In the second part of this thesis, we investigate observations in the nonlinear
interaction regime, look at potential difficulties for classic spectroscopy and in-
vestigate possibilities to enhance the RIXS through stimulated scattering. Here,
a study on stimulated RIXS is presented, where we investigate the light field
intensity dependent CoPd demagnetization in transmission as well as scattering
geometry. Thereby we show the first direct observation of stimulated RIXS as
well as light field induced nonlinear effects, namely the breakdown of scattering
intensity and the increase in sample transmittance. The topic is of ongoing in-
terest and will just increase in relevance as more free electron lasers are planned
and the number of experiments at such light sources will continue to increase in
the near future. Finally we present a discussion on the accessibility of small DOS
shifts in the absorption-band of transition metal complexes through stimulated
resonant X-ray scattering. As these shifts occur for example in surface states
this finding could expand the experimental selectivity of NEXAFS and RIXS to
the detectability of surface states. We show how stimulation can indeed enhance
the visibility of DOS shifts through the detection of stimulated spectral shifts
and enhancements in this theoretical study. We also forecast the observation of
stimulated enhancements in resonant excitation experiments at FEL sources in
systems with a high density of states just below the Fermi edge and in systems
with an occupied to unoccupied DOS ratio in the valence band above 1.
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Deutsche Zusammenfassung

Deutsche Zusammenfassung

In dieser Arbeit wird die Weiterentwicklung der Technik ’Resonante In-
elastische Röntgenstreuung’ (RIXS) thematisiert. Vor allem wird das Thema
der nichtlinearen Röntgen-Materie-Wechselwirkung an Freien Elektronenlasern
wird ausführlich diskutiert. Mit der Etablierung von intensiven kurzpulsigen
Röntgenquellen auf Basis von freien Elektronenlasern, ist die Möglichkeit ent-
standen, zeitaufgelöste Experimente im Femtosekundenbereich mit Röntgen-
strahlung durchzuführen. Die dort erzeugten Pulse sind so intensiv und kurz,
dass neue Effekte, die analogien in der nichtlinearen Optik haben, auftreten
können. Diese neu auftretenden Effekte sind für die Röntgengemeinschaft vol-
lkommen neu und müssen verstanden werden um freie Elektronenlaser sinnvoll
auf größerer Skala, sinnvoll nutzen zu können. Außerdem könnten diese Effekte
auch ganz neue experimentelle Möglichkeiten eröffnen. Deswegen beschäftigt
sich diese Arbeit vor allem mit der potentiellen Möglichkeit, die RIXS Technik im
nicht-linearen Licht-Materie Wechselwirkungsbereich zu bringen, die geänderten
Interaktionen zu verstehen und vielleicht sogar nutzbar zu machen.
Zu Beginn werden die Möglichkeiten der RIXS Technik vorgestellt. Im An-
schluss wird ein von uns in Kollaboration mit dem SLAC entwickeltes und
durchgeführtes Experiment vorgestellt, welches unter anderem die erste direkte
Beobachtung von stimulierter resonanter inelastischer Röntgenbeugung an dünnen
CoPd Multischichtsystemen ermöglicht hat. Außerdem sind intensitätsabhängige
Veränderungen der Licht-Materie Wechselwirkung beobachtet worden. Speziell
konten wir einen klaren Zusammenhang zwischen dem Zusammenbruch von
Streuintensität (entspricht etwa der Intensität, die nicht in direkter Strahlrich-
tung abgestrahlt wird) und der Vergrößerung der Transmittivität (Intensität, die
in Strahlrichtung durch die Probe propagiert) feststellen. Dies konnte mit der
Verschiebung von Auger und Streueffekten zu stimulierten Effekten verknüpft
werden.
Um das Experiment besser zu verstehen wunrde ein Ratengleichungsmodell en-
twickelt, das intensitätsabhängige Wirkungsquerschnitte inkludiert und damit
intensitätsabhängige Puls-induzierte Effekte abschätzen kann. Es konnte gezeigt
werden wie die Intensitätsabhängikeit von Puls-Induzierter Transparenz, Puls-
induziertem zusammenbruch der Röntgenstreuung, und die Verstärkung von
Teilen des Pulses mit stimulierten Emissionen verknüpft sind. Außerdem kon-
nten einige Aspekte identifiziert werden, die dabei helfen können um neue Exper-
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imente zu designen, die in der lage wären durch das Ausnutzen von stimulierter
Emission und damit verbundenen Spektralen verschiebungen zusätzliche Infor-
mationen aus den zu untersuchenden Systemen zu gewinnen, wie zum Beispiel
über die elektronische Zustandsdichte in einer Oberflächen- oder Interface-Schicht.
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Preface

Preface

Before I begin to present the work of my PhD, I would like to start with a
personal note. It was a great opportunity and a lifelong lasting experience for
me to work in this international scientific environment. There were so many
challenges along the way that I really got the chance to grow in different fields
and learned how to adapt ones mindset to changing situations. Thanks for the
opportunity to do my PhD and to work in science, especially in a field of science
that is unique in various aspects! Not only to push the knowledge of human-
ity towards new boundaries, but also in being able to collaborate throughout
the globe and creating interdisciplinary communities that work jointly on bigger
goals than only their own topics. I can not imagine to be able to learn more than
in a field, where physicists work with engineers, chemists, biologists, from life
science and engineering questions to deep scientific questions and theories. Also
this field is honored with the first Arabian Nobel prize holder which shows, that
science is a powerful tool to overcome cultural boundaries and bring together
the clever minds of the whole world. It was an honor to be given the opportunity
to perform my PhD work in a group with so many different characters and so
many collaborators. I got the opportunity to work in five countries with people
from about 15 countries which can not be highlighted enough.

Science is more than just pushing the limits of our knowledge. It is the cre-
ation of goals for humanity that enable us to forget about quarrels and overcome
frontiers to work together, and I am proud to have been a part of that.

In this Thesis I present the main project I worked on during my PhD time.
There was a variety of other projects and Ideas, but for this Thesis I tried to
concentrate on the project to detect and understand stimulated scattering in
transition metal systems through the example of a CoPd multilayer system. I
also worked on chemical reaction dynamics in transition metal complexes, and
the Aluminum phase transition from metal to the liquid phase, with the latter
frankly not succeeding as a lot of projects at free electron lasers do. We are
still one of the first groups that push this frontier of experimental capabilities at
free electron lasers and it takes a lot of time to understand even a single exper-
iment. Another topic I worked on for quite some time was magnetic switching
with plasmonic antennas. I was also involved in a project investigating CO to
CO2 dissociation on Ru surfaces, which is a process in heterogeneous cataly-
sis. However, most of the projects were glimpses into different directions within
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the field of time resolved X-ray science such as for example the experiment to
investigate the different electron transfers in ferri- and ferro-cyanide. The ma-
jority of my time in the first years went into this project. The publications from
this and other projects can be found in the attachments. In those, I partici-
pated in the experiments, the planing and preparation stages and partially in
the understanding and discussions of the results.

The projects presented within this thesis are selected because they run like
a golden thread towards the understanding of stimulated RIXS for free electron
laser experiments.

This thesis is a mere step towards the understanding nonlinear X-ray matter
interactions within the soft X-ray regime. As always in science, we did not
finish the project completely, but me, my collaborators and supervisors gained
knowledge along the way which will help the next generation of experiments run
smoother than the last.
Thank you all for the ride, the fun, and experience along the way.
So long and thanks for all the fish!
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Summary of Papers

Paper A

Stimulated resonant inelastic X-Ray scattering in a solid

D. Higley*, M. Hantschmann* et al. March 2022, Communications Physics,
COMMSPHYS-21-0537-T

When materials are exposed to X-ray pulses with sufficiently high intensity
various nonlinear effects can occur. Among the most fundamental of these is
stimulated inelastic X-ray scattering, where inelastic scattering of one X-ray
photon is stimulated by another X-ray photon with a different energy. Here, we
report observations of stimulated Resonant Inelastic X-ray Scattering (RIXS)
near the Co L3 edge in solid Co/Pd multilayer samples. The stimulated RIXS is
observed through the X-ray fluence and photon energy dependence of the trans-
mission of high intensity X-ray pulses through the samples. With 1330 mJ/cm2,
5 fs duration X-ray pulses the number of stimulated RIXS photons we detect per
X-ray photon incident on our samples is nearly a million times more than that
which could be detected for spontaneous RIXS using standard grating-based X-
ray spectrometers. These results pave the way for the development of nonlinear
X-ray techniques that use stimulated RIXS in condensed matter.
My contribution: I participated in the planning, design and performance of
the experiment. I wrote the model to simulate the spectral changes and under-
stand the interplay of the auger and stimulated decay. I extracted the scatter-
ing data and wrote the algorithms to sort for successful data-points, and bin
by different fluence and incident spectra data-sets. I also wrote the manuscript
together with Dan Higley.
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Paper B

A rate model approach for FEL pulse-induced transmissions changes,
saturable absorption, X-ray transparency and stimulated emission

Journal for Electron Spectroscopy and related Phenomena, March 2022
As the use of FEL sources increases, so do the findings mentioning nonlin-

ear phenomena occurring at these experiments, such as saturable absorption,
induced transparency and scattering breakdowns. These are well known among
the laser community, but are still rarely understood and expected among the
X-ray community and for now lack tools and theories to accurately predict the
experimental parameters and results. We present a simple theoretical framework
to access short X-ray pulse induced light matter interactions which occur at in-
tense short X-ray pulses as available at free electron laser sources. This easy to
access/repeat theoretical framework is build to access effects such as saturable
absorption, induced transparency and scattering suppression, stimulated emis-
sion, and transmission spectra. This computationally efficient rate model based
approach is implemented in a straightforward way and intuitively adaptable to
most solid state sample systems with the potential to be extended for liquid
and gas sample systems. The feasibility of the model to estimate the named
effects is demonstrated using the example of transition metal systems such as
CoPd multi-layers and metal systems such as Al films. We believe this work is
an important contribution for the preparation, performance and understanding
of FEL based high intensity and short pulse experiments.
My contribution: I developed the algorithm, conducted the simulations and
wrote the manuscript.

Paper C

Ultrafast self-induced X-ray transparency and loss of magnetic diffrac-
tion

Z. Chen, D. Highley, M. Hantschmann et al., PRL 121 (137403), pp. 13 (2018)
Using ultrafast 2.5 fs and 25 fs self-amplified spontaneous emission pulses of

increasing intensity and a novel experimental scheme, we report the concurrent
increase of stimulated emission in the forward direction and loss of out-of-beam
diffraction contrast for a CoPd multilayer sample. The experimental results
are quantitatively accounted for by a statistical description of the pulses in
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conjunction with the optical Bloch equations. The dependence of the stimulated
sample response on the incident intensity, coherence time, and energy jitter of
the employed pulses reveals the importance of increased control of x-ray free
electron laser radiation.
My contribution: I participated in the planning, design and execution of
the experiment, performed the pre-analysis and wrote the algorithms to bin by
fluence data-sets. I extracted one of the two successful data-sets and cleaned the
data with GMD information. I also helped to write the manuscript with Zhao
Chen.

Paper D

Disentangling transient charge density and metal-ligand covalency in
photo-excited ferricyanide with femtosecond resonant inelastic soft
X-ray scattering

R. Jay, J. Norell, S. Eckert, M. Hantschmann et al., JPCL 9 (12), pp. 3538
(2018)

Soft X-ray spectroscopies are ideal probes of the local valence electronic
structure of photocatalytically active metal sites. Here, we apply the selectiv-
ity of time-resolved resonant inelastic X-ray scattering at the iron L-edge to
the transient charge distribution of an optically excited charge-transfer state in
aqueous ferricyanide. Through comparison to steady-state spectra and quantum
chemical calculations, the coupled effects of valence-shell closing and ligand-
hole creation are experimentally and theoretically disentangled and described in
terms of orbital occupancy, metal–ligand covalency, and ligand field splitting,
thereby extending established steady-state concepts to the excited-state domain.
π-Back-donation is found to be mainly determined by the metal site occupation,
whereas the ligand hole instead influences σ-donation.
My contribution: I participated in the planning, design and execution of the
experiment. Performed the pre-analysis onsite, wrote the algorithms to sort and
bin the datasets, and conducted the first full analysis. I also conducted the test
experiments at BESSY II.
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Paper E

Fingerprints of electronic, spin and structural dynamics from resonant
inelastic soft X-ray scattering in transient photo-chemical species,

J. Norell, R. Jay, M. Hantschmann et al., PCCP 20, pp. 7243 (2018).
We describe how inversion symmetry separation of electronic state mani-

folds in resonant inelastic soft X-ray scattering (RIXS) can be applied to probe
excited-state dynamics with compelling selectivity. In a case study of Fe L3-
edge RIXS in the ferricyanide complex Fe(CN)6, we demonstrate with multi-
configurational restricted active space spectrum simulations how the informa-
tion content of RIXS spectral fingerprints can be used to unambiguously separate
species of different electronic configurations, spin multiplicities, and structures,
with possible involvement in the decay dynamics of photo-excited ligand-to-
metal charge-transfer. Specifically, we propose that this could be applied to
confirm or reject the presence of a hitherto elusive transient Quartet species.
Thus, RIXS offers a particular possibility to settle a recent controversy regard-
ing the decay pathway.
My contribution: I participated in the planning, design and execution of the
experiment. Performed the pre-analysis onsite, wrote the algorithms to sort and
bin the datasets, conducted the first full analysis and wrote the first manuscript.
I also conducted the test experiments at BESSY II.

Paper F

Ultrafast independent N-H and N-C bond deformation investigated
with resonant inelastic X-ray scattering

S. Eckert, . . . , M. Hantschmann et al., Angew. Chemie 56 (22), pp. 6088 (2017).
The femtosecond excited state dynamics following resonant photoexcita-

tion enable the selective deformation of N−H and N−C chemical bonds in 2-
thiopyridone in aqueous solution with optical or X-ray pulses. In combination
with multiconfigurational quantum-chemical calculations, the orbital-specific
electronic structure and its ultrafast dynamics accessed with resonant inelas-
tic X-ray scattering at the N 1s level using synchrotron radiation and the soft
X-ray free-electron laser LCLS provide direct evidence for this controlled pho-
toinduced molecular deformation and its ultrashort timescale.
My contribution: I participated in the planning, design and execution of the
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experiment. I conducted the test experiments at BESSY II and was involved in
the discussions to understand the experimental results.

Paper G

Untersuchung unabhängiger N-H- und N-C-Bindungsverformungen
auf ultrakurzen Zeitskalen mit resonanter inelastischer Röntgenstreuung,

S. Eckert, . . . , M.Hantschmann et al., Angewandte Chemie 129 (22), 6184-6188
(2017).

Die Femtosekundendynamik nach resonanten Photoanregungen mit optis-
chen und Röntgenpulsen ermöglicht eine selektive Verformung von chemischen
N-H- und N-C-Bindungen in 2-Thiopyridon in wässriger Lösung. Die Unter-
suchung der orbitalspezifischen elektronischen Struktur und ihrer Dynamik auf
ultrakurzen Zeitskalen mit resonanter inelastischer Röntgenstreuung an der N1s-
Resonanz am Synchrotron und dem Freie-Elektronen-Laser LCLS in Kombi-
nation mit quantenchemischen Multikonfigurationsberechnungen erbringen den
direkten Nachweis dieser kontrollierten photoinduzierten Molekülverformungen
und ihrer ultrakurzen Zeitskala.
My contribution: I participated in the planning, design and execution of the
experiment. I also helped with the test experiments at BESSY II.

Paper H

Chemical bond activation observed with an X-ray laser,

M. Beye, . . . , M. Hantschmann et al., JPCL 7 (18), pp. 3647 (2016).
The concept of bonding and antibonding orbitals is fundamental in chemistry.

The population of those orbitals and the energetic difference between the two
reflect the strength of the bonding interaction. Weakening the bond is expected
to reduce this energetic splitting, but the transient character of bond-activation
has so far prohibited direct experimental access. Here we apply time-resolved
soft X-ray spectroscopy at a free-electron laser to directly observe the decreased
bonding-antibonding splitting following bond-activation using an ultrashort op-
tical laser pulse.
My contribution: I participated in the planning, design and execution of the
experiment, and helped with the test experiments at BESSY II.
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Paper I

Stimulated resonant X-Ray emission in solids,

Z. Chen, D. Highley, M. Hantschmann et al., APS Meeting (2016).
http://meetings.aps.org/link/BAPS.2016.MAR.C46.4

We present direct evidence of resonant stimulated X-Ray emission in magnet-
ically patterned CoPd multilayers. At a free electron laser, we measure X-Ray
transmission through CoPd of ultrafast ( 2fs) X-Ray pulses at the Co L-3 edge
for fluences of up to 2 J/cm 2/fs simultaneously in the transmission and scat-
tering geometries. With increasing fluence, we observe a nonlinear decrease in
first-order scattering intensity together with a compensating increase in trans-
mitted forward intensity for all energies within the Co resonant absorption edge.
At high enough fluences (> 1 J/cm2/fs), the sample absorption spectrum and
scattering intensity are both suppressed by over two orders of magnitude, leaving
the sample effectively transparent to X-Rays. In our geometry, these two effects
are indicative of elastic stimulated scattering, which favors forward transmission
at the cost of scattered intensity in all other directions.
My contribution: I participated in the planning, design and execution of the
experiment, performed the pre-analysis and wrote the algorithms to bin data-
sets by fluence. I extracted one of the two successful data-sets and cleaned the
data with GMD information. I also helped to write the manuscript with Zhao
Chen.

Paper J

Nanoscale confinement of all-optical magnetic switching in TbFeCo-
competition with nanoscale heterogeneity,

T. Liu, . . . , M. Hantschmann et al., Nano Lett. 15 (10), pp. 6862 (2015).
Single femtosecond optical laser pulses, of sufficient intensity, are demon-

strated to reverse magnetization in a process known as all-optical switching.
Gold two-wire antennas are placed on the all-optical switching film TbFeCo.
These structures are resonant with the optical field, and they create a field en-
hancement in the near-field which confines the area where optical switching can
occur. The magnetic switching that occurs around and below the antenna is
imaged using resonant X-ray holography and magnetic circular dichroism. The
results not only show the feasibility of controllable switching with antenna as-
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sistance but also demonstrate the highly inhomogeneous nature of the switching
process, which is attributed to the process depending on the material’s hetero-
geneity.
My contribution: I participated in the planning and execution of the ex-
periment at SSRL, helped to fabricate the nano-structured gold antennas and
holographic masks, and helped with the data analysis.

Paper K

Probing the transition state region in catalytic CO oxidation on Ru,

H. Öström, . . . , M. Hantschmann et al., Science 347 (6225), pp. 978 (2015).
Femtosecond x-ray laser pulses are used to probe the carbon monoxide (CO)

oxidation reaction on ruthenium (Ru) initiated by an optical laser pulse. On
a time scale of a few hundred femtoseconds, the optical laser pulse excites mo-
tions of CO and oxygen (O) on the surface, allowing the reactants to collide,
and, with a transient close to a picosecond (ps), new electronic states appear in
the O K-edge x-ray absorption spectrum. Density functional theory calculations
indicate that these result from changes in the adsorption site and bond forma-
tion between CO and O with a distribution of OC–O bond lengths close to the
transition state (TS). After 1 ps, 10% of the CO populate the TS region, which
is consistent with predictions based on a quantum oscillator model.
My contribution: I helped with the preparation and execution of the experi-
ment, as well as the test experiments at BESSY II.

Paper L

Principles of femtosecond X-ray/optical cross-correlation with X-ray
induced transient optical reflectivity in solids,

S. Eckert, . . . , M. Hantschmann et al., APL 106 (6), pp. 061104 (2015).
The discovery of ultrafast X-ray induced optical reflectivity changes enabled

the development of X-ray/optical cross correlation techniques at X-ray free elec-
tron lasers worldwide. We have now linked through experiment and theory the
fundamental excitation and relaxation steps with the transient optical proper-
ties in finite solid samples. Therefore, we gain a thorough interpretation and
an optimized detection scheme of X-ray induced changes to the refractive index
and the X-ray/optical cross correlation response.
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My contribution: I helped with the execution of the experiment and was
involved in the result discussions.

Paper M

Following Metal-to-Ligand Charge-Transfer Dynamics with Ligand
andd Spin Specificity Using Femtosecond Resonant Inelastic X-ray
Scattering at the Nitrogen K-Edge,

R.M.Jay, S. Eckert, B.Van Kuiken, . . . , M. Hantschmann et al., J.Phys. Chem.
Lett. (revised and approved)

We demonstrate for the case of photoexcited Ruthenium-tris-bipyridine how
femtosecond resonant inelastic X-ray scattering at the ligand K-edge allows one
to uniquely probe changes in the valence electronic structure following a metal-
to-ligand charge-transfer excitation. Metal-ligand hybridization is probed by
nitrogen 1s resonances providing information on both the electron-accepting
ligand in the MLCT state and the hole density of the metal center. By comparing
to spectrum calculations based on DFT, we are able to distinguish the electronic
structure of the electron-accepting ligand and the other ligands and determine
a temporal upper limit of (250 ± 40) fs for electron localization following the
charge-transfer excitation. The spin of the localized electron is deduced from
the selection rules of the RIXS process establishing new experimental capabilities
for probing transient charge and spin densities.
My contribution: I helped with the planning, preparation, and execution of
the experiment, and was involved in the result discussions as well as the RIXS
map analysis.
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HZB Helmholtz Zentrum Berlin
RIXS Resonant Inelastic X-Ray Scattering
Fermi Free Electron Laser Radiation for Multidisciplinary Investigations
BESSY Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung
SACLA Spring-8 Angstrom Compact free electron LAser
XAS X-Ray absorption spectroscopy
XES X-Ray emission spectroscopy
LCLS Linear Coherent Light Source
XFEL European X-Ray Free-Electron Laser Facility
FEL Free Electron Laser
SLAC Stanford Linear Accelerator Center
SSRL Stanford Synchrotron Radiation Lightsource
SXR Soft X-Ray Materials Endstation
SASE Self Amplified Spontaneous Emission
NEXAFS Near Edge X-Ray Absorption Fine Structure
CoPd Cobalt Paladium
GMD Gas Monitor Detector
CCD Charge coupled device
PnCCD Pinhole CCD
MCP Multi Channel Plate
YAG Yttrium Aluminum Garnet Crystal
SiN Silicium Nitrid
XUV Extreme Ultra Violett Light
AMO Atomic Molecular and Optical Science Instrument
FWHM Full Width Half Maximum (Gaussian pulse)
Flash Free Electron LASer in Hamburg
DOS Density Of States
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Chapter 2

Introduction

One of modern science’s greatest challenges is the understanding of the very
matter that forms the basis of living organisms and technology on an atomic
level. The physical foundation of all matter is given by its chemical composi-
tion within time and space. During the last centuries, the basics of structure in
matter were investigated, but it was only due to the development of the laser
in the late fifties that science could start to gain insight into the time evolu-
tion of chemical reactions on a quantum mechanical level. With modern laser
pulse lengths of a few femtoseconds, the possibility to observe the breaking and
forming of chemical bonds and the changing electron densities throughout mat-
ter appeared. This development culminated in the establishment of the field
of femtochemistry, which is the study of ’molecular motions in the transition
states of physical, chemical and biological changes’, and was awarded with a
Nobel prize to Ahmed H. Zewail in 1999 [1].

Although this research field started off with the investigation of simple sys-
tems of a few atoms, the real interest lies in the understanding of complex
systems, which build the backbone for function within matter. These functions
can range from effects such as magnetism [2], over catalytic behavior [3, 4], pho-
tosynthesis [5], to the oxygen transport within hemoglobin [6], and many more.
However different the function, the basis that connects most of these is the pres-
ence of a transition metal ion. Transition metals consist of a partially filled
d-shell that forms reactive, long range orbitals, which are the foundation for
correlated materials and the respective functions. The understanding of func-
tional materials we have today is largely based on the investigation of potential
energy surfaces and the insights gained from ultrafast spectroscopic techniques
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within the field of femtochemistry.
The recent development of modern X-ray sources and the availability of fem-

tosecond X-ray pulses enable the combination of the time resolution of opti-
cal spectroscopy with the selectivity and the spatial resolution of X-ray spec-
troscopy simultaneously. Techniques such as stimulated Raman scattering and
resonant inelastic X-ray scattering (RIXS) proved themselves to be powerful
tools that pushed the understanding of nature’s structure and function even
further [7, 8, 9, 10]. The development of pulsed X-ray sources from the slicing
technique [11, 12] to free electron lasers (FEL) [13] introduced the possibility of
ultrafast experiments in the X-ray regime and are continuously being improved
today. The possibilities emerging with the short, intense and coherent pulses
produced by FELs range from nanocrystallography and femtosecond diffractive
imaging [14, 15], over real time observations of chemical reactions [10, 16] to the
development of new nonlinear spectroscopic techniques [17, 18]. The capabilities
of non-linear spectroscopies are well known to be compelling tools through the
combination of high temporal and spectral resolution [19, 20]. Techniques such
as stimulated Raman scattering [21] or multidimensional spectroscopies [22, 23]
enabled the investigation of a variety of problems within the field of femtochem-
istry and set the basis for Ahmed Zewail’s Nobel prize [1]. The achievements of
these methods make it desirable to expand them into the X-ray regime, where
their capabilities could be combined with the selectivity and spatial resolution
of X-rays.

In order to do so, we need to understand how the onset of non-linear effects
affects modern spectroscopy and how we can plan and control their occurrence.
Additionally, the light source has to be controlled to the finest detail and the
sample system has to enable certain transitions for spectroscopies such as four
wave mixing, or stimulated Raman scattering. The FEL light sources are cur-
rently developing extremely controlled conditions, reducing the statistical na-
ture of self amplified spontaneous emission (SASE) pulses while enabling seeded
[24, 25], or even multi-colour operations [26, 27]. Now that the light sources are
available with the relevant precision and control, we can focus to utilize these
to improve our experimental spectroscopic capabilities.

In this thesis, the focus lies on the spectroscopic RIXS technique, where a
photon scatters inelastically with matter and allows to probe the unoccupied
valence states through the initial absorption, and the occupied valence states
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through the inelastic scattering [28]. But however powerful the used technique
is, the corresponding fluorescence channel signal tends to lack signal ratios due
to the competing Auger decay channel. Within optical spectroscopic techniques,
the problem of low signal rates was tackled through the development of nonlinear
spectroscopy such as stimulated Raman scattering, which enhances the signal
of interest through resonant stimulation. It is, therefore, of major interest to
transfer the possibilities of optical spectroscopy to the X-ray regime, especially
as there are indications of its feasibility [29, 30, 31] and discussions how it could
potentially impact the experimental capabilities [32]. This thesis utilizes on
these discussions and provides a proof of principle for stimulated RIXS in solid
state transmission experiments and develops a rate model approach to improve
our understanding of FEL pulse driven light-matter interactions. As stimulated
emission will be the driving force in experiments stimulating the weak photon
signal in low signal rate experiments, this dissertation and the model presented
therein focuses on this effect, contrary to other theories focusing on pulse prop-
agation or higher order non-linear light-matter interactions. The potential of
nonlinear X-ray spectroscopy for the field of femtochemistry is enormous, and
the experiments and discussions presented in this thesis provide a step towards
its understanding and utilization.

Experiments with intense FEL pulses are promising to enable the observation
of nonlinear X-ray matter interactions. These effects are well known in nonlin-
ear optical spectroscopies, but rather unconventional for the X-ray community.
Chapter 4.2 looks into some recent observations in this field and provides a view
on the influence of stimulated scattering on classical experiments performed at
high intensities. The emergence of stimulated scattering within one X-ray pulse
creates new side effects which are investigated in this chapter. Namely the in-
crease of forward scattering at the cost of first and third order scattering and
a saturation effect in the absorption are expected. To better understand these
effects, chapter 5, presents a study on the feasibility of stimulated RIXS within
a single pulse geometry. Using a thin CoPd magnetic film, the first direct ob-
servation of a stimulated signal within a solid sample is shown. By investigating
the scattering as well as transmission signal of single pulse experiments, we can
show a connection between stimulated emission and the change of scattering and
transmission signals. This hopefully leads to a better understanding of all light
matter interactions for high intensity FEL experiments.
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This thesis is organized as follows: First, this thesis discusses the concept
of time resolved RIXS at FEL sources in chapter 3. Here the concept of time
resolved RIXS is introduced as well as the experimental conditions and require-
ments of this technique. Secondly, chapter 4 reviews the non-linear phenomena
surrounding RIXS at FEL sources from the experimental point of view. This
chapter also discusses the occurrence of nonlinear phenomena, such as induced
transparency and scattering breakdown observed in classic experiments at FEL
sources. In chapter 5, our experimental approach to understand the occurrence,
possibilities and side effects of stimulated RIXS is presented. This chapter is
split into the discussion of an FEL experiment, measuring RIXS and scattering
of intense short pulses at the Co L3-edge, and the experimental results. In the
next chapter 6, this thesis develops a rate model approach to understand and
estimate the effects observed in this and other experiments, and create a tool
for estimations around stimulated RIXS in the soft X-ray spectrum. Lastly,
this thesis finishes with a discussion on the question whether stimulated RIXS
could be a tool to reveal hidden channels of surface states in well designed FEL
experiments.
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Chapter 3

The Toolbox of Time Resolved
Resonant Inelastic X-Ray
Scattering

Resonant inelastic X-ray scattering (RIXS) is an ever expanding experimental
technique in which an X-ray photon is inelastically scattered off the investigated
complex. This photon-in, photon-out type of spectroscopy is capable of mea-
suring the energy, momentum, and polarization change of the scattered photon,
which in turn offers information about the intrinsic excitations of the material
under study [33]. These include crystal-field excitations, magnons, molecular vi-
brations, phonons, and charge transfers [34]. Additionally, RIXS is also element-
and orbital-selective, which is because the incident photon can be tuned reso-
nantly to specific atomic transitions and absorption edges, and can even be fine
tuned to differentiate between different chemical environments of the same ele-
ment [28]. In principle, RIXS can probe any intrinsic excitation as long as it is
on overall charge neutral. Although this makes for impressive reading, the main
drawback of this technique is the fact that it is limited by a low fluorescence
yield, and demands thus highly intense light sources. However, the most recent
achievements with new generation synchrotrons, and the establishment of X-ray
FELs, this technique becomes ever more relevant and feasible.

This chapter aims at providing a summary of the aspects of RIXS relevant
for this thesis in order to gain a better understanding of this technique and its
abilities. First, the basic X-ray-matter interactions are introduced in Sec. 3.1,
followed by a quantum mechanical description of the RIXS process in Sec. 3.1.2.
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Finally, the experimental procedure and the corresponding main components,
such as the sample delivery system, the spectrometer, and the X-ray light source,
are introduced in Sec. 3.2.

3.1 Soft X-Ray Matter Interaction

The so-called soft X-ray regime is commonly referred to as the energy range
approximately indicated by the excitation of the L-shell in a material system.
Therefore, soft X-ray radiation covers the energy range between about 100 eV
and 1000 eV. The fundamental interactions, however, do not change for other
energies, so there is no clear definition of the soft X-ray range as a consequence.
X-ray spectroscopy is the study of interactions between light and matter in order
to understand the properties of a medium [35]. In soft X-ray spectroscopy, a
photon or light pulse interacts with a material usually through absorption, which
induces a core excited state. The consecutive relaxation process is then moni-
tored through a variety of methods that evaluate the emitted photons or elec-
trons in various possible ways. In the following, the basic interactions relevant
for soft X-ray spectroscopy, and especially the RIXS process, are introduced.

3.1.1 Beer-Lambert Law

When a photon beam passes through a medium, the light intensity decreases
and the corresponding energy is transferred to the medium [36]. The energy
loss of the radiation is directly proportional to the incident intensity I0, and
decreases exponentially with the absorber concentration C and the path length
through the medium of length l. This is a well known process expressed through
Beer-Lambert’s law in terms of transmitted intensity:

Itrans = I0e
−εCl, (3.1)

where ε describes the absorption coefficient containing all processes occurring
between light and matter and the product εCl describes the optical density of
the medium. In soft X-ray spectroscopy, resonant excitations from the core level
to an empty valence state are the dominant excitation channel, hence the Beer-
Lambert law can be rewritten in terms of the atomic scattering length f and
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the absorption cross section σabs as

Itrans = I0e
−σabsρad, (3.2)

where ρa is the atomic number density and d the thickness of the interaction
region [37]. While the X-ray absorption cross section will be introduced in
greater detail in Sec. 3.1.3, it should here be noted that the resonant X-ray
absorption cross section σabs = 2λf ′′ depends on the atomic scattering length f .
This dispersion correction depends on the resonant photon energy ε0, the total
spontaneous decay width Γ = Γx + ΓA with the radiative transition width Γx
and the Auger width ΓA as follows:

f ′′ = λ

2π
Γx
Γ

(Γ/2)2

(h̄ω − ε0)2 + (Γ/2)2 [37]. (3.3)

λ, h̄, ω havee their usual meaning. This expression will be of importance in
Chapter. 5, since the basic Beer-Lambert law seems to fail for intense incident
X-ray pulses and can be expanded, as shown later on.

3.1.2 An Insight into the Quantum Mechanical Picture

The Beer-Lambert law describes the average transmission of light through a ma-
terial as stated in Eq. 3.2, yet it does not explain the respective mechanisms on
a quantum mechanical level. When describing the interaction of soft X-rays with
matter at a higher level, it can be understood as a two-step scattering process,
where the two steps are an excitation step and a relaxation step, respectively.
Thomson scattering, which is the only known mechanism differing from the fur-
ther described types of interactions, has a cross section orders of magnitude
smaller than the X-ray absorption cross section and is, therefore, disregarded,
as it is unlikely to impact RIXS.

Fig. 3.1 shows a scheme of the X-ray-matter interactions relevant for RIXS,
depicted for the interaction with a generic orbital energy diagram of a typical
atom or molecule. The radiative processes can be separated into the absorption
process in Fig. 3.1 a) and the radiative relaxation processes shown in Fig. 3.1
b). Fig. 3.1 c) depicts the Auger decay, which is a relaxation process under
the emission of an Auger electron instead of a photon. From the RIXS point of
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Figure 3.1: The fundamental photon-matter interactions relevant for
the RIXS process shown in a schematic molecular energy diagram. a)
shows the X-ray absorption process, where an initial X-ray photon is absorbed
and a core level electron is promoted into the continuum (non-resonant, left)
or an excited state (resonant, right). b) depicts the radiative emission process,
where the electronic system relaxes under emission of an X-ray photon. This can
be either the electron that was just excited (elastic scattering, left) or another
valence electron (inelastic scattering, right). c) During the Auger process, the
excited state relaxes under the emission of an Auger electron. Since either b) or
c) can occur as a relaxation process, the two processes compete.
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view, this process acts as a competitor to spontaneous emission, as it decreases
the number of photons observable through the RIXS process, which is the com-
bination of resonant absorption and a radiative relaxation, as further explained
in Sec. 3.1.5 .

To understand the soft X-ray-matter interactions on a quantum mechanical
level, the photon-matter interaction is treated as a time-dependent perturbation
of an electromagnetic field to the unperturbed matter system and vice versa.
The following quantum mechanical description follows the common literature,
for example [38, 39, 40, 41, 42]. The Hamiltonian Ĥ describes the electron field
system as

Ĥ = Ĥ0 + Ĥint (3.4)

with Ĥ0 representing the unperturbed system of an electron in the field, defined
by the nuclei and the other electrons, as well as the electromagnetic field in the
vacuum, whereas the interaction of the two is described by Ĥint. Following the
Maxwell equations, the total Hamiltonian for the interaction of an electron at
time t and position ~r with an electromagnetic wave is given by

Ĥ = ~p2

2me

+ eU︸ ︷︷ ︸
Ĥ0

− e

me

~p ~A+ e2

2me

~A2

︸ ︷︷ ︸
Ĥint

(3.5)

with the elementary charge e, the electron mass me, the momentum operator
~p = i

h̄
∇ and the vector potentials U(~r) and ~A(~r, t), respectively [40]. The vector

potential of Nω photons at frequency ω for a planar wave ~A can be writen as

~A(~r, t) =
√

8πNωh̄

ωV
ûei(

~k~r−ωt) , |~k| = ω, ~u~k = 0 (3.6)

with V being the volume the photons are in and ~u being a unity vector. To
include the effect of superpositions and interference of planar waves, the vector
potential is expanded by an incoming and a second incoming or outgoing wave as

~A(~r, t) = A1û1e
i(~k1~r−ω1t)︸ ︷︷ ︸

incident wave

+A2û2e
i(~k2~r±ω2t)︸ ︷︷ ︸

wave 2

. (3.7)

We assume that the unperturbed system is governed by the Hamiltonian ~H0
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with known stationary states, defined through

Ĥ0|n〉 = εn|n〉 , 〈n|m〉 = δnm (3.8)

with the identity ~u = ∑∞
n=0 |n〉〈n|. This expression indicates that the states |n〉

and |m〉 describe the whole system, including all electrons and nuclei that are
considered in the stationary field.

If the eigenvalue differences near typical atomic bound states are much larger
than the perturbation from the electromagnetic field, one can assume the first
term of the interaction Hamiltonian from Eq. 3.5 to be much larger than the
second, which reduces the interaction Hamiltonian to

Ĥint ∼
∣∣∣∣ eme

~p ~A
∣∣∣∣ ∝ e

me

∣∣∣∣∣ene p2

2me

∣∣∣∣∣
1
2
√

8πNωh̄

ωV
(3.9)

for a single planar wave, as given in Eq. 3.6. For the potential given by two
planar waves, the perturbation on an electron system according to Eq. 3.5 and
Eq. 3.7 is given by

Ĥint =
[
V̂1e

−iω1t + V̂2e
±iω2t

]
eλt , λ→ 0 + , t0 → −∞ (3.10)

with the time-independent operators

V̂j = e

me

√√√√8πNjh̄

ωjV︸ ︷︷ ︸
I

~p~uj︸︷︷︸
II

ei
~k~r

︸︷︷︸
III

. (3.11)

The factor λ here does not represent the wavelength, but accounts for the in-
troduction of the perturbation into the system at time t = −∞, which then
gradually increases. This is a mere mathematical introduction to ensure a con-
tinuous function. Factor I describes the radiation fields strength through the
photon density Nj/V , factor II describes the polarization of the planar wave,
and III describes the propagation of the wave with the propagation direction
being determined by k̂ = ~k/|~k|.

From time-dependent perturbation theory, which in general means the deter-
mination of the time-dependent Schrödinger equation, one can derive a transition
probability of an initial state |n〉 into a final state 〈m| through the interaction
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with the electromagnetic potential ~A. The time evolution over this transition
probability is interpreted as the transition rate Γn→m from the initial to the
final state under the influence of the photon field, and is typically called Fermi’s
Golden Rule

Γn→m = 2π
h̄

∣∣∣〈m|Ĥint|n〉
∣∣∣2 δ(εn − εm) [39, 36] (3.12)

with the matrix element 〈m|Ĥint|n〉 depicting the transition strength. From this
rule, the cross sections for the transition between two states can be derived by
dividing the transition rate through the incident photon flux, which is given by
the number of photons Nω in the volume V at the speed of light c as F = Nωc

V
.

Fermi’s Golden Rule is exact, but inconveniently not solvable for the full inter-
action Hamiltonian Ĥint. Therefore, the interaction term is typically expanded
into a power series [43, 36, 39], leading to perturbations of first and second order,
which are discussed in Sec. 3.1.3, 3.1.4, and Sec. 3.1.5, respectively.

In the soft X-ray regime, the so-called ’dipole approximation’ is applied,
assuming ei~k~r ≈ 1, as the photon wavelength ≈ 1 nm is approximately constant
for the electron within the interaction length of ≈ 1 Å. This assumption expects
the electromagnetic wave to oscillate so slowly that it can be assumed to be
constant over the interaction length, hence the electron experiences a constant
electric field. A further simplification can be introduced through the transition
dipole moment ~d that reduces the differential momentum operator ~p = i

h̄
∇

through the identity

~p = me

ih̄
[~d, Ĥ0] . (3.13)

This simplifies the transition matrix element ~M to

~M = 〈n|~pei~k~r|m〉 ≈ 〈n|[~d,H0]|m〉 = m(ε0 − εn)
ih̄

〈n|~d|m〉. (3.14)

This so-called transition dipole moment depicts the strength of a transition
between two states. If this expression vanishes, typically due to geometric or
symmetric reasons, one speaks of selection rules, which are further discussed
in Sec. 3.1.6.
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When applying these conceptual ideas to actual systems, two effects have to
be considered. First, strictly monochromatic radiation cannot be provided, ex-
cept for single photon sources, therefore the single photon frequency is replaced
by the frequency distribution of the light source. And secondly, the states in
atoms, molecules, or any material system have a non-delta-like energy distribu-
tion, which is caused by the lifetime broadening. Since all excited states decay,
there is an excited state lifetime that is defined by the decay rates of all relax-
ation channels. For a core hole, as created within the soft X-ray regime, one
speaks of the corresponding core hole lifetime. By applying Heisenberg’s uncer-
tainty principle to this excited state lifetime, the relation between the lifetime
τ and the minimum energy width Enl related to this time is

τEnl ≥ h̄/2. (3.15)

This energy width is called the natural lifetime broadening and has a character-
istic Lorentzian energy profile. To include these for practical calculations, the
δ-function in Eq. 3.12 is replaced by a respective distribution function.

In the following short descriptions, the different light-matter interactions
with relevance for this thesis are introduced in the order of complexity regard-
ing their degree of perturbation. First order perturbation is the interaction of
matter with one photon through either absorption or emission described first.
This is followed by a discussion of the second order perturbations, which in-
volve all two-photon scattering processes and can be described by the Kramers-
Heisenberg cross section [41]. This is introduced in Sec. 3.1.5, followed by a
discussion of the scattering process between photons and electrons, so-called
Raman scattering. Two-photon absorption and emission as well as Thomson
scattering are not discussed in this thesis, because they are not of major impor-
tance for our discussion of RIXS.

3.1.3 X-Ray Absorption

Based on the theoretical background discussed above, the effects introduced in
Fig. 3.1 can now be understood in greater detail. First, an expression for the X-
ray absorption in terms of a one-photon absorption cross section is determined.
For this process, only the first term of Eq. 3.11, that is the incoming wave,
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Figure 3.2: An example of a typical absorption cross section, in this case a Co
metal L3 edge including the difference in cross section for the two different cir-
cular polarizations (magnetic dichroism). The theoretical cross section here has
been calculated using Eq.3.3 (∗2λ) convoluted with a 1.4 eV FWHM Gaussian
to improve the fit with the experimental cross sections. The image is taken from
the Lambert Beer expansion discussion by Stöhr et al. [37].

needs to be included. Under consideration of the above concepts, this yields the
absorption cross section

σabs = πω

cξ0

∣∣∣û〈n̂|~d|m〉∣∣∣2 δ(εn − ε0 − h̄ω) (3.16)

between the initial state |m〉 and the final state |n〉, which is only different
from zero if the energy difference between the states εn− ε0 meets the condition
εn − ε0 = h̄ω. Note the different notation for the electric constant ξ0. To
determine a realistic absorption cross section, the natural lifetime broadening as
well as the summation over all possible final states have to be included, giving
the absorption cross section

σabs =
∑
n

πω

ce0
|ûnd̂n|2

1
(εn − ε0 − h̄ω)2 + τ 2

n

. (3.17)
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As indicated in Fig. 3.1 a), this effect can occur in two variations. If the incident
photon energy is larger than the orbital binding energy, the electron is excited
into the continuum or vacuum and the atom is ionized, which is the so-called
process of non-resonant absorption. For the situation where the photon energy
is smaller than the orbital binding energy, the excitation can only occur in res-
onance with a specific absorption if the energy difference between the initial
and final state are close to the incident photons energy. This process is called
resonant absorption and is assumed to be the dominant excitation process for
the material systems investigated in this thesis or through RIXS in general. The
absorption process is described well through this concept of an absorption cross
section. A typical example of such a cross section can be found in Fig. 3.2.

3.1.4 X-Ray Emission

The second one-photon interaction process is the emission of a photon from an
excited system, as indicated in Fig. 3.1 b). However the notation in Fig. 3.1,
in the case of the one-photon interaction, the system was already in the excited
state, hence the term scattering does not apply here. In case of emission, only
the second term of Eq. 3.7 contributes to the cross section. The calculation
of the emission cross section proceeds in the same way as for the absorption
cross section, however, there is one major difference. Due to the quantization
of the photon field, the number of photons must be an integer, which poses
a problem for the case of an empty photon field Nω = 0, since observations
reveal that emission still occurs. A quantum mechanical treatment of this prob-
lem can be found in [44] and leads to the distinction between spontaneous and
stimulated emission, where the spontaneous emission is understood as a stim-
ulated emission of the vacuum or background field. The total emission cross
section consists, therefore, of a spontaneous and a stimulated part and can be
written as

σem ∝
∣∣∣〈n|~d|m〉∣∣∣2︸ ︷︷ ︸

spontaneous emission

+ Nω

∣∣∣〈n|~d|m〉∣∣∣2︸ ︷︷ ︸
stimulated emission

. (3.18)

As can be seen from Eq. 3.18, the stimulated emission rate depends on the num-
ber of photons Nω in the interaction volume before the emission occurs, while
the spontaneous contribution is constant. For ’classical’ RIXS experiments, this
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distinction between spontaneous and stimulated emission is not relevant, but
for experiments performed at intense X-ray sources it affects the light-matter
interaction on a major scale, as shown in Chapter 5.

3.1.5 X-Ray Scattering

Now the discussion focuses on the actual scattering that is understood as a
two-photon process. With the vector potential given in Eq. 3.7, two planar
waves with wave vector ~ki and polarization ~ui are considered to interact with the
system, given through the Hamiltonian Ĥ0 from Eq. 3.5. To further simplify the
description, we consider the absorbed radiation to be given by the incident wave
in Eq. 3.7, and the emitted radiation given by wave2 in Eq. 3.7, respectively.
Following this, the perturbation T is given through

Ĥint(t, ~r) = e

2me

~p
[
A1~u1e

i(~k1~r−ω1t) + A2~u2e
−i(~k2~r−ω2t)

]
+

e2

4me

A1A2~u1~u2e
i(~k1−~k2)~r−i(ω1−ω2)t.

(3.19)

The solid angle element dΩ2 = sinθ2dθ2dφ with respect to the electron co-
ordinate system is introduced to imply the emission direction, or for practical
purposes the detector size. Following the discussion for Fermis Golden Rule (Eq.
3.12) and integrating over all possible radiation field modes that can interact to
generate the emission, yields the so called Kramers-Heisenberg formula, which
was first introduced in [41].

σKH = r2
0
ω2

ω1
(N2 + 1)dΩ2 ·∣∣∣∣∣∣~u1~u2〈n|m〉 −

1
me

∑
f

(〈n|û~p|f〉〈f |û2~p|m〉
εf − εm + h̄ω2

+ 〈n|û2~p|f〉〈f |û1~p|m〉
εf − εm − h̄ω1

)

∣∣∣∣∣∣
2

(3.20)

corresponds to the Kramers-Heisenberg formula written in terms of the cross
section σKH . r0 = e2/mec

2 depicts the classical electron radius. Expression 3.20
includes all two-photon scattering processes that scatter with an incident pho-
ton with energy h̄ω1 from the initial state |m〉 through the intermediate states
|f〉 into a final state |n〉, implying the emission of a photon of the energy h̄ω2

into the solid angle dΩ. It also includes the polarization relation between the
incident and the emitted photons.
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Using this expression, the scattering process schematically shown in Fig.
3.1a) and b) can be described. The RIXS process is the combination of resonant
absorption followed by a spontaneous (or stimulated as shown in Chapter 5)
emission. This so-called Raman scattering includes elastic scattering, where the
electronic systems remains unaltered, and inelastic scattering, where energy is
transferred between the photon and the electronic system. If energy is absorbed
by the system, the relevant process is called Stokes scattering, whereas if en-
ergy is released, one speaks of Anti-Stokes scattering. To expand the possible
excitations within the electronic system, the states |n〉 have to represent nuclear
motion for example, and therefore have to be expanded to include these degrees
of freedom in the form |n〉 = |φ(e)n, φ(vib)n〉. Considering an incident photon
being absorbed in the system, and a second photon being emitted, the Raman
scattering cross section is given by

σRaman = r2
0(N2 + 1)ω2

ω1
dΩ2|û2Rû1|2, (3.21)

where R represents the matrix elements

Rjk = 1
me

∑
f

(〈n|p̂j|f〉〈f |p̂k|m〉
εf − εm+ h̄ω2

+ 〈n|p̂k|f〉〈f |p̂j|m〉
εf − εm− h̄ω1

) (3.22)

with the relation ω1−ω2 = (εn− εm)h̄ = ∆εn m. This condition gives the factor
that a typical RIXS experiment probes, the energy difference between the initial
and final state. If the incident photon energy matches one of the electronic ex-
citations in the system, the cross section is largely enhanced and the process is
called resonant Raman scattering. This is the case if the condition h̄ω1 = εf−εm
is fulfilled and builds the foundation for RIXS spectroscopy.

We have to elaborate on a point mentioned earlier which is of critical impor-
tance for experiments performed at an FEL. It is the effect of the photon field
on the scattering cross sections. For classical RIXS experiments, for instance
at synchrotron sources, one assumes to have ’one-photon-at-a-time’ experiments
that reduce the factor (N2 + 1) to 1, with N2 being the number of photons in
the interaction volume within the emission wavelength. This assumption breaks
down for FEL experiments, where the number of photons within the coherence
volume, the volume in which the photons are indistinguishable and can interfere,
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increases up to a magnitude of 109 [45].

A typical cross section estimation is another way of demonstrating the im-
portance of the photons per pulse parameter. A typical soft X-ray cross section
is around σ = 1 megabarn (Mb) [46]. Therefore, an estimation of the number
of incident photons ninc needed to absorb one photon per atom nabs is given by

ninc = nabsA

σ
= 1010 (3.23)

for an X-ray focus of A = 1 µm2. A typical synchrotron generates about 104

photons per pulse, which is far out of reach for multiple absorption processes.
A typical FEL pulse, in contrast, contains ≈ 1012 photons [47], which clearly
enters the regime where nonlinear and multi-photon effects have to be taken into
account. The influence of the photon field on the RIXS experiments is further
investigated in Chapter 5, where, depending on the incident field strength, the
observed scattering changes substantially.

For elastic scattering, the incident photon energy and the emitted photon en-
ergy have to match, which reduces the Kramers-Heisenberg formula Eq. 3.20 to:

σelastic =r2
0m

2
eω

4(N2 + 1)dΩ2 ×∣∣∣∣∣∣
∑
f

(〈n|û1~r|m〉〈m|û2~r|n〉
εm − εn

+ 〈n|û2~r|m〉〈m|û1~r|n〉
εm − εn

)

∣∣∣∣∣∣
2

,
(3.24)

This is the so-called Rayleigh cross section [39].

3.1.6 Selection Rules

As discussed in Sec. 3.1.2 around Eq. 3.14, the transition probability between
two states depends on the transition dipole moment. The application of sym-
metry considerations to the two states can help determining whether the inte-
gral will be zero without solving it, which is the case for symmetry-forbidden
transitions. This leads to the so-called selection rules. The expression for the
transition dipole moment becomes zero if the two wave functions representing
the initial and the final state are antisymmetric under symmetry operations of
the system. Practically, this is expressed in terms of quantum numbers that can
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be derived from the system wave function.

The selection rules dominating atomic and molecular electronic spectra are
governed by the D3h point group, and can be written as ∆n = 0, 1, 2, ... with
∆L = ±1 for single electron transitions, and ∆L = 0,±1, for multi-electron
transitions, ∆S = 0, and ∆J = 0,±1, except for the forbidden transition
J = 0→ J = 0. Here n is the principal quantum number, L the orbital angular
momentum, S the spin angular momentum, and J the total angular momentum
[48]. Note that these selection rules are strictly dependent on the assumptions
made in Sec. 3.1.2 during the development of the quantum mechanical descrip-
tion, and are accordingly not omnipresent in any system. In general, if a transi-
tion takes place through a mechanism that does not involve the electrical dipole
transition, or that is excluded from the description through simplifications, the
transition might be observable as low intensity peaks in experimental spectra.
Two examples for this are the mixing of states through vibronic coupling and a
mixture of ligand orbitals with the d orbitals in transition metal complexes [38].

3.1.7 Auger Decay vs. RIXS

As indicated in Sec. 3.1, the Auger decay acts as a competitor for the RIXS
process due to the fact that it reduces the number of excited systems available
for the emission of photons. At soft X-ray energies for typical transition metal
edges, the relation between Auger and radiative decay rates is shown in Fig.
3.3, where a gap of approximately two orders of magnitude can be seen between
the radiative and the Auger decay rates, respectively. A detailed list of Auger
and radiative decay rates can be found in [49], which is the origin of the shown
figure. This implies that for the RIXS process, only a fraction of the excited
systems decays radiatively. For the soft X-ray regime, this fraction is only about
0.1 %− 1 %. This low photon yield of the RIXS process highlights the necessity
to seek further improvements of this method, as presented in Chapter 5

3.2 Experimental Methods

A RIXS experiment requires three separate sections to work: an X-ray source to
create the experimental conditions for the light beam or pulse, a sample deliv-
ery system defining the interaction region of the X-ray photons with the sample
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Figure 3.3: Radiative (spontaneous emission) and Auger decay rates
in the soft X-ray regime. The ratio between Auger and radiative decay
stays constant, whereas the overall decay rate depends mostly on the transition
energy increasing with increasing energy. The transition metal L-edges of Iron
and Cobalt are highlighted to indicate the soft X-ray region and the relations
therein. The graph is adapted from [50] with values taken from [49].

and ensuring a timely sample renewal to reduce X-ray damage effects, and a
spectrometer that captures the relevant information from the light-matter in-
teraction region. In the following, these three parts are presented and explained
in detail.

3.2.1 Fundamentals of X-Ray Generation

Synchrotron radiation is generated when a charged particle at relativistic speed
is subject to a transverse acceleration [52]. This is valid for both synchrotron and
FEL sources. Usually, the charged particle is provided in the form of electrons,
but in principle other particles are also suitable for this purpose. The description
of the total radiated power originated from the acceleration of a charged particle
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in a vacuum is expressed through the Lamor formula, which is given as

P = q2γ4

6πε0c
((d

~β

dt
)2(1− β2)− (~β × d~β

dt
)2) (3.25)

under consideration of a relativistic generalization as explained in [53]. Here,
γ = 1√

1−β2
is the Lorentz factor, q is the charge of the particle, and ~β = ~v

c
with

the velocity ~v of the particle and c the speed of light. The acceleration source
in a synchrotron is a magnetic field, hence the acceleration is perpendicular to
the velocity, reducing it to ~β d

~β
dt

= 0 and yielding the simplified equation

Pa⊥v = q2a2γ4

6πε0c3 [53]. (3.26)

Using the relativistic mass-velocity relationship E = γmc2 and the proportion-
ality relationship Pa⊥v ∼ γ4, one receives

Pa⊥v ∼= E4

m4c8 , (3.27)

which explains why electrons are preferred to generate the radiation: since the
radiated power is proportional to m−4, electron radiation is approximately 1013

times higher compared with radiation produced by protons, for example [53].
The radiated power is proportional to the number of emitted photons and is also
dependent on the charge, or rather the number of charges emitting radiation [53].
In typical X-ray facilities, the electrons are bunched together in order to increase
the amount of emitted photons. Additionally, in a synchrotron the storage ring

Parameter Bessy II LCLS
Electron beam energy 1.7 GeV 2.5 - 14.7 GeV

Photon energy 1 eV - 10 keV 285 - 9600 eV
Repetition rate ≈ 500 MHz 120 Hz
Pulse duration 60 ps 1-400 fs
Peak brilliance 1022 1032

Average brilliance 1020 1020

Table 3.1: A selection of parameters for the third generation synchrotron
BESSY II [51] and the X-ray FEL LCLS [47]. Notable is the short pulse duration
for the FEL light source compared to a third generation synchrotron. However,
the overall flux in the experiment is about the same for the two sources. The
choice which light source to use depends primarily on the required time resolu-

tion.
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can contain many electron bunches, allowing a high repetition rate of the light
pulses and thereby increasing the average brilliance, as shown in Tab. 3.1.

3.2.2 Intense X-ray Sources

Figure 3.4: The peak brilliance of a selection of modern light sources
[54]. The difference in brilliance for synchrotrons and for FEL sources is obvious
through the gap of about four orders of magnitude. However, the peak brilliance
is the brilliance within one single pulse. The average brilliance of the sources only
differs by a margin. The peak brilliance is an important measure for experiments
that rely on single-pulse measurements.

The prerequisite for X-ray spectroscopy studies is the availability of well defined,
tunable, coherent, and intense X-ray light sources. Modern facilities providing
these are, for example, third generation synchrotron and FEL facilities [55, 53].
The key parameter used to compare the quality of different pulsed radiation
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sources is the peak brilliance BPk of a light source. This quantity is defined as
the number of photons per pulse nphotons emitted into a transverse phase space
with a relative bandwidth of 0.1%

BPk = nphotons
(0.1%BW )σxσyσ′xσ′y

[53]. (3.28)

σxσy is the transverse area representing the focal spot size, σ′xσ′y is the solid angle
into which the radiation is emitted, and 0.1 %BW is a relative bandwidth around
the central wavelength of the emitted radiation. The peak brilliance of a selec-
tion of light sources is shown in Fig. 3.4. It can clearly be seen that FELs have
a substantial higher peak brilliance compared with modern synchrotron sources.
Another parameter commonly used to compare light sources is the average bril-
liance Bavg that describes the number of photons per second rather than the pho-
tons per pulse. Therefore, the average brilliance is related to the peak brilliance
by the pulse length tpulse and the frequency f of the pulses, as is evident from

Bavg = BPk tpulse f. (3.29)

A selection of typical parameters for a third generation synchrotron, namely
BESSY II, and the FEL facility LCLS are shown in Tab. 3.1. While the average
brilliance is the same for third generation synchrotrons (Bessy II, for instance)
and FEL sources (LCLS, for example), there are distinct dissimilarities for the
other parameters. The question which source to choose depends on the specific
experimental requirements, especially in terms of timing. The main advantage
of FEL sources is the very short pulse duration in the femtosecond range at high
peak intensities as opposed to picosecond pulses at synchrotron facilities with a
lower peak intensity, but overall similar photon counts per second.

3.2.3 From Bending Magnets to Free Electron Lasers:
Generation of X-ray Radiation in Synchrotrons and
FELs

The first implementation of X-ray radiation through the acceleration of an elec-
tron package traversing a magnetic field at relativistic velocity was performed
with a bending magnet, as indicated in Fig. 3.5 a). The broad emission char-
acteristics illustrated in orange were further improved by the implementation of
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wigglers and undulators, as shown in Fig. 3.5 b) and c), respectively. Wigglers
are a series of bending magnets with alternating fields, hence the emitted power
P is proportional to the number of magnets P ∝ nmag [56], whereas the emitted
radiation has a broad spectrum whose center can be adjusted by changing the
kinetic energy of the electron bunch. A comparable concept is given by the
introduction of undulators, where the magnetic field is much weaker than for
wigglers and alternates at an adjustable undulator period λU .

The two concepts are typically characterized by their strength parameter K,
which depends on the maximum magnetic field Bmax and their undulator period

Figure 3.5: Characteristic emission of different X-ray generating tech-
niques which are based on electron bunch acceleration. The different
subfigures a) - d) represent X-ray generation through bending magnets, wigglers,
undulators, and FELs. The red lines show the pathway of the electron bunch
through the magnets indicated in violet and green for alternating field direc-
tions. The yellow lines represent the emitted X-rays and in orange the spatial
power distribution P . The clear distinction from top to bottom is the increasing
power distribution in a central beam. Also indicated is the (from top to bottom)
increasing coherence, which is highest for a single SASE spike FEL pulse. The
image is taken from [57] cbna.
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λU [58],

K = eBmaxλU
2πmec

≈ 0.93BmaxλU T·cm (3.30)

with c being the speed of light, me the electron mass, and e the elementary
charge. Typically, wigglers have strength parameters of K > 1 Tcm, whereas
K ≈ 1 Tcm applies to undulators. However, as indicated in Fig. 3.5 b), in wig-
glers the electrons oscillate strongly, so that the emitted radiation is incoherently
emitted into a wide angle and spectral distribution. Undulators, on the other
hand, improve this by tuning the undulator period and the magnetic fields in a
manner that their emitted radiation interferes constructively. Following Huang
et al. [58], this resonance condition for the wavelength λr is given by

λr = λU
2γ (1 + K2

2 + γ2Ψ2), (3.31)

where γ is the Lorentz factor of the electron bunch and Ψ the observation angle.
Note that, although the undulators magnets are typically separated by a few
centimeters [56], the emitted radiation is on the order of nanometers. This
is originated in relativistic effects that shorten the magnetic field period the
traversing electrons experience, and results in the relation between the emitted
wavelength λr and the undulator period λU , as shown in Eq. 3.31. As another
result, the emitted power P in an undulator scales with

P ∝ n2
mag, (3.32)

which is also indicated in Fig. 3.5 c) [59]. From the resonance undulator wave-
length Eq. 3.31 it becomes clear that an undulator can be tuned by either
adjusting the magnetic field (K ∝ B), by changing the undulator wavelength
λU , or by tuning the electron energy (Ee = γmec

2). This enables undulators to
radiate with a very variable resonant wavelength depending on the conditions
needed, which also explains the variation of the photon energy possible at dif-
ferent light sources, as shown in Tab. 3.1.

The difference between a third generation synchrotron undulator beamline
and an FEL is the length of the undulator section. In a typical undulator,
values here are from U49 at BESSY II, there are about 84 periods with a 49 mm
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period length [60]. At the linear coherent light source FEL, the undulator section
comprises 33 single undulator segments, each being comparable to one undulator
section at a synchrotron. The LCLS undulator hall houses 33 undulators with
113 periods of 30 mm length, resulting in an undulator of effectively 112.8 m
length [61]. Since the emitted power depends on the number of magnets as
shown in Eq. 3.32, the radiation emitted from this source is significantly higher
than that from a typical synchrotron beamline. However, the main difference
in the pulse structure arises from the effect of self amplification by spontaneous
emission (SASE), as further explained in the following section.

3.2.4 Self-Amplified Spontaneous Emission

If an electron bunch travels through an undulator, it emits radiation as explained
above. With increasing undulator length, the emitted power is growing as shown
in Fig. 3.6 by the blue line. Also indicated is an effect called microbunching,
where, depending on the distance the bunch travels through the undulator, a
modulation within the electron bunch appears until (for long undulator dis-
tances) it restructures the whole bunch to clearly separated microbunches. This
effect is shown in Fig. 3.6 in form of the circled electron bunches. The effect
originates from the interaction of the electron bunch with the so-called ’pondero-
motive potential’ from the combined undulator and radiation fields [58]. For a
theoretical description of the process compare [58]. Here, both the radiation
field and the electrons have a small component in the longitudinal direction
that interacts depending on the relative position of the electrons to an initial
electric field. This is given by the initial amplitude E0 and the initial phase
Ψ0, respectively. It is shown to change the electron density distribution along
the longitudinal direction dη

dz
depending on the relative time distance from the

undulator entrance θ as

dη

dz
= eK[JJ ]

2γ2
0mc

2E0cos(θ + Ψ0). (3.33)

Here e is the electron charge, K the undulator’s K parameter, and γ0mc
2 the

reference energy of the interacting field, which can be slightly different from the
electron energy γmc2 [58]. As the electrons move along the undulator, their
density distribution is modulated in a cosine form with the wavelength of the
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initial radiation. This modulated electron density creates the microbunches that
now continue to travel through the undulator and radiate photons, but instead
of the broad distribution from a classical undulator, the photons radiated from
one microbunch are now in phase. If the distance traveled through the undu-
lator becomes long enough, the distance between the individual microbunches
approaches the emitted wavelength, resulting in a coherent emission of all mi-
crobunches as indicated in Fig. 3.6 for the top right electron bunch. The lasing
process saturates when the microbunching is fully developed. The radiation that
starts the modulation is generated by the electron bunch itself, hence the name
self amplification by spontaneous emission or SASE. The emitted power of such
a pulse is now also proportional to the number of electrons ne being in phase
[43], scaling as

P ∝ n2
e (3.34)

Figure 3.6: The growth of radiation power in relation to the undula-
tor length (blue curve). The graphic indicates the change of the electron
bunch structure with increasing undulator length and the emission characteris-
tic of such a bunch, from unordered and out of phase for a short undulator to
microbunched and coherent for a long one. When the whole electron bunch is
microbunched as indicated by the top right graph, the radiation power saturates,

since all radiated photons are in phase. The image is adapted from [58].
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if running in SASE operation.

Since the SASE process is initiated by stochastic fluctuations of the electron
bunch and spontaneous undulator induced radiation, the single SASE pulses vary
in intensity, wavelength, and bandwidth, as indicated in Fig. 3.7 on the left.
Here the black line shows the average spectrum over 3000 shots, which is com-
parable with the output spectrum of an undulator. However, the single pulses
show strong fluctuations around the central wavelength. In Fig. 3.7 on the right,
the temporal power profile of a SASE pulse is shown. The single-shot spectral
profile in the frequency and temporal power domain are similarly spiky [58].

A special technique to gain control over the statistical fluctuations that define
a SASE pulse is the seeding technique that has been recently demonstrated
at the FERMI FEL in Italy [63]. As shown in Eq. 3.33, the microbunching
depends on the initial field condition set by E0 and Ψ0. If this is now an
external field, for example a high harmonic generation pulse as used in [63],
one can ’seed’ the initial fluctuations into the electron bunch. This technique
is promising to further improve the control over the X-ray pulse parameters.
However, the seeding technique is not yet available at soft X-ray sources, but
will be implemented in future FEL designs such as LCLS II. The experiments
discussed throughout this thesis have been performed in SASE operation at the

Figure 3.7: SASE pulse characteristics. Left: A selection of single-shot
spectra in blue, measured at the soft X-ray and materials beamline at LCLS
with the black line showing the average spectrum of 3000 shots [62]. The single-
shot spectral scattering is clearly visible as well as the overall average in form
of the Gaussian (black) SASE distribution. Right: A modeled temporal power

profile with typical pulse-by-pulse fluctuations simulated for LCLS [58].
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LCLS FEL.

3.2.5 Sample Delivery and Replacement

To utilize soft X-rays, vacuum conditions need to be met. Since one of the main
interests of RIXS measurements on transition metal systems is the way function
is created, which highly depends on the investigated complex’s symmetry and
environment, the state of the sample is of major importance. Due to this im-
portance of the natural environments, which for biological or chemical systems
is mostly the liquid phase, solid and liquid samples have to be introduced into
the experiment. The latter, however, is not easily compatible with experiments
in ultra-high vacuum. To circumvent this problem, a liquid jet delivery system
is used when working with liquid samples. Hereby, the liquid is introduced into
the vacuum through a small nozzle with a diameter of around 20 µm at typi-
cal flow rates of a few millimeter per minute. This ensures that the amount of
sample introduced into the vacuum remains relatively small, which is essential
for maintaining the vacuum condition required for soft X-ray transmission. For
further improved vacuum conditions, the jet is directly aimed at freezing traps
that capture and freeze most of the liquid, thus reducing the amount of sample
flying through the experimental chamber. The velocity v of the jet, resulting
from the liquid being pressed through the nozzle with the radius opening r and
the flow F , can be determined by

v = F

πr2 [64]. (3.35)

Consequently, for typical nozzle sizes of around 10 µm to 30 µm, the resulting
velocity amounts to approximately 30 m/s. At these velocities, the jet is defined
by two parts: a laminar flow region for a few millimeters just below the nozzle,
and the formation of droplets behind the laminar flow region [64]. As stated
above, these droplets have to be trapped to prevent evaporation. The laminar
area provides a region of bulk-like liquid, that can be coincided with the X-ray
beam to probe the liquid phase of the sample.

Another issue occuring when working with intense photon pulses is sample
damage [65, 66]. Since the X-ray photons interacting with the sample generate
free electrons through the Auger process as explained in Sec. 3.1.2, a substantial
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amount of energy is induced, which generates long living disturbances such as
vibrations, ionizations, and consequently, bond and structure breaking. This is
not a problem when working with a liquid jet as long as the jet speed exchanging
the sample volume exceeds the repetition rate of the light source. For the repe-
tition rate of 120 Hz typical for LCLS and a focus size of 100 µm2, the sample is
refreshed for every pulse at a jet speed of v > 1.20 m/s, which is easily achiev-
able through typical flow speeds of about 30 m/s. For solid samples, this has
to be addressed by not only decreasing the repetition rate, but also by moving
the sample to a new spot in between each pulses. However, for solid samples it
is much harder to refresh the light-matter interaction spot as a solid sample has
to be moved with a steady light interaction region to preserve the beam focus.
For the experiment described in Chapter 5, a new sample is introduced into the
interaction region for every shot through sample holder movement which ensures
a new sample for each shot but significantly reduces the number of FEL shots
collected in the experiment as. Alternatively for lower FEL intensities or for
samples with less pulse induced damage, it is possible to scan the solid sample
through the beam as we did in [67, 68].

3.2.6 Spatial and Temporal Overlap

One of the most interesting application of FEL pulses is the unique possibility to
perform time-resolved X-ray experiments with intense pulses in the femtosecond
time range. To enable this, the interaction region, explained in the last section,
has to be overlapped with a laser pulse to enable a classical pump-probe scheme.
This proves a non-trivial problem that has to be solved. Throughout the work of
this thesis, three steps are necessary to perform the stated experiments. First,
the X-ray pulse focus has to be overlapped with the sample, which, for a liquid
jet, is performed through a fluorescence yield measurement while performing an
x-y-scan with the jet. For a solid sample, this is done through a transmission
measurement behind a pinhole at the position of the sample. The optimum focus
position of the FEL is, in both cases, the maximized signal. Next, a precise
overlap between the laser and the X-ray focal spot needs to be created and
maintained throughout the experiment. For this, the same procedure as for the
X-ray pulse focus sample overlap is performed. In addition, an induced reflection
change measurement is performed for the temporal overlap at the jet position,
as explained in [69]. It is crucial to maximize the spatial and temporal overlap to
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obtain meaningful experimental results with a high excited state signal. Lastly,
in order to attribute for the single FEL pulse timing jitter originating from the
stochastic source of the pulse, a cross correlator between the laser and FEL pulse
timing is used as explained in [70, 71].

3.2.7 Spectrometer

For X-ray emission studies, a decomposition of the emitted radiation can be
achieved by dispersing the emitted radiation at spherical gratings. In order to
minimize the aberrations of spherical gratings, H.A. Rowland introduced the
theoretical basis for the Rowland circle geometry [72], which is shown in Fig.
3.8. In this geometry, the spherical grating with a radius of 2R is positioned on a
circle of radius R, the so called Rowland circle. If the photon source is positioned
exactly on the edge of this circle, focusing of the energetically resolved photons
will occur along this specific circle. This focusing can be described via the
grating equation [72]

n · λ = −d (sinα− sinβ), (3.36)

where λ is the incident wavelength, n the diffraction order, d the grating line
density, α the incident, and β the diffracted angle. It should be noted that the
diffraction order is directly correlated to the energy resolution, as higher order
diffractions disperse energies to a higher degree. This leads to a higher energy
resolution with subsequently lower intensity [73]. In Fig. 3.8 one can see the
X-ray source on the right, illuminating the spherical grating. This radiation is
then dispersed and focused on wavelength dependent spots on the circle. As
indicated, the detector is of planar geometry, which reduces the resolution due
to the capture of unfocused photons in the area alongside the circle. This effect
can be reduced by moving the detector to a position on the circle, where its
center coincides with the focus of the central wavelength of interest.
For measurements during this work, unless stated otherwise, a Nordgren-type
soft X-ray emission spectrometer consisting of an entrance slit, three grazing-
incidence spherical gratings, and a movable detector is used [74, 75]. The detec-
tor unit assembles a micro channel plate stacked with a deflector plated on top
of a phosphor screen. Outside the vacuum system is a charge coupled device
(CCD) camera focused onto the phosphor screen. According to [76], the overall
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Figure 3.8: The Rowland circle geometry, which is applied in the spec-
trometer. The light emitted from the source (for example the interaction region
in the sample indicated in green) falls through the spectrometer entrance slit
on the spherical grating. The grating focuses the light on different spots on the
Rowland circle depending on its wavelength, as indicated in red and blue. The
detector is placed on the Rowland circle to maximize the resolution at a chosen
wavelength. The resolution reduces when receiving wavelengths that are focused
on Rowland circle positions far from the detector position and are, therefore,

unfocused on the detector.

spectrometer efficiency is 10−7, which accounts for the grating efficiency, the
geometrical acceptance, and the detector efficiency.
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Chapter 4

Implications of Intense Photon
Fields on Soft X-ray
Spectroscopies

As a result of the implementation and development of modern X-ray sources with
an ever increasing peak brightness (compare Fig. 3.4), the X-ray-matter inter-
actions increase in complexity due to the onset of non-linear effects. Although
evoking new challenges for an equally in complexity growing data analysis, this
also opens up new opportunities of transferring spectroscopic methods from the
non-linear optical regime to X-ray spectroscopy.

With the now established FEL sources, photon-hungry spectroscopic meth-
ods such as RIXS or coherent diffractive imaging [77] become more and more
exploitable for low sample volumes and ultra-short time resolved experiments
[78, 79, 80]. These types of experiments, however, still demand a high photon in-
tensity in a small sample volume in order to be feasible, as discussed in Sec. 3.2.
This results in the requirement of an increased light field strength, which in
turn pushes the light-matter interaction into regimes where the light field might
induce a non-linear response. The occurrence of non-linear effects was observed
in various experiments during the last years [29, 37, 81, 82, 83, 84, 85]. As these
effects may also occur in classic spectroscopic experiments not aimed at these
non-linear aspects, this asks for a discussion on the implied effects of intense
light fields on commonly applied spectroscopic methods. This field is rather
new to the X-ray spectroscopy community, hence it is rarely noted that non-
linear implications can complicate experimental findings.
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For this reason, this chapter focuses on the implications of intense photon
fields on soft X-ray spectroscopies. In particular, the light field driven change
of light-matter interaction is discussed based on the emergence of the first order
non-linear effect of stimulated emission within a single light pulse. Before ven-
turing into the discussion of the recently observed stimulated effects and their
implications on modern spectroscopy, a short introduction into the treatment of
non-linear light-matter interactions seems important. To understand this aspect,
an introduction into the well established concept of the non-linear susceptibility
is given, followed by a discussion of the intensities in FEL experiments with
a special focus on the relation between spontaneous and stimulated emission.
Secondly, we will discuss how the onset of stimulated emission changes the pulse
propagation through a sample, and how it affects scattering and transmission.
A special focus is put on the continually changing interplay of spontaneous
emission, stimulated emission, and Auger decay, which manifests itself in the
observation of effects such as self-induced transparency, self-focusing, scattering
breakdown, and pulse induced damage. We believe that these phenomena will
play a key role not only for carrying out new experiments, but even for the re-
interpretation of already published data from a new point of view. To emphasize
how the increasing intensity can be a double-edged sword for experimental in-
terpretations, the above mentioned effects are discussed using the examples of
some experiments which may have been affected by these [86]. Finally, we briefly
review recent advances in the area of multidimensional X-ray spectroscopy.

4.1 Light-Matter Interactions at High X-Ray
Fluences

4.1.1 Non-Linear Susceptibility

The classical approach to non-linear light-matter interactions connects the gen-
eralized electric polarization ~P (~r, t) of a system with the field strength ~E(~r, t)
of an applied optical field through the wave equations
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[
∇2 + ∂2

c2∂t

]
~E(~r, t) = −4π

c2
∂2

∂t2
~P (~r, t) (4.1)

∇ ~E(~r, t) = −4π∇~P (~r, t) , (4.2)

which originate from Maxwell’s equations. Here, the polarization includes not
only the electric dipole, but also all multipole contributions of the interacting
atom, molecule, or matter [87]. In case of linear optics and weak fields, the
induced polarization

~P = ε0χ
(1) ~E (4.3)

is linear in ~E with the linear susceptibility χ(1) and the vacuum permittivity ε0.
Following the common description, the polarization and electric field strength
are expanded into their Fourier components

~E(~r, t) =
∑
n

~E(ωn), (4.4)

~P (~r, t) =
∑
n

~P (ωn) (4.5)

with ~E(±ω) = 1
2
~ξne
±i~k~r . (4.6)

Accordingly, the polarization can be written as a power series with the nth order
susceptibility tensor ~ξn.

~P (ω) = ~χ(1) ~E(ωi) (4.7)

+
∑
j,k

χ(2)(ωi = ωj + ωk) : ~Ej ~Ek (4.8)

+
∑
j,k,l

~χ(3)(ωi = ωj + ωk + ωl) : ~E(ωj) ~E(ωk) ~E(ωl) (4.9)

+ ... (4.10)

Note that the susceptibility tensor’s dependence on ~k is neglected owing to the
electric dipole approximation ei

~k~r ≈ 1, which is typically applied in soft X-ray
spectroscopies. For understanding non-linear X-ray-matter interactions within
this approach, it is key to determine the susceptibility tensor, which is, however,
not easily achievable, but gives a full description of any non-linear phenomena
if done correctly.
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In the following discussion, we concentrate on the third order susceptibility,
since the described processes all fall within the interactions described by this
term, i.e. stimulated Raman or Stokes scattering and (four) wave mixing. For
an estimation of χ(3), one can use the centro-symmetric an-harmonic oscillator
model presented by Boyd ([88]), adapted to the electronic Raman scattering case

χ(3)(ω2 = ω2 + ω1 − ω2)/N (4.11)

≈ e4ω2
0

ε0m3r2
a

(
1

ω2
0 − ω2

2 − 2iγω2

)2 ∣∣∣∣∣ 1
ω2

0 − ω2
1 − 2iγωi

∣∣∣∣∣
2

[31]. (4.12)

As shown by Patterson, the model shows quite good agreement with detailed
calculations from other models [31]. Boyd classifies two types of interactions, one
where the initial and final electronic state remains unchanged, and one where the
material experiences a transmission into a different electronic state [88]. These
processes are called parametric and non-parametric, respectively. The impor-
tant point here is that a parametric process can be described by the real part
of the susceptibility, whereas a non-parametric process can be described by the
complex part of the susceptibility.

Two different approaches to treating light-matter interactions are common.
The classical one, as briefly introduced above, relies on the calculation of non-
linear susceptibilities through the induced polarization, whereas the quantum
mechanical approach relies on the calculation of transition rates and cross sec-
tions, as described in Chapter 3. Further theoretical discussions and develop-
ments on non-linear X-ray-matter interactions go beyond the scope of this dis-
cussion, but there are interesting discussions about the treatment of non-linear
interactions. Out of these I would like to point your attention to an interesting
study that generalizes the Kramers-Heisenberg cross section (Eq. 3.20), to en-
able its application within the non-linear regime, and thus enabling calculations
of non-linear X-ray cross sections through the susceptibility [89].

4.1.2 Stimulated vs. Spontaneous Emission

As discussed in Sec. 3.1.2, light-matter interactions are commonly described
through their respective cross sections. To understand how light-matter inter-
actions change with rising pulse intensity, a formalism to treat the decay cross
sections in an intensity dependent way is being discussed in the following. The
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formalism to treat stimulated scattering at optical frequencies, as derived by Lee
and Albrecht [90], was recently applied to the X-ray regime by Patterson [31],
who discussed the extended possibilities of such effects and estimated approxi-
mate magnitudes of the experimental parameters, required in order to observe
stimulated scattering. In this treatment, the spontaneous emission is regarded
as a stimulated emission of the vacuum or zero point field, respectively.

δ2σstim
δΩδω2

= h̄ω1ω2

2ε0c2 F (ω2)Im(χ(3))
ρ

(4.13)

Equation 4.13 describes the stimulated scattering cross section of an incident
photon at frequency ω1 into the frequency interval [ω2, ω2 + δω2] and the solid
angle δΩ in the presence of a photon field at frequency ω2 that is given by
the spectral photon flux F (ω2). The medium is represented by the third order
susceptibility χ(3) and the density of scattering centers ρ. Schreck et al. applied
this formalism to a dense medium that excludes saturation effects [30]. Thereby,
they derived the following expression for the total scattering cross section as

σtotal = σspon

 1
︸︷︷︸
σspon

+ 1− ωfy
ωfy︸ ︷︷ ︸
σAuger

+ 4π2c2

ω2
2
F (ω2)

︸ ︷︷ ︸
σstim

 , (4.14)

where the fluorescence yield ωfy determines the ratio between the sponta-
neous emission and the Auger cross section. The light-matter interaction in this
formalism can be understood as driven through a perturbation which induces
the interaction process. In the case of Auger decay, the driving force is the
strong Coulomb field of the nuclei. In the case of spontaneous emission, it is
the zero point electromagnetic (vacuum) field or the usually weak photon field,
respectively. When the electromagnetic field becomes comparably strong as the
Coulomb field, the spontaneous emission becomes stronger than the Auger de-
cay, which results in an increased emission cross section, here indicated through
the stimulated emission cross section [30]. This idea enables a comparison of
the different contributions to the total scattering cross section for different ex-
perimental parameters, as shown in Fig. 4.1.

First, it can be seen that the ratio between the spontaneous and the stimu-
lated cross section changes with the resonant excitation energy. In the soft X-ray
regime, Auger decay dominates over spontaneous emission, whereas in the hard
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(a)

(b)

Figure 4.1: (a): The ratio between the individual contributing cross sections
is shown in relation to the incident photon energy. The total cross section
(black) is the sum of the spontaneous (cyan), stimulated (blue) and Auger(pink)
cross section. (b): Contributing cross sections at a fixed incident energy versus
incident photon flux. The simulated cross sections where calculated for a 10 fs
pulse of 0.5% bandwidth and a focal size of 50 µm2. The figure was adapted

from [30] with courtesy from S. Schreck.

X-ray regime at around 10 keV, spontaneous decay starts to exceed Auger de-
cay, as shown in Fig. 4.1 on the left-hand side. Secondly, the stimulated cross
section rises with increasing photon flux and starts to surpass the Auger decay
at around 1012 photons per pulse, which is the estimation for photon numbers
within a short LCLS pulse and, consequently, within the range of observable
processes [47]. The corresponding resonance energy of 400 eV in Fig. 4.1 top is
indicated by a dashed line as a guide to the eye. The simulations of the cross

48



Chapter 4. Implications of Intense Photon Fields on Soft X-ray Spectroscopies

section distributions were performed with an estimated focus size of 50 µm2.
The capabilities for X-ray focal spot sizes are way below this, going down to
orders around ≈ 1 µm2, which further increases the effective photon flux [91].
The stimulated cross section decreases with increasing photon energy, indicating
that stimulated scattering is more likely observable at smaller photon energies.
Nonetheless, this has indirectly been observed at hard X-ray energies, as shown
in Fig. 4.3 and discussed below.

4.2 Implications of Single Pulse Self-Induced
Effects on Soft X-ray Spectroscopies

In this section, the implications of non-linear, especially stimulated, effects on
X-ray spectroscopies are discussed. All effects discussed here are compared to
experimental evidence. Self-induced effects are those occurring during the in-
teraction of one pulse with the sample on the timescale of the pulse length, and
are, hence, induced by the pulse itself. Fluences on the order of 1010 photons
per pulse which are estimated to equalize the amount of stimulated and spon-
taneous effects (Fig. 4.1), are achievable at FEL and even sometimes at modern
synchrotron sources [47]. Therefore, it is critical to understand what happens
when stimulated effects start to overtake and thereby change the experimental
outcome. Here we discuss three aspects of stimulated scattering, namely self-
induced transparency, self-focusing, and the breakdown of scattering intensity
before first applications of stimulated scattering are shown.

4.2.1 Self-Induced Transparency or Saturable Absorp-
tion

The effect of saturable absorption is well known from non-linear optical spec-
troscopy and takes place in almost any medium if the incident pulse fluence is
close to the damage threshold of the sample. It is either called saturable ab-
sorption [92] or self-induced transparency [93]. In either case, the self-induced
transparency is created by the strong excitation of the sample, meaning that al-
most every possible absorption event takes place. When the sample is stripped
of electrons in the core level, the basic requirements for an absorption process
are not fulfilled anymore and thereby the photon passes unaffected through the
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sample. To be fair, a complete excitation is difficult to realize, but still has been
observed for multi-ionization experiments at FEL sources [94, 95]. However, the
saturation of absorption starts to set in when a significant amount of electrons
is excited, which is discussed in common non-linear optics literature, such as
for example [88]. As indicated above though, stimulated emission also plays a
crucial role related to this effect. When the light field strength increases, the

(a)

(b)

Figure 4.2: (a): Schematic illustration of self-induced transparency. The front
of the pulse excites the majority of electrons within the sample, thus rendering
it transparent for the following photons while only loosing a fraction of its total
intensity I through absorption. (b): The experimental data was recorded by
Nagler et al. at the Al L-edge (92 eV) and shows fluence dependent self-induced

transparency [84].
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probability of stimulated scattering also increases. Any stimulated photon is in-
distinguishable from its stimulating photon, therefore the stimulated one travels
in the same direction as the latter one, effectively increasing the intensity in
the forward direction of the beam. The more stimulated photons there are, the
higher is the effective transparency in the sample. Additionally, the sample can
only absorb a maximum number of photons up to an excited state population of
around 50 %, where the amount of absorptions and stimulated emissions merges.
Such a behavior has been simulated by Stöhr et al. for thin Co films at the Co
L-edge [37], where they stated this to be observable at today’s FEL light sources
for short pulses.

The principle of self-induced transparency is shown in Fig. 4.2, where the
schematic pulse-sample interaction is shown to the top. At the bottom, a mea-
surement by Nagler et al. can be seen, illustrating the fluence-dependent change
of the sample transmission in thin Al-films at the Al L-edge (92 eV) [84]. Fig.
4.2 clearly shows an increase in transparency in dependence of the incident flu-
ence as explained above. In the discussion around Fig. 4.1, the occurrence of
stimulated emissions was stated to be more likely for lower X-ray energies, how-
ever, the phenomenon has also been observed at hard X-ray energies at the iron
K-edge (7.1 keV) [81] and in neon gas targets [96]. In the case of a low density
gas target, the authors explain the transparency by the complete ionization of
the gas, which is a second possible pathway for the light pulse to render the
sample effectively transparent.

Whether all interacting atoms are striped off their inner shell atoms or the
majority of the sample is in a core excited state, the effect on the transmission
of the pulse is the same: it becomes more transparent. Would the same amount
of energy absorbed by the front of the pulse be injected back into the pulse
through stimulated emission, the sample would become completely transparent.

4.2.2 Self-Focusing through Saturable Absorption or Stim-
ulation

Whenever saturable absorption occurs for a Gaussian shaped pulse, the trans-
mitted pulse will experience self-focusing, as indicated schematically in Fig. 4.3.
It can be seen that the pulse absorbs approximately the same number of pho-
tons along its transverse profile, which in turn results in a narrower transmitted
profile (Fig. 4.3 top). This so-called self-focusing of the incident pulse was ob-
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(a)

(b)

Figure 4.3: (a): A schematic explanation of self-focusing through saturable
absorption. When intense pulses pass through a material with saturable ab-
sorption behavior, the transmitted pulse is focused, as shown at the top. At
the bottom, experimental data by Yoneda et al. is shown. In this paper, they
noticed the focusing effect in angular resolved transmission spectra at the iron

K-edge (7130 eV) [81].

served by Yoneda et al. at the iron K-edge (7130 eV), as shown in Fig. 4.3 at the
bottom. In addition to that, a second aspect has to be considered. As indicated
in Fig. 4.1, the cross section for stimulated scattering increases with increasing
incident fluence. This results in a change of the ratio between spontaneous and
stimulated emissions, as discussed in [30]. Since all stimulated photons are in-
distinguishable from the stimulating field, the occurrence of stimulation results
in an increase in forward scattering, as explained in Sec. 4.2.1. Because stimula-
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tion depends on the photon field strength, it occurs predominantly at the center
of the incident Gaussian profile, thereby increasing the induced transparency
and effectively also the self-focusing effect. In non-linear optics, self-focusing is
merely due to the intensity dependent refractive index changes, which reflects in-
tensity into the area with the lowest refractive index and thus effectively into the
area with the highest light field intensity. To realize focusing for X-ray pulses,
this concept can be expanded to include the effect of stimulation and saturable
absorption and may, as Yoneda et al. point out [81], be used to improve X-ray
pulse fronts and focal sizes.

4.2.3 Scattering Breakdown

Another important self-induced change in the light-matter interaction is the
breakdown of scattering signals, as indicated in Fig. 4.4. As discussed above
(Sec. 4.2.1), the emergence of stimulated emission strongly depends on the
incident photon fields strength. Since stimulated emission is a forward directed
scattering and the overall scattering is mostly dependent on the absorption cross
section, the presence of stimulation reduces the rate of spontaneously emitted
photons available for scattering. Additionally, saturable absorption effectively
lowers the absorption cross section, which in turn reduces the total amount of
scattering processes. All the above together result in a reduction of scattering
intensity independent of the reaction of the material to the pulse, and thus
independent of the experimental setup. This could be of particular interest
for the demagnetization dynamics discussion, as it affects especially magnetic
scattering experiments.

The scattering breakdown effect was independently observed by Müller et
al. [97] and Wu et al. [98] in different magnetic scattering experiments. Both
observations are shown in Fig. 4.4 at the bottom, and in both cases the scat-
tering signal reduces as the incident fluence increases. This example shows how
classical interpretations of these experiments may be difficult due to potentially
overlapping effects: stimulated scattering reduces the overall scattering signal as
it pushing photons in the forward direction, whereas magnetic demagnetization
is well known to reduce the scattering signal by itself.

To improve the understanding of this interplay of effects, Stöhr et al. de-
veloped a model to investigate the effective excited state population within a
two level system, which gives rise to the domination of stimulated channels at
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(a)

(b)

Figure 4.4: (a):The schematic shows a typical scattering experiment for two
cases of different incident fluences. When the incident pulse induces trans-
parency or stimulation in the sample, spontaneous emission is suppressed, which
pushes the transmitted light intensity into the forward direction. (b): Two mag-
netic scattering experiments by Müller et al. (left) and Wu et al. (right) are
shown, where they observed the decrease of scattering intensity by increasing

the incident pulse fluence [97, 98].

the cost of scattering (or the spontaneous channel for that matter) [37]. At this
point, it cannot be said whether this effect changes the common interpretation
of a scattering change as a direct proof of magnetization or demagnetization
[99, 100], but it has to be taken into account when trying to understand scatter-
ing intensity dependent results. However, there is also a way to directly observe
the onset of stimulated emission, namely the measurement of the spectral distri-
bution of the transmitted direct beam. In case of stimulated emission, not only
a transparent sample will be observed, but the stimulation within an absorption
band will also result in an increase of transmitted intensity at the lower end of
the absorption edge. This is due to the fact that at the lower end of the absorp-
tion band, it is more likely to create an inversion, which is a result of ultra fast
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electron cascades as simulated by Ziaja et al. [101]. In this paper, they show
that ultrafast electron cascades affect the sample already within the first fem-
toseconds after excitation, and that these cascades are dominated by low energy
electron scattering, which shakes up the occupied electrons around the Fermi
energy and therefore effectively increases the possibility of an electron-hole pair
recombination at the lower energy end of the absorption band.

4.3 Experimental Evidence of Stimulated Scat-
tering and Beyond

The experiments in the discussion above give clear indications of the presence
of stimulated scattering. However, Sec. 4.2 did not discuss the occurrence of
stimulation itself, but rather experimental evidence pointing towards it. As
discussed by Schreck et al. [30], stimulated emission depends on the photon
field strength and on the incident photon energy. In Fig. 4.1 to the top, the
dependence of the stimulated scattering cross-section from the incident photon
energy is shown. The higher the photon energy becomes, the smaller is the
stimulated scattering cross section. Hence it seems reasonable that the first
observation of amplified spontaneous emission in the soft X-ray regime reported
by Beye et al. [29], occurred at the silicon L-edge (around 115 eV) in crystalline
silicon. Here they observed an amplification of the fluorescence yield signal
that could be backtracked to the geometry of the excited volume in the sample,
which then indicated the amplification of spontaneous emission along the excited
sample volume. The first direct observation of stimulated resonant X-ray Raman
scattering was observed at an atomic gas target by C. Weninger et al. [102].

4.3.1 Atomic Inner-Shell X-ray Laser

The onset of stimulated scattering opens new ways to generate fully coherent
X-ray lasers through the stimulation of inner-shell transitions, which could gen-
erate X-ray pulses with full temporal coherence, ultra-short pulse duration, and
extreme spectral brightness [83]. For this idea to work, the FEL pumps a gas
target, which in the following relaxes within the core hole lifetime. But as in a
classical laser, the FEL pump generates an inversion which enables the sponta-
neous emission from the target to be amplified through stimulated scattering,
which results in a completely coherent inner-shell laser pulse. This has been
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reported for a 1.46 nm wavelength transition at single ionized neon gas targets
by Rohringer et al. [83], and for a wavelength of 1.5 Å at solid copper targets
by Yoneda et al. [82]. As explained above, for example in Fig. 4.1 or [30],
stimulated scattering in the hard X-ray regime is much less efficient. To still
enable X-ray lasing in this regime, a seed is needed in order to amplify the
emission at the seed wavelength. This is the technique Yoneda et al. exploited
in [82]. To make these X-ray inner-shell lasers relevant for actual applications,
one needs to expand their capabilities to a wider range of wavelengths. In their
paper Kimberg et al. provided a study on lasing in diatomic molecules that ex-
pands these capabilities to a whole new set of possible lasing wavelengths [103].
This development is quite interesting, since it enables X-ray pulses at selected
wavelengths with an extremely narrow bandwidth and pulse length.

4.3.2 Towards Controlled Multi-Pulse X-ray Spectroscopy

The logical conclusion of the evolving field of non-linear X-ray spectroscopy is to
expand the experimental capabilities to multi-pulse experiments. The concept
of four-wave mixing is one of the most promising ones, as discussed by Mukamel
et al. [104, 105, 106]. In these publications, Mukamel et al. also discuss the
theory behind four-wave mixing, including the experimental requirements. This
technique could extend the possibilities of X-ray spectroscopies by the capabil-
ities of non-linear optics. The authors also mention that the required control
over two incident pulses could potentially be achieved through stimulated RIXS,
which will be introduced in the next chapter. A number of other aspects of X-ray
multi-pulse experiments have also been the focus of various groups, as described
in the following.

The first step on the route to controlled non-linear spectroscopy is the achieve-
ment of any type of wave mixing in the X-ray regime. It was almost half a
century ago that Eisenberger et al. and Freund et al. described the modula-
tion of X-ray photons through optical/small wavelength photons and predicted
the experimental observations we see today [107, 108, 109]. The first observa-
tion of optical and X-ray wave mixing was recently reported by Glover et al.
[110]. They managed to perform sum-frequency generation between an X-ray
and an optical photon. Consequential, the observation of sum-frequency gen-
eration leads to the question whether parametric down-conversion is feasible,
since it is the inverse wave mixing process. And indeed, it has been observed
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in the extreme ultra-violett (XUV) region by Tamasaku et al. [85] and in the
X-ray regime by Shwartz et al. [111]. Mixing of an optical and an X-ray pho-
ton was observed, therefore the next step is the mixing of two X-ray photons.
The simplest step of X-ray-X-ray mixing is second harmonic generation. This
process was reported by Shwartz et al. [112] for hard X-ray pulses at LCLS.
The first report of a successful four-wave mixing experiment at an FEL source
was published by Bencivenga et al. [113]. They were able to realize four-wave
mixing experiments in the XUV regime, showing the principal feasibility of FEL
light sources for such experiments.

4.4 Summary

This chapter has discussed the occurrence of non-linear effects in the X-ray
regime, using the example of the onset of stimulated emission. Since this is the
first order of non-linear effects occurring due to the presence of intense photon
fields, it will subsequently be relevant for the first set of controlled non-linear
experiments in the X-ray regime. The fluences where stimulation occurs are
well within the range of modern FEL facilities. A way to understand the im-
pact of simulation is the concept of the intensity dependent decay cross sections
which where discussed in detail. As a result of the shifting decay cross sections
from Auger and spontaneous emission towards stimulated emission, a number
of experimental observations occurred. All these observations open the way to
transfer experimental capabilities from the non-linear optical field to the X-ray-
matter interactions. However, to enable the utilization of these techniques, we
have to improve our understanding of single-pulse self-induced effects. As a first
experimental aspect, the observation of self-induced transparency or saturable
absorption due to the high number of photons in the X-ray pulse and the full
excitation of the medium were discussed. This was followed by a discussion on
self-focusing through saturable absorption or stimulation. Since this effect is
a direct result of the self-induced transparency, with the transparency having
a lateral profile through the sample, the effect reduces from the central (high
intensity) portions of the pulse towards the edge resulting in an effectively nar-
rower transmitted pulse. Finally, the reduction of scattering intensity due to the
increasing occurrence of stimulated scattering was discussed. This effects shifts
the ratio of scattered photons to transmitted photons towards the transmission
due to the nature of stimulation being directed parallel to the incident pulse.
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All these aspects have to be taken into account when attempting to inter-
pret experiments performed at extremely high photon densities within the X-ray
regime. However, there are already groups trying to push the idea of multidimen-
sional spectroscopy such as higher harmonic generation, parametric conversion,
and four-wave mixing in the X-ray regime. These First findings where discussed
in the final part of this chapter. As stimulated scattering is a promising candi-
date to push the limits of RIXS to higher selectivity and improved photon yields,
the next chapter focuses on an experimental approach to reveal these available
transition channels.
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Chapter 5

Stimulated RIXS: Single-Shot
Spectroscopy and Scattering
Reveal Hidden Channels in
Magnetic CoPd Thin Films

RIXS is a powerful tool to study a broad variety of systems. Since it allows to
investigate charge, vibronic, spin, and orbital degrees of freedom, as discussed
in Chapter 3, there is a strong interest to exploit this spectroscopic tool for the
investigation of different materials. The major drawback of RIXS is the low
fluorescence yield of less then 1% in the soft X-ray regime, which is surpassed
by the Auger decay that generally covers ≈ 99% of the relaxation processes [49].
This leads to the need for high photon densities or rather long measurement
times not feasible for time resolved experiments. The limited number of FEL
sources available and the relevance of RIXS measurements for the understanding
of complexer molecular dynamics increases the interest in improving the RIXS
photon output in any possible way. Therefore, it is of fundamental interest for
the future development of RIXS measurements to increase the fluorescence yield.
As a result of the tremendous advances in FEL performance in terms of pulse
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intensity and control over the pulse parameters such as shape, energy, length,
and coherence, for example, new opportunities to enhance the fluorescence yield
or the amount of gathered information opened up.
The idea of a stochastic pump-probe RIXS scheme proposed by Rohringer et
al. [114], for instance, intends to use the stochastic distribution of the SASE
pulses in combination with an X-ray pump-probe scheme to expand the amount
of extracted information. The other approach, investigated in this thesis, is the
amplification of the RIXS signal through stimulated emission, where the fluo-
rescence channel of interest is amplified by an external electrical field. This can
be the photon field of the incoming pulse or the photon field of the spontaneous
emission channel, for example. The effect of stimulated scattering, first observed
by Beye et al.[29] and C. Weniger et al.[102], turned out to be a promising ap-
proach, since this effect directly boosts the cross section of the fluorescence decay
and thereby decreases the Auger decay efficiency as shown in [30]. It is of par-
ticular interest to search for direct experimental evidence of stimulated RIXS
and a way to exploit this to increase the photon yield of the relevant interaction
channels in the investigated system.

In this chapter, an experimental approach to reveal the feasibility of stimu-
lated RIXS will be discussed. For this purpose, a single-shot RIXS experiment on
magnetic CoPd samples was designed and performed at the LCLS FEL source.
The experiment, as well as the results will be discussed and are to be published
soon. In this experiment, a first direct observation of stimulated RIXS in a
solid sample is presented, continuing on the path given by the first observa-
tion of amplified spontaneous emission in the X-ray regime by Beye et al. [29].
The chapter finishes with the first publication originating from this experiment,
whocj focuses on the scattering loss and increase in transparency discussed in
detail below [115].

5.1 Boosting the Fluorescence Channel While
Suppressing the Auger Channel

For RIXS, the fluorescence emission channel is the channel that transports the
information about the medium, as discussed in Chapter 3. Since a core excited
system decays through either spontaneous emission or Auger decay, the ratio
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between the two determines the amount of information, that is the number of
photons extractable through the RIXS process. Typically ≈ 99% of the core
holes decay through Auger decay and only ≈ 1% decay through spontaneous
emission. Considering that spontaneous emission is an isotropic process, only
a fraction of this 1% of all decays can be captured in a RIXS measurement.
The question that arises is, whether it is possible to increase the fluorescence
channel’s cross section or decrease the Auger decay cross section. The first pro-
cess capable of doing this is the stimulated emission, as we discussed from the
intensity dependent cross sections in Sec. 4.1.2. Considering the possibility to
stimulate the fluorescence channel, this ultimately leads to an increased RIXS
cross section while effectively suppressing the Auger cross section.

The stimulated emission cross section is, furthermore, dependent on the
third-order non-linear susceptibility χ(3) and the number of scattering centers in
the medium ρ. The resulting relationship between the cross sections for different
X-ray energies and light field power densities was shown in Fig. 4.1 in depen-
dence of the incident fields power density or photon numbers, respectively. In
Fig. 5.1, the intensity dependent cross sections around the energy of common
transition metal L-edges, such as Fe or Co for example, can be seen. The differ-
ent sub-figures show different incident pulses X-ray energies, chosen to be on the
order of typical material absorption edges. It is clearly visible that the Auger and
spontaneous cross section decrease with increasing incident field strength, while
the stimulated cross section increases, leaving the total cross section unchanged
as the model depicts. For incident photon numbers between 1012−1013 photons
per pulse, strong changes in the cross sections can be observed. These photon
counts are achievable at single short LCLS pulses [47]. Since the total relaxation
cross section depends on the absorption cross section, it is clear that the process
of resonant excitation must be investigated in order to be able to observe the
changes induced by this effect. In addition, it should be noted that by increasing
the stimulated emission cross section, the scattering is pushed into the forward
direction, resulting in a change from the isotropic scattering towards a forward
dominated scattering scheme. This increased forward scattering at the cost of
the isotropic scattering has to be observable in the form of a fluence dependent
scattering decrease.
In order to demonstrate stimulated RIXS experimentally, a material system
showing some kind of non-linear interaction in the soft X-ray regime was to be
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Figure 5.1: Intensity dependent Cross-sections versus the incident
power density for a variety of typical material edges from [30]. In
all sub-figures 1(a)-(f) the relations between the different relaxation cross sec-
tions are shown. The lower x axis gives the intensity in photons per incident
pulse, and the upper x axis shows the power density in W/cm2. The black
dashed line gives to the total relaxation cross section, while the others refer
to the Auger cross section (pink), the spontaneous cross section (cyan), and
the stimulated cross section (blue), respectively. For all X-ray material edges,
the spontaneous and Auger cross sections decrease with increasing incident field
strength, whereas the stimulated cross section increases instead. The higher the
photon energy (increasing from (a) to (f)), the higher the required field strength
to achieve the same cross section changes.
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found. It has recently been reported by Wu et al.[98] that they observed a de-
crease in the X-ray diffraction intensity induced by intense X-ray pulses tuned to
the Co L3 resonance in magnetic CoPd multilayers. This observation indicates
exactly the scattering breakdown expected when stimulated RIXS occurs in a
material system, and provides, therefore, the starting point for our experiment
described in the next section 5.2.

5.2 Experimental Approach

In order to understand the interplay between the different relaxation channels,
an experiment being capable of recording X-ray scattering as a measure of the
spontaneous emission as well as the spectral information of the direct beam
transmitted through the sample was designed, giving a measure of the stimu-
lated emission channel. The corresponding experiment was performed at the
Atomic Molecular and Optical Science (AMO) endstation [91] at the LCLS. It
was designed to simultaneously obtain pulse by pulse information on the charge
and spin interaction in the magnetic sample. The experimental schematics are
shown in Fig. 5.2. The FEL provides linearly polarized SASE pulses of 5 fs
pulse length and 1013 photons per pulse at a photon energy of 778.8 eV with a
bandwidth of 1 eV tuned for the Co L3-edge excitation.

The Kirkpatrick-Baez (KB) optic focuses the pulses to ≈ 10 µm2 at the
sample position. These pulses are then split and spatially separated by a split
and delay line [116], which is only used for splitting purposes, into a probe pulse
and a normalization pulse. The probe pulse travels through the CoPd sample,
while the spatially separated normalization pulse travels through an empty SiN
membrane. The directly transmitted pulses continue both through a hole in
between the two PnCCDs (Pn for pinhole) and enter the spectrometer described
in [117]. The alteration to the mentioned spectrometer is a CCD focused onto
a YAG screen instead of the MCP (compare Chapter 3.2.7 and [76]). This
enables intense single-shot observations with a high dynamic range compared to
sensitive low photon-count measurements in the original spectrometer setup. In
our experiment, the direct beams are dispersed on a grating and then sent onto
a YAG screen, where a CCD captures the spectral information, as shown in the
Fig. 5.2.

The image on the YAG screen in Fig. 5.2 is a typical single-shot spectrum
of both beams as measured during the experiment. In this setup, the spatial
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Figure 5.2: Schematic stimulated RIXS experimental setup. The FEL
pulses are spatially separated to pass through either a sample or a dummy-
membrane. The two beams continue through a hole in between the two separated
CCDs that collect the scattering signal. One CCD is positioned in a manner
to collect the first order scattering, while the other one collects the third order
scattering, respectively. The direct beam enters a spectrometer consisting of an
entrance slit, a grating, and a YAG screen. A CCD is focused onto the YAG
screen, where the spectral information of the incident beam and the transmitted

beam is recorded.

separation is key, as it enables a single-shot measurement of the energy, the
bandwidth, and the transmission intensity, which additionally opens a way to
single-shot normalization. Apart from the spectral information, the two PnC-
CDs measure the sample’s first and third order diffraction, thereby collecting in-
formation about the antiferromagnetic domains in the long range and the short
range, corresponding to the first order scattering and the third order scattering,
respectively.

5.2.1 Magnetic Thin Film CoPd Samples

The experiment was performed with magnetic thin film samples CoPd on SiN
membranes. This sample system was chosen because of a report on an unex-
pected scattering signal breakdown at the Co L3-edge by Wu et al. [98]. In
their experiment, the magnetic speckle pattern was significantly reduced by the
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incident FEL pulses compared to equivalent synchrotron measurements. This
indicates the sort of non-linear response to an incident light field which we aim
to investigate. Comparing with Fig. 5.1 around 800 eV we expect a comparable
strong RIXS signal (spontaneous emission) to the stimulated signal (stimulated
emission) around photon numbers of 1011 per pulse in a 50x50 µm focus area
(compare Sec. 4.1.2).

Our samples were characterized for normalization spectra regarding absorp-
tion and emission at the Stanford Synchrotron Radiation Light-source (SSRL)
facility at the coherent scattering station at beamline 13. First, they were mag-
netized by an external magnetic field in order to form stripe domains instead
of random worm domain patterns. This is done to push the scattering intensity
into Bragg peaks instead of rings, which would typically occur for a random
scattering alignment of a certain domain size [2]. These Bragg peaks push the
entire scattering intensity to the position of the PnCCDs, thus improving the
signal to noise ratio on these PnCCDs. Then, the samples were mounted next to
an empty SiN membrane, which serves as a dummy transmission membrane to
enable single-shot normalization of the sample and no-sample spectra, as shown
in Fig. 5.2. The experiment was performed in collaboration with the Stöhr
group from Stanford University, who has extensively studied this material sys-
tem before, as it is of importance in the field of ultrafast demagnetization of an
anti-ferromagnetic material [118].

5.2.2 Stochastic Fluctuation of the Incident SASE Pulses

For this experiment, an ideal pulse would be monochromatic with a bandwidth
small enough to select different areas of the absorption edge, for instance the
rising edge or the absorption maximum, for excitation. On top of that, it has to
be short in the time domain, namely on the order of the Auger lifetime which is
≈ 1− 2 fs in Co, and has to be coherent over the entire pulse duration. A high
photon flux for the maximization of the induced non-linear effects is also crucial
due to the high intensity dependent onset of non-linear effects, as explained in
Section 5.1. Due to the geometry of the beam splitter, the pulse position or
beam path has to be stable for every single pulse.

The pulses provided by the FEL are created by the self-amplified spontaneous
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emission process, which produces short, transversely coherent pulses, with strong
statistical fluctuations as explained in [119] and in Chapter 3.2.4. Due to their
spiky structure, SASE pulses are temporally rather incoherent. High fluences
are crucial to induce non-linear effects, so this was the first priority for our
experiment. To increase the fluence, the pulses are focused to a very small focal
size of ≈ 10 µm2, which was scanned before every experimental run in order to
enable a calculation of the shot-to-shot fluence values. These small focus sizes
are only achievable at the AMO endstation at LCLS [91]. The compromise at
this endstation is the availability of a very small X-ray focus and the split and
delay station at the cost of a missing monochromator [116]. To make up for this,
the pulse’s bandwidth is increased to cover roughly the whole absorption edge.
However, since the pulses are still created in a SASE scheme, the pulse’s energy
fluctuates substantially from pulse to pulse. The experiment was performed
with pulses of 5 fs FWHM pulse length and coherence times expected to be over
the whole pulse or 5 fs. In Fig. 5.3 the typical fluctuations of pulses with the
same coherence length and FWHM in the time domain are shown, calculated as
introduced in [119]. All pulses have a nominal FWHM pulse length of 2.5 fs. At
the same time, it is clearly visible that the intensities and the distributions in the
time domain differ considerably from pulse to pulse. These fluctuations increase
the difficulty of a clear interpretation of the results, and have to be taken into

Figure 5.3: Schematic of the varying SASE pulses. Four different exem-
plary LCLS pulses in the time domain for nominally 2.5 fs FWHM pulses at an

incident fluence of 100 mJ/(cm2fs) [119].

66



Chapter 5. Stimulated RIXS: Single-Shot Spectroscopy and Scattering Reveal...

account for any comparison. Since the incident pulse’s spectrum is measured, it
is fortunately possible to bin the results not only by incident fluence, but also
by incident spectrum. This enables sorting out incident pulses with a spectrum
off the absorption edge or with multiple SASE spikes. A simulated distribution
of varying SASE pulses is used for the range of theory input points in section
5.3.2, based on a method for the estimation of SASE fluctuations [119].

5.3 Results and Discussion

The data collected in the experiment are strongly convoluted. To understand
the variety of effects that might contribute to the results a step by step anal-
ysis is necessary. In Fig. 5.4, the collected data are illustrated. One can see
the initial pulse’s spectra, the transmitted spectra, and the scattered intensity.
In both cases, the single pulse shows the spiky SASE structure whereas the
sum of multiple SASE pulses results in the Gaussian shape typical of SASE
statistics [119]. The transmitted sum of all pulses clearly shows the expected
Cobalt absorption edge at 778 eV. Such a behavior is expected for a classical
synchrotron experiment, but it does not reveal the single pulse interaction within
the sample. In order to understand the dynamics in this experiment and the
effects accompanying stimulated RIXS, the phenomena of saturable absorption
and scattering breakdown are discussed first. Since these two effects are neces-
sary, but not a sufficient conditions for stimulated RIXS. They will always occur
when stimulated RIXS is happening. Following these, the first direct observa-
tion of stimulated RIXS and a discussion of the difficulties in understanding the
dynamics within the CoPd sample is presented.

5.3.1 Self-Induced Transparency and Saturable Absorp-
tion

With increasing intensity of the incident X-ray beam, the Co absorption edge
starts to disappear until it vanishes completely for very high fluences, resulting in
an effectively transparent sample. Fig. 5.5 shows the normalized sample trans-
mission in dependence of the incident photon fluence and the photon energy. It
can clearly be seen that the sample’s absorption decreases with increasing in-
tensity of the incident X-ray beam. While the sample still shows a pronounced
Co absorption edge for a low fluence of 42 mJ/(cm2fs), the absorption edge has
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Figure 5.4: Data collection scheme with raw data for incident and
transmitted pulse as well as scattering in 1st and 3rd order. The graphic
shows the raw data as collected for the incident pulse (left) and the transmitted
pulse (right) as well as the scattering signal on the PnCCD in first and third
order (blue image). The spectra for the incident and transmitted pulses are
shown for a single pulse (bottom), 1000 pulses (middle) and all 112000 pulses
(top). A the single SASE pulses add up to a typical Gaussian distribution
around the absorption edge. The transmitted pulse clearly shows the dip of the
absorption edge in the Gaussian distribution of the SASE pulses. The sample
schematic is also illustrated with the magnetic stripe domains that pushes the
scattering signal into the spots as seen on the PnCCD image. Also indicated is
the linear absorption and emission of the sample. This picture gives a general

idea of the collected data.
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completely disappeared for the spectrum recorded at substantially higher flu-
ences of 1600 mJ/(cm2fs). It should, however, be noted that even at relatively
low fluences an average reduction of the transmission loss of 38%, compared to
the reference synchrotron measurements performed at the coherent scattering
endstation at beamline 13 at SSRL, can be observed. As a consequence, more
photons arrive on the spectrometer, resulting in an increase in photon numbers
in the forward direction.

The effect described above is either called saturable absorption [92] or self-
induced transparency [93] throughout the literature. In the following, the term
self induced transparency will be used for this phenomenon. It can be under-
stood in a simple two level system, where a linear absorption takes place for
a relaxed system with 100% of the states in the ground level. If the incident
pulse populates 50% of the states into the excited level, the same number of
photons is absorbed and stimulated, respectively, and the sample is transparent
for the following photons. Ideal transparency would occur when the induced
absorption during the first half of the pulse is followed by a coherent induced
emission during the second half of the pulse, inducing the absorbed amount of
energy back into the beam direction [93].

To gain a deeper understanding of the onset of this effect in the soft X-ray
regime, Stöhr and Scherz introduced an expansion of Beer-Lambert’s law [37]

Iqtrans = Iq0e
σq

abs
ρad, (5.1)

that is commonly used to estimate the transmitted intensity through a sample of
known thickness d and atomic number density ρa with a polarization dependent
(q) incident Iq0 and Iqtrans transmitted intensity and the X-ray absorption cross
section σqabs as explained in Chapter 3. According to equation 5.1, the trans-
mitted intensity decays exponentially with the number of atoms in the beam
and their absorption cross section. Following the discussion in [37], a modified
Beer-Lambert law that includes a non-linear atomic scattering length can be
derived through a dispersion correction, changing the Beer-Lambert law to

Iqtrans = Iq0e
−2λ(f ′′q

0 +2f ′′q
NL)ρad, (5.2)

where the spontaneous absorption cross section becomes σabs = 2λ[f ′′q0 + 2f ′′qNL].
This cross section now depends on the atomic scattering length f ′′q0 and the
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Figure 5.5: Single-shot spectra for three different X-ray pulse fluences.
For a low fluence (top), the typical Co absorption edge can be seen, whereas for
a medium fluence (middle), the absorption edge already starts to disappear and
vanishes eventually completely for a very high fluence (bottom). Additionally,
the transmission change for the respective fluences is indicated by the dashed
line. For the low fluence, the transmission change of 38% increases to 65%
for medium fluences, whereas for very high fluences the sample becomes almost
transparent ( 98% transmission change). The obtained spectra and transmis-
sion change values are averaged over all single-shot spectra within the fluence

magnitude given in the graph.
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Figure 5.6: Numerically derived effective excited state population of the Co L3-
core two level system as a function of incident intensity for different coherence
times τc [37]. Resonant excitation, an incident linearly polarized transform lim-
ited pulse and typical Co material parameters were assumed in the simulation.
The three black lines indicate the fluences stated in the experimental measure-

ments.

stimulated non-linear part 2f ′′qNL, which depends on the excited state popula-
tion. This excited state population can be obtained from the Bloch equations,
integrated over the coherence length of the incident pulse.

The resulting effective excited state population for the Co L3-edge are shown
in Fig. 5.6 in relation to the incident photon flux and the pulse’s coherence
length. The material parameters are typical Co parameters for a 20 nm thick
magnetic film and a resonant excitation with a transform limited incident pulse,
as given in [37]. Since an effective excited state population of 50% corresponds
to a transparent sample as explained above, and an excited state population of
0% relates to a sample with a linear absorption or a transparency change of 0%,
the excited state population and the induced transparency change ∆T can be
related through

∆T = 2ρ22 . (5.3)

This relation enables a qualitative comparison of the experimental findings (Fig.
5.5) with the theoretical predictions (Fig. 5.6).
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The measured fluences are indicated in the theoretical depiction Fig. 5.6
through the black lines at the stated fluences. For incident fluences around
40 mJ/(cm2fs), a transmission change of ≈ 38% was observed which relates to
an excited state population of 0.19. For the higher fluence values of about 640
mJ/(cm2fs) and 1600 mJ/(cm2fs), and the observed transmission changes of 65%
and ≈ 98%, an excited state population of about 0.325 and 0.49, respectively,
are expected. These values can be compared with the theoretical predictions
for different pulses as indicated in Fig. 5.6. To see the estimated excited state
population in the theory for the same fluences, an incident pulse in between
3 fs and 1 fs coherence time is needed (in between the red and the blue curve).
Since the experimental values are averaged over a series of single shots, some
fluctuations are expected.

So in conclusion, we observed self-induced transparency in the soft X-ray
regime and could show by comparison of induced transparency to excited state
population that the theory proposed in [37] supports our experimental findings
for coherence times shorter than the expected 5 fs.

5.3.2 Scattering Breakdown

Wu et al. [98] observed a decrease in scattering induced by the incident X-ray
radiation and attributed it to the onset of stimulated scattering. As we in-
vestigated the same material at higher incident fluences, we expect to monitor
this scattering breakdown as well. In addition, the logical conclusion from the
effect of induced transparency observed and described in Section 5.3.1 would
be a reduction in the amount of scattered photons, since less photons interact
with the scattering material. This is a step less than Wu et al. went with their
interpretation. For the observation of a disappearing scattering, no stimulated
emission has to be present in the interaction, however, stimulated emission is a
logical expansion, as can be seen later on.

The first and third order scattering were recorded as described in Section
5.2. Unfortunately, the data quality of the third order scattering is quite poor,
the following analysis is, hence, concentrated on the first order scattering. Fig.
5.7 illustrates the measured first order scattering intensity on the lefthand side
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in blue. The orange line depicts the low intensity scattering signal for 5 fs long
pulses as measured for low intensities (average for the lowest intensity shots).
From this figure, two key observations can be made: first, the scattering signal
decreases with increasing fluence, and secondly, the values at a fixed incident
fluence vary substantially.

From the scattering perspective, the forward direction signal can be referred
to as zero order scattering. Since a scattering breakdown in higher order signals

Figure 5.7: Scattering signal in first order in relation to the incident
fluence. Top: The first order scattering signal is shown in blue in relation to
the pulse’s incident fluence. In red one can see the simulation of 5 fs pulses with
a coherence length of 1 fs and a statistical scattering of the incident spectrum,
as indicated in chapter 5.2.2. Bottom: The relative scattering contrast and the
relative transmission (zero order scattering contrast) are shown in relation to

the incident fluence.
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(> 0) is equivalent to an increase in zero order scattering, the relative ratio
of first order scattering to zero order scattering (labeled as relative scattering
contrast) is shown in Fig. 5.7 on the righthand side. The measured points are
averaged values with a deviation indicated by the error bars and connected by a
fit as a guide to the eye. Since the evaluation of the scattering signal is limited
to the first order scattering in our experiment, all scattered intensity has to
be found in either first or zero order scattering, thus giving the total scattered
intensity Itotal as the sum

∫
Itotal =

∫
Izero +

∫
Ifirst. (5.4)

So, if the first order scattering signal decreases, the zero order scattering signal,
consequently, has to increase, leaving the total scattered intensity Itotal constant.
This effect can clearly be recognized in Fig. 5.7 on the righthand side, where a
decrease in the relative scattering contrast results in an increase in the relative
transmission contrast.

To understand the scattering signal shown in Fig. 5.7 (top), we follow the
theory introduced in the previous section [37]. For incident pulses of 5 fs FWHM
and a coherence time of 1 fs and the stochastic scattering of the SASE pulse
distribution indicated in 5.2.2, it is possible to calculate the excited state pop-
ulation during the pulse transmittance, as explained in Section 5.3.1. Doing so
for every different SASE pulse, a different excited state population can be de-
termined, which then again results in a different scattering signal. The resulting
simulated scattering distribution is shown in Fig. 5.7 (left) in red. An overall
agreement with the decrease of the scattering intensity in relation to the inci-
dent fluence can be found, and the variety in scattering signals at comparable
fluence levels can be understood as the fluctuation in SASE pulse parameters.
The theory can replicate the experimental findings extraordinarily well. This
proves the theory to be very accurate for this particular system.

5.3.3 Observation of Stimulated RIXS

The experimental findings explained above indicate the X-ray induced change of
the fundamental light-matter interaction, but do not give evidence of stimulated
scattering. In this section, the first direct observation of stimulated RIXS in a
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solid sample is presented, followed by a description of the interpretation prob-
lems that occur in this type of sample system. Also another finding is presented,
that can not be explained by stimulated RIXS or the above discussed ideas. The
section finishes with an outlook on the challenges that lie ahead.

To extract the information leading to Fig. 5.5, we use the findings of the
last two sections 5.3.1 and 5.3.2 to further bin the data sets measured on the
spectrometer. We now know that the incident fluence controls the strength of the
non-linear effect, and that the scattering signal also indicates whether the sample
is strongly excited or rather in the linear regime. The sample transparency was
extracted using a broad average over shots with a comparable incident fluence
in the same way the scattering data set was organized. Now the incident pulses
are binned by fluence as before, and, since the single SASE shots vary strongly
in energy, the pulses are also binned by their central energy determined by a
Gaussian fit in the no-sample reference spectrum. These presorted pulses as well
as their reference spectra are then binned and compared as shown in Fig. 5.5.

Three different binning options are shown in Fig.5.8. The top of the figures
bins all pulses with a very low fluence on the order of 5 mJ/(cm2fs). The dashed
line shows the averaged incident spectrum, whereas the black line shows the by
a factor of 10 expanded difference spectrum to the no-sample reference beam.
For very low fluences, there is almost no visible difference between linear trans-
mission and the measured transmission, which indicates the interaction to be
in the linear regime. For increased incident intensities as shown in the middle
and at the bottom in Fig. 5.5, there is a significant difference to the linear
absorption visible depending on the incident photon energy. In both cases, the
incident fluence is high enough to induce a strong induced non-linear reaction
in the sample, as observed in the previous sections. The incident fluences be-
tween 1000− 1500 mJ/(cm2fs) create a to a greater or lesser extend transparent
sample, as shown in Fig. 5.5, while the scattering signal also decreases by two
orders of magnitude as shown in Fig. 5.7. Furthermore, the predictions from
the non-linear Beer-Lambert law for these fluences indicate an effective excited
state population on the order of ≈ 40−50% in the core-valence two level system,
calculated in [37]. The actual interaction happening here is hard to decouple,
since there are multiple possible reaction pathways within the excited CoPd
multilayer and the experiment lacks selectivity to concentrate on one. Addition-
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Figure 5.8: Averaged spectral response to ultrashort high intensity
pulses. The CoPd multilayer response to 5 fs pulses of different fluences and
different incident central energies is shown on the left. The energies shown there
are given by a Gaussian fit of the averaged spectrum. The averaged incident
spectrum is given by the dashed line, while the difference transmission spectrum
is shown as the solid black line 10 times enhanced. The differences from Zero
are colored in blue for a decrease in absorption and in red for an increase in
absorption. For low fluences around 5 mJ

cm2 (top), we expect no non-linear reac-
tion, which is confirmed by the lack of difference. For high fluences, slightly
detuned to incident energies below the absorption edge (middle), the absorption
decreases, which means an increase in transmission. For pulses with incident en-
ergies tuned to the absorption edge (bottom), the situation is more complicated.
In the beginning of the edge and slightly below one can see an increase in absorp-
tion, while the main absorption decreases as in the detuned case. On the right,
the linear absorption and emission are shown in pink and cyan, respectively.
The dashed vertical lines from left to right indicate the onset of absorption, the
maximum of the linear emission, and the maximum of absorption (or center of

the absorption edge) in both pictures.

76



Chapter 5. Stimulated RIXS: Single-Shot Spectroscopy and Scattering Reveal...

ally, the sample has a broad density of states and an electronic system that is
governed by the magnetic domains, which form complicated, ultrafast demag-
netization behavior [118].

To try and understand the intense pulse-sample interaction, Fig. 5.8 shows
two cases for high incident fluences. For the first case in the middle of the fig-
ure, the incident spectrum is about as broad as the absorption edge, but slightly
detuned to a lower energy, whereas for the other case at the bottom, the band-
width is relatively small compared to the latter and the photon energy roughly
hits the center of the absorption edge. As can be clearly seen in Fig. 5.8, the
systems response to the two different incomming pulses differs substantially. If
the incident pulse is detuned to the lower end of the absorption edge around
777 eV, the resulting transmission spectrum shows three different areas. On the
edge centered around 778 eV the absorption decreases as well as for the area just
below the absorption edge, around 774 eV. It should be noted that a decrease
of absorption is equivalent to an increase in transmitted intensity. However,
around the rising front of the absorption edge (indicated by the dashed line in
the middle) the system reacts as in the linear case, showing almost no difference
to the linear absorption (Fig. 5.8 top). This indicates two effects with opposing
consequences occuring around the absorption edge. A rise in transmission in-
tensity at a certain photon energy distribution is a direct proof of the existence
of stimulated RIXS. This merges with the theoretical predictions from the two
earlier stated discussions of the onset of stimulated scattering by Stöhr et al.
[37], and the changing relation of the relaxation cross section that takes intensity
from the spontaneous and Auger channel by increasing the stimulated emission
cross section, as discussed in Schreck et. al [30]. These two theories explain the
rise in transmission (blue colored area), which we initially expected and could
now experimentally prove.

The amplitude of the stimulated scattering, or rather the absorption de-
crease, seems to follow the envelope of the incident photon field, except for the
dip in the middle. This area coincides spectrally with the linear emission of
the sample, indicating that the increase of absorption is either connected to the
linear emission of the sample, or to the nearby Fermi level and the unoccupied
valence states above defining the absorption edge. In the case where the incident
energy is tuned to the absorption edge as shown in the bottom spectrum in Fig.
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Figure 5.9: Linear emission and absorption at the Co L3-edge and
its difference in comparison to the transmission change induced in
the CoPd sample. Left The normalized linear emission (red) and absorption
(black) is shown for a Co magnetic sample around the Co L3 absorption edge.
right The transmitted intensity is estimated through the difference between the
emission (positive contribution) and the absorption (negative contribution) and
shown as the orange line. The measured transmission difference is given as the
black line with increase colored in red and decrease colored in blue as in Fig. 5.8
(bottom left), respectively. The simple estimation for the transmission difference
in orange agrees well with the measured difference, given its simple approach.

5.8, the main absorption decreases, resulting in a higher transmission intensity
in the same way as it does in the middle spectra, whereas the absorption on
the rising side of the absorption edge shows an increase in absorption, resulting
in a decrease of transmitted intensity. This finding is problematic for a clear
interpretation. The decrease of absorption on the absorption edge indicates the
presence of stimulated scattering, but the increase of absorption at lower inci-
dent energies gives rise to a new, counteracting effect.

One idea to explain this is an increase in unoccupied states just below the
Fermi level, caused by the X-ray induced electron cascade that opens new ab-
sorption channels as predicted by Ziaja et al. [101]. Their theory states that
electron cascades which follow X-ray absorption, are dominated by low energy
electrons which saturate in numbers within 10−100 fs. In their model they find
a start of the electron cascade within the first few femtoseconds. For our case
that would mean that even within the pulse length, low energy electrons are
being excited, effectively changing the density of state occupation around the
Fermi level by distributing electrons from the occupied valence states into the
unoccupied states. This opens up new unoccupied states below the absorption
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edge, which in turn open new absorption channels. This effectively increases
the absorption for these energies, while decreasing the absorption for energies
just above the absorption edge. Other observations that can be understood in
a comparable way were made in [120, 121].

A simple approach to understand these changes in transmitted intensity
within the absorption band can be made by comparing these areas with the
linear absorption and the linear emission as indicated in the bottom graph in
Fig. 5.9. First of all it is noticeable that the maximum of the increase coincides
with the maximum of the linear emission and the minimum of the decreasing
area coincides with the maximum of the linear absorption, as indicated by the
vertical lines in Fig. 5.8. To ease the comparison the dashed lines are drawn at
the position of the linear absorption and emission maxima, respectively.
A simple estimation is performed, where the linear emission represents the den-
sity of states (DOS) of the occupied valence states, and the linear absorption
represents the DOS of the unoccupied valence states. As explained above, the
low energy electron excitations change the occupation of states around the Fermi
level, effectively occupying states above the Fermi level while depopulating states
below the Fermi level. In a first attempt, we assume the transmitted intensity to
change according to Ichange ≈ Emission−Absorption. This is shown in Fig. 5.9
(right hand side) in orange together with the measured absorption difference.
The increase and decrease in the measured absorption are colored in red and
blue, respectively. It seems that at a first glance the estimation shows a pretty
close correlation to the experimental findings as shown in Fig. 5.9 on the left
hand side. Additionally, it is clearly visible that the blue area exceeds the red
area, which indicates the presence of stimulated scattering.

5.3.4 The Ultrafast Self-Induced X-Ray Transparency and
Loss of Magnetic Diffraction

Here is the first manuscript from the project. The majority of the results is
covered in the chapter above.
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Ultrafast Self-Induced X-Ray Transparency and Loss of Magnetic Diffraction

Z. Chen,1 D. J. Higley,2 M. Beye,3 M. Hantschmann,4 V. Mehta,5 O. Hellwig,6, 7 A. Mitra,8, 9

S. Bonetti,10 M. Bucher,8 S. Carron,8 T. Chase,11 E. Jal,8 R. Kukreja,12 T. Liu,1 A. H.
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We report the ultrafast concurrent disappearance of the resonant Co L3 x-ray absorption and
diffraction contrast for a Co/Pd multilayer film using '2.5 fs and '25 fs self amplified spontaneous
emission (SASE) pulses of increasing intensity. At ∼1 J/cm2/fs the diffracted intensity has decreased
by a factor of 102 and the sample has becomes effectively transparent. The dependence of the
stimulated sample response on the incident intensity, the coherence time and energy jitter of the
SASE pulses is quantitatively accounted for by a statistical description of the pulses and treating
the sample dynamics by the optical Bloch equations.

PACS numbers 75.70.-i, 75.50-Cc, 78.70.-Dm

With the advent of x-ray free electron lasers, studies of
the non-linear electronic response of matter have become
possible. In particular, the stimulated inelastic x-ray re-
sponse of matter has been observed through the stim-
ulated amplification of spontaneous emission [1–3] and
stimulated x-ray Raman scattering [4].

A particular important x-ray process that links the
two fundamental x-ray processes of absorption and elas-
tic scattering involves the resonant excitation of elec-
trons from a core shell to empty valence states. After
excitation, the created core hole decays spontaneously by
emission of Auger electrons or characteristic x-rays, with
Auger decay resulting in irreversible conversion of pho-
tons into electrons. The fraction of radiative decays, the
x-ray fluorescence yield, varies significantly with atomic
number Z and the core shell involved. It is less than
1% for the K-shell of the chemically important low-Z el-
ements C, N and O and the L-shell of the important 3d
transition metals such as Fe, Co, Ni and Cu [5].

Resonant x-ray processes are widely used in both spec-
troscopy and diffraction imaging since they maximize
cross sections and provide atomic, chemical [6] and mag-
netic [7] specificity. X-ray absorption and resonant x-ray
scattering are described by the p ·A interaction Hamil-
tonian with absorption treated by first and scattering by

∗Electronic address: Email:stohr@stanford.edu

second order perturbation theory [7]. The goal of the
present paper is the experimental demonstration of the
theoretically conjectured link between the two processes
[8, 9] and the importance of controlling the interplay be-
tween the two processes through energy and coherence
time tuning of the incident field.

Previous experiments only revealed the out-of-beam
diffraction aspects [10]. The predicted x-ray trans-
parency through stimulation could not be observed di-
rectly since the centrally transmitted beam was blocked
to protect the position sensitive CCD detector. Here
this limitation is overcome by using the novel experi-
mental arrangement shown in Fig. 1. It allows us to per-
form a simultaneous study, pulse-by-pulse, of the trans-
mitted intensity in the forward direction and the out-
of-beam diffracted intensity arising from nanoscale mag-
netic stripe domains.

Our studies use broad bandpass self amplified spon-
taneous emission (SASE) pulses which allow access to
a wide intensity range covering three orders of magni-
tude. They confirm theoretical predictions and reveal
strict requirements for controlling the stimulation process
in terms of intensity, coherence time and energy tuning.

As samples we used, as before [10], mag-
netic Co/Pd multilayers deposited via sputter-
ing on SiN windows with a metal layer sequence
Ta(1.5)/Pd(3)/[Co(1)Pd(0.7)]x25/Pd(2), where the
thicknesses in round brackets are in nm. As part of
the fabrication process, the samples were placed in an
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FIG. 1: (color online) Experimental geometry for simulta-
neous pulse-by-pulse measurements of the transmitted and
diffracted response of a Co/Pd thin film. Incident SASE
pulses of ∼ 2.5 fs or ∼ 25 fs length are focussed onto the sample
plane and split by the sharp edge of a mirror, with one half
propagating through a Co/Pd/SiN sample in a picture frame
and the other through a pure SiN reference film for normal-
ization purposes. The horizontal magnetic stripe domains in
Co/Pd produce strong first and third order Bragg diffraction
peaks on a pnCCD detector [11]. The spatially separated un-
diffracted beams are allowed to propagate into a downstream
spectrometer. A grating disperses the two offset beams onto
a yttrium aluminum garnet (YAG) fluorescence screen, yield-
ing separate single-shot sample and reference spectra around
the Co L3 resonance. The shown spectra and first and third
order diffraction images are real data averaged over several
pulses.

oscillatory in-plane magnetic field, where the amplitude
of the field was slowly attenuated every cycle. Such
a process created well-defined magnetic stripes of
∼ 150nm length scale at remanence, as shown in Fig. 1.
The samples containing a total of 25 nm Co had '30%
transmission at the Co L3 resonance.

The linearly polarized SASE pulses of either ∼ 2.5 fs or
∼ 25 fs temporal length were generated at the Linac Co-
herent Light Source (LCLS) and steered into the AMO
endstation [12]. The central energy of the x-ray pulses of
approximately 5 eV total width was set to the nominal
Co L3 resonance of 778 eV and rastered through modu-
lation of the electron beam energy to cover a range of
about 20 eV. A calibrated gas detector provided an abso-
lute measure of the integrated incident intensity Iref for
each pulse. A mirror with a sharp edge split the SASE
pulse into two statistically identical halves [13], one trans-
mitted through a Co/Pd/SiN sample in a 300µm picture
frame and the other through an identical offset picture
frame containing a pure SiN membrane for reference. A
pair of upstream Kirkpatrick-Baez mirrors focused the
beam to ∼15µm diameter spots in the sample plane, as
verified by a pinhole scan.

Two movable halves of a pnCCD imaging detector in-
tercepted the first and third-order diffraction pattern of

the magnetic stripe domains, with a 8 mm separation of
the first order diffraction spots. We utilized the inte-
grated intensity of the first order diffracted spot denoted
Id, but the first and third order intensities closely tracked
each other.

The centrally transmitted beams from both the Co/Pd
sample, It(~ω), and the reference beam through the SiN
membrane, I0(~ω), passed through a gap between the two
halves of the pnCCD detectors. Their energy resolved
spectra were recorded by a grating spectrometer which
dispersed the intensity with a resolving power of ∼ 1000
onto an optically fluorescent YAG crystal imaged by a
camera.

All intensities were first normalized to the absolute in-
tegrated incident intensity Iref . A second relative pulse-
by-pulse normalization was then accomplished by use of
the energy resolved reference spectrum I0(~ω) of the cen-
trally transmitted reference beam, yielding the central
spectroscopy signal St(~ω) = It/I0 and the diffracted
contrast signal Sd = Id/I0. The extraction of the spec-
troscopy signal S(~ω) = It(~ω)/I0(~ω) had to be refined
because the reference spectrum I0(~ω) dropped to zero
near the end of the scan range E0 ± 10 eV as shown on
the top right of Fig. 1.

To eliminate singularities we therefore show in Fig. 2
the signal S(~ω) = C[S′(~ω) − 1] + 1 where S′(~ω) =
(I ′t + C)/(I ′0 + C) and C = 10� I ′t, I

′
0. This normaliza-

tion scheme emphasizes the behavior of the transmitted
signal near the resonance. While an incoming intensity
of 42 mJ/cm2/fs produces a prominent L3 absorption
feature, as expected in the linear regime, an increase in
intensity reduces the resonance and at 1600 mJ/cm2/fs
no absorption feature can be discerned.

The change in the centrally transmitted intensity re-
vealed by Fig. 2 is replotted as a function of incident in-
tensity as solid blue circles connected by a blue line in
Fig. 3. Due to the poor statistics of the spectrometer
signal the shown data points represent an average over
several shots. In the lower panel of the figure we also
show on the same intensity scale the change of the mag-
netic diffraction contrast as solid red circles. In this case
the data points represent single shots.

The changes of the in-beam transmitted and out-of-
beam diffracted signals shown in Fig. 3 may potentially
contain contributions from different microscopic mecha-
nisms. Firstly, the energy deposited in the core excita-
tions can be quickly released into the electronic system
on the femtosecond timescale via Auger decays and en-
suing electron-electron scattering as proposed by Schreck
et al. [14]. The resulting reshuffling of valence electrons
from below to above the Fermi level could lead to a de-
crease in the absorption at the Co resonance and hence an
increase of transmission. Secondly, ultrafast demagneti-
zation would completely reduce the magnetic diffraction
contrast on a longer timescale of > 200 fs [15], but small
changes [16] may be present on the 2.5–25 fs timescale
of our pulses. Thirdly, impulsive (by the beam itself)
stimulated elastic forward scattering has previously been
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FIG. 2: (color online) Normalized transmission signal S =
C(S′ − 1) + 1 defined in the text for three different incident
intensities around the Co L3 resonance for a Co/Pd multi-
layer sample. Each spectrum represents an averaged spectrum
across multiple shots in a certain fluence range. With increas-
ing intensity the absorption peak clearly revealed at the low-
est intensity is suppressed at it has vanished at the highest
intensity of 1600 mJ/cm2/fs revealing x-ray transparency.

shown to reduce absorption (increase transmission) at the
expense of out of beam diffraction [8, 10].

While contributions of the first two mechanisms of va-
lence electron reshuffling and ultrafast demagnetization
cannot be excluded, we here explain our observations in
terms of stimulated forward scattering. This model ex-
tends well-established quantum optical concepts to the
x-ray regime by modelling the electronic structure of
the sample as a two-level system where resonant tran-
sitions occur between the 2p3/2 core and empty 3d va-
lence states. Remarkably, we will show that all features
of the current experimental data can be quantitatively
reproduced.

In the stimulated scattering model [8, 10], the inter-
play between resonant absorption and stimulated elastic
scattering is well described by the optical Bloch equa-
tions for a two-level system. In essence each atom forms
a two level system with a core level forming the lower
energy state and a valence level the upper state. Before
arrival of the x-ray pulse, only the lower state is popu-

FIG. 3: (color online) Top: Comparison of the change in
the transmitted intensity due to stimulation as a function of
incident intensity. At a given intensity, we show the nor-
malized simulated shot-by-shot transmitted intensity as open
blue circles while the normalized experimentally observed in-
tensity is an average over multiple shots (solid blue line).
Bottom: Intensity dependent shot-by-shot observed and sim-
ulated diffracted intensities plotted on a log scale to empha-
size the large statistical noise due to the used SASE pulses.
All shown experimental and simulated data are based on the
same number of combined single-shot data for 2.5 fs and 25 fs
pulses.

lated, expressed by a population ρ11 =1, while the upper
state has a population ρ22 =0, where ρ11+ρ22 =1. With
increasing incident intensity the solutions of the Bloch
equations determine the changes of the populations to-
ward the equilibrium limit ρ11 =ρ22 =0.5.

The population equilibrium, where there is a com-
plete balance between up and down transitions, is re-
liably reached if the incident energy is tuned to the exact
resonance value and the incident fields have a coherence
time τcoh longer than the core hole life time tΓ = ~/Γ,
where Γ is the total spontaneous (Auger plus radiative)
energy decay width of the core hole (Γ = 0.43 eV and
tΓ = 1.5 fs for Co L3). This was accomplished in a pre-
vious study [10] by use of a monochromator which by
energy filtering of the incident SASE pulses fixed the in-
cident photon energy to the resonance value E0 and the
resulting small bandwidth ∆E0 ' 0.2 eV yielded a suffi-
ciently long coherence time of about 10 fs. For the case
of a thin film one also needs to consider that the total
atomic system of areal number density Na/A responds
coherently, lowering the stimulated onset by a value of
Gcoh =Naλ

2/(4πA), where λ is the wavelength. For the
Co L3 resonance in Co metal we have Gcoh'360 [8].

In the present study, no monochromator was used so
that the pulses had an intrinsic coherence time τcoh∼1 fs
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associated with the spikes in the incident SASE pulses. In
addition, each SASE pulse of approximately 5 eV width
only contained a fraction of photons at the resonance
energy, while most of them were detuned from the reso-
nance energy. SASE pulses of specified pulse length and
central intensity were simulated as described in [17]. The
simulations yield a parameter set I0, τcoh,∆E for each
spike within the total SASE pulse, where ∆E = ~ω − E0
is the detuning energy from resonance. We assumed inde-
pendent SASE spikes and solved the optical Bloch equa-
tions for each coherent spike, with the total pulse re-
sponse being the sum of the individual spike responses.
Inhomogeneous broadening effects were taken into ac-
count as prescribed by [18, 19]. Examples of simulated
SASE pulses for various beam parameters are shown in
the inset of Figure 4 below. The simulations gave a his-
togram of coherence times peaked in the τcoh'0.5−1 fs
range for both 2.5 fs and 25 fs pulses in good accord with
experimental results [20]. The stimulated response was
therefore similar for both pulse lengths with the larger
number of spikes in the 25 fs pulses simply yielding a
better defined statistical average (see below).

Solution of the optical Bloch equations yielded the
pulse averaged excited state population ρ22(I0, ~ω, τcoh)
given by [10],

ρ22 =−β0
αI0Γxρadλ

5/(32π3c)

(~ω−E0)2+ (Γ/2)2+ αI0Γxρadλ5/(16π3c)
(1)

where β0(~ω) is the dimensionless optical absorption
parameter describing the spontaneous Co L3 response,
α = 0.5 a dimensionless parameter that accounts for the
layer-by-layer propagated absorption and stimulation re-
sponse through the Co film of thickness d = 25 nm, I0
(dimension [energy/(area×time)] the incident intensity,
Γx= 0.96 meV the Co L3 dipole transition energy width
for linearly polarized x-rays, ρa = 90.9 nm−3 the num-
ber density of Co atoms, λ=1.59 nm the resonant wave-
length, c=300 nm/fs the speed of light, and Γ=430 meV
the core hole energy decay width.

The change of the (in-beam) transmitted intensity due
to stimulation relative to the transmitted intensity due
to spontaneous processes is given by [8],

Istim
t

Ispon
t

=
e−2[β0(1−2ρ22)]kd

e−2β0kd
(2)

where k = 2π/λ is the photon wavevector. The change in
first-order diffracted magnetic response is given by [10]

Istim
d

Ispon
d

=
1− e−2β0(1−2ρ22)kd

1− e−2β0kd

×cosh (2∆β0[1−2ρ22]kd)−cos (2∆δ0[1−2ρ22]kd)

cosh(2∆β0kd)− cos(2∆δ0kd)
(3)

where δ0(~ω) is the dimensionless spontaneous optical
dispersion parameter and ∆β0,∆δ0 the magnetism in-
duced changes of the optical parameters. The expo-
nential prefactors in (2) and (3) reveal the complemen-
tary behavior of in-beam transmitted and out-of beam

diffracted intensities which are determined by a change
in the spontaneous absorption coefficient β0 in the pres-
ence of stimulation to β0(1 − 2ρ22). The last term in
(3) reveals that magnetic diffraction depends on changes
in both the absorptive ∆β0 and dispersive ∆δ0 magnetic
sample response.

The results of our simulations are superimposed on the
experimental data in Fig. 3, with single-shot transmis-
sion intensities shown as open blue circles and diffraction
intensities as open red circles. The origin of the large

FIG. 4: (color online) Simulations juxtaposed with experi-
mental data for various beam parameters. Top: Simulations
and data for 2.5 fs SASE pulses, with a representative simu-
lated pulse plotted in the inset. Bottom: Simulations and
data for 25 fs SASE pulses with (blue) and without (red)
monochromatization, with representative simulated pulses for
both cases plotted in the insets. The response of the longer
25 fs SASE pulses follows the same mean value as the re-
sponse of the shorter 2.5 fs pulses, but with lower standard
deviation by a factor of ≈

√
10, consistent with our indepen-

dent SASE spike assumption. Monochromatized data utiliz-
ing 50 fs pulses are taken from Wu et al. [10].

variance in the stimulated response is mainly due to a
combination of the short coherence time and photon en-
ergy spread of the individual coherent spikes in the SASE
pulses. First, the short intrinsic coherence time of the
spikes within the SASE pulses prevents the electronic sys-
tem to reach a consistent ρ22 value, which is only reached
in equilibrium when τcoh is significantly longer than the
femtosecond core hole life time tΓ =~/Γ [8]. Second, the
different photon energies of the individual spikes lead to
a spread in detuning energies ~ω−E0 in (1) and therefore
in ρ22. The energy spread associated with the temporal
spikes in a single pulse is enhanced by the shot-by-shot
jitter in the central energy of the SASE pulses caused
by pulse-to-pulse jitter of the electron beam energy. The
stimulation effect on the magnetic diffraction contrast as
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a function of pulse length and coherence time is illus-
trated in more detail in Fig. 4.

By comparison of the experimental and simulated data
shown in red for τ1 = 2.5 fs and τ2 = 25 fs pulses in Fig. 4
we see that both pulses have a similar dependence of
the diffraction contrast with incident intensity, but the
response variance is significantly smaller for the longer
pulses. The reduction factor of the variance is found to be
close to

√
τ2/τ1 =

√
10, consistent with the independent

SASE spike assumption and the larger number of spikes
in the 25 fs pulses that leads to improved noise statistics.

In the bottom half of Fig. 4 we also compare the stim-
ulated response for our non-monochromatic SASE pulses
with the results obtained with monochromatized pulses
by Wu et al. [10], shown in blue. Besides greatly reduced
noise due to the longer coherence time of the monochro-
matic pulses of ∆E0 = 0.2 eV (see blue inset), the onset
of stimulated diffraction is lowered by a factor of about
100 by the elimination of energy jitter ~ω−E0 since the
photon energy is fixed to the resonance energy by the
monochromator. This behavior is in good accord with
that predicted by Fig. 2 in Ref. [8].

Our main results are summarized in Fig. 5, where we
plot the averaged response signals in both the transmis-
sion and diffraction channels, obtained by simple spline
fits to the data. In the absence of stimulation, both plot-
ted relative transmission and diffraction intensities would
be constant as a function of the incident intensity, re-
flecting a linear scaling of the spontaneous response. As
discussed above, the plotted transmission response em-
phasises the change of the peak of the Co L3 resonance,
and thus also represents an quasi-elastic response. The
figure reflects the complementary, opposing nonlinear re-
sponses in the two channels. The pnCCD diffraction sig-

nal is attenuated by 2 orders of magnitude, while forward
transmission increases from the spontaneous value of 30%
to the stimulated value of ∼ 100%.

FIG. 5: (color online) Summary results of the observed trans-
mission (blue) and magnetic diffraction (red) contrast relative
to the conventional spontaneous response as a function of in-
cident intensity. The shown curves are simple spline fits of
the data. With incident intensity the transmission increases
from ∼30%, characteristic of the Co L3 resonance response
of a 25 nm Co film to 100% corresponding to complete x-ray
transparency. The diffraction contrast behaves oppositely, de-
creasing by about two orders of magnitude.

In summary, our measurements reveal the observation
of complete x-ray transparency for a solid sample
predicted in Ref. [8]. Together with previous diffraction
results [10], our work also reveals the key dependence
of stimulated effects on intensity, coherence time, and
resonance tuning of the photon energy.

This work and operation of LCLS are supported
by the U.S. Department of Energy, Office of Science.
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Chapter 4. Stimulated RIXS: Single-Shot Spectroscopy and Scattering Reveal...

5.4 Conclusion and Outlook

Our experiment aimed towards finding experimental evidence of the existence of
stimulated RIXS in fluence regimes readily achievable for state of the art light
sources, and towards evaluating its relevance for further developments of spec-
troscopic methods. Our experimental results show the feasibility of this idea by
presenting the first direct observation of stimulated RIXS. If the photon field
becomes stronger than the background field [30], the events of stimulated emis-
sion start to outnumber those of spontaneous emission and eventually even the
Auger decay. This results in an increase in direct forward scattering at the cost
of spontaneous scattering as shown in Section 5.3.3. It is important to note that
the stimulation is suppressed close to the Fermi level. We interpret this through
the induction of partially occupied states around the Fermi level, induced by
ultrafast electron cascades.

Furthermore, the effects of induced transparency and the scattering break-
down were discussed. These effects accompany stimulated RIXS naturally, since
they are based on an increased excited state population, but they set in at lower
incident fluences, as shown in Section 5.3.1 and Section 5.3.2. These effects are
particularly relevant for any spectroscopic method being carried out in compar-
atively low fluence regimes from ≈ 20 mJ

cm2fs
upwards, because they change the

linear transmission and the scattering cross sections, which are commonly under-
stood as fixed, material dependent interaction constants. It becomes, therefore,
clear that the strong incident X-ray field changes the photon matter interaction
substantially by inducing fluence dependent changes to the absorption and emis-
sion cross sections [30], which has to be taken into account when interpreting
transmission or scattering spectroscopy at FEL light sources.

Our experiment helped understanding and describing stimulated RIXS and
the correspondingly required X-ray fluence regimes, thereby providing a new
basis for even further advanced experiments based on this physical process.
A promising idea to exploit these findings is a four wave mixing approach
as discussed in, for example [106, 122, 123]. An experiment as proposed in
[106, 122, 123] requires two X-ray pulses, one pump pulse to excite the system
and create core holes, and another one with an energy tuned to the transition
of interest, stimulating the emission from this channel. For this type of ex-
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periment, both pulses have to arrive on the sample within the coherence time,
in other words within a few femtoseconds, which is nearly impossible for sep-
arately generated pulses. However, there are promising reports of two color
FEL pulses already being commissioned at LCLS [124]. Another obstacle relates
to the control over the incident pulse parameters, because a wave mixing ex-
periment based on fluctuating and lowly reproducible SASE pulses is likely to
fail. There have been encouraging news of progress in seeding FEL pulses, as
explained in Chapter 3, as it could substantially reduce the fluctuations, im-
prove the temporal coherence, as well as narrow the bandwidth of the pulses
even further [125]. The first implementation of seeded FEL pulses have been
demonstrated at FERMI [63]. An upgrade in order to enable seeded pulses at
the LCLS II facility is also expected to happen. These new developments raise
hopes to move another step closer towards the application of stimulated RIXS.
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Chapter 6

A Rate Model Approach for FEL
Pulse Induced Transmissions
Changes, Saturable Absorption,
X-Ray Transparency, and
Stimulated Emission

The previous chapter discussed the experimental findings of our stimulated scat-
tering experiment. This chapter is now focused on developing a simulation ap-
proach through a rate model to further understand our observations. As the
CoPd multilayer exhibits especially many states close to the Fermi energy, these
states will play an important role for the spectroscopic characteristics discussed
before, therefore the model must include the DOS close to the Fermi energy
and must be able to understand the occupation changes and their effects on the
experimental channels, namely scattering and resonant inelastic scattering. As
an unexpected increase in photons below the absorption edge and an increase
in absorption above the absorption edge were observed, these have to be re-
produced as well as the scattering breakdown observed in first and third order
scattering.

As the use of FEL sources increases, so do the findings mentioning non-
linear phenomena occurring at these experiments, such as saturable absorption,
induced transparency and scattering breakdowns. These are well known among
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the laser community, but are still rarely understood and expected among the
X-ray community and to date lack tools and theories to accurately predict the
respective experimental parameters and results. This chapter presents a simple
theoretical framework to access short X-ray pulse induced light-matter inter-
actions which occur at intense short X-ray pulses as available at FEL sources.
The introduced approach allows to investigate effects such as saturable absorp-
tion, induced transparency and scattering suppression, stimulated emission, and
transmission spectra, while including the density of state influence relevant to
soft X-ray spectroscopy in, for example, transition metal complexes or func-
tional materials. This computationally efficient rate model based approach is
intuitively adaptable to most solid state sample systems in the soft X-ray spec-
trum with the potential to be extended for liquid and gas sample systems as well.
The feasibility of the model to estimate the named effects and the influence of
the density of state is demonstrated using the example of CoPd transition metal
systems at the Co edge. It is hoped that this work will make an important
contribution for the preparation, performance, and understanding of FEL based
high intensity and short pulse experiments, especially on functional materials in
the soft X-ray spectrum.

6.1 Model Introduction

The past two decades have lead to a rapid establishment of FEL applications for
the utilization of ultra-fast and extremely bright photon sources in the extreme
ultra-violet to hard X-ray photon regime at sources such as Fermi Elettra, Flash,
SACLA, or LCLS, and with new sources such as XFEL or SwissFEL due to com-
mence operation in the near future. These sources enable new experiments and
impressive insights into the very heart of matter through techniques such as
scattering before destruction [126], pump probe experiments utilizing different
combinations of two color X-rays or optical pump-probe setups [127, 78, 128],
and many more. To enable these experiments and insights, higher photon den-
sities and shorter pulse lengths have been pushed, which also opened the ex-
perimental window into non-linear X-ray-matter interactions. There, a whole
new world of effects has been observed and reported, including multiple photon
absorption [129], stimulated scattering [130, 127], saturable absorption [131] as
well as parametric conversion [132]. These effects, however, are still unexpected
and unaccounted for in the X-ray community, although, the field of optical laser
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science has long been familiar with these effects [133] and thus has established
models to account for high pulse power light-matter interaction [134, 135]. As
X-ray experiments are often seen as the toolbox to gain new insights into the
systems under investigation rather than insights into the nature of light-matter
interactions, these new effects are delaying the extreme potential of ultra-fast
X-ray science to enhance our knowledge in chemical reaction dynamics and path-
ways, heterogeneous catalysis, photosynthesis, and solid state phase transitions,
for example.

There have of course been efforts to create theories to handle these effects
and to understand them in detail, utilizing various techniques from solving the
Maxwell-Bloch equations [136], to a Maxwell-Liouville-von Neumann approach
[130, 137, 138], and a rate-equation based approach [139, 140]. Although these
models are powerful and work well for their specific use case (presented for gas
or cluster targets), they are also computationally demanding and need extensive
expertise to be adapted to different systems. As FEL science moves towards
more applied areas of physical and chemical sciences, this exceeds the scope
of many experimental proposals. Here it becomes obvious that there is still a
need of a quick and simpler to use toolbox to get a realistic estimation of the ex-
pected interactions for varying experimental conditions, especially for functional
materials with a high density of states (DOS) around the absorption edge. We
decided to build up on the knowledge of optical laser science and transfer this
to a simple and easy to expand toolkit that functions well for this type of soft
X-ray-matter interaction experiments and can enable a fast window into high
intensity soft X-ray FEL science.

This paper is organized as follows: First, the rate model is introduced with
its various aspects and relevant setup parameters including the intensity depen-
dent cross sections and the density of state estimation for the absorption band.
Secondly, the dynamics of a pulse transmission are being discussed with respect
to the internal occupation changes, the intensity dependent rate changes, and
the spectral effects of the individual channels. Lastly, the spectral changes of a
transmitted pulse are investigated with their dependency on the incident pulse’s
energy, intensity, and the sample’s density of states. The paper finishes with a
comparison to the scattering breakdown observed by Chen et al. [115].
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6.2 Rate Model Approach

The model discussion is started from a well established set of rate equations
whose derivations and applications can be found in for example [133, 141, 134].
The presented approach is based on a three band/state system containing a
core state, an intermediate non-radiative decay state, and the absorption band,
which is common in functional materials and can be partly occupied, as shown
in Fig. 6.1 a). For simplicity, the core and the intermediate state are not energy
resolved, i.e. from the core state, every state in the absorption band can be
reached (compare Fig. 6.1 b/c)) and every state in the absorption band can de-
cay into the core or intermediate state (compare Fig. 6.1c)). The intermediate
state works as a relaxation state for all non-radiative decay mechanisms. In
the soft X-ray regime, this decay mechanism is dominated by the Auger decay.
This implementation is different from simulations presented by Hatada and Di
Cicco [139, 140], as the modeling approach considers the DOS in the absorption
band, thus enabling energy resolved information on spectral changes and spec-

Figure 6.1: The initial setup of the model’s sample system system and the
implemented energy conversion channels. In any X-ray matter interaction, a
core state electron is being excited into an absorption state or band, which
then decays back into the core state, or into a non-radiative intermediate state.
The absorption band can be partitioned into occupied and unoccupied states.
The example displays a typical L-edge type of system, which is used for most

examples in the following.
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troscopic features induced by the X-ray pulse. Furthermore, the model considers
an intensity driven cross section as discussed by Patterson [142] and extended
by Schreck et al. [30].

6.2.1 Rate Equations

The basis of the here introduced rate equation system is the time evolution of the
population number of the three bands and states (NCore, NBand, NIntermediate),
respectively, and their interaction channels (Fig. 6.1b)-d) ). Following the text-
book formalism [133], this leads to:

∂NCore(t)
∂t

=
E∑

[−RAbs(E, t) +RStim(E, t) +RSpon(E, t) +RDecay(t)]

(6.1)
∂NBand(E, t)

∂t
= RAbs(E, t)−RStim(E, t)−RSpon(E, t)−RAug(E, t) (6.2)

∂NIntermediate(t)
∂t

= RAug(t)−RDecay(t) (6.3)

The three levels can be populated or depopulated by the processes shown in
Fig. 6.1 (b-d), namely absorption RAbs, spontaneous RSpon and stimulated RStim

emission, and non-radiative decay RDecay, here given as the number of events
at the given time and energy. The core state, as mentioned above, is energy
independent in this model, therefore the sum is taken over all energy channels
to obtain the total population change. The core state in this model can be de-
populated through absorption and repopulated through spontaneous emission,
stimulated emission, and the decay of the intermediate states, respectively. The
absorption band is implemented as an ensemble of states that can be partially
occupied, as shown in Fig. 6.2. The absorption band is populated through ab-
sorption and depleted via stimulated emission, spontaneous emission, and Auger
decay. As the transmission of short X-ray pulses of the order of femtoseconds
is simulated in the soft X-ray regime, non-radiative decays are dominated by
Auger decay (Fig. 6.1 d)), thus other non-radiative decays are not included in
the current model. Therefore, the intermediate state can decay into the core
state through non-radiative relaxation and can be populated through the ab-
sorption band via the Auger decay. With the exception of the decay from the
intermediate state to the core state, all interactions are time and energy resolved.

91



Chapter 6. A Rate Model Approach for FEL Pulse Induced Effects

Figure 6.2: Initial band occupation for a Co L-edge simulation. Width and dis-
tribution have been create to be comparable to [143] for Co through a Gaussian,
convoluted with a Fermi-Dirac distribution. The gray area represents initially
occupied states, while the white area represents free unoccupied states. The
red curve indicates the available states at the given energy, while the blue curve

gives the absorption cross section at the Co L-edge.

The interstate transition events are given by the following equations:

RAbs(E, t) = I(E, t) · λA
hc
· σabs(E) · fAbs(E, t) (6.4)

RSpon(E, t) = I(E, t) · λA
hc
σSpon(E) ·NBand(E, t) · fSpon(E, t) (6.5)

RAuger(E, t) = I(E, t) · λA
hc
σAuger(E) ·NBand(E, t) · fAug(E, t) (6.6)

RStim(E, t) = I(E, t) · λA
hc
σStim(E) ·NBand(E, t) · fStim(E, t) (6.7)

RDecay(t) = Nintermediate(t)
τnon−radiative

(6.8)

These event numbers depend mainly on three factors: first, the incident pulse
I(E, t) with the photon distribution in time and energy, second, the respective
interaction cross sections σ(E) or decay times τ as further discussed in the next
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section, and finally, the occupation factors f(E, t) between the involved states.
The incident pulse is taken in terms of total number of photons at a given
energy and time, as shown in Eq. 6.11. The occupation factor f is given by the
product of the relative occupations of the two involved states, for example, the
occupation factor for absorption becomes the product of the occupied core state
occupation and the available unoccupied absorption state occupation:

fabs(E, t) = NCore(t)
max(NCore)

· (1− NBand(E, t)
max(NBand(E, t))

) (6.9)

The other variables have the usual meaning, with A being the incident pulse
focus size.

6.2.2 Decay Cross Sections

The decay cross sections are implemented as described by Schreck et al. [30],
where the authors show how they can be determined from the total absorption
cross section, the photon energy and the present photon field. More specifi-
cally, the total absorption cross section has to decay through one of the decay
channels, thus the sum of decay cross sections has to equal the total absorption
cross section:

σAbs = σAug + σSpon + σStim (6.10)

The resulting cross section distribution for different photon numbers can be seen
in Fig. 6.3, where they have been calculated for a 10 fs incident pulse with vary-
ing photon number at 788 eV. The maximum is given by the absorption cross
section (violet line) at a given energy, but changes with the absorption cross sec-
tion over the absorption band (compare Fig. 6.2 blue line). The distribution of
decay cross sections is dependent on the energy and the total number of photons.
As the sample is treated in a one-dimensional way, the total number of photons
present is treated as the sum of all photons that have passed into the sample
within a given time t. Therefore, the decay cross sections (compare Fig. 6.3)
will initially start at the lower end of photon numbers and will stop changing
when reaching the total number of photons within the pulse when the pulse has
effectively been transmitted. This leads to a somewhat distorted decay behavior
after the pulse has passed. However, as the focus of these simulations is on the
light-sample interaction during the pulse and not the sample recovery behavior,
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this should not pose an issue. As one can see in Fig. 6.3, the majority of the
decay cross section is given by the Auger decay, which holds true for the soft X-
ray regime, yet for higher photon energies, the majority of decays switches from
Auger to spontaneous emission, as expected and shown in [30]. For increasing
photon numbers, the photon field dependent stimulated cross section increases,
thus suppressing the spontaneous and Auger decay cross sections. This concept
is completely implemented into Eqs.(4.14 and 6.10), and a full derivation can be
found in Schreck et al. [30].

Figure 6.3: An example of the decay cross sections used in the model, here for a
photon pulse at 778 eV. Depending on the number of photons within a pulse the
distribution of decay cross sections are changing, whilst the total decay cross
section equaling the total absorption cross section and the sum of all decay
cross sections, stay constant. Towards higher photon numbers, the auger and
spontaneous cross section are being suppressed for the benefit of the stimulated
cross section. The equations are based on the model developed by Schreck et al.

[30] and have been implemented into the here introduced model.

The absorption cross section is commonly known for most sample systems,
however as FEL pulses can saturate absorption and induce transparency [131,
144, 115], the absorption cross section may not be treatable like an interac-
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tion constant, but can change with the incident pulse intensity. These types of
changes have been discussed by Stöhr et al. [145] for a 2-level system. It is pos-
sible to implement a time, intensity, or absorbed energy dependent change into
the absorption cross section in the modeling approach. This affects all rates, as
the decay rates depend on the absorption cross section for example through the
opening of core level holes. For this purpose, a factor decreasing and increas-
ing the overall absorption cross section with the transmitted pulse intensity was
tested and was found to affect the timing (delay or accelerate) of the dynamics,
but not the spectral position of the changes. Thus for the following, we do not
implement this factor affecting the absorption cross section.

6.2.3 The Incident Pulse

For the incident pulse we used a Gaussian shaped light pulse in the time and
energy regime. The pulse can be written in terms of intensity I(E, t) or photon
number NPhoton at a certain energy and time, as given in Eq. 6.11 and 6.12,
respectively. Here I0 is the incident intensity in mJ/(cm2fs), with σt and σE

being the time and energy width of the pulse, and A being the focus size. The
pulse can be shifted in the time domain using the time offset tOff , and in energy
using the energy offset Eoff .

I(E, t) = I0 · exp
(
−1

2 · (
t− toff
σt

)2
)
· exp

(
−1

2 · (
E − Eoff

σE
)2
)

(6.11)

NPhoton(E, t) = I(E, t) · λA
hc

(6.12)

To simulate the spectral changes after transmission, we look at the time
evolution of the transmitted pulse’s photon numbers Pulsetrans in time and
energy (Eq. 6.13), which depends on the incident pulse I(E, t) and the two
channels (RAbs(E, t) and RStim(E, t)) depleting and refilling photons.

∂Pulsetrans(E, t)
∂t

= I(E, t)λA
hc
−RAbs(E, t) +RStim(E, t) (6.13)

For the model it is of course feasible to adapt the pulse to represent typical
SASE patterns with multiple spikes at different energies and varying time delays,
although they are not straightforward to compare as the occupation changes
strongly depend on the spectral distribution of these SASE pulses. Hence for the
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first demonstration of the model, Gaussian shaped pulses that vary in intensity,
time, energy, and width are utilized.

6.2.4 Absorption Band DOS

To estimate the available states in the interaction region, the interaction volume
is calculated from the sample dimensions and the pulse focus as Vinteraction = A·d,
with the focal size A and the sample thickness d. Multiplying this with the atom
density ρAtom yields an estimate for the number of atoms in the interaction vol-
ume. From this one obtains an estimate for the maximum number of states
in the core level and the interaction band through the electron count of the
respective orbital, i.e. times 2 for the core level and times the number of elec-
trons ne in the absorption band. This obviously leads to an initial occupation
number of the core and interaction band which in turn enables to follow relative
occupation changes. To account for the DOS in the absorption band around
the edge, one can either take a full DOS for the initial distribution, or take an
XES measurement as a measure of occupied states and an XAS measurement
as a measure for unoccupied states in the absorption band. For most material
systems, this information is well known, for example a Co L-edge is described
in [143] and reproduced in Fig. 6.2. This distribution is approximated through
a Gaussian distribution, reflecting the total number of states in the absorption
band at the given energy, which then is multiplied with a Fermi-Dirac distribu-
tion, to get an initial distribution for occupied, unoccupied, and total available
states at the different absorption edge energies, as displayed in Fig. 6.2. In the
presented example, the gray area shows the initial occupation of states around
the absorption edge, whereas the red line represents the available states at a
given energy. For visualization, the absorption cross section, which has been
adapted from [145] for the Co L-edge of a CoPd multi-layer, is shown in blue.
For the ratio of occupied and unoccupied states, the ratio of electrons in the
absorption band was found to be a rather good measure. For example for a Co
L-edge, there are 7 out of 10 d-electrons, yielding a pre-occupation of 70 % of
the available states in the absorption band, which compares well to the situation
measured for a Co film by Nillson et al.[143]. When discussing X-ray absorption
or X-ray emission spectroscopy, the core hole screening effect and the Z+1 rule
?? have to be considered with different strengths for differ-ent material systems.
As the RIXS process discussed here moves from an initial state via a transient
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state back to said initial state, and the dynamic effects connected to core hole
screening occur for nearly filled bands in the ground state ??, which is not the
case here, we consider the core hole screening to be negligible for the discussions
below.
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6.2.5 Occupation Dynamics

Now a Gaussian shaped pulse being transmitted through the described sample
system is considered. This results in an occupation dynamic, as displayed in
Fig. 6.4. Here one can see how the incident pulse depopulates the ground state
(blue) while increasing the occupation of the excited states in the absorption
band, shown as a sum of all states (yellow) and a single state at the central
resonance 778 eV (red). As time goes on, the excited states decay while reoc-
cupying the ground state through stimulated and spontaneous emission and the
intermediate relaxed state (purple) through Auger decay. In the following, no
decay is considered from the relaxed state back into the core hole ground state
as we focus on the immediate pulse matter interaction and not on the slower
relaxation behavior.

Figure 6.4: The relative occupation change in the different states is shown for
a 5 fs, 2 eV FWHM pulse with 10 mJ/(cm2fs) Intensity is shown. As the pulse
travels through the sample, the ground state (blue) occupation is converted
into excited state or absorption band population (red and yellow). Over time,
the Auger decay starts to occupy the intermediate relaxed states (purple), thus
depopulating the majority of the excitation band and preventing it from recom-

bining into the core hole ground state.
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6.3 Model Applications; CoPd multi-layer sam-
ples under short high intensity pulses

To illustrate how the model can be applied for short pulse high fluence X-ray
spectroscopy experiments, we choose a typical transition metal Co L-Edge spec-
troscopic situation as described in [144], which has shown changes in trans-
parency and scattering in past FEL experiments [115, 144, 146]. As the CoPd
system has a high DOS around the Fermi level, we expect the impact of the
DOS on the transaction rates to be high compared to other typical soft X-ray
spectroscopic systems. We streamline the SASE pulses from typical FEL exper-
iments by using a resonant Gaussian shaped pulse of variable intensity, energy
and length, as this significantly simplifies the interpretation of the simulation
results and enables a much better understanding of the model’s dynamics.

6.3.1 Transmission and Induced Transparency

In Fig. 6.5, the transmission of a resonant 2 eV FWHM pulse is shown for vary-
ing central pulse energies relative to the resonance (778 eV). The transmission
is defined as the difference between the sum of all incident photons and the sum
of all transmitted photons. The transmission for all pulses increases for higher
incident pulse intensities, starting with a linear increase for lower incident in-
tensities (inset) before slowly saturating towards (almost) full transparency at
higher intensities. The general transmission increase is due to two reasons in the
model. First, the ground state population gets depleted more strongly with in-
creasing intensity, which reduces the probability of further absorptions through
the population factor f . Second, the higher the incident intensity gets, the
higher becomes the probability for stimulated emission events, which work as
a counterbalance to absorption as they ’add’ photons to the transmitted pulse,
thus effectively increasing the transparency. The transparency depends on the
incident photon distribution, being higher for a pulse that has reduced over-
lap with unoccupied absorption band states, which is the case for all detuned
pulses. For a +1 eV detuned pulse (pink), the photon distribution only over-
laps by about 30 % with empty absorption band states (as illustrated by the
white area in Fig. 6.2), therefore the transparency at low incident pulse inten-
sities is approximately doubled compared to the resonant pulse. The resonant
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Figure 6.5: The transmission of an incident pulse is shown for a resonant (red)
and detuned (other colors) 2 eV FWHM pulse. The resonant pulse (red) shows
the lowest initial transmission, as most photons overlap with the majority of
empty absorption band states, whereas the detuned pulses overlap with less
available absorption band states (positive detuned, green and blue), or more
already occupied states (negative detuned, cyan and pink). For low intensities
(inset) all pulses show a linear transmission increase with increasing pulse inten-
sity, but for higher intensities, the transmission converges towards an effectively

fully transparent sample.

pulse (red) and the 0.5 eV positively detuned pulse (blue) have almost the same
transparency evolution, as they both highly overlap with the absorption cross
section, which reflects the width of the strongest absorption area (compare with
the absorption cross section (blue) in Fig. 6.2).

6.3.2 Intensity Dependent Absorption and Stimulation

To compare the absorption and stimulation channel, Fig. 6.6 shows the respec-
tive number of events, which is defined as the sum of all channel events, here
calculated for a 2 fs long resonant pulse. As the pulse intensity increases, so do
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Figure 6.6: The intensity dependent relative amount of stimulated or absorption
events, respectively, simulated for a 2 fs long resonant pulse of 2 eV FWHM. The
absorption increases with the incident pulse intensity, whereas the stimulation
only starts to set in for high intensities, but then amplifies rapidly. The event
numbers have been normalized to the maximum number of events for each chan-
nel, respectively. This is done for easier visualization of the two event numbers,
as absorption is occurring at far higher rate than the stimulation. The exact
strength of the two channels depends on a number of factors. This image should
visualize the trend between the linear increase in absorption and the non-linear

increase in stimulated events.

the two optical channels, however, while the absorption increases steadily with
increasing intensity, the stimulation only starts to kick in above 100 mJ/(cm2fs).
This effect of the superlinear increase in stimulated emission with higher inten-
sity is analogous to the light-versus-current characteristic in, for example, semi-
conductor lasers (Reference ?? Fig: 5 and 6). Also, the respective events do
not occur at the same photon energies, which leads to an asymmetric sample
reaction in state changes, as will be discussed in more detail in Sec. 6.3.3. But
let us discuss two other aspects first: The decay events relative to the created
core holes, and the spectral evolution of the absorption and stimulation channels.
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Another quantity to understand the rate model dynamics is the number of
decay events relative to the number of core holes created. In Fig. 6.7 the max-
imum number (peak) of stimulated events are shown relative to the number of
core holes created through the pulse for different detuning energies relative to
the resonance. The simulations where performed for a 5fs, 2eV FWHM pulse
with varying intensity to create different amounts of core holes. This shows
the trend that the more overlap the pulse has with the pre-occupied states in
the valence band (in this case a negative detuning energy), the more stimulated
events are being triggered. However, this shows the peak number of events for
a single time-step at these detuning energies to visualize the impact of detun-
ing and therefore the overlapp with the unoccupied and pre-occupied valence
states. For the trend of the total number of events, compare this with Fig.

Figure 6.7: Stimulated peak events are shown for different detuning energies of
a Gaussian pulse in dependence of the total number of core holes created. This
was simulated for varying incident intensity for a 2fs, 2eV FWHM pulse with
different detuning energies relative to the resonance. For the trend of the total

number of events compare this with Fig. 6.8.

6.8. Here, the trend of the total number of Auger decays and the total number
of stimulated emissions are shown in dependence of the total number of core
holes created. One can see that the detuning has only a minor role on the total
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number of events. However, the length of the pulse and the simulation time
has a strong effect on the relative intensities. In this case the simulations where
performed for a 2 eV FWHM pulse with 5 fs length, and a 40fs simulation time.
The incident pulse maximum was delayed by 10 fs to cover the full ramp-up in
the simulations. As the graph shows, the total number of stimulated emission
events stays below the total number of core holes created, as it has to be ex-
pected. Although not exactly visible here, the same is true for the sum of Auger
decays and stimulated emission events.

Figure 6.8: Here, the trend of the total number of Auger decays and the total
number of stimulated emissions are shown in dependence of the total number of
core holes created. The simulations where performed for a 2 eV FWHM pulse
with 5 fs length, and a 40fs simulation time, and the number of events summed
over the simulation time. The simulations have also been performed for different
detuning energies, but as shown here, the effect of detuning is minimal on the

total number of decay events.

As shown in Fig. 6.8, the total number of decay events does not relate to the
detuning energy of the incident pulse. Let us discuss now how the spectral dis-
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tribution of the absorption and stimulation act for a resonant Gaussian incident
pulse. Now we compare the spectral evolution of the absorption and stimulation
channels, which are shown in Fig. 6.9 and Fig. 6.10 respectively. Since the spec-
tral changes are normalized, only relative changes can be seen here. The spectral
distribution of absorption events shifts from the higher end of the absorption
edge towards the lower end, thus occurring more frequently in spectral areas
with more pre-occupied L-band states. Also, the overall absorption distribution
is more pronounced and steeper around 1−2 eV, however this is a feature of the
normalization, as for increasing numbers of absorption events this quenches the
lower numbers. Note that this effect is not observable at the lower energy end of
the distribution, hinting to an asymmetric absorption behavior, which is to be
expected given the asymmetric pre-occupation of the absorption band (compare
white and gray area in Fig. 6.2). For the spectral distribution of stimulation
events, the shift only occurs in an asymmetric way towards higher intensities.
Comparing Fig. 6.9 and Fig. 6.10, one can see that the stimulation distribution
is shifted to lower energies compared to the absorption distribution. As these
two have the opposite effect on the transmitted photons (i.e. stimulation adds
photons to the transmitted pulse while absorption removes them), this leads
to a change in the transmitted photon distribution, which is discussed in the
following section.

6.3.3 Spectral Changes in Transmission

To compare the strength of these two channels at the respective photon energies,
we compare the relative difference given by #RAbs(E)−#RStim(E)

#RAbs(E) , which gives a
measure for the relative change of the linear transmission at the given photon
energies for this setup. An example for the resulting relative differences is shown
in Fig. 6.11 for a resonant pulse of 2 eV FWHM and varying incident intensities.
The overall difference increases as the incident intensity increases and, therefore,
the strength of the stimulation channel grows. The asymmetric change is obvious
and can be separated into two different areas. The first is the main peak, which
coincides with the bulk of the pre-occupied L-band states and hence with an
area of less absorptions. This area can, for higher intensities, contribute to an
increased transmission and ultimately for an effective increase in the number of
photons transmitted even above the incident photon count. This area would give

104



Chapter 6. A Rate Model Approach for FEL Pulse Induced Effects

rise to the amplification of the incident pulse through stimulated emission, very
much like a typical semiconductor optical amplifier. The main surprise here is
how far below the resonance this area occurs. In this case the maximum change
is around −2 eV.

Figure 6.9: This figure shows the relative spectral changes of the absorption
for different incident pulse intensities. The change in the spectral absorption
distribution shifts towards lower energies with increasing incident intensity until
it saturates around the green (400 mJ/(cm2fs)) distribution. The absorption
distribution also narrows, as can be seen from red to green/pink at the right

flank of the distribution.
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Figure 6.10: This figure shows the relative spectral changes of the stimulated
channel for different incident pulse intensities. The stimulated distribution does
not shift but broadens with increasing incident intensity towards higher incident
intensities, thus working as a counterweight to the absorption distribution shift
through the increased depopulation of excited states through stimulated emis-

sion.

Figure 6.11: Here, the relative differences of the stimulated and absorption
channel strengths are shown as abs−stim

abs
for different incident intensities. One

can see how an increase in intensity increases the relative difference of the two
channels and thus changing the transmitted photon distribution. e.g. the sample
becomes more transparent for photon energies, where the relative difference is
higher eventually resulting in an increased transmission, that can be higher than

1 for these photon energies.
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The second interesting relative difference is the plateau-like reduction just
around the resonant energy. This is caused by the overlap of the stimulated
distribution and the absorption distribution, as shown in Fig. 6.9 and Fig. 6.10,
counteracting each other with respect to the transmission. The stimulated emis-
sion is far weaker than the absorption, but still increases the transmitted photons
in these spectral areas, resulting in an effective increase in transmitted photons.
This reduction in absorption can be measured in transmission experiments and
has indeed been reported by Chen et al., who measured the transmission of a
CoPd thin film L-edge spectra for ultra-fast short X-ray pulses [115]. However,
as reported by Highley et al., effects beyond stimulated scattering such as for
example electron cascades within the valence band could change the influence
of stimulated scattering on these systems [146].

Fig. 6.12 shows the effect of detuning on the described difference for a
200 mJ/(cm2fs) pulse of 2 eV FWHM, with the detuning being an energy shift
of the incident pulse with respect to the resonance at 778 eV. As mentioned
in Sec. 6.3.1, the resonant (yellow) and slightly positively detuned (+0.5 eV
red) pulse examples are almost identical, as they both have a very high overlap
with the absorption cross section. This leads to a higher activity in absorption,
increasing the number of occupied L-band states, while depopulating the core
levels and ultimately leading to more stimulated emission and thus a higher
relative difference. The other detuned pulses exhibit a lower amount of absorp-
tion events, but the more relevant feature is the fact that the main peak follows
the pulse detuning direction. However, as the detuning from the resonance for
all examples is larger than the shift, while the highest difference is well below
the highest photon peak, the total relative difference has to be understood as
a convolution of incident photon distribution, pre-occupation distribution, the
stimulated and absorption distribution, and the effective transmission.

One could argue that the Auger decay strength must also have an effect on
the spectral difference, as it will also occur in an asymmetric way, since the L-
band occupation is higher for the pre-occupied area of the absorption band thus
leading to more Auger decays in the model. However, this was found to only have
a minor impact on the differences, as the Auger decay works like a countereffect
against the stimulated emission through the depletion of excited states, but in
turn gets suppressed by the stimulated emission at higher intensities (compare
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Fig. 6.3). Also this effect is already included in the stimulated distribution here,
as Auger decay and stimulated emission are linked through their respective cross
sections. The two spectral features in Fig. 6.11 and Fig. 6.12 are experimentally
observable as a decrease in absorption, but under different conditions: As the
main difference (around -2 eV detuning energy) strongly depends on the tuning of
the incident pulse, this will be easier to observe under monochromatic conditions.
Conversely, the plateau-like decrease around 0 to 2 eV is robust to the incident
pulse energy distribution and should thus be observable in SASE operation.

Figure 6.12: The relative differences of the stimulated and absorption channel
strengths are shown as abs−stim

abs
, for different detuning energies. One can see the

how detuning of the incident pulse for an Intensity of 200 mJ/(cm2fs) changes
this relative difference. The maximum of the difference follows the detuning
direction while the overall difference reduces for both detuning directions. Note
that there is a plateau like area around the resonance that does not change
in strength for different detuned pulses. This effectively reduces the observed
absorption while increasing the transmitted photons at these energies compared

to lower incident intensity pulses.
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6.3.4 Transmitted Photon Distribution and Stimulated
Signature

The previously discussed changes in the internal cross channel rates of course
result in differences in the transmitted photon distribution, which are shown in
Fig. 6.13 and Fig. 6.14, respectively. Fig. 6.13 shows a photon difference map be-
tween the transmitted pulse and the incident pulse (Nphoton(transmitted)(E)−
Nphoton(incident)(E)) compare Eq. 6.12), which has been normalized to values
between 1 and −1 for better visualization. The change in the transmitted spec-
tral distribution can be compared for rising intensities. The blue feature corre-
sponds to the absorption edge and a reduction in transmitted photons, whereas
the red feature corresponds to an increase in transmitted photons compared to
the incident pulse. Note that the stimulated edge occurs 1.5 to 2 eV below the
resonant absorption edge (778 eV). Fig. 6.14 shows cuts of the un-normalized
photon differences, bringing the rise through stimulation in relation to the dip
through absorption. The image displays changing intensity from lower inten-
sity (blue) to higher intensity (red). With rising intensity, more photons get
absorbed, leading to a deeper absorption edge but also a rise in the stimulated
feature, as shown in the inset. This results in a steeper low energy flank and ul-
timately a reduction in absorption edge width. However, the overall absorption
overshadows the amount of stimulated photons.
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Figure 6.13: The image shows a difference map of the transmitted number of
photons compared to the incident number of photons at the given energy. The
map has been calculated for a resonant 2 eV FWHM pulse and is normalized to
changes between 1 (red) and -1 (blue) to visualize the stimulated features appear-
ance. The red feature corresponds to a higher photon number after transmission,
whereas the blue feature corresponds to the typical expected absorption edge.

The stimulated feature appears 1.5 eV below the absorption edge.

As discussed above, the position of the stimulated edge is dominated by the
initial band structure and mostly affected by the position of the incident pulse
through the overlap with pre-occupied states and the overlap with the incident
intensity. Therefore, a SASE pulse with for ex-ample two spikes, one on the
absorption edge and one2eV below the edge, should induce a strong stimulation
for the lower energy spike. This of course becomes feasible to achieve with the
new emerging two color FEL conditions [27] at various FEL sources around the
world, which will strongly increase the control over the experimental conditions
in FEL experiments compared to SASE operation.
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Figure 6.14: The un-normalized data-set for the photon difference after trans-
mission displayed from low (blue) to high (red) intensity, brings the increase in
transmitted photons in relation to the decrease through absorption. As the ab-
sorption edge becomes deeper, the stimulated edge rises, resulting in a reduction
in the (low energy) width of the absorption edge and a steeper low energy flank.

6.3.5 Stimulation Impact on Scattering: Scattering Break-
down

A last aspect to be discussed is the effect increased stimulated emission has on
X-ray scattering. As stimulated emission emits in the pulse (forward) direc-
tion and reduces the amount of spontaneous decays with increasing intensity,
it also reduces the scattering signal, which is primarily caused by these sponta-
neous decays. This effect quenches the pulse in the forward direction, increas-
ing the transmission (compare Sec. 6.3.1) and reducing the 360◦ scattering. In
Fig. ??, the blue curve shows the fraction stimulated emission takes from the
total amount of decay events for a varying incident intensity of a 2 eV FWHM
resonant pulse. As discussed before, the fraction of stimulated emission increases
rapidly with increasing incident intensity, while suppressing the Auger and the
spontaneous decay channel. The increase of stimulated events correlates with
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the measured decrease in diffraction contrast by Chen et al. [115] (which is for
comparison shown in orange).

Figure 6.15: This figure shows a comparison of the diffraction contrast mea-
sured by Chen et al.[115] (orange) to the proportion of stimulated decays as
a fraction of the total occurring decays for a resonant 2 eV FWHM pulse and
varying incident intensity (blue). The decrease in diffraction contrast correlates
extraordinarily well to the calculation of increasing stimulated emission events,
which corresponds to an increase in forward transmission of light at the cost of

scattered (spontaneous) emitted light

6.4 Model Limitations and Possible Extensions

To facilitate the occupation dynamics and pulse transmission calculations as
outlined in the previous sections, it is necessary to keep the computational com-
plexity relatively low in order to obtain simulation results in a reasonable amount
of time. For example, a single pulse transmission calculation in the described
way for a 10 fs long pulse and a 40 fs physical simulation time takes about
15 seconds of run time in the here presented system. This way it is feasible to
investigate numerous parameter sets and to gather information about trends in
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a realistic time frame. The complexity and capabilities of the model are thus
always a trade-off.

First and foremost, the described model could be expanded in the depth
dimension by implementing depth information about varying occupation dy-
namics, comparable to the approach by Hatada et al. [139]. This would add
information in the form of a depth profile of occupation dynamics and could
show different ’front’ or ’end’ behavior of the samples-pulse interaction, and
thus could improve our understanding of how the light-matter interaction is
changing while a pulse is being transmitted through the sample. Additionally,
this could make the DOS microscopically accurate, enabling the implementa-
tion of local impurities or defects to understand their contribution to saturation
behavior. In the current model setup, however, a depth dimension with a given
number of x depth points along the pulse direction would increase the numerical
simulation time of each single pulse x-fold. Hence, this new parameter dimen-
sion could improve the quality of information gained from the model at the cost
of a massive increase in computational time. Since Hatada et al. [139] have
already developed a model that looks at the depth information, the approach
of this work concentrates on the so far little studied topic of spectral informa-
tion instead.

The same trade-off applies to the potential of internal valence band energy
conversions and low energy valence band excitations or decays by means of
phonons, for example. These may play an important role in some systems on
femtosecond timescales, such as the ultrafast electron cascades in diamond Ziaja
et al. reported [147]. However, for the investigation of stimulated RIXS in CoPd
multilayers as described in chapter 5, the effects of internal conversions were not
expected to play a dominant role due to two reasons. First, the short pulse
lengths applied in the experiment do not give these other decay mechanisms
enough time to be observed, as these occur on a much longer timescale (around
20 fs [147]) compared with the direct pulse induced effects of the order of the
pulse length (i.e. 2 fs). Second, the comparison of the two different experimental
pulse length sets (2 fs versus 20 fs) does not show a major difference regarding
their timing and decay behavior (compare chapter 5.3.3 and appendix 8-2). If
other decay mechanisms played a dominant role, the pulse length comparison
should differ quite significantly, as it would increase the available time for these
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slower decay types to be observed. Still, the occurrence of internal valence
band energy conversions plays possibly a more important role in other systems
and could technically be implemented into the model in a next step. To date
though, the exact way to implement and weigh potential low energy decays
and conversions on femtosecond timescales within the valence band is not fully
understood yet. In the model presented in this work, these effects as well as
higher order interactions are neglected, so that their impact are not observed in
the model’s current setup.

A last discussion point is the implementation of the cross sections in the
model. Since these were derived for equilibrium systems that are dominated by
Auger decay (compare [148] and [31]), they may not hold true for every system
in the way implemented here. For soft X-ray spectroscopy, Auger decay is the
dominant decay mechanism, hence for the discussed case around the Co-L-edge
this will not be an issue. For hard X-ray spectroscopies, in contrast, the decay
cross sections are dominated by the spontaneous emission, hence these cross
sections may not be valid the way they are implemented although a correction
factor dependent on the fluorescence yield is already implemented in the cross
sections. Additionally, non-radiative decays are ignored in the current setup
which, again, works in the soft X-ray case, but potentially needs adaption for
hard X-ray experiments due to for example compton scattering. Another last
point is the cross sections’ internal dependency on the incident intensity, as
explained in Sec. 6.2.1. This leads to a coupling of the intensity-driven cross
sections and the intensity-defined photon numbers for the stimulated emission
as

RStim ∝ Iphontonnumber · Icross−section · correction(I). (6.14)

With the intensity dependencies arising from the photon number, the cross sec-
tion, and the cross section consistency factor, respectively. As the correction
factor is connected to the absorption cross section, Fig:6.6 shows the intensity
dependency of the stimulated emission (in red, comparable to a common L-I
curve) and indirectly the correction factor (blue). One can see the superlin-
ear increase for the stimulation strength which is consistent with classical laser
physics around the laser threshold. The exact analytical description of the cross
sections is not resolved and needs further research as of today. It would also be
possible to implement quantum mechanically calculated exchange rates or cross
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sections. However, this again leads to the discussion about computational effi-
ciency and additionally about the model’s complexity and usability, especially
as quantum mechanical calculations are typically complex and need extensive
time investment to be realized correctly.

6.5 Accessibility of Surface States through Stim-
ulated Resonant X-Ray Scattering

Now we take a look at surface states, which are an interesting feature due to the
relevance of the surface in any interface related reactions for example in catalytic
processes [67, 68]. However, they are experimentally very hard to grasp and as
the of today available tools are angle resolved photo-electron spectroscopy [149]
and tunneling microscopy [150, 149]. Other tools, such as near edge X-ray ab-
sorption fluorescence spectroscopy (NEXAFS) or RIXS are powerful and well
established in material science to investigate time resolved behavior of reaction
dynamics [28] such as catalysis [67], which are likely to be heavily dependent on
the nature of states near a catalytic surface where the reaction takes place. It
would be a strong enhancement of experimental capabilities to enable NEXAFS
or RIXS to detect the nature of surface states and differentiate them from their
bulk counterparts.
It is well established that bulk DOS is different from the surface DOS due to
the different coordination number of atoms in the surface and bulk, respectively,
leading to a smaller valence-electron density in the surface region, which in turn
results in a surface core level shift. These shifts in Fermi energy are especially
strong for metals with d-valence electron levels close to the Fermi energy. Histor-
ically this has been investigated through photo-electron spectroscopy and were
discussed extensively by others like the standard textbook on photo-electron
spectroscopy by Hüfner [151, 152]. As a shift of the Fermi energy redistributes
the DOS for surface states compared to the bulk, this should in principle also be
visible through spectroscopy methods such as RIXS, however until today they
could not be observed. This section presents a theoretical discussion on spec-
troscopic fingerprints of surface states with respect to how they can be revealed
through stimulated RIXS at FEL light sources.
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6.5.1 Numerical Implementation of the Fermi Level or
DOS Shift

As demonstrated in the previous section 6.3, the introduced rate model is able
to reproduce spectral changes of transmitted resonant X-ray pulses and helps
to understand the interplay of Auger decay and stimulated scattering in solid
state sample and intense light field interactions. This was shown at the exam-
ple of a CoPd multilayer, representing a recent stimulated resonant scattering
experiment [115, 146]. These capabilities are now being extended by amend-
ing the initial absorption band distribution in order to account for shifts of the

Figure 6.16: The initial setup of the absorption band‘s DOS. For simplicity,
a Gaussian shaped density of state correlated with a Fermi-Dirac-distribution
around the resonant energy is used as a distribution of occupied, unoccupied, and
available states in the absorption band. The enveloping Gaussian distribution of
available states is shifted to change the ratio of occupied to unoccupied states,
while the absorption cross section is considered constant around the resonance.
For the absorption cross section, we take values for the Co L-3 Edge as a typical

d-valence-electron transition metal.
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Fermi energy by changing the initial absorption band occupation distribution.
As mentioned above, shifts of the Fermi energy occur in the surface states of
d-valence electron metals, but the DOS can also change due to the number of
element specific valence electrons. Co, for example, has 7 out of 10 d-electrons
occupied compared to Ni, which has an additional one. However, in their recent
discussion Chen et al. for example figured out an valence band occupation of
75% to be realistic for Co [153]. To account for both options, the shift of the
Fermi energy and the changing of the occupied-to-unoccupied states ratio in the
absorption band, a generic Gaussian DOS as used in Section 6.2.4 and shown in
Fig. 6.16 is defined. As in Section 6.2.4, the Gaussian DOS (σ =2.4 eV) describes
the available states in the absorption band, where the occupied states are given
by the product of this Gaussian with a Fermi-distribution at the resonance as
shown in the graph. By shifting the enveloping Gaussian to higher or lower ener-
gies, the Fermi energy or the ratio of occupied to unoccupied states is effectively
changed. While shifting the Gaussian distribution, the Fermi-distribution and
thus the resonant energy are, however, kept in place. Additionally, the ratio of
occupied over unoccupied states is defined as a new parameter for the simulation
in order to visualize the effect different materials will have on the occurrence,
strength, and position of a stimulated fingerprint.
This concept is shown in Fig:6.16, where three example distributions are dis-
played. One for the ratio 1 (central), meaning an equal number of occupied and
unoccupied states, and two exemplary shifts of 1.2 eV and -1.2 eV, respectively.
The shift of -1.2 eV also represents ratio of occupied to unoccupied states of
7:3, which is the ratio in the valence band of Co (7 out of 10 d-electrons in the
valence shell), while the shift of 1.2 eV equals a ratio of 13:30 (close to Mo). For
all initial setups, the same absorption cross sections displayed in Fig. 6.16 (blue)
are being used. The resonant energy equals the highest absorption cross section
and the position in the absorption band, where the initial occupation is 50 %.
For the absorption cross section, values for Co are taken from Stöhr et al. [37].
The energy shift of the Gaussian is defined as 0 when the number of occupied
and unoccupied states in the valence band are equal at a ratio of 1 (1:1).

6.5.2 Influence on the Absorption Edge

In order to investigate the impact of a Fermi level shift on the spectroscopic
fingerprints around the absorption edge, a resonant Gaussian pulse as in 6.2.3
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is transmitted through this adapted system. The pulse is chosen to have a
duration of 5 fs with 211 photons and an FWHM of 3 eV to cover the entire
absorption edge. This corresponds to an intensity of ≈ 200 mJ/(cm2 fs) at
the Co L-3 edge, which is at modern FEL sources well achievable in the soft
X-ray regime [91, 47]. As the pulse passes through the sample, the pulse gets
absorbed where unoccupied states are available, scatters at the sample, and
can induce stimulated emission where preoccupied states in the valence band
are present. Yet, the availability of core holes after absorption also enables
the pre-occupied states to decay through non-radiative Auger decay. Here, the
discussion is focused on the difference of photons in the incident pulse and
photons after transmission, as can be seen in Fig. 6.17. This photon difference
is then normalized to the highest decrease in photons after transmission, i.e.
the highest number of absorption events (deep blue), to better visualize the
relative photon number change induced by the shifting DOS. The absorption

Figure 6.17: Effect of the shifting DOS on the absorption edge in the sample
in terms of photon-difference after transmission. The detuning energy of zero
corresponds to the peak of absorption cross section and a half filled absorption
band, respectively. The transmission was simulated for a resonant Gaussian

pulse of 2 eV FWHM and an intensity of 200 mJ/(cm2fs).
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edge is visible as the blue dip for different ratios (left axis) and energy shifts
(right axis). There are two effects to be noted here. First, the absorption edge
minimum shifts towards lower incident energies for decreasing ratios (or positive
DOS shifts), and secondly, the absorption edge widens for higher ratios.

While the broadening at high ratios is an effect of the smaller availability
of unoccupied states for absorption events due to the mostly occupied valence
band. The remaining unoccupied states exist in the right corner of the DOS
(compare Fig:6.16 top left), which flattens the distribution of available states
and in turn leads to a wider distribution of absorption events on the visible
scale. This effect is a mere scaling effect, as there are less overall absorption
events for higher ratios due to the lower number of available empty states in the
valence band and the number of events is normed to the lowest value (compare
Fig. 6.17 dark blue). For the lowest ratio the number of initially occupied states
goes towards zero, hence the absorption events represent the incident pulse shape
multiplied with the DOS shape. The main absorption dip for the majority of
ratios steadily occurs at 0.5 eV, with the exception of the very high ratios above
10. Therefore these ratios are not being simulated in the following.

6.5.3 Influence on Stimulated Scattering

For the lowest occupied-to-unoccupied-states ratio, or highest number of initially
unoccupied states, respectively, the sample exhibits almost no induced stimu-
lation events or Auger decays above the amount expected for a synchrotron
pulse. This becomes clear in Fig. 6.18, where a stimulated increase of trans-
mitted photons below the absorption edge is displayed. As mentioned above
(Sec: 6.5.2), for the two extremes at high or low ratios, the absorption distribu-
tion is dominated by the unavailability of unoccupied states states (high ratio),
and the unavailability of initially occupied states for other decay channels (low
ratio). Henceforth, efforts are concentrated on ratio differences between 0.05
and 10. For these ratios, the stimulated enhancement below the absorption
edge in Fig. 6.18, which occurs due to the initially occupied states decaying
through stimulated emission, is investigated. In Fig: 6.18, one can see again
two effects. First, the stimulated increase is stronger for higher values while
disappearing for lower values, and secondly, the stimulated feature decreases for
higher ratios while shifting to lower energies after reaching a maximum at an
approximate occupied-to-unoccupied-states ratio of 4. While the number of ab-
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Figure 6.18: Dependence of a stimulated enhancement below the absorption edge
from the DOS shift. For very low ratios the stimulated enhancement is small
or not existent (blue and red), while for higher ratios the stimulated feature
rises to a maximum around ratio 4 (violet), before it decreases while shifting to
lower incident energies for even higher ratios (green). The image displays the
difference in the number of photon after transmission in absolute photon counts.

sorption events peak at 0.5 eV for all these ratios, the stimulated emission peaks
around -2 eV(±0.5).

A photon difference of 105 is detectable with modern differencing methods
as well as shifts of a some 10 meV, hence these effects could be observed in well
designed FEL experiments thus separating spectroscopic bulk information from
interface (surface-bulk or layer-layer) information.

6.5.4 Influence on the Stimulated Fingerprint

To improve our understanding of the constraints for potential experiments, it
makes sense to look at the effect of the DOS shift on the strength of the three
different decay channels, namely spontaneous emission, auger decay, and stimu-
lated emission, especially to further understand the substance of the stimulated
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Figure 6.19: Left: The normalized strength of the different decay channels for
all incident energies is shown for different ratios. One can see the maximum
for all channels to be at different ratios. Right: The difference of photons after
transmission compared to the transmission at the ratio 1:1 is displayed for two
incident energies, 0.5 eV (red) and -2 eV (blue), respectively. While the photon
difference at 0.5 eV corresponds to the shift in the absorption edge, the difference
at -2 eV corresponds to the enhancement through stimulated emission below the

absorption edge.

feature at -2 eV.

The channel strength (sum over all events) is displayed in Fig. 6.19 to the
left. The three decay channels have varying strengths for different ratios. In
the soft X-ray regime, Auger decay is usually the strongest channel, yet for this
setup and photon number, stimulated emission surpasses the Auger decay for
ratios above 0.6, which correlates well with the increasing stimulated feature
from Fig. 6.18. With the total number of events decreasing for higher ratios as
discussed above, the total channel strength decreases as well. As the stimulated
emission is the strongest channel above a ratio of 0.6, the stimulated enhance-
ment is strong as well. When spontaneous emission is stronger than stimulated
emission (at around a ratio of 0.25) the stimulated feature disappears. Auger
decay just takes radiative decays from the system and reduces the overall trans-
mitted photons by re-opening absorption band states for re-absorption. Auger
decay occurs more frequently at energies with a higher occupation in the ab-
sorption band, but has only a limited effect on the shape and position of the
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stimulated enhancement.

In Fig. 6.19 on the right, the difference of transmitted photons at the en-
ergies -2 eV and 0.5 eV is shown in relation to the values at an occupied-to-
unoccupied-states ratio of 1 (Ratio(1) - Ratio(x)), hence it shows the difference
in transmittance at the given energies compared to the values of the ratio 1:1.
These energies correlate to the peak of stimulated enhancement (blue) and ab-
sorption (red). As the difference is displayed relative to the ratio 1:1, the image
effectively shows the detectable signal difference at two energies if the DOS shifts
from the bulk ratio of 1:1 to higher or lower ratios, respectively. As the 1:1 ratio
already shows a rather strong stimulated signal, the stimulated ratio can shift
in both directions: decreasing towards lower ratios (or a positive energy shift),
which increases the photon difference as the decreasing ratio lowers the stimu-
lated signal, or increasing towards higher ratios, which increases the number of
transmitted photons and thus decreases the photon difference towards negative
values. The combination with the transmitted photon difference at the absorp-
tion edge, which changes in the opposite direction compared with the stimulated
feature, yields two detectable fingerprints for a DOS shift.

In order to visualize this effect in a real experiment, one would need to design
it with a material that firstly exhibits a strong Fermi shift in surface states
compared to the bulk, secondly has to potential to be grown as a multilyer (or
thin film) and bulk material, and thirdly has a ratio above 0.7 as the change
in photon counts here is strong for small ratio changes. In other words, the
experiment would have to choose a material with a valence band DOS occupied
to unoccupied ratio on the flank where both, the stimulated signal (compare
Fig. 6.19 right in red) and the absorption signal (compare Fig. 6.19 right in
blue) change with changing ratio. For example the CoPd multilayers used in
the experiment (Sec: 5) have a occupied to unoccupied valence state ratio of
2.3 and should thus be ideal to observe this stimulated fingerprint in a well
controlled (not SASE) experiment that would compare a bulk Co spectra with a
multilayer Co spectra (or a bulk Co sample under a very small angle to increase
the surface effect for that matter).
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6.6 Chapter Summary

This chapter has presented a rate model approach to simulate the interaction
of FEL pulses with solid sample systems in order to understand the impact
of effects such as stimulated scattering, induced transparency, and scattering
breakdown in the soft X-ray spectrum. The model is easily adaptable to differ-
ent material systems, especially solid state systems, includes intensity dependent
cross sections, and the DOS of the absorption band. Although the presented
model is strongly simplified compared to full quantum mechanical treatments,
the introduced approach is capable of reproducing the impact intensity-driven
stimulated emission in FEL experiments has on scattering, spectroscopy, and
transmission, while being computationally efficient and more quickly to per-
form. Based on this model, simulations of the transmission of Gaussian shaped
pulses through a CoPd multilayer thin film, which has a high DOS around the
L-edge and has been demonstrated to show non-linear behavior, were presented.
It was demonstrated how the interplay of the DOS and the pulse’s energy and
intensity drive the pulse-sample interaction in this system, and have demon-
strated how induced transparency develops with intensity dependent absorption
and stimulation rates, inducing an increase in transmission in the sample sys-
tem. Furthermore, it was shown that the spectral distribution of absorption
and stimulation events occur at different energies, thus inducing an asymmetric
photon distribution change during transmission. This asymmetric behavior has
been investigated in detail with respect to the incident pulse’s intensity and en-
ergy, resulting in two key findings: first, a decrease in absorption on the main
absorption resonance, which is in accordance with recent experimental findings,
and secondly, the appearance of an increase in transmission 1-2 eV below the
absorption edge dominated by stimulated emission. This stimulated feature can
lead to an amplification of the incident pulse in a narrow spectral range, but
is highly dependent on the incident pulse’s energy, thus only being observable
under very controlled experimental conditions. We also discussed the increase
of stimulated events at higher incident pulse intensities were compared with the
experimentally observed decrease in diffraction contrast and conclude that the
increase in stimulated emission events leads to a decrease in scattering events.
It still is an experimental challenge to detect changes of 107 photons in a pulse
of 1012 photons, requiring a resolution power of 100000 necessary to detect the
stimulated increase, however with differencing methods and modern spectrome-

123



Chapter 6. A Rate Model Approach for FEL Pulse Induced Effects

ters this is already feasible[154, 155].
Lastly we discussed the dependence of the stimulated fingerprint under a

Fermi shift in the valence band, as it occurs for example in surface states. We
imagined detecting the increase and decrease of the stimulated fingerprint with
a controlled pulse enabling to track a shifting DOS. This dependency can be
observable in well designed experiment which may open a new path to separate
information on the bulk DOS from the surface or interface DOS of a material.
Section 6.1 to Sec:6.3 are under review at the journal for electron spectroscopy
and represent Paper B (compare Sec:1).
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Chapter 7

Summary and Conclusion

In this thesis the influence of stimulated scattering on soft X-ray RIXS exper-
iments at FEL sources was investigated. After discussing the potential of the
RIXS process and the experimental capabilities surrounding it in chapter 3, we
ventured into the space of free electron laser science and the implications of
intense photon fields on spectroscopic techniques in chapter 4. In the latter,
recent experimental findings in the field of non-linear X-ray matter interactions
where discussed and put into perspective relative to the impact the photon fields
have or may have had on the respective experiments. In particular, we discussed
the impact of the photon field on the decay cross sections (Auger-decay, spon-
taneous decay, and stimulated emission), which changes the relative strengths
of the three channels pushing the spontaneous emission and Auger decay down
while increasing the simulated emission with rising photon field strength. This
in turn leads to experimental effects observable in among others self induced
transparency, saturable absorption, a breakdown in scattering signal or a self
focusing effect, which are being discussed in section 4.2.

To further our understanding of these effects and enable a rigorous investiga-
tion of their impact on RIXS spectroscopy, scattering, as well as to potentially
open new experimental capabilities, we designed an experiment on magnetic
CoPd thin films, which was discussed in chapter 5. This experiment was de-
veloped specifically to enable normalized single shot comparisons of Co L-edge
spectroscopy (direct beam RIXS) and scattering (1st and 3rd order magnetic
stripe pattern), which in turn enables very good signal to noise ratios that can
reveal new features originally invisible to typical RIXS approaches. With this
setup, it was possible to investigate the breakdown in scattering signal relative
to the incident intensity (compare section 5.3.2), observe and investigate the
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spectral aspects of stimulated RIXS (compare section 5.3.3). It was possible
to link the decrease in scattering signal and an increase in transparency to the
increase in incident pulse intensity, which through the spectroscopic data could
be linked to an increase in stimulated scattering in the beam direction. Addi-
tionally, we where able to observe spectroscopic stimulated features (increase in
transmission) that appear on the lower energy end of the absorption edge.

These changes are now simulated especially the stimulated scattering aspect
of this experiment. To enable this, a rate equation model based on semicon-
ductor optical amplifiers (coherent pulse passing through an excited or excitable
known medium) was developed and evolved to fit into our X-ray spectroscopy
setup. Additionally the model was developed to enable relative quick simula-
tions (compared to quantum mechanical calculations) based on a known inci-
dent pulse, the absorption cross section of the medium, and the initial density of
states, which are usually well known or measurable parameters for most material
systems.

Using our rate equation approach, we were able to calculate the valence band
DOS dynamics induced by the incident pulse during the pulse transmission, and
simulate the effect of stimulated scattering on the samples dynamics. Here the
interplay of spontaneous emission, Auger decay and stimulated scattering re-
vealed spectroscopic features for stimulated scattering different from the other
decay mechanisms spectral fingerprints, which could open new potential exper-
imental channels. We investigated the impact of stimulated scattering on the
transmission, the scattering signal, the spectroscopy of direct beam RIXS, and
the resulting changes in transmitted spectral information. At the lower end of
the transmitted spectrum we were able to identify a specific feature caused by
stimulated scattering, which could also be observed in the original experiment.
This stimulated fingerprint was further investigated in the final part of this the-
sis, where the effect of a DOS shift on this was analyzed as well as the optimal
DOS setting to maximize the photon difference caused by the stimulated finger-
print to eventually find a good material system for a future verification of the
results on an independent system. The simulation technique seems to be quite
capable to reproduce results for FEL experiments on solid sample systems at
least on the tested L-edge. Additionally it is much easier and quicker to perform
the simulations and gather relevant statistics for multiple experimental settings
compared to for example simulations based on a maxwell-bloch approach. Also
the rate equation model is pretty flexible to adapt to new situations, such as
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inner valence electron cascades or other conversions within the valence band.
Finally the model is capable to include more states, as shown with the multi-
state valence setup including intermediate decay states as discussed above. This
enables a detailed description of larger interaction ensembles like in solid state
samples and their interaction with the light pulse on a makroskopic level. We
believe this approach can help design and improve experiments for extremely low
signal to noise setups, such as for example in heterogeneous catalysis or time
resolved RIXS experiments. Additionally the stimulated fingerprint has the po-
tential to act as a new marker for FEL direct beam experiments to control if
the sample is still in the correct state or has changed, or to probe small signal
changes due to DOS shifts which can occur in surface states as discussed above.
Overall this thesis is another small piece in the puzzle to enable and establish a
new stimulated RIXS technique that can overcome the dissadvantages of RIXS
while opening one of the most powerful probing techniques to new experimental
levels.

So long and thanks for all the fish!
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Chapter 8

Appendix

Here I include one manuscript that, as of today the 19th of Maz 2022, is has
been accepted for publication in the journal of physics communication. The
manuscript ’Stimulated resonant X-ray scattering in a solid’ includes further
results from the stimulated scattering experiment on CoPd multilayers presented
in chapter 5. The manuscript focuses on the spectral differences created with
different initial pulse configurations and compares the rate equation based model
(6) with a three level Maxwell Bloch approach.
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When materials are exposed to X-ray pulses with sufficiently high intensity various nonlinear
effects can occur. Among the most fundamental of these is stimulated inelastic X-ray scattering,
where inelastic scattering of one X-ray photon is stimulated by another X-ray photon with a different
energy. Here, we report observations of stimulated Resonant Inelastic X-ray Scattering (RIXS) near
the Co L3 edge in solid Co/Pd multilayer samples. The stimulated RIXS is observed through the X-
ray fluence and photon energy dependence of the transmission of high intensity X-ray pulses through
the samples. With 1330 mJ/cm2, 5 fs duration X-ray pulses the number of stimulated RIXS photons
we detect per X-ray photon incident on our samples is nearly a million times more than that which
could be detected for spontaneous RIXS using standard grating-based X-ray spectrometers. These
results pave the way for the development of nonlinear X-ray techniques that use stimulated RIXS
in condensed matter.

INTRODUCTION

In spontaneous Resonant Inelastic X-ray Scattering
(RIXS), an X-ray photon is resonantly absorbed in mat-
ter through a core-to-valence transition and a second X-
ray photon is spontaneously emitted through a valence-
to-core transition. In recent decades, spontaneous RIXS
measurement has risen to prominence as a powerful tech-
nique for studying the elementary excitations of matter
[1]. Despite this, typical spontaneous RIXS instrumen-
tation only detects around one RIXS photon for every
108 X-ray photons absorbed by a sample [2], limiting the
accuracy and parameter range of measurements. Stimu-
lated RIXS is governed by the same material processes
as spontaneous RIXS, but the photon emission part is
stimulated by another real X-ray photon rather than oc-
curring spontaneously. In stimulated RIXS, the emitted
X-ray photon has the same energy and momentum as
the stimulating X-ray photon rather than having a ran-
dom direction as for spontaneous RIXS. Thus, stimulated
RIXS could be used to overcome the low photon through-
put of spontaneous RIXS. Moreover, stimulated RIXS is
viewed as a building block of experimentally difficult, but
powerful nonlinear X-ray techniques [3].

With the advent of X-ray Free Electron Lasers

(XFELs) [4–6], it has become possible to generate X-
ray pulses with sufficient intensity for stimulated RIXS
to reach measurable strengths. Pioneering studies have
used these unique high intensity X-ray sources to study
stimulated X-ray core-to-core emission [7–10], stimulated
elastic scattering [11] and stimulated resonant extreme
ultraviolet scattering [12]. Stimulated RIXS studies have
so far been limited to the gas phase and either relied on
amplification of an initially very weak photon source [13]
or detected the molecular products of stimulated RIXS
instead of the resultant X-rays [14, 15]. Much of the most
interesting and technologically important physics and
chemistry, however, occurs in condensed phases where
stimulated RIXS has not yet been demonstrated. This
is primarily due to the increased challenges in condensed
matter of competing X-ray-induced nonlinearities caused
by the decay of high energy electrons created following
X-ray absorption [12, 14, 16–18].

Here, we present measurements of the intensity de-
pendence of stimulated RIXS driven entirely by XFEL-
generated X-ray pulses in solid Co/Pd magnetic multilay-
ers. We accurately normalize our data by using an X-ray
beam splitter to split off part of each X-ray pulse for a
measurement of the spectra of X-rays incident on sam-
ples. Further, we reduce the impact on our measurements
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FIG. 1. Experimental setup for broad bandwidth nonlin-
ear absorption spectroscopy with Self-Amplified Spontaneous
Emission (SASE) pulses. (a) Simplified schematic of the ex-
perimental setup (see [11] for a more complete schematic).
The X-ray beam is split into two components with an X-ray
beam splitter. One of the X-ray beams passes through a mem-
brane without sample while the other passes through a mem-
brane with a Co/Pd magnetic multilayer sample. The beams
emerging from the membranes in the forward direction are
measured with a grating-based spectrometer. (b) Example
single-shot spectra recorded without a sample present. The
spectra recorded from each beam align very well, demonstrat-
ing our ability to accurately determine the photon energy con-
tent of X-rays incident on samples from the spectra recorded
on the branch without a sample in the X-ray path.

of electronic dynamics within the X-ray pulse duration by
using short, 5 fs Full-Width-at-Half-Maximum (FWHM)
duration X-ray pulses, although stimulated RIXS is still
seen with longer 25 fs duration X-ray pulses, albeit with
reduced strength. In a previous paper, we described mag-
netic scattering and transmission measurements made
with the same experimental setup that could be mod-
eled through stimulated resonant elastic scattering with
an assumed intensity-dependent enhancement factor [19],
but potential sample changes within the X-ray pulse du-
ration were not ruled out [11]. In this report, in contrast,
we perform a more detailed spectroscopic analysis which
reveals stimulated RIXS.

RESULTS

Experimental Setup

Fig. 1a shows a schematic of the experimental setup.
Linearly polarized X-ray pulses were generated through
self-amplified spontaneous emission at the Linac Coher-
ent Light Source (LCLS) XFEL [5, 6]. The central X-ray
photon energy was set near 778 eV, the peak absorp-
tion intensity of the Co L3 resonance. The average X-ray
pulse duration was 5 fs FWHM for a short pulse dura-
tion mode and 25 fs FWHM for a long pulse duration
mode (see methods). The X-ray fluence at the sample
ranged from 0.1 through 9500 mJ/cm2 (see methods).
When the X-ray fluence exceeded the single-shot sample
damage threshold, the sample was replaced every few X-

ray shots. only the first shot on each sample was used in
examining the effects of interaction with Co/Pd multilay-
ers on the X-ray pulses. Measurements where the fluence
was well below the sample permanent damage threshold
were recorded at the full 120 Hz repetition of LCLS with
the sample replaced every few minutes.

The generated X-ray pulses were directed to the AMO
hutch [20]. There, the X-ray pulses were split into two
similar intensity components [21]. These beams came
to a focus near a chip containing 100 nm thick sili-
con nitride membrane windows. Half of the membranes
had Co/Pd multilayer samples deposited on top. The
samples were sputter deposited and had the metal layer
sequence Ta(15)/Pd(3)/[Co(1)Pd(0.7)]x25/Pd(2), where
the thicknesses in parentheses are in nm. One part of
the split X-ray pulse passed through a membrane with
sample deposited on top, while the other passed through
a membrane without sample, acting as a reference. The
samples scattered some X-rays that were detected with
CCDs [11] (not shown in schematic). The X-rays emerg-
ing from the membranes in the forward direction passed
were detected at separate positions of a spectrometer
with ≈1000 resolving power (see methods). As shown in
Fig. 1, the photon energy content of the two X-ray beams
was very similar, which enabled accurate normalization
of our nonlinear X-ray absorption spectra, overcoming
difficulties of earlier studies [17].

Nonlinear X-Ray Absorption Spectra

Fig. 2 summarizes our results. Parts a and b are iden-
tical and show the low fluence absorption and emission
strengths. The absorption was recorded at the SSRL
synchrotron light source with the same samples as used
for the high fluence measurements, while the emission
spectrum was taken from previous reportedly data on Co
metal [22]. Parts c and d show spectra recorded at LCLS
as a function of pulse duration, central photon energy
and average X-ray fluence. For each case, we show two
spectra. The dashed spectra labelled ’Incident’ are the
spectra from the part of the X-ray pulses that travelled
through reference membranes without Co/Pd. The solid
spectra labelled ’Nonlin.’ (nonlinear) show the difference
between the measured spectrum of the parts of the X-ray
pulses that travelled through Co/Pd membranes and the
expected spectrum for this case if the sample exhibited its
low fluence linear response (as obtained by multiplying
the incident spectrum by the low fluence sample trans-
mission). Supplementary Fig. 1 shows the calculation
of these spectra from experimental data and their rela-
tionship to traditional X-ray absorption spectra in more
detail.

The nonlinear spectra are negligible for low fluences,
showing that our setup accurately measures the change in
X-ray pulses upon propagation through our samples. For
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FIG. 2. Change of X-ray spectra (photon energy content)
upon propagation through Co/Pd as a function of pulse du-
ration, central photon energy and fluence. (a) and (b) show
the absorption and emission of Co near the Co L3 resonance in
the low fluence limit, as recorded at synchrotron light sources.
(c) shows results for 5 fs average X-ray pulse duration, while
(d) shows results for 25 fs average X-ray pulse duration. The
spectra incident on the samples are estimated from the mea-
surement of the X-rays that did not travel through a sample,
and the nonlinear spectra (Nonlin.) show the difference be-
tween the spectra emerging from samples and that expected
with a linear sample response. The nonlinear spectra are pos-
itive where there are more photons exiting the sample than
expected with a linear sample response (blue filled) and neg-
ative where there are less photons exiting the sample than
expected with a linear sample response (red filled). The pho-
ton energies where different nonlinear features occur are high-
lighted with dashed vertical lines and labeled at the bottom
of the figure.

the high fluence cases, the nonlinear spectra are still neg-
ligible well away from the Co L3 resonance. In the vicin-
ity of the Co L3 resonance, however, there are strong de-
viations from zero. We identify three distinct features, as
indicated with dashed vertical lines in Fig. 2 and labeled
at the bottom of the figure. First, and most significantly

for this report, the number of photons emerging from
the sample a few eV below the absorption resonance, at
774.5 eV, increases relative to a linear sample response
(feature α). As we show below, this is due to stimulated
resonant inelastic X-ray scattering. Second, the number
of photons emerging from the samples at the low photon
energy side of the Co L3 resonance (776.5 eV) decreases
(feature β). Finally, the number of photons emerging
from the sample at the peak and high photon energy
side of the Co L3 resonance (778 eV) increases (feature
γ).

The high fluence data for both short and long dura-
tion X-ray pulses was binned by the X-ray pulse central
photon energies through binning by the XFEL electron
beam energy which is strongly correlated with the central
photon energy of the resultant X-ray pulse [23]. Feature
γ appears in both spectra. For the higher central photon
energy data, the stimulated RIXS signal (feature α) is
absent, while feature β is enhanced. For the lower cen-
tral photon energy spectrum, in contrast, the stimulated
RIXS signal is pronounced and feature β is greatly re-
duced. The short and long duration X-ray pulses have
similar X-ray intensities and show qualitatively the same
features, but feature α is reduced in strength for the long
pulse duration data relative to the short pulse duration
data while feature γ is increased in strength.

Stimulated Inelastic Scattering Efficiency

Fig. 3 displays the X-ray fluence and pulse duration
dependence of the stimulated inelastic scattering effi-
ciency, which we define to be the number of photons emit-
ted through stimulated inelastic scattering divided by the
number of photons that would have been resonantly ab-
sorbed assuming a linear sample response. To estimate
this from the experimental data, we first integrated over
feature alpha (773 eV to 775.5 eV) then divided by the
number of photons that would be absorbed with a linear
sample response, as calculated with the incident spectra.
Next, in order to correct for small differences in the two
X-ray branches, we subtracted the same quantity calcu-
lated under the same conditions, but with neither beam
propagating through a sample and the incident spectrum
multiplied by the low fluence sample transmission. This
method of estimating the efficiency from the experimen-
tal data doesn’t take X-ray-induced valence electronic
redistribution into account and the true stimulated in-
elastic scattering efficiency could be a few times higher,
as discussed further below. The vertical error bars are an
estimate of the standard error in the absence of nonlinear
effects (see methods) and the horizontal error bars show
the estimated 30 percent uncertainty in the absolute flu-
ence calibration. The estimated stimulated inelastic scat-
tering efficiency increases with increasing X-ray fluence,
reaching more than five percent for the 1330 mJ/cm2, 5
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FIG. 3. Fluence and pulse duration dependence of experimen-
tally estimated and simulated stimulated inelastic scattering
efficiency (defined to be the number of stimulated inelastic
scattering processes divided by the number of photons that
would be resonantly absorbed assuming a linear sample re-
sponse). For each case, we also show the corresponding RIXS
signal amplification, which we define to be the ratio of the
number of stimulated RIXS photons we detect per X-ray pho-
ton incident on our sample divided by that which could be de-
tected with spontaneous RIXS using standard grating-based
spectrometers.

fs X-ray pulses. The figure also shows model calculations
as described further below.

DISCUSSION

The nonlinearities in X-ray absorption that we observe
can be explained as a combination of resonant nonlinear
X-ray effects involving the Co L3 resonance, as shown
schematically in Fig. 4. Our sample has no absorp-
tion edges near and below the photon energies we use
and, as such, nonlinearities of non-resonant absorption
are expected to be very weak [24–26]. The most impor-
tant electrons in the nonlinear resonant processes are the
3d valence electrons which form a continuous density of
states near the Fermi level, Ef , and the tightly bound
Co 2p3/2 core electrons (Fig. 4a). As the sample is ex-
cited through X-ray absorption and evolves, it interacts
with subsequent X-ray photons differently, which gives
nonlinearities in the X-ray absorption. Importantly for

all study, of all these resonant nonlinear processes, only
stimulated RIXS gives an increase in the number of pho-
tons emerging from the sample a few eV below the Co
L3 absorption resonance, as seen in feature α.

When an X-ray photon is absorbed at the Co L3 reso-
nance (778 eV), it excites one of the Co 2p3/2 core elec-
trons into an unoccupied valence state of primarily 3d
character (Fig. 4b). From here, another X-ray photon
can stimulate a valence electron to fill the core hole, giv-
ing increased photons emerging from the sample below
the absorption resonance (stimulated RIXS, giving fea-
ture α) and within the absorption resonance (stimulated
elastic scattering, contributing to feature γ). In addition,
the resonant absorption strength can also be reduced due
to the shift of the Co 2p3/2 absorption edge. Such ab-
sorption edge shifts could also be caused by the ionization
of other tightly bound electrons in the evolution of the
sample following X-ray excitation [27], but these shifts
should also impact the non-resonant absorption strength
above the Co L3 absorption resonance, which is not seen
in our data, indicating that these shifts are not a domi-
nant contributor to feature γ in our data.

If the Co 2p3/2 core hole is not filled through stim-
ulated resonant scattering, then it will decay in 1.5
fs, primarily via Auger decay, a process that fills 99.3
percent of core holes in the low X-ray fluence limit
[28, 29]. In Co/Pd the transfer of energy from initial
X-ray absorption-induced excitation to electronic excita-
tions within 2 eV of the Fermi level takes place in ≈ 13 fs
[16]. Through this process, the occupation of states is de-
creased below the Fermi level and increased above it (Fig.
4c). This valence electron redistribution opens up new
X-ray absorption channels for X-rays with photon ener-
gies below the peak of the absorption resonance (giving
feature β) while eliminating others with energies near the
peak of the absorption resonance (contributing to feature
γ). The significant degree of X-ray-induced electronic ex-
citation could also result in more subtle changes of the
electronic density of states, but a recent investigation in-
dicated that such effects are not strong for the degree of
excitation we investigate here [30].

The photon energy dependence of the strength of stim-
ulated RIXS reveals some interesting aspects. The stim-
ulated RIXS signal is only strong when the X-ray inten-
sity is strong at the photon energies where it occurs. This
shows that the stimulated RIXS processes are driven by
X-rays with photon energies that are already strongly
present in the incident X-ray pulses, differentiating our
results from the amplification of spontaneous emission
[12] or amplification of initially very weak parts of an X-
ray beam [13] previously studied. The peak of the stim-
ulated RIXS signal (774.5 eV) is also not close to that of
spontaneous RIXS (776.5 eV), deviating from what one
may initially expect.

We propose that the difference in peak locations of the
stimulated and spontaneous RIXS intensities is due to
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FIG. 4. Schematic of X-ray-induced evolution of the electronic state of a Co atom in a Co/Pd sample and corresponding
nonlinear X-ray processes that can occur. Processes that increase the number of photons exiting from a sample with respect
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follows resonant X-ray absorption at the Co L3 resonance. (c) Valence-excited state that follows relaxation of the core-excited
state to few eV valence excitations in ≈ 13 fs.

the competition of the stimulated RIXS signal with in-
creased absorption strength into states below the Fermi
level from electron redistribution. At energies just below
the photon energy for core to Fermi level excitations, the
absorption changes from electron redistribution dominate
the stimulated RIXS signal. At lower photon energies,
however, both holes and electrons decay very rapidly in
metallic Co, even in comparison to our several fs X-ray
pulse durations. For example, electrons 1 eV above the
Fermi level have been measured to decay in less than 5
fs in metallic Co, and the decay time is predicted to de-
crease rapidly as the energy from the Fermi level is fur-
ther increased [31]. The photon energies where the exper-
imental stimulated RIXS signal is strong give about one
third of the integrated spontaneous RIXS strength, and
thus we expect that the true stimulated RIXS strength is
roughly three times stronger than the strength of feature
α.

To quantiatively compare the strength of feature α
to that expected for stimulated RIXS, we simulated the
stimulated RIXS efficiency within a three level Maxwell-
Bloch model as well as a rate equations model (see meth-
ods for details). The results are compared to experiment
in Fig. 3. Both simulations are within a factor of a
few of the experimental measurements. Taking into ac-
count this factor of 3, the experimental results are very
close to what is expected within the rate Eqs. model.
For the 25 fs duration X-ray pulses, the experimental re-
sults are shifted lower relative to the simulations than
for the 5 fs duration X-ray pulses, which is likely due to
the increased X-ray fluence and time available for X-ray
induced valence electronic redistribution.

The number of stimulated RIXS photons that we mea-
sure per X-ray photon incident on our samples is far
higher than that for conventional measurements of spon-
taneous RIXS. The efficiency of spontaneous RIXS at
the Co L3 edge is 0.8 percent [29], about an eighth of the
maximum efficiency of stimulated RIXS reported here.
In the case of spontaneous RIXS, however, the photons
are emitted in all directions, and only a small fraction of

them are collected in a typical experimental measure-
ment. (A collection efficiency of 10−6 is typical [2].)
For stimulated RIXS, in contrast, photons are emitted
in the same direction as the stimulating beam and thus,
with appropriate experiment design, the vast majority of
stimulated RIXS photons can be in the acceptance area
and angle of a spectrometer. With suitable spectrometer
design, around ten percent of stimulated RIXS photons
could be measured, limited only by grating and CCD
efficiency. Thus, our results demonstrate that through
stimulated RIXS we could measure around 1 RIXS pho-
ton for every 200 photons absorbed in our sample, nearly
a million times more than the single RIXS photon de-
tected for every 108 photons absorbed in a sample with
conventional spontaneous RIXS measurements [2]. This
RIXS signal amplification is shown on the right side of
Fig. 3.

We have reported observations of stimulated resonant
inelastic X-ray scattering in a solid. The nearly a million-
fold amplification of the RIXS signal shows the potential
of stimulated RIXS to greatly enhance the throughput of
RIXS studies, which could extend the feasible parameter
coverage of RIXS investigations. For example, measuring
the dependence of RIXS on many material compositions
in static studies or on many time delays in pump-probe
measurements. Nonetheless, the RIXS signal we observe
co-occurs with nonlinear spectral changes of compara-
ble strength due to X-ray-induced electronic dynamics
within the X-ray pulse duration. For stimulated RIXS to
be a robust technique, future studies must demonstrate
that these effects can be mitigated or accounted for to an
acceptable degree. One could imagine, for example, char-
acterizing the nonlinearities due to X-ray-induced elec-
tronic dynamics from another, non-resonant pump pulse,
and using even shorter X-ray pulse durations as are now
available [32]. In addition, our study did not probe the
angular dependence of stimulated RIXS, which would re-
quire further experimental development. Going beyond
stimulated RIXS, our study could be a demonstration of
the first step in condensed phases of proposed nonlinear

134 CHAPTER 8. APPENDIX



6

X-ray spectroscopies where excitations are created with
stimulated RIXS then probed with subsequent X-ray or
other pulses [33, 34].
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METHODS

Adjustment and determination of X-ray fluence

The X-ray fluence at the sample was adjusted by
changing the attenuation of a gas attenuator [35] before
the sample as well changing the spot size at the sample.
The pulse energy at the sample was determined from the
X-ray pulse energy measured with a gas detector [35].
The X-ray transmission efficiency from the gas detectors
to the sample location was estimated to be 10 percent.
The X-ray spot size at the sample membrane was mea-
sured through pinhole scans, given a size of either 15 by
15 µm, or 20 by 150 µm, depending on the setting of the
X-ray focusing mirrors.

Characterization of X-ray pulse duration

The average duration of X-ray pulses produced by
LCLS in different modes was estimated using two differ-
ent methods. The methods are complementary in that
the first sets an upper limit on average pulse duration
while the second sets a lower method. In the first method,
an X-band Transverse Deflecting Cavity (XTCAV) mea-
sured the energy and temporal distribution of electrons
in electron bunches after those bunches were used in
the production of X-rays. The intensity profile of X-ray
pulses was then estimated from these measurements [36].
This confirmed the 25 fs FWHM duration of the longer
pulses and set an upper limit of 10 fs on the duration
of the shorter pulses. In the second method, averaged
pulse duration were estimated from the statistical corre-
lation of X-ray spectra [37, 38]. For the same operating
modes as used for collecting data on the Co/Pd samples,
we recorded spectra using the spectrometer of the SXR
beamline [39]. For robustness of this analysis method,
we limited the analysis to X-ray pulses where the central
electron energy of the electron bunch generating the X-
ray pulse was within the middle 10 percent of observed
values. This gave a lower limit of 4.7 fs on the duration of
the shorter pulses and 8.5 fs on that of the longer pulses.

Retrieval of X-ray spectra

Spectra were obtained from spectrometer CCD images
by selecting the relevant region on the imaging detector
and projecting along the axis of photon energy disper-
sion. The photon energy was calibrated by adjusting the
coefficients of a linear relationship between spectrometer
pixel position and photon energy such that a low fluence
absorption spectrum measured at LCLS agreed with that
measured on the same sample at beamline 13.3 of the
SSRL synchrotron light source.

Vertical Error Bars of Fig. 3

The vertical error bars of Fig. 3 show the estimated
standard error of the measured stimulated inelastic scat-
tering efficiency in the absence of nonlinear effects. To
perform this calculation for the data with fluences above
the sample damage fluence (higher than ≈ 50 mJ/cm2),
the spectra of X-rays that passed through blown up sam-
ples were first multiplied by the linear sample transmis-
sion. Next, bootstrapped [40] sets of these spectra were
formed by sampling these spectra with replacement n
times, where n is the number of spectra recorded with an
intact sample for each data set. The stimulated inelastic
scattering efficiency was calculated for each of these sets
and the standard deviation of these gives the vertical er-
ror bars. For the data with fluences below the sample
damage threshold, nonlinear processes were assumed to
not contribute greatly to the error and the standard error
of the intact sample data obtained using the bootstrap
procedure was used for the error bars.

Three-Level Maxwell-Bloch Simulations

We used a one-dimensional three level Maxwell-Bloch
model to estimate the strength of stimulated resonant in-
elastic X-ray scattering (see [41] for an overview of this
and related models). Multilevel Maxwell-Bloch models
have been successfully used to describe the propagation
of light through a variety of media that can be adequately
treated as discrete, few-level systems, including the prop-
agation of strong resonant X-ray pulses through atomic
and molecular gases [17, 42].

We follow [41] for our calculations. We write the am-
plitudes of the X-ray electric field as the real part of a
slowly varying envelope, E(z, t) times a rapidly oscillating
phase factor (Eq. 21.3 of [41]),

E(z, t) = Re
[
E(z, t)ei(kz−ωt)

]
, (1)

where Re[x] denotes the real part of x, k is the X-ray
wavenumber, z is propagation distance, ω is the X-ray
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angular frequency and t is time. The material polar-
ization (which is determined from the material state, as
described below) is written in the same manner

P (z, t) = Re
[
P(z, t)ei(kz−ωt)

]
, (2)

where P(z, t) is the polarization envelope. Making the
slowly varying envelope approximation and the change
of variables

Z = z, T = t− z/v (3)

gives an equation for the evolution of the envelope of the
X-ray electric field [41]

∂

∂Z
E(Z, T ) = i

ω

2cε0
P(Z, T ). (4)

Assuming the material polarization does not depend
strongly on Z, we can integrate this equation to get an
approximate expression for the field of the X-ray pulse ex-
iting the sample (where the sample extends from Z = 0
to l),

E(l, T ) = E(0, T ) + i
ωl

2cε0
P(0, T ). (5)

As our sample is only 1 optical depth thick at the peak
of the Co L3 absorption resonance, we do not expect this
approximation to distort the results by a large factor.

Now we describe how we calculate the evolution of the
Co/Pd material state. For this, we model the Co/Pd as a
slab of discrete three-level atoms. The slab has the same
thickness as our samples and the same density of three-
level atoms as density of Co atoms in the actual samples.
The three levels represent a ground state with energy
E1 = 0 eV, a core-excited state with energy E2 = 778 eV
(coinciding with the peak of the Co L3 resonance) and a
valence-excited state with energy E3 = 2 eV (coinciding
with a typical 3d excitation energy). The dipolar cou-
pling between the ground state and the core-excited state
is d12. The dipolar coupling between the core-excited
state and the valence-excited state is d23. We chose the
dipolar couplings in accordance with the linear X-ray ab-
sorption cross sections of our samples, as described at the
end of this section. We let ρnm(t) denote the element in
the nth row and mth column of the density matrix in the
basis of eigenstates of the three-level atom in the absence
of an applied X-ray field. From Eq. 16.107 of [41], we
define a rotating coordinate representation of the density
matrix through

ρnm(t) = snm(t)eiξm(t)−ξn(t). (6)

Here, ξi(t) are arbitrary phase factors chosen to be con-
veinent for the problem to be solved. We choose these
according to Eq. 13.14 of [41] with a single X-ray pulse
acting to both excite and stimulate decay,

~ξ1(t) = 0, ~ξ2(t) = ωt, ~ξ3(t) = 0, (7)

where ω is the angular frequency of the applied X-ray
field and ~ is Planck’s constant divided by 2π. From
Eqs. 13.8, 13.27 and 13.29 of [41], we have a matrix
which describes the time evolution of the system,

W =
1

2




0 Ω∗P 0
ΩP 2∆P ΩS
0 Ω∗S 2∆R


 , (8)

with the complex, time-dependent Rabi frequencies de-
fined as

ΩP = −d12E/~, (9)

and

ΩS = −d23E/~. (10)

The detunings are

∆P = E2 − E1 − ~ω = 0, (11)

and

∆R = E3 − E1. (12)

The evolution of the density matrix elements is given by
Eq. 16.116 of [41],

d

dt
sm′m = −i

∑

n

[Wm′n(t)snm(t)− sm′n(t)Wnm(t)]

−
∑

nn′

Γm′mn′nsn′n(t), (13)

where Γ is a tensor chosen to phenomenologically model
Auger decay. The entries of Γ are

Γ2222 = −Γ1122 = ΓA, (14)

Γ1212 = Γ2121 = Γ2323 = Γ3232 =
ΓA
2
, (15)

and zero otherwise. Once we have calculated s(t) for a
particular time, we calculate the envelope of the material
polarization for that time from Eq. (21.94) of [41]

P(t) = 2N (d12s21(t) + d32s23(t)) . (16)

We chose the dipole matrix element between the
ground state and core excited state such that the inte-
grated absorption cross section in the low fluence limit
is the same as it is experimentally for Co metal and the
width of the resonance is set by Auger decay. [19] de-
rived that the peak absorption cross section for such a
resonance is 18 Mb. We then obtained the correspond-
ing dipole matrix element using [43]. Using Eq. (2.9.8)
and (2.5.18) of [43], along with the definition of the ab-
sorption cross section as the extinction coefficient divided
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by the atomic density, we obtain a formula for the ab-
sorption cross section at the peak of the resonance,

σ(ω0) =
2πc2γsp
ω2
0γ

, (17)

where c is the speed of light, ω0 is the angular frequency
at the center of the resonance, γ is half of the angular fre-
quency FWHM of the absorption resonance, and γsp is a
parameter proportional to the square of the dipole ma-
trix element. In particular, γsp is given by Eq. (2.5.11)
of [43] as

γsp =
e2ω2

0d
2
12

6πε0~c3
, (18)

where ε0 is the permittivity of free space, and e is the
charge of an electron. Combining these gives

d12 =

√
3σ(ω0)γε0~c

ω0e2
= 4.04× 10−12 m. (19)

The dipole matrix element between the model core and
valence excited states was set to d23 =

√
3d12, in corre-

spondence with there being three times more occupied
3d than unoccupied 3d states in solid cobalt [44].

We now have the necessary equations to solve for the
field of an X-ray pulse exiting a sample. We used the
method of [45] to generate simulated SASE pulses with 4
eV bandwidth and either 5 or 25 fs pulse durations. For
each pulse duration, we simulated the interaction of the
X-ray pulses with 20 different randomly generated SASE
pulses and averaged the results. We assume the sample
starts in the ground state,

s(0) =




1 0 0
0 0 0
0 0 0


 . (20)

Next, we use Eq. 13 to solve for the evolution of the
sample, then Eq. 16 to calculate the polarization as a
function of time. Finally, we calculate the X-ray field
exiting the sample from Eq. 5. The spectra of X-rays
incident and exiting a sample is obtained from these time
domain quantities by taking a Fourier transform. The
resulting spectra are shown in Supplementary Fig. 2 and
the stimulated inelastic scattering efficiency quantified in
Fig. 3.

We also performed simulations which incorporate an
assumed enhancement factor of stimulated elastic scat-
tering as proposed in [19]. For these simulations, the
difference in polarization of the sample between its cal-
culated nonlinear response and its polarization if it re-
sponded linearly was multiplied by the enhancement fac-
tor of [19] calculated with the average intensity of the X-
ray pulse weighted by its intensity. The results are shown
in Supplementary Fig. 3 and cause the main absorption
resonance to decrease more rapidly with increasing X-
ray intensity, but did not impact the stimulated inelastic
scattering for the parameters we used.

Rate Equations Simulations

The rate equation model estimations were based on
a 3-level/band model that includes the core states, in-
termediate non-radiative decay states and the valence
states. The three levels are connected through rates
describing absorption, spontaneous emission, stimulated
emission and Auger decay. An example of the resulting
rate equations for the valence band is

∂NBand(E, t)

∂t
=RAbs(E, t)−RStim(E, t)

−RSpon(E, t)−RAug(E, t),
(21)

where Nband(E, t) is the occupation of the valence band
as a function of energy, E, and time, t. The occupation
increases through absorption RAbs(E, t), but decreases
through spontaneous emission RSpon(E, t), Auger decay
RAug(E, t), and stimulated emission RStim(E, t). The
absorption band DOS was approximated with a Gaus-
sian. The initial occupations of valence states was set
by a Fermi-Dirac distribution. The ratio of occupied to
unoccupied states was was approximated as 7 to 3. The
event count for stimulated emission between two states
with energy difference E and at time t, for example, was
given by

RStim(E, t) =σStim(E, I(E, t))NBand(E, t)

× fStim(E, t).
(22)

This depends on the incident X-ray intensity, written
in terms of the number of photons, I(E, t)λAhc , the stim-
ulated emission cross section, σStim(E), the number of
available (occupied) states NBand(E, t), and an occupa-
tion factor fStim(E, t) depicting the relative occupation
between the two states (given in Eq. 24 below). The
other symbols are c for the speed of light in a vacuum,
h for Planck’s constant, λ for the X-ray wavelength, and
A for the area of the X-ray pulse at the sample.

From Schreck et al. [46], the intensity dependent core
hole decay cross sections are related to the total absorp-
tion cross section σtotal as

σtotal = σspon




1

︸︷︷︸
σspon

+
1− ωfy
ωfy

︸ ︷︷ ︸
σAuger

+
4π2c2

ω2
2

F (ω2)

︸ ︷︷ ︸
σstim




.

(23)
As the stimulated cross section depends on the X-ray
strength, increasing with increasing photon densities, the
others cross sections also depend on the incident X-ray
strength. Here, F (ω2) is the spectral photon flux (pho-
tons per area, time and frequency interval) and ωfy is the
fluorescence yield. The occupation difference between the
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two involved states is included through the occupation
factor f as

fabs(E, t) =
NCore(t)

max(NCore)
· (1− NBand(E, t)

max(NBand(E, t))
)

(24)

This example shows the occupation factor of the absorp-
tion process, given as the relative core state occupation
multiplied with the relative absorption band occupation
(inverted, as empty states are relevant for absorption).
To estimate a inelastic stimulated scattering efficiency,
the relative amount of stimulated events compared to
the total number of decay events was calculated over a
40fs simulation time for 5, and 25 fs pulses respectively.
For each incident fluence point, a number of 1000 Gaus-
sian shaped resonant pulses with a randomized width and
energy jitter of up to ±1eV were calculated.
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M. Kuhlmann, R. Treusch, S. Düsterer, T. Tschentscher, J. R. Schneider,
E. Spiller, T. Möller, C. Bostedt, M. Hoener, D. A. Shapiro, K. O. Hodg-
son, D. van der Spoel, F. Burmeister, M. Bergh, C. Caleman, G. Huldt,
M. M. Seibert, F. R. N. C. Maia, R. W. Lee, A. Szöke, N. Timneanu, and
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nies, A. Melnikov, M. Nagasono, A. Pietzsch, M. Wolf, W. Wurth, and
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L. Vysin, T. J. Whitcher, S. White, and J. S. Wark, Electronic Structure
of an XUV Photogenerated Solid-Density Aluminum Plasma, Phys. Rev.
Lett. 104, 225001 (Jun 2010).

[122] S. Yokojima, T. Meier, V. Chernyak, and S. Mukamel, Femtosecond four-
wave-mixing spectroscopy of interacting magnetoexcitons in semiconduc-
tor quantum wells, Physical Review B 59(19), 12584–12597 (1999).

[123] D. Healion, J. D. Biggs, and S. Mukamel, Manipulating one- and two-
dimensional stimulated-x-ray resonant-Raman signals in molecules by

155



Bibliography

pulse polarizations, Physical Review A - Atomic, Molecular, and Opti-
cal Physics 86(3), 1–15 (2012).

[124] A. Marinelli, D. Ratner, A. A. Lutman, J. Turner, J. Welch, F.-J. Decker,
H. Loos, C. Behrens, S. Gilevich, and A. A. Miahnahri, High-intensity
double-pulse X-ray free-electron laser, Nature communications 6, 1–6
(2015).

[125] D. Ratner, R. Abela, J. Amann, C. Behrens, D. Bohler, G. Bouchard,
M. Boyes, C. Bostedt, D. Cocco, F. J. Decker, Y. Ding, C. Eckman,
P. Emma, D. Fairley, Y. Feng, C. Field, G. Gassner, J. Hastings, N. Kelez,
P. Heimann, Z. Huang, J. Krzywinski, H. Loos, A. Lutman, A. Marinelli,
G. Marcus, T. Maxwell, P. Montanez, S. Moeller, D. Morton, N. Rodes,
W. Schlotter, S. Serkez, T. Stevens, J. Turner, D. Walz, J. Welch, and
J. Wu, Experimental Demonstration of a Soft X-Ray Self-Seeded Free-
Electron Laser, Physical Review Letters 114(5), 1–7 (2015).

[126] H. N. Chapman, A. Barty, M. J. Bogan, S. Boutet, M. Frank, S. P. Hau-
Riege, S. Marchesini, B. W. Woods, S. Bajt, W. H. Benner, et al., Fem-
tosecond diffractive imaging with a soft-X-ray free-electron laser, Nature
Physics 2(12), 839–843 (2006).

[127] M. Beye, S. Schreck, F. Sorgenfrei, C. Trabant, N. Pontius, C. Schüßler-
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