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Abstract

A dispersive multi-crystal hard X-ray spectrometer operated in the von Hámos geometry

was designed for the hard X-ray spectroscopy end station (FXE1) at the European XFEL2.

Encountering challenges like the varying pulse intensity, beam position and photon en-

ergy of each shot at X-ray free electron lasers highly increased the interest in energy-

dispersive secondary X-ray spectrometers. In this thesis, we present the theory behind

the von Hámos geometry for single and multiple crystals. The commissioning and first

experiments, during which we tested the spectrometer’s capabilities for a broad set of

X-ray spectroscopy techniques at different synchrotron radiation facilities are presented.

In particular, we present a study in which we utilized the spectrometer to track the co-

ordination and bond lengths in amorphous GeO2. This was achieved by recording the

Germanium valence-to-core (vtc) emission lines, during a transition from four- to six-

fold coordination, thus establishing vtc-spectroscopy as a probe for coordination number

and bond length. This novel approach is highly desired for time-resolved measurements

on dilute samples running in liquid jet systems, where other methods like X-ray dif-

fuse scattering and extended X-ray absorption fine structure (EXAFS) are more challeng-

ing to perform. Moreover, this method extends the limited capabilities of X-ray diffrac-

tion for multi-compound systems. Furthermore, we implemented a high repetition rate

multi-photon data acquisition system at beamline P01 to track the photoinduced changes

via X-ray absorption near-edge structure (XANES), enabling us to track the picosecond

time-resolved dynamics of two weakly absorbing cobalt complexes, [Co(III)(CN)6]3− and

[Co(III)(en)3]3+. As a result, we were able to confirm the 5T2 state as lowest-lying excited

state of [Co(III)(en)3]3+ following optical excitation. With the calculated excited state

fraction, we reconstructed the XANES spectra for the lowest-lying excited state of both

compounds.

1Femtosecond X-ray Experiment
2European X-Ray Free-Electron Laser Facility GmbH
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Zusammenfassung

Für die Endstation für harte Röntgenspektroskopie (FXE) am European XFEL wurde

ein in der von Hámos-Geometrie betriebenes dispersives Multikristall-Spektrometer für

harte Röntgenstrahlung entwickelt. Durch Herausforderungen wie die unterschiedlichen

Pulsintensität, Strahlposition und Photonenenergie jedes Schusses, wie sie bei Röntgen-

Freie-Elektronen-Lasern auftreten, haben die Notwendigkeit für energiedispersive,

sekundäre Röntgenspektrometer stark erhöht. In dieser Arbeit stellen wir die Theo-

rie hinter der von Hámos-Geometrie für Ein- und Mehrfachkristallspektrometer vor.

Wir präsentieren die Ergebnisse der Inbetriebnahme und die ersten Experimente, bei

denen wir die Fähigkeiten des Spektrometers für eine Vielzahl von Röntgenspek-

troskopietechniken an verschiedenen Synchrotronstrahlungsanlagen getestet haben.

Hervorheben möhten wir dabei wir eine Studie, in der wir das Spektrometer zur Mes-

sung der Koordinations- und Bindungslängen in amorphem GeO2 eingesetzt haben. Dies

wurde durch die Aufzeichnung der Germanium Valenz-zu-Kern-Emissionslinien (vtc)

während eines Übergangs von vier- zu sechsfacher Koordination erreicht, wodurch die

vtc-Spektroskopie als Messmethode für Koordinationszahl und Bindungslänge etabliert

wurde. Dieser neuartige Ansatz ist vielversprechend für zeitaufgelöste Messungen an

verdünnten Proben in Flüssigkeitsstrahlsystemen, da die Standardmethoden wie z.B.

diffuse Röntgenstreuung und EXAFS (erweiterte Röntgenabsorptionsfeinstruktur) an

diesen Proben schwierig durchzuführen sind. Darüber hinaus erweitert diese Methode

die begrenzten Möglichkeiten der Röntgenbeugung für amorphe Mehrkomponentensys-

teme.

Zusätzlich haben wir am Messplatz P01 ein Multi-Photonen-Datenerfassungssystem mit

hoher Messrate implementiert, um photoinduzierte Veränderungen in Komplexen mit-

tels XANES (Nahkanten-Röntgenabsorptionsspetroskopie) zu messen. Dies ermöglichte

uns die zeitaufgelöste Dynamik von zwei schwach absorbierenden Kobaltkomplexen

([Co(III)(CN)6]3− und [Co(III)(en)3]3+) im Pikosekundenbereich verfolgen. Dadurch

konnten wir den 5T2-Zustand als den am niedrigsten liegenden angeregten Zustand

nach optischer Anregung von [Co(III)(en)3]3+ bestätigen. Mit der berechneten Anteil der

angeregten Zustände war es uns möglich, die XANES-Spektren für die am niedrigsten

liegenden angeregten Zustände beider Verbindungen zu rekonstruieren.
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1 Introduction

Since their discovery in 1895 by Wilhelm Conrad Röntgen, X-rays played an important

role enabling and improving our modern life[90]. The Nobel prize for physics, chemistry

and physiology or medicine in each category has been awarded more than ten times for

research based on X-radiation. This demonstrates how important and versatile X-rays

are in science. Over the time, X-ray sources evolved from simple X-ray tubes to large

research facilities dedicated to produce X-radiation with high brilliance, coherence and

short pulse durations. For example, PETRA III3 is a third generation storage ring, located

in Hamburg, Germany, that started its operation in 2009. Yet, to take on the challenges

of modern science, there is a growing demand for even better X-ray sources with higher

photon flux as well as temporal resolution. For this purpose the European XFEL was

built and started operation in 2017. The European XFEL is a fourth generation X-ray

source, with a photon flux of up to 1016 photons and potentially sub-femtosecond time

resolution[98].

As the sources get more and more sophisticated, the quantity of X-ray measurement tech-

niques and their capabilities increase and we still find new physical properties that can

be measured with X-rays. X-ray spectroscopies are a set of techniques that measure the

amount of photons interacting with a sample in dependence of the photon energy. As

each element has its own characteristic electron binding energies, most X-ray spectro-

scopic techniques are element-specific. E.g. in contrast to techniques like common X-ray

diffraction, the local environment around selected elements can be measured. In chap-

ter 2 we describe the theoretical basics of the X-ray spectroscopies used in the scope of

this thesis. To record an X-ray spectrum, the energies of the photons in an experiment

have to be measured at least once. A device that measures the energy of photons emitted

or scattered by the sample is called X-ray spectrometer. A typical hard X-ray spectrome-

ter consists of analyzer crystals to measure the photon energy and a detector to record the

number of photons. Science at XFELs is relatively young and fast developing field, many

researchers work on implementing and improving the known X-ray techniques at these

synchrotron radiation sources. The highly intense photon bunches at XFELs come with

the challenge of unstable photon beam characteristics, like energetic and spatial shifts as

well as radiation damage induced by the high fluence. Therefore, for the FXE scientific

instrument, an endstation dedicated to hard X-ray spectroscopy and scattering at Euro-

pean XFEL, a multi crystal energy-dispersive spectrometer in von Hámos geometry has

been designed and manufactured by JJ X-ray4. A Beckhoff5 control for the motors has

been assembled to operate the spectrometer, which was commissioned at different syn-

3Positron-Elektron-Tandem-Ring-Anlage, an upgrade of PETRA II, a collider used for particle physics
4https://www.jjxray.dk/
5https://www.beckhoff.com/
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chrotron beamlines, namely P01 at PETRA III, BL09 at DELTA6 and 7ID-D at APS7, which

are described in chapter 3. As part of the commissioning we tested the setup for a broad

range of different X-ray spectroscopy techniques, such as HERFD or PFY XAS, XES XRS

and RXES (see chapter 2 for an explanation of each acronym). In addition we recorded

time-resolved XES spectra, for example the first picosecond time-resolved valence-to-

core emission spectrum of an iron compound. A detailed introduction to von Hámos

spectrometers in general, and the commissioning of FXE’s von Hámos spectrometer in

particular is given in chapter 4. During the first experiments using the von Hámos spec-

trometer, we could show that XES vtc spectra are sensitive to changes in coordination

and bond length, these findings are presented in chapter 5. While the von Hámos can be

employed to perform different spectroscopic techniques, its general purpose is mainly to

conduct X-ray emission measurements.

To complement this technique, a digitizer has been installed at P01 to increase the effi-

ciency of time resolved X-ray absorption measurements up to three orders of magnitude

compared to single photon counting setups and enabling shot-to-shot normalization[29].

By doing so, we were able to record the spectra of weakly absorbing cobalt complexes,

which are of interest in catalysis, yet still need a better understanding to simultaneously

act as catalyst and photosensitizer. These measurements are presented in chapter 6. We

will summarize our results and discuss possible applications for future research in chap-

ter 7.

6Dortmunder ELekTronenspeicherring-Anlage
7Advanced Photon Source
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2 X-ray Spectroscopy

There are several kinds of interactions of X-rays with matter, specifically X-ray absorp-

tion, elastic scattering and inelastic scattering[112]. An absorption process takes place

when an incident photon gives up all its energy promoting a bound electron into a higher

atomic level or into the continuum. The energies required for these absorption processes

typically lie in the 0.2 - 20 keV range. X-ray radiation with energies in the 0.2 - 3 keV range

is also called soft X-rays, from 2 - 5 keV they are sometimes referred to as "tender" X-rays,

while the energy range from 5 to 30 keV refers to hard X-rays. However, there is no stan-

dard definition for these values and the transitions are fluid. While soft X-rays are readily

absorbed in air (requiring experiments with vacuum chambers), hard X-ray experiments

may be undertaken in air (or a protective gas). Hard X-rays offer the advantage to in-

vestigate matter with their wavelengths being on the order of the inter-atomic spacing

of condensed matter and their energy covering plenty of atomic transitions. In addition,

the interaction of X-rays with matter is used in X-ray optics to modify the parameters of

X-ray beams, e.g. to change their direction, focus them or define their energy bandwidth.

Understanding the interaction of X-rays with matter is the key to understanding the ba-

sics of science with synchrotron radiation. In this chapter, we give an introduction to

the different interaction mechanisms. Based on these, different X-ray spectroscopy tech-

niques which are relevant to this thesis will be explained, pointing out their differences

and similarities.

2.1 Basic Interactions with Matter

Four basic interactions occur when X-rays strike matter: Reflection, absorption, scattering

and transmission[50]. Figure 2.1 shows an illustration of the four processes. In the case of

hard X-rays, reflection plays a role at very shallow angles, when total external reflection

is possible. In this thesis, scattering and absorption are the most relevant effects to be dis-

cussed. There are several scattering and absorption effects. Being the carrier of the elec-

tromagnetic force, photons interact strongly with the electrons and - at higher energies

- also with the nuclei in matter. As an example, Figure 2.2 shows the energy-dependent

cross-section of different interaction mechanisms with iron[8]. Up to several tens of keV,

the photo-electric effect dominates the total cross-section. At higher energies, incoher-

ent scattering prevails, until pair production (simultaneous creation of a positron and an

electron) becomes energetically possible. In this thesis the photon energies are in the en-

ergy regime well below 100 keV, therefor pair production can be neglected and we only

describe the photons interacting with bound electrons. Derived from the photon-electron
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Reflection Transmission

Absorption Scattering

Figure 2.1: The four basic interactions of X-rays with matter. For X-rays with energies
above several keV total reflection only occurs under very shallow angles (top
left). For transmitted X-rays most materials exhibit a refractive index which
real part is smaller than 1, leading to an increased angle of refraction when
propagating from continuum into matter (top right). Absorption and scatter-
ing (lower left and lower right) of X-rays depend a lot on the electron density
in the material, as we will discuss in this chapter.

interaction Hamiltonian, the double differential scattering cross-section of a photon with

incoming wave vector k1, energy ℏω1 and polarization ϵ1 and outgoing wave vector k2,

energy ℏω2 and polarization ϵ2 by an electron bound in an atom described as a second-

order process is given by the Kramers-Heisenberg formula[68]. In general, we follow the

notation of [91] as it gives a compact, yet detailed, description of most X-ray spectroscopy

techniques relevant to this thesis and connects them accordingly. In addition, we use [32]

and [97]. In the quantum mechanical representation, Kramers-Heisenberg-formula can
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Figure 2.2: Cross-sections of the different interaction mechanisms of X-rays with atomic
iron and their sum[8].

be written as:

d2σ

dΩdℏω2
= r20

(ω2

ω1

)∑
f

∣∣∣∣∣∣⟨f|
∑
j

eiq·rj |i⟩(ϵ1 · ϵ∗2)

+
ℏ2

m

∑
n

∑
jj′

(⟨f|ϵ∗2·pj

ℏ e−ik2·rj |n⟩⟨n|ϵ1·pj′
ℏ eik1·rj′ |i⟩

Ei − En + ℏω1 − iΓn
2

+
⟨f|ϵ1·pj

ℏ eik1·rj |n⟩⟨n|ϵ
∗
2·pj′
ℏ e−ik2·rj′ |i⟩

Ei − En + ℏω2

)∣∣∣∣∣
2

∗ δ(Ei − Ef + ℏω)

(2.1)

with ℏ the reduced Planck constant, r0 the classical electron radius and m the electron

mass. p and r represent the electron momentum and position. In Fermi’s golden rule

the term ⟨b|T|a⟩ describes the transition from the initial state |a> to final state |b> with

the transition probability defined by the matrix element T. In our case the states are |i>
(inital), |f> (final) and |n> (intermediate). Γn represents the finite life time of the inter-

mediate state and eliminates divergences. The momentum transfer q = k1 - k2 can be

approximated by[91]:

q ≈ 4π
sin(2θ2 )

λ
, (2.2)

where the scattering angle (2θ) is defined as the angle of the outgoing photon with re-

gards to the incoming photon and λ is the wavelength of the incoming photon.

Figure 2.3 shows a scattering process without intermediate state |n>. Depending on

which of the photons (incoming and/or outgoing) we focus on, we can discuss the dif-

ferent ideas behind the X-ray spectroscopies used in this thesis. As shown here, it can be

used to represent the process of X-ray Raman scattering (XRS), which is described later
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in this chapter.

ħω1 ħω2

1s

2s

2p

unoccupied
states

continuum

Figure 2.3: Photon scattering of a bound electron, promoting the electron to an unoccu-
pied state and resulting in a core hole. In this two photon scattering process,
the incoming photon can transfers momentum and energy to the sample, re-
sulting in a deflection and energy loss of the outgoing photon.

2.2 X-ray Spectroscopies

Various tools to study the local atomic and electronic structure of matter are based on

the absorption and subsequent emission process of the incident X-ray photon. Result-

ing from the very characteristic properties of X-rays interacting with different materials,

one receives a diverse set of techniques to investigate matter. In this thesis, we exploit

spectroscopic, i.e. energy-dependent, techniques. They can be used to study the elec-

tronic structure and other properties of the material. There are X-ray absorption and
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(non-resonant) X-ray emission spectroscopy, which are based on the photo-electric inter-

action. Incoherent X-ray scattering offers different kinds of spectroscopic methods. In the

non-resonant case, we will focus on X-ray Raman scattering to study core electron excita-

tions, which is considered a two-photon process[91]. These spectroscopic techniques will

be explained in the following.

2.2.1 X-ray Absorption Spectroscopy

While propagating through an absorbing medium, the number of photons being trans-

mitted I(E,x), is given by:

I(E, x) = I0 e
−x
λ(E) , (2.3)

where I0 is the initial intensity, x is the thickness of the medium, and λ(E) the energy-

dependent attenuation length. For hard X-rays, λ(E) depends strongly on the electron

density in the material and is typically on the order of several microns up to a few mil-

limeters. As an example, Figure 2.4 shows the energy dependence of the attenuation

103 104
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Figure 2.4: Attenuation length of solid iron as a function of the photon energy[4]. The
attenuation length decreases around 700 and 7000 eV due to the ionization
energies of the iron L- and the K-shell electrons.

length of pure iron[4]. The two drops at around 700 and 7000 eV are due to the ion-

ization energies of the iron L- and the K-shell electrons. Equivalent to the absorption

length, one can define the attenuation coefficient µ(E) as the inverse attenuation length

µ(E) = 1/λ(E), which yields Beer-Lambert’s law[20]:

I(E, x) = I0 e
−xµ(E).
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The attenuation coefficient is the physical quantity measured by X-ray absorption spec-

troscopy (XAS)[37][86]. It is a technique that measures the attenuation usually in the

vicinity of an element-specific ionization energy of core electrons. As a result, one re-

ceives information about the unoccupied electronic states of the specified element, di-

rectly related to the oxidation state. It is sensitive to the coordination, spin-state, symme-

try (orbital), local structure and bond types. To record a XAS spectrum, one needs to tune

the energy of the incoming photons and measure the flux of the incident photon beam,

while simultaneously detecting either the photons transmitted through the sample or the

sample’s emitted fluorescence photons. Figure 2.5 shows the principle of X-ray Absorp-

tion in a single-particle picture. If the energy of the photons is sufficient, the photons

can excite core electrons to unoccupied valence orbitals. Due to these additional excita-

tion channels, the attenuation coefficient increases accordingly. In the general case, these

transitions follow the dipole selection rule for the orbital quantum number l, ∆l = ±1.

This means, by exciting electrons from a different core-shell, one can obtain information

of different unoccupied orbitals. Following the notation of Equation 2.1, the cross-section

of the XAS process is proportional to

σXAS(ω1) ∝
∑
n

| < f |ϵ1 · r|i > |2δ(Ei − Ef − ℏω1). (2.4)

The XAS spectrum above the absorption edge can be split up into two different regions[64].

The energy range close to this main edge yields the so called X-ray absorption near edge

structure (XANES) while the subsequent extended X-ray absorption fine structure (EX-

AFS) measures subtle changes far above the absorption edge[88][37][49]. Figure 2.6

shows an EXAFS-spectrum of 20 mM [Fe(II)(bpy)3]2+ in aqueous solution. The transition

between the XANES and the EXAFS region is not well-defined, and the data analysis

of both regions often overlap. Roughly, this transition can be seen as where the photo-

electron wavelength λ = h√
2me(ℏω1−Eion)

becomes shorter than the interatomic distances

in the material, which for 3d metals and their molecular compounds typically occurs

20-50 eV above the ionization energy Eion of the excited core electron. In the case of

3d-metals, the XANES region of the K-edge spectrum also exhibits pre-edge transitions

emerging from dipole-forbidden excitations from 1s to 3d, yielding information about

the orbitals directly above the Fermi level. The XANES region also contains information

about the valency of the system which exhibits for example energy shifts of the main

edge as a function of oxidation state. The EXAFS region yields information about the

distance of the atoms surrounding the excited atom and its coordination. X-ray Raman

scattering (XRS) represents an indirect alternative method to measuring soft X-ray ab-

sorption edges, utilizing the inelastic scattering of hard X-rays. XRS will be explained

later in subsection 2.2.4. For XAS there are different detection schemes, which we will

explain in the following.
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Figure 2.5: Principle of X-ray absorption in a single-particle picture. An X-ray photon
with certain energy excites a core electron to an unoccupied valence state.

Transmission Mode Detection

The most intuitive detection setup of XAS is the transmission measurement. To record an

XAS spectrum in transmission mode, one measures the intensity of photons in front of

and behind the sample. By comparing the flux before and after the sample, one receives

the attenuation coefficient via Beer-Lambert’s law by:

µ(E) =
1

x
ln(

I(E)

I0(E)
),

where x is the sample thickness, I0(E) is the initial X-ray flux and I(E) is the flux behind

the sample. The sample thickness ideally needs to be around the attenuation length, to

achieve a good ratio between I0(E) and I(E). A spectrum recorded by this method is

broadened by the lifetime of the excited state, usually governed by the core-hole life-

time, which lies around roughly 1 fs for the K-edge of 3d-metals, corresponding to 1 eV
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Figure 2.6: Normalized EXAFS spectrum of 20 mM [Fe(II)(bpy)3]2+ in aqueous solution,
recorded at beamline P01, PETRA III, during a pump-probe experiment (the
fluctuations stem from instabilities in the jet, which, due to the shot-to-shot
normalization, did not hamper the signal quality of the transient).

broadening[41]. The broadening increases with the atomic number of the element.

Total and Partial Fluorescence Yield Detection

If the sample is too thick or contains heavier (i.e. more absorbing) atoms, it may occur

that too few photons transmit through the sample. But also if the sample is too thin,

the contrast between incoming and outgoing photon beam can be low. To overcome

the requirement of the sample being able to transmit or absorb enough X-rays, one often

measures the attenuation coefficient via the total or partial fluorescence yield (TFY / PFY)

of the sample. However there can be deviations in the X-ray absorption spectra detected

via fluorescence yield[70]. To measure the TFY, one collects the X-ray photons emitted by

the sample usually by placing a detector next to the sample. In case of linearly polarized

X-rays, one can place it at 90◦ to the incident beam, in order to minimize the contribution

of scattered photons (related to the Thomson-scattering cross-section, explained later).

Then the detector mainly measures all the emitted fluorescence photons within the solid

opening angle determined by the detector surface and its distance to the sample. The

lifetime broadening of the short-lived excited state leads to the same broadening of the

X-ray absorption spectrum as in transmission mode. The cross-section of the TFY method

is proportional to:

σXAS, TFY(ω1) ∝
∑
n

| < n|T |i > |2
Γn
2π

(En − Ei − ℏω1)2 +
Γ2
n
4

. (2.5)
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A problem that can occur during TFY (and transmission) measurements are other sources

of emission (scattering and absorption), which can add undesired background signals to

the desired emission[42]. This occurs for example when cobalt is abundant in a sample,

where one wants to measure the iron EXAFS spectrum. In order to overcome this dif-

ficulty in TFY, one discriminates the emitted photons by their emission energy, which

leads to PFY. This can be done to some extent by using an absorbing foil (usually Z - 1

with respect to the element under study) to block a part of the higher energetic Kβ emis-

sion, which lies energetically just above the Z-1 absorption edge. Another way to collect

PFY signal is to use a detector able to discriminate the photons by their energy. This is

usually done by evaluating the photocurrent generated by single fluorescence photons.

The energy resolution of semiconductor detectors usually lies on the order of a few hun-

dred eV, enough to distinguish between Kα and Kβ radiation of 3d-metals. The extracted

cross-section of the PFY method is proportional to:

σXAS, PFY(ω1) ∝
∑
n

| < n|T |i > |2 1

(Ei − En + ℏω1)2 +
Γ2
n
4

Γf

π

(En − Ei − ℏω1)2 +
Γ2
f

4

. (2.6)

Γf represents the finite lifetime of the final state.

High Energy Resolution Fluorescence Detection

There is a third technique to measure the X-ray absorption spectrum, called high energy

resolution fluorescence detection (HERFD) XAS[72]. For this technique, one uses ana-

lyzer crystals to precisely measure the spectrum of the emitted photons. While the setup

is much more elaborate compared to the previously introduced XAS techniques, which

only require single photon counting detectors, collimators and Z-1 filters, it comes with

certain benefits. The advantage of HERFD lies in the very low background signal, which

can become very important in crystalline samples, where Bragg peaks occur thus adding

undesired background to the signal. It can also be used to reduce the effect of lifetime

broadening.

2.2.2 X-ray Emission Spectroscopy

X-ray emission spectroscopy (XES) probes the occupied orbitals of certain atoms or

molecules[25][115]. Like XAS, XES is also element specific[22]. Figure 2.7 shows the

principle of non-resonant XES. Before the emission process, following the absorption of

an X-ray photon with sufficient energy, a core electron is ejected. The created core-hole

has a limited lifetime and decays due to an electron from a higher shell relaxing into the
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hole. As a consequence, an X-ray photon is emitted with the energy corresponding to

the transition. The short lifetime of the core-hole (again in the femtosecond regime) leads

to a finite width of the emission line. For 3d-metals this broadening is typically a few

eV[41]. To measure XES spectra in non-resonant mode, one needs to measure the energy

ħω2

1s

2s

2p

unoccupied
states

continuum

Figure 2.7: Principle of X-ray emission spectroscopy in a single-particle picture. An X-
ray photon well above the ionization energy excites the system and creates a
core-hole. Subsequently, the core-hole decays and emits an X-ray photon with
characteristic energy

of the photons being emitted by the sample. If the energy of the emitted photons is above

a few keV, this is typically done by using a setup consisting of analyzer crystals and a

detector[33]. Some examples of setups in Johann and von Hámos geometry are given

in chapter 4. To create the emission signal, one needs X-ray photons with energy well

above the ionization energy of the desired edge. The incident energy does not need to

be well defined, as the energy distribution of the emitted photons purely depends on the
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electronic transitions within the sample. The cross-section of XES is proportional to:

σXES(ω2) ∝ |
< f |ϵ2 · r|n >< n|aϵ|i >
Ef − En + ℏω2 − iΓn

2

|2, (2.7)

with aϵ being the electron annihilation operator. The emission lines of the sample are

broadened by up to several eV, due to the very short lifetime of the core-hole excited

state. Independent of the direction or polarization of the incoming beam, the emission

photons are emitted isotropically.

For 3d-elements, the K shell emission spectrum can be separated into three regions, the

Kα, Kβ and valence-to-core (vtc) region.

Kα Emission

The Kα are the strongest emission lines. Its origin is the transition of 2p electrons to the

1s core-hole. It is a doublet due to the energetic splitting of the 2p1/2 and 2p3/2 orbitals. It

contains information on the spin states of the 3d electrons[41].
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Figure 2.8: Non-resonant Kα emission signals of iron (II) complexes ([Fe(terpy)2]
2+) in

aqueous solution in the ground state low-spin configuration (S=0) and af-
ter photoexcitation (with high (S=2) spin contributions) of the 3d orbitals.
Recorded at beamline 7ID-D, APS and published[73].

Figure 2.8 shows an iron-based complex in different spin configurations and the different

signal this induces in the Kα spectrum.
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Kβ Emission

The Kβ emission lines, also known as Kβ1,3 are about a factor ten weaker than the Kα

spectrum and originate from the 3p to 1s transition[41]. It is more sensitive to changes

in the spin, as can be seen in Figure 2.9. The spin state has a strong influence on the Kβ’

feature, which stems from a direct consequence of the occupation of 3d-levels. It changes

the monotonic decaying shoulder into a new peak, whose intensity grows with the spin

state. This feature is often used for spin state studies. One can also exploit this spin-up

and spin-down sensitivity for HERFD.
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Figure 2.9: Non-resonant Kβ emission signals of iron (II) complexes ([Fe(terpy)2]
2+) with

low and partial high-spin configuration ((S=2) and (S=0)). The estimated exci-
tation yield is ca 1/6, as shown in subsection 4.5.1. Spectra recorded at beam-
line 7ID-D, APS and published[73].

Valence-to-Core Emission of 3d Metals

Finally, higher emission energies - albeit with low yield - from the valence electrons

right below the Fermi level, are possible. Valence-to-core (vtc)-emission, for 3d metals

the peaks above the Kβ1,3 emission line, is roughly a factor 100 smaller than their Kβ1,3

line[39]. This is also caused by the dipole-forbidden transition of valence orbitals, mainly

3d to 1s. As the spin configuration is defined by the 3d valence electrons, the vtc spec-

trum has the potential to reveal a much more pronounced signature for different spin

states. Figure 2.10 shows the same iron (II) samples in high and low-spin configuration.

As the valence electrons reach out to valence orbitals of neighboring atoms, they are
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Figure 2.10: Non-resonant VtC or Kβ2,5 emission signals of iron (II) complexes
([Fe(terpy)2]

2+) before and after photoexcitation, thus in its low-spin state
and with high-spin contributions. Recorded at beamline 7ID-D, APS and
published[73].

much more sensitive to the chemical environment, hence vtc emission yields sensitive

information about these neighboring atoms, including charge and bond distances, this is

presented in chapter 5[41][103].

2.2.3 Resonant X-ray Emission Spectroscopy

Resonant X-ray emission spectroscopy (RXES) is a special type of XES, where the energy

of the incoming X-ray photons, which create the core-hole, is chosen in such a way, that

it exactly matches certain transition energies to selectable unoccupied states (represented

in Figure 2.11)[66]. In that sense, RXES combines the requirements of XAS (defined en-

ergy of incoming photons) with XES (measure the energy of the emitted photons). As it

involves different excitation mechanisms, it can be used to suppress the lifetime broad-

ening of common XES lines[41][44]. Following the notation of Equation 2.1, the cross-

section is proportional to:

σRXES(ω1, ω2) ∝ |
< f |ϵ2 · r|n >< n|ϵ1 · r|i >

Ei − En + ℏω1 − iΓn
2

|2δ(Ei − Ef + ℏω1 − ℏω2). (2.8)

In addition, RXES can be used to study the influence of certain transitions by resonantly

enhancing the transition cross-section. Depending on the polarization of the incoming

photons, the emission is no longer isotropic[67]. RXES is also often referred to as (direct)

resonant inelastic X-ray scattering (RIXS). As one of the specialties of P01 is the (indirect)

RIXS technique, we would like to emphasize the difference and use the term RXES for

processes where first a core electron is excited to an unoccupied state and subsequently
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another electron decays back into the core hole. In (indirect) RIXS an electron is first

excited to an unoccupied state and the same electron decays into the core hole, while

certain valence excitations are enabled by the resulting Coulomb interaction.
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Figure 2.11: The RXES or direct RIXS process. An X-ray photon with a defined energy
excites a core electron to an unoccupied orbital. Subsequently, the system
relaxes into the core-hole, and an X-ray corresponding to the energy level of
the decaying state is emitted, here for the case of Kα emission.

2.2.4 Non-Resonant Inelastic X-ray Scattering

Inelastic X-ray Scattering (IXS) can be resonant (RIXS) and non-resonant (NIXS)[47]. In

basic NIXS, a photon with a well-defined energy strikes the sample and transfers a part

of its energy and momentum to the sample. The energy and momentum of the outgo-

ing photon are then measured and collected by a detector[93]. Inelastic scattering ex-

periments with X-rays can cover momentum transfers of several Brillouin zones while

resolving the energy down to sub-meV scale. The energy of the scattered photons is mea-

sured typically with an analyzer (or a grating in the case of soft X-ray) and detector setup.

This process can be used to probe several material properties not accessible with common

emission or absorption techniques. Figure 2.12 from and Table 2.1 give an overview of

the variety of observables accessible via IXS[18][100].
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Table 2.1: Different IXS techniques and the information they can reveal. Adapted from
[18]

Technique Incident Energy Information

Photon Content

Energy

1 Compton 100 keV keV Electron Momentum Density

Fermi Surface Shape

2 Magnetic Compton 100 keV keV Density of Unpaired Spins

3 RIXS 4-20 keV 0.1-50 eV Electronic Structure Excitations

Resonant IXS

4 SIXS 0.1 - 2 keV 0.01 - 5 eV Electronic + Magnetic

Soft X-ray IXS Structure + Excitations

5 NIS (NRVS) 10 - 30 keV 1-100 meV Element Specific Phonon

Nuclear IXS Density of States (DOS)

6 X-ray Raman 10 keV 50 -1000 eV Edge Structure, Bonding, Valence

7 NRIXS 10 keV 0.01 - 10 eV Electronic Structure

Non-Resonant IXS + Excitations

8 IXS 10-25 keV 1-100 meV Atomic Dynamics

High Resolution IXS Phonon Dispersion

The double differential cross-section for NIXS is given by:

d2σ

dΩ2dℏω2
= (

dσ
dΩ2

)ThS(q, ω) (2.9)

where

(
dσ

dΩ2
)Th = r20(

ω1

ω2
)|ϵ1 · ϵ∗2|2 (2.10)

represents the scattering by free electrons and is referred to as Thomson scattering.

And

S(q, ω) =
∑
f

∣∣∣∣∣∣< f |
∑
f

eiq·rj |i >

∣∣∣∣∣∣
2

δ(Ei − Ef + ℏω) (2.11)

represents the dynamic structure factor yielding the main information about the sys-

tem.
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Figure 2.12: Excitations and effects that can be observed via X-ray scattering at different
energy transfers[100].

Thomson Scattering

Thomson scattering describes the effect of electromagnetic radiation being elastically

scattered by free charged particles. In our case, X-ray photons are scattered by electrons

contained in matter. Considering the X-ray energy is well above the binding energy, one

can assume the electrons as quasi-free. The most important feature of the elastic scatter-

ing at synchrotron sources is the polarization dependence of the cross-section, expressed

as:
dσel
dΩ
∝ dσT

dΩ
∗ cos2(θ).

with dσT
dΩ being the Thomson scattering cross-section of an electron and θ the scattering

angle along the electric field vector of the incident beam. As a consequence, at θ = 90

the contribution of elastic scattering vanishes. This angular dependence also applies to

inelastic X-ray scattering. The X-ray radiation coming from undulators is linear polar-

ized. Considering this during the design of an experimental setup can help to reduce the

background caused by scattering or maximize the scattering signal.

Compton Scattering

Compton scattering describes the inelastic scattering of a photon by a free charged par-

ticle, where the photon transfers part of its energy to the charged particle. In the case of

this thesis, these charged particles are electrons. In a usual IXS experiment, the energy

of the incoming photons lies much higher than most of the ionization energies of the

atoms in the sample, so the excited electrons can be treated as quasi-free. In the case of

inverse Compton scattering, photons gaining energy by scattering from higher energetic

electrons, can be neglected in the case of X-rays. Figure 2.13 shows the Compton signal
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Figure 2.13: Inelastic X-ray scattering spectra of water, each spectrum was collected si-
multaneously, but at different scattering angles. The peak at zero energy
transfer region originates from Thomson scattering and is usually referred
to as the (quasi-) elastic line. The large shifting peaks are caused by Comp-
ton scattering. The peak at 540 eV originates from the oxygen K-edge. The
spectra were recorded with the LERIX setup of 20ID beamline at the APS. 19
Analyzers at different scattering angles simultaneously recorded XRS spec-
tra with momentum transfers varying from about 1 Å−1 up to 10 Å−1. The
different intensities of the spectra are due to a combination of different cross-
sections at different scattering angles as well as shielding effects from the
sample geometry, where we installed a horizontally mounted liquid jet to
measure water under ambient conditions.

of water, measured simultaneously at different scattering angles, i.e. different momen-

tum transfers. With higher momentum transfer, the Compton peak shifts towards higher

energy transfers. The peak at 0 eV energy transfer was identified as the Thomson peak

and used to calibrate the energy. The smaller peak around 540 eV originates from the

Oxygen K absorption edge. Using inelastic scattering of hard X-rays to measure the X-

ray absorption spectrum of such low energetic transitions is referred to as X-ray Raman

spectroscopy[23].
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X-ray Raman Scattering

Utilizing hard X-ray photons, XRS can be used to measure soft X-ray absorption edges[79].

As mentioned before, Figure 2.3 shows the principle of XRS. Compared to soft X-ray ab-

sorption spectroscopy and electron energy loss spectroscopy, XRS offers the advantage

of bulk sensitivity and the possibility to measure under ambient condition, while EELS

and soft XAS require (ultra-)high vacuum conditions and probe only the surface of the

material or few tens of nanometers, due to their low penetration depths. This makes

XRS the only suitable technique to measure soft X-ray edges in complex sample envi-

ronments, for example flow cells or diamond anvil cells[61][87]. Another benefit of XRS

is the possibility to vary the momentum transferred to the system. This can be used to

alter the dipole selection rule ∆l +/- 1 in order to investigate higher-order (quadrupole

and octupole) transitions. On the other hand, XRS has a low cross-section which usually

forces the experiment to be done with an energy resolution between 0.5 and 2 eV. In the

low q range, the cross-section of XRS is proportional to

σXRS(q, ω) ∝ | < f |q · r|i > |2δ(Ei − Ef + ℏω). (2.12)

and in dipole approximation can directly be compared to the XAS cross-section given

in Equation 2.4[79]. The XRS cross-section is usually about a factor 10−5 weaker than

the cross-section in XAS[26]. The understanding and interpretation of XRS spectra re-

quire the understanding of Compton scattering, as it is one of the main sources for the

background, as can be seen in Figure 2.13[105][93].
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Since their discovery in 1895, X-rays became increasingly important as a diagnostic tool

to study the microscopic properties of matter. The techniques to generate X-rays have ad-

vanced a lot. At the very beginning, simple electron accelerator tubes generated X-rays

by the decelerating electrons via interaction with matter, an effect called Bremsstrahlung.

Modern X-ray tubes still use this effect, with a moderately increased intensity over the

past 100 years. While Bremsstrahlung, which X-ray tubes are based on, exploits decel-

eration of non-relativistic charged particles, synchrotron radiation is created by the cen-

tripetal acceleration of relativistically moving particles without changing their kinetic

energy significantly[112]. The most basic source of synchrotron radiation are so-called

bending magnets, where single magnets are used to change the direction of relativisti-

cally moving charged particles along a curved path(Figure 3.1). Bending magnets were

already present in the early accelerators used for particle physics experiments. These

particle experiments aimed to use the highest possible kinetic energy and synchrotron

radiation was seen as performance-disturbing, as it led to a constant loss of particle

energy. Second-generation synchrotron radiation sources were soon used as dedicated

X-ray sources with an improved directionality of radiation and broader accessible en-

ergy range than X-ray tubes[15]. To further increase the performance, third-generation

synchrotron radiation sources were equipped with long periodic structures of magnets,

so-called insertion devices. This led to a boost in brilliance (see below) and coherence of

synchrotron X-ray radiation sources. There are two types of insertion devices, called wig-

gler and undulator. The currently most advanced type of synchrotron radiation source is

the X-ray free electron laser, which uses even longer periodic magnetic structures (arrays

of many undulators) to induce self-ordering effects in the electron bunches created by

self-amplified spontaneous emission of synchrotron radiation[55].

3.1 Synchrotrons and Storage Rings

A synchrotron is a circular shaped particle accelerator. The name synchrotron ("syn-

chronous cyclotron") originates from the necessity to synchronize the magnet field

strength according to the increasing kinetic energy and mass of the charged particles.

By ramping the field strength, the particles can be kept in the same orbit. Meanwhile

these synchrotrons are found as so-called boosters in modern synchrotron radiation stor-

age rings. These boosters create the final energy of particles (typically in the few GeV

range), which are then fed into the circular structure, which only replenishes the energy

lost to radiation during one round trip with radio frequency accelerator modules and
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store them for several hours. The synchrotron radiation storage rings used in this thesis

operate with electrons. These move within the storage ring in bunches of up to 1010−11

electrons (or up to 1-10 nC total charge). While dipole magnets are used to change the di-

rection of the electron bunches, quadrupole magnets focus them onto the beam path. Due

to Coulomb repulsion, these electron bunches have a finite size and need to be constantly

refocused. Due to Liouville’s theorem, the focussing just improves the beam properties

in single directions, while the four-dimensional phase-space of the bunch (also referred

to as its emittance) remains constant. After focussing, sextupole magnets are used to

correct for chromatic distortion induced by the quadrupole magnets. The X-ray beam

quality of a synchrotron is usually described by its brilliance B, which is defined as

B =
Nγ

t δθ δσ BW
,

with Nγ the number of photons, t the time, δθ the beam size, δσ the beam divergence

and BW the energetic bandwidth. It describes the photon flux in dependence of the

source size and beam divergence within a certain energy bandwidth. Modern syn-

chrotrons (e.g. PETRA III) have an average brilliance of up to 1021 Nγ

smrad2 mm2 0.1%BW

and diffraction-limited synchrotrons are expected to deliver brilliance values up to 1023
Nγ

smrad2 mm2 0.1%BW
[9].

3.1.1 Insertion Devices - Wiggler and Undulator

As mentioned above, synchrotron radiation is already generated by a single bending

magnet, but special magnetic structures have been developed to improve its brilliance.

An array of periodically arranged magnets is referred to as undulator or wiggler. These

are distinguished by the amount of deflection of the electrons by the magnetic field B,

which is summarized in the so-called deflection parameter[112]

K =
qBλu

2πβmc
.

With q the charge, β = ve
c the speed and me the mass of the accelerated electrons, c the

speed of light and λu, the period length of the magnets. With β being almost 1 for the

case of electrons with GeV kinetic energies, K can be approximated as

K =
eBλu

2πmec
≈ 0.0934λu[cm]Bpeak[T ],

with e and me the charge and the mass of the electron. For K-values > 3 we speak of

wigglers, while undulators typically have K < 3 values[85]. The smaller deflection of

the beam yields an increased interference and thus increased on-axis intensity, and also

coherence.
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Figure 3.1: Different sources of synchrotron radiation and their intensities, roughly show-
ing the development from first- and second-generation (bending magnets),
over third-generation (wiggler and undulator) synchrotrons to the most in-
tense free electron lasers with orders of magnitude larger peak brilliance[99].

Figure 3.1 shows typical energy spectra and intensities for different magnetic structures.

For a bending magnet, the number of photons generated is proportional to the number

of electrons in the bunch. For a wiggler, the intensity is proportional to the number of

electrons multiplied by the number of poles. In an undulator, the energy bandwidth is

proportional to the inverse number of magnetic poles. Due to this reduced bandwidth,

the intensity in the remaining spectrum is proportional to the number of electrons mul-

tiplied by the square of the number of poles. In an FEL the intensity rises even more, as

the electron charge contributes with the power of two to it. The central wavelength λ of

the photons created by a wiggler or undulator can be calculated via:

λ(θ, γ) =
λu

2γ2
(1 +

K2

2
+ (θγ)2),

with λu the period length of the magnets, γ = (1 − β2)−1 the Lorentz factor and θ the

angle of the cone of the emitted photons (observation angle)[11][75]. For GeV electrons

with γ2 around 108, the creation of X-rays with Ångstrom wavelength requires magnets

with a period length in the cm range.
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3.1.2 Temporal Structure of Synchrotron Radiation

The electron bunches in the storage ring define the time structure or repetition rate of the

emitted photon pulses via the circumference of the storage ring and the number of stored

electron bunches. With the electrons moving close to the speed of light c, the overall pulse

repetition rate, i.e., the number of photon pulses created per second f is given by:

f = Ne
c

2πr
,

with Ne, the number of stored electron bunches, c the speed of light and r the radius.

The inter-bunch spacing, i.e. the time between two photon bunches is then the reciprocal

value of the repetition rate. Most synchrotrons can operate with different amount of

electron bunches. To keep the average photon flux constant, the stored charge per bunch

is changed accordingly.
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3.2 PETRA III, APS, DELTA

The experiments in this thesis have been conducted at three different synchrotrons, PE-

TRA III in Hamburg, Germany, DELTA in Dortmund, Germany as well as at the APS

in Argonne, USA. Details about the experimental beamline Bl9 at DELTA can be found

in [1]. Details about the endstation 7ID-D at the advanced photon source (APS) can be

found in [6].

The important technical details of these synchrotrons are shown in Table 3.1. At PETRA

Table 3.1: Synchrotron radiation facilities with their important characteristics in their con-
figuration 2015-2017.

Synchrotron PETRA III [16] APS [5] DELTA [3]

Electron energy (GeV) 6.08 7 0.3 - 1.5

Beam Current (mA) 100 (120) 100 130

Circumference (m) 2304 1104 115

Emittance (nmrad) 1 3 100 [21]

Radiofrequency (MHz) 500 500 500

Endstation P01 [2] 7ID-D [6] BL9 [1]

Photon Source Undulator Undulator Wiggler

Monochromator Si(111), (311) C(111) Si(311)

Resolution ∆E/E 0.3 - 1*10−48 5*10−5 10−4

Photon Energy(keV) 2.5 - 80 5-32 4-30

Photon Flux (photons/s) 5*1013 1*1012 up to 2.5*109

Focus Size (µm x µm) 10x10 10x10 500x100

III, each electron bunch is 13.2 mm long corresponding to a bunch length of 44 ps. The

operation modes are generally separated into two categories, timing modes with 40 and

60 stored bunches as well as multi-bunch modes with 240, 480 or 960 bunches. The cor-

responding values for the repetition rate and inter-bunch spacing are shown in Table 3.2.

Figure 3.2 shows the pulse sequence in a pump-probe experiment using 40 bunch mode.

An insertion device creates photon pulses for the beamline, these X-ray pulses are guided

to the sample, where a synchronized laser excites the sample right before the X-ray pulse

strikes it, also shown in Figure 3.3. The laser excites the sample before every second X-

ray pulse, to allow the quasi-simultaneous collection of reference data (laser-off) together

with the data from the laser from the laser-excited sample (laser-on).

As the total beam current is set to either 100 mA or 120 mA for all operation modes, the

individual electron bunch charge depends on the bunch mode, with more charges stored
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Figure 3.2: Scheme of electron and photon pulses for an optical pump X-ray probe setup
at PETRA III in 40 bunch mode.

Table 3.2: PETRA III Bunch Filling Modes

Bunch Mode Number of Bunches Repetition Rate / MHz Inter-Bunch Spacing /ns

Timing Mode 40 5.2 192

Timing Mode 60 7.8 128

Multi Bunch 240 31.3 32

Multi Bunch 480 62.5 16

Multi Bunch 960 125 8

per bunch in timing mode. Optical pump, X-ray probe measurements, as described

in this thesis are usually performed in timing mode, since the optical can match these

(lower) repetition rates. Also, most of the detectors and subsequent electronics used to

detect photons allow pulse-separated recording only at somewhat lower repetition rates,

due to their finite intrinsic (electronic) response times.

3.3 The High Resolution Dynamics Beamline - P01

To give an idea about the typical beamline setup used at an X-ray spectroscopy beamline,

we describe Beamline P01 of PETRA III. P01 contributed to all studies presented in this

thesis. The technical details for 7ID-D at APS and BL9 at DELTA and the setup varia-
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Figure 3.3: Time pattern of synchronized X-ray bunches and optical laser bunches. PE-
TRA III is operated in 40 bunch mode, creating photon bunches with an inter-
bunch spacing of 192 ns (i.e. 5.2MHz repetition rate). The optical laser is run-
ning with 2.6MHz to excite the sample just before the arrival of every second
X-ray bunch.

tions at P01 are described later in this thesis for each measurement. The high Resolution

Dynamics Beamline P01 is a beamline dedicated to nuclear inelastic scattering (NIS) and

inelastic X-ray scattering(IXS). The first user run using NIS was in 2012 and the first user

run for IXS in 2015. In 2016 a partnership between P01 and the Max-Planck Institutes

in Dresden and Stuttgart started. As part of the MPI partnership, several fundamen-

tal details of the beamline setup changed. As the measurements within this thesis were

performed with the old P01 setup, we will describe mainly the old setup.

3.3.1 Beamline Scheme

Beamline P01 consists of eight hutches in total, shown in Figure 3.4. The X-rays enter 5 of

these hutches, two optical (OH1, OH2) and three experimental hutches (EH1-3). Next to

each experimental hutch are in total three control hutches (CH1-3), where experimenters

operate their experiments safely during operation. During operation (i.e. when X-rays

are active) it is prohibited to be in the experimental hutches. P01 starts downstream

of two 5 m long undulators in the storage ring, where the X-rays are created. The X-

ray beam is guided through a 45 m long vacuum tube, directly connecting the storage

ring and OH1. OH1 hosts the double crystal monochromator, which selects the desired

photon energy and defines the energy resolution of the X-ray beam. In OH2 the direct

connection to the storage ring vacuum ends with a diamond window and the beamline

vacuum tubes start. There were mounts for high resolution monochromators (HRM), to

further improve the energy resolution up to ∆E ≈ 1meV [111]. Beryllium lenses allow

to collimate and/or focus the beam. Both, lense and HRM were operated in normal
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Figure 3.4: Scheme of Beamline P01[2].

atmosphere or in a helium environment. In EH1 a theta - two theta setup was installed

for X-ray scattering experiments. EH2 hosted two inelastic X-ray scattering setups. The

X-ray Raman setup and a resonant inelastic X-ray scattering setup. EH3 is currently used

for nuclear inelastic scattering experiments.

Figure 3.5: Scheme of the setups in EH2. XES, XANES/EXAFS and XRS experiments
were performed at the XRS instrument location, using the XRS KB mirror
system[2].

3.3.2 Undulators

The P01 undulator section is capable of hosting undulators with a total length of up to

20 m. During the operations, there were constantly two 5 m undulators installed. The

undulators were optimized to provide a high photon flux near the Fe57 resonance line at

14.4 keV. Figure 3.6 shows the tuning curves of the old P01 undulators with the funda-
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Figure 3.6: Theoretical undulator tuning curve of the old P01 undulators. Showing a gap
between the first and third harmonic in the 11-12.5 keV range[2].

mental harmonic reaching energies up to 11 keV. Due to the minimum undulator gap of

12.7 mm, the minimal energy of the third harmonic started at 12.5 keV. As part of the P01

MPI partnership two new undulators were installed in 2017, allowing X-ray energies of

down to 2.5 keV and closing the previous radiation gap in the 11-12.5 keV range[45].

3.3.3 Double Crystal Monochromator

The P01 monochromator is a nitrogen cooled double crystal monochromator (DCM)

which can switch between two sets of Si(311) and Si(111) crystals. The maximum Bragg

angle is 45◦, while the minimum angle is close to 0◦. The DCM is a so-called fixed exit

monochromator. This means it keeps the outgoing X-ray beam at the same height, inde-

pendent of the selected Bragg angle. This is achieved by two motors that move the second

crystal parallel and perpendicular with regard to the surface of the first crystal. The

recent beamline setup contains an additional asymmetrically cut Si(111) crystal, which

allows steeper deflection angles, to also cover energies down to 2.8 keV (Ru L-edge).
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3.3.4 X-ray Raman Setup

For non-resonant inelastic X-ray scattering (NIXS) experiments, a conically shaped ana-

lyzer vessel with twelve spherically bent Si(220) analyzer crystals, each with 4 inch diam-

eter is used Figure 3.7. The inelastically scattered and monochromatized X-rays exit the

vessel via a Kapton window and are collected near normal incidence with a 2D Medipix

detector just in front of the vessel. The vessel can be rotated around the sample position to

cover scattering angles 2θ from 0◦ up to 150◦, allowing changes from nearly backscatter-

ing conditions to fully forward conditions[106]. An upstream KB-mirror system allows

focussing of the photon beam down to 5x10 micron (VxH) on the sample. The setup is

able to distinguish energy shifts within few meV[61].

Figure 3.7: XRS setup at P01. The conically shaped aluminum tank hosts 12 Si(220) ana-
lyzers for XRS experiments. Courtesy of Kai Schlage.

3.3.5 Resonant Inelastic X-ray Scattering

The original RIXS setup for solid samples at P01 consisted of a six-circle Huber9-

diffractometer with a two meter long analyzer arm in the horizontal direction. For

the optimal energy resolution, the vertical direction was chosen as the energy disper-

sive direction. The photons coming from the sample were again monochromatized by a

diced analyzer and then collected in near backscattering geometry with a strip-detector

(MYTHEN) with 50µm x 8 mm pixel size. The setup utilized a specially developed diced

9https://www.xhuber.com/de/
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quartz analyzer combined with a primary 4 bounce Si(553) high resolution monochro-

mator (HRM), which was installed in OH2, to allow measurements at the copper K-Edge

with an energy resolution of 25 meV[60].

Figure 3.8: Six-circle RIXS-diffractometer at P01, with a Quartz analyzer and Mythen de-
tector. Courtesy of Kai Schlage.

3.3.6 Beam Position Feedback

Due to instabilities in the vertical beam position at the sample position, a beam stability

feedback, consisting of a beam position monitor and a piezo motor attached to the second

DCM crystal was installed. The feedback automatically corrects undesired movements

of the beam position on the sample in real-time. The beam drifts are caused mainly by

two processes. First, the beam drifts during the stabilization of the DCM cooling tem-

perature. Secondly, even though the DCM was fully calibrated, significant movements

of the beam at the sample position (about 20 m downstream from the DCM), occurred

during angular (energy) change, due to imperfect corrections of the perpendicular and

parallel movements of the second DCM crystal. However, pump-probe experiments re-

quire an accuracy between the laser and X-ray spots on the sample of better than 10µm,

which was not possible before the installation of the feedback loop. The beam stabi-

lization feedback uses a beam position monitor (BPM), installed in EH1, consisting of a

100µm thin diamond plate, which is separated into four quadrants. The X-rays strike

the diamond plate and generate a current on each quadrant, which are read out via four

pico-amplifiers. The BPM is aligned in such a way, that the X-ray beam (aligned onto

the sample) generates an equal current on each of the four quadrants, thus ensuring a
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Figure 3.9: Transient EXAFS spectrum of 20 mM [Fe(II)(bpy)3]2+ in aqueous solution, af-
ter photoexcitation at 515 nm. Recorded at beamline P01, PETRA III. Its simul-
taneously measured ground state spectrum is shown in Figure 2.6.

central beam position. Any beam position change leads to a change in the ratio of cur-

rents on the quadrants. This information is used to tune the voltage of a piezo motor

connected to the pitch of the second DCM crystal, to move the beam back to the center

of the BPM. The piezo voltage can be operated with readout and corrections applied at

more than 100 Hz (usually 40-60 Hz) and secures a correction of the beam path within

much less than one second. Including this feedback greatly improved the stability. In

combination with an optical laser setup to pump the sample, it allowed to record a full

transient EXAFS spectrum of 20 mM [Fe(II)(bpy)3]2+ in aqueous solution in less than one

hour (Figure 3.9).

3.3.7 Beamline Operation Software

Most devices, like detectors, motors etc. of the beamline are individually connected to

a controller. These controllers are for example ZMX10 servers or Beckhoff controls for

motors or the operating PCs for detectors. The controllers and their communication pro-

tocols, hard- and software configurations are implemented as Tango11 servers. Tango

servers provide a standardized interface, which can be operated by a single user inter-

face, thus facilitating the overall beamline control. In case of DESY the Tango servers are

10https://www.phytron.de/produkte/endstufen-controller/zmx/
11https://www.tango-controls.org/
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organized via Sardana12. Finally, the user can operate the devices via Spock13, which is

a command-line user interface for iPython14. Spock offers a suite of predefined macros,

for example, to move motors, to check their positions and limits, and to administer ex-

posures with detectors synchronized to the motor movements. But also more complex

macros, to conduct the measurements in a fully automated fashion are possible. This

allows e.g. to set up measurement programs lasting several hours, while the user can

monitor the experiment status and signal quality at any time during this sequence. Dur-

ing the measurements with Spock, the collected data is usually visualized via Spectra or

Taurus15. The collected data is directly saved to the beamline file system, and synchro-

nized to the core file system within a few minutes. Data stored to the core file system can

be remotely accessed by the user after the beamtime is finished.

12https://www.sardana-controls.org/
13http://hasyweb.desy.de/services/computing/Spock/Spock.html
14https://ipython.org/
15https://www.taurus-scada.org/
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Advanced X-ray spectroscopy experiments can require a high amount of photons or

equivalent measurement time. This arises from low-concentration samples or detection

of processes with low scattering cross section using for example X-ray Raman scattering

or valence-to-core emission spectroscopy. Even at dedicated synchrotron radiation end

stations like beamline P01 at PETRA III a complete measurement of a single sample can

take up to days. The next-best option to reduce the required measurement time is - if

the setup allows - to increase the number of collected photons coming from the sample

by increasing the solid angle. A faster recording of spectra can also prevent the mea-

surement on a degraded sample due to exposure to incident radiation and/or damaging

ambient conditions. These reasons motivate using multi-crystal X-ray spectrometers. For

this purpose, a 16-element von Hámos type spectrometer was constructed for the FXE

end station. It was commissioned at PETRA III (P01), DELTA (BL9) as well as at the APS

(07-IDD) where it was also used for several Experiments. In this chapter, we will first

discuss the design strategy of the von Hámos geometry compared to the Johann geome-

try. A set of formulas that describe the energy distribution in the von Hámos geometry

will be introduced. Next, the commissioning results are presented. The first experiment,

where we used the von Hámos to track the bond distance and coordination changes of

Ge-O as a function of pressure via valence-to-core X-ray emission spectroscopy, will also

be shown in chapter 5.

4.1 Principle of X-ray Spectrometers

X-ray spectrometers are devices that can measure the energy of X-ray photons and record

their intensity. For our applications these spectrometers consist of motorized crystals,

using the Bragg condition to filter photons at certain energies followed by a position-

sensitive detector. For a crystal, the photon energy E that is reflected towards the detector

is given by Bragg’s law via

E(θB) =
hc

2d sin(θB)
, (4.1)

with h as Planck’s constant, c as the speed of light, d as the lattice spacing of the crystal’s

orientation and θB as the Bragg angle. Due to its wide use in the semiconductor industry,

silicon is the most used analyzer material. Large crystals with high purity and quality

are commercially available at a low cost. Figure 4.1 shows the Bragg angle for different

crystal orientations of silicon as a function of the corresponding reflected energy. Other

materials used as analyzer materials are for example germanium, quartz and sapphire.
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Figure 4.1: Energies available for silicon single crystal of given orientation.

Bragg’s law applies to both spectrometer types, the basic von Hámos and the Johann

spectrometer. Both are based on the principle that the photons are emitted from a small

sample volume, also called source.

To focus the emitted X-rays of a certain energy onto the detector, a bending is applied

to the crystals. For a spherically bent analyzer crystal all three components, source, an-

alyzer and detector are to be aligned on the Rowland circle (Figure 4.2) with the source

and the detector lying in the focal points of the crystal[32]. The diameter of the Rowland

circle for this geometry describing the Johann spectrometer is equal to the curvature of

the crystal. Figure 4.2 shows the principle of the Rowland circle for a crystal in Johann

geometry.

The solid angle for X-ray photon collection is an important measure for comparing differ-

ent spectrometer types (next to the energy resolution and the X-ray energy range cover-

age). The solid angle is given by the number of crystals n, the crystal surface area A and

the distance to the source l. In addition, the X-rays see only a projection of the crystal, as

it is tilted away from the source by 90◦ minus the Bragg angle. This results in the solid

angle being

S =
nAsinθB

l2
. (4.2)

The basic difference between von Hámos and Johann geometries is the bending of the

crystals related to the axis that defines the Bragg angle. Resulting from these different

curvature types, the procedure of recording the spectra differs. This will be described in
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Figure 4.2: Cylindrically bent crystal in the Johann geometry, with the crystal being
on the Rowland circle, focusing the X-rays coming from the source on the
detector[62].

the following subsections.

4.1.1 Von Hámos Geometry

The von Hámos geometry has been proposed and described by L. von Hámos in

1933[108][109]. Multi-crystal von Hámos spectrometers are installed for example at

SSRL & LCLS[10], PETRA III[57], ESRF[92] and European XFEL[38]. In this spectrom-

eter geometry, the crystals are not bent along the axis that defines the Bragg angle.

Figure 4.3 shows an analyzer crystal used in a von Hámos spectrometer, Figure 4.4

shows the principle of a von Hámos spectrometer. The photons emitted from the source

Figure 4.3: Cylindrically bent analyzer crystal with 50 cm bending radius used for a von
Hámos spectrometer. The bending was achieved by gluing a Si(220) wafer on
a 110 mm x 30 mm aluminum substrate.

strike the analyzer crystal and are reflected towards the detector if they fulfill the Bragg
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condition. As the photons are emitted from a point source and the crystal is flat in

one direction, the X-rays impinge on different regions of the crystal at different angles.

Resulting in different Bragg conditions. Thus, the crystal becomes energy-dispersive.

Using a position-sensitive detector, one can record an entire spectrum without moving

Figure 4.4: Principle of a von Hámos spectrometer. Photons with different energies emit-
ted from the sample are filtered by the analyzer crystal under their corre-
sponding Bragg angle before they hit the detector. The position where the
photons hit the detector is determined by their energy. Applying an energy
calibration one can extract the detector data to receive the final spectrum (here
the Fe Kβ emission of K4Fe(CN)6).

the crystal. The solid angle of the spectrometer is distributed over the entire energy range

defined by the Bragg condition (Figure 4.4), so it is more convenient to define the value

solid angle per electron volt, in order to compare it to other spectrometers. The formula

for the solid angle and the solid angle per eV is given in Equation 4.8 and Equation 4.9.

Depending on the Bragg angle, only a small part of the energy range is relevant, leading

to a smaller efficient solid angle. As the spectrum is collected without moving the setup,

fluctuations in the X-ray flux affect every part of the spectrum equally, thus keeping the

spectra shapes self-normalized to the incoming flux. This is one of the major advantages

of the von Hámos geometry.

The one-dimensional bending of the crystals focuses the X-rays in the non-dispersive

direction onto the detector. The bending of the crystal acts like a lens and the imaging

property is preserved in this direction.
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A von Hámos spectrometer can be used in two different geometries, the fixed exit (Fig-

ure 4.5) and the classic one (Figure 4.6). The von Hámos can be set up with the dispersive
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Figure 4.5: Translation of analyzer crystal and detector in a von Hámos spectrometer in
fixed exit geometry at different Bragg-angles[63].

axis in the vertical or horizontal direction. In the vertical case, if the spectrometer sits at

90◦ to the incoming beam, the source size contribution to the energy resolution depends

mainly on the focus of the X-ray beam. While if when going away from 90◦, the X-ray

beam path inside the sample can play a role. In the horizontal case and at 90◦ to the

incoming beam, the source size contribution to the energy resolution is related to the

beam path in the sample, not the X-ray focus. Each comes with certain advantages.

The classic setup is easier to align due to both, spectrometer crystals and detector, be-

ing perpendicular to the ground. In order to change the energy only two linear motors

are required. This makes the setup more favorable for mobile setups. The fixed exit

geometry requires additional rotation stages to change the Bragg angle and the detector

movement is no longer a linear motion. This geometry is more suitable for a permanent

setup at a dedicated beamline. The fixed exit makes it easier to apply and optimize

shielding for scattered X-rays and it can also decrease the source size, which can lead

to an improved energy resolution (given that the source size has a notable effect on the

energy resolution). The fixed exit is quite ideal to suppress undesired contribution from

elastic scattering efficiently.
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Figure 4.6: Translation of analyzer crystal and detector in a von Hámos spectrometer in
classic geometry at different Bragg-angles[63].

4.1.2 Johann Geometry

The Johann geometry has been proposed and described by H.H. Johann in 1931[56]. To

give a few examples, multi-crystal Johann spectrometers can be found at SSRL[101], PE-

TRA III[106], ESRF[54][43] and European XFEL[38]. It is based on bent crystals, which

preserve the same incident angle on the crystal from a point source. As such it acts

as a monochromator with an energy bandwidth that is mainly determined by the cho-

sen Bragg reflection and the Bragg angle of the spherically bent crystal. The bending is

spherical and can be one- or two-dimensional. Figure 4.7 shows a typical spherical 2D

bent analyzer crystal used in a Johann spectrometer. To focus the photons on the detec-

tor, the crystal needs to be placed on the Rowland circle (Figure 4.2). For photons emitted

from a point source, the Bragg angle is approximately the same over the entire crystal.

However, this approximation is only valid for angles close to 90◦. For angles away from

back reflection, there are deviations from the Bragg angle, depending on the position the

X-rays impinge on the crystal. This leads to a deteriorated energy resolution16. In order

to record an emission spectrum in Johann geometry, one has to move the analyzer crys-

tals and the detector accordingly. For energy loss measurements, as is done e.g. in X-ray

16This is corrected in the Johansson geometry, where the crystal surface is additionally shaped to exactly
match the surface of the Rowland circle.
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Figure 4.7: Spherical 2D bent Si(220) crystal with 1 m bending radius, made from a 4 inch
silicon wafer.

Raman scattering, one can either move the crystals and detector or scan the incoming en-

ergy. Figure 4.8 shows the analyzers of the P01 multi-analyzer Johann spectrometer used

Figure 4.8: Johann spectrometer at beamline P01, PETRA III, used for X-ray Raman spec-
troscopy.

for X-ray Raman scattering. For RXES experiments both the incoming energy and the

analyzer detector have to be scanned. As for each step of data taking the spectrometer

has the same Bragg angle over all crystals, the combined solid angle of all crystals con-

tributes to the recorded spectrum. Being aligned on the Rowland circle and the distance

of a crystal to the source is l = R sin(θB), the solid angle then becomes

S =
nA

R2sin(θB)
. (4.3)
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Due to the spectrum being taken point by point, one also needs to record the incoming

photon flux to normalize the recorded spectra.

4.2 Von Hámos Theory

In this section, we will present a set of formulas that explain the von Hámos geometry

and were used in the analysis of the collected data. First, we will explain the case of a

perfectly aligned single crystal and then extend the formulas for a setup with multiple

crystals at different angles. Finally, we will introduce the resulting total energy resolution

of a von Hámos spectrometer and explain its contributions.

4.2.1 Single-Crystal Spectrometer

When using a single crystal, the crystal surface is ideally parallel to the detector surface.

Our coordinate system is defined by the source being the origin and the detector surface

placed on the y-axis, while the analyzer lies on the coordinates (R,y) with R being the

crystal’s bending radius of curvature and constant (Figure 4.9). In that case, the Bragg

angle θB is defined by R and the distance between the source and the position of the

signal on the detector y, by

θB(R, y) = arctan(
2R

y
). (4.4)

The photon energy E, which is Bragg-reflected to the detector, depends on the vertical

signal position on the detector y and the lattice spacing d of the crystal via

E(R, y, d) =
hc

2d sin(arctan(2Ry ))
. (4.5)

This formula can be used to determine the energy of the X-ray photons measured on

the detector. With the derivative of E(R,y,d) with respect to y, we can display how the

energy dispersion on each pixel of a position-sensitive detector changes (Figure 4.10).

The energy interval (per pixel) has a significant influence on the final energy resolution

of a von Hámos spectrometer, as described in subsection 4.2.3.

If the detector size is sufficiently large, the maximum and minimum energy covered by

the crystal can be expressed by the crystal size along s the dispersive direction by either

Emax
min

(R, y, d, s) =
hc

2d sin(arctan( 2R
y± s))

, (4.6)
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Figure 4.9: Sketch of a single-crystal von Hámos spectrometer, with the crystal parallel to
the detector surface. The source lies in the center of our coordinate system.
The detector surface is represented by the y-axis.

or

Emax
min

(R, θB, s) =
hc

2d sin(arctan( 2R
2Rcotan(θB)± s))

. (4.7)

The range between the maximum and minimum energy detected by the crystal can then

be used to calculate an approximation for the detected solid angle per electron volt. First

we calculate the solid angle of the crystal. In the von Hámos geometry, the distance of the

crystal to the source is given by l = R
sin(θB) . This results in the solid angle for an n-element

spectrometer

S(R, θB, A) =
nAsin3(θB)

R2
, (4.8)

with A being the surface area of the analyzer crystal. In a first approximation, the solid

angle per energy is then given by dividing the solid angle by the energy range covered

by the crystal:

S1 eV =
S(R, θB, A)

Emax
min

(R, θB, s)
. (4.9)
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Figure 4.10: Calculated energy interval per pixel on a position-sensitive detector with
172µm (blue) and 55µm (yellow) pixel size, similar to the detectors used
in our experiments. For the calculation, we used a Si(220) crystal with 50 cm
curvature and 3 cm height, aligned around the iron Kβ emission, using the
(440) reflection.

As a result, the solid angle per energy is maximized close to backscattering and decreases

significantly at small Bragg angles.

The position where a photon with a certain energy strikes the detector is given by

y(E,R, d) =
2R

tan(arcsin( hc
2Ed))

. (4.10)

Using this relationship we show the nonlinear dispersion of reflected photon energies

onto different regions of the detector in Figure 4.11, where we calculated the energy

related to position on the detector for the Si(440) reflection as an example. The crystal

has a curvature of R = 50 cm. In addition, we show the energy range that is covered by

a Si(440) crystal similar to the ones used in our setup to measure iron Kβ emission. In

addition, by using Equation 4.5 for various energy ranges of the Si(440) reflex, we show

that even in a small range on the detector a linear fit is not sufficient to fit the dispersion

(Figure 4.12). As the root function-like shape of the dispersion already suggested, a

second-order polynomial fit works well. For this example the second-order fit is always

within 10 meV difference over the whole analyzer crystals energy window.
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Figure 4.11: Relationship between photon energy and the vertical distance to the source
(where it is recorded by the detector, see Figure 4.9 for the utilized setup
geometry). This is shown for a Si(440) crystal (with 50 cm curvature). The
orange line indicates the range accessible by such a crystal with 3 cm height
and aligned around the iron Kβ emission energy.
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Figure 4.12: For the example of Si(220), we calculated the dispersion curves for different
energy ranges that are achieved by using 3 cm high analyzer crystals, using
Equation 4.5. We show the difference after subtracting a linear fit (left figure)
and a second-order polynomial fit (right figure).

4.2.2 Multi-Crystal Spectrometer

When using a setup that employs more than one crystal in the dispersive direction, one

has to tilt each crystal by a certain angle in order to access the same energy range with all

crystals. When tilting these crystals, their surfaces are not parallel to the detector surface

anymore, as shown in Figure 4.13. We keep the detector surface on the y-axis in our

coordinate system, so we have to redefine the crystal surface. Therefore, we introduce

the tilting angle α, which indicates how much the crystal has been tilted from the parallel

case, and a new distance from the crystal to the source R′, that defines the crystal surface.
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Figure 4.13: Several von Hámos crystals aligned to the detector with the same Bragg an-
gle, resulting in a tilted alignment for each of them.

Figure 4.14 illustrates how R′ and α are defined. As we want R′ to be independent of

which spot we hit on the crystal, we chose the shortest distance between the straight line

that defines the crystal surface and the origin for R′. One can approximate the angle α

with the equation

α = arctan(
2R

y
)− arctan(

2R

y + 2u
), (4.11)

where y is the detector height calculated for a specific energy with the single-crystal for-

mula and u indicates how much the center of the crystal has been shifted compared to a

parallel aligned crystal, which center is exactly half the detector height. This approxima-

tion is accurate within 0.1◦ for a spectrometer with parameters like the one presented in

this thesis.
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Figure 4.14: Sketch to illustrate the definition of R′ and α, we need these variables, since
the crystal surface is no longer defined by (R,y/2). By definition they are
constant for each single crystal and thus can be used as fitting parameters.

R′ can now be calculated via

R′ =
(tan(θB)− tan(α)) y cos(α)

2
. (4.12)

For the position of the signal on our detector y, we then obtain the equation

y(R′, θB, α) =
2R′ cos(θB)
sin(θB − α)

, (4.13)
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Figure 4.15: Calculated relation of the photon signal position on the detector and the pho-
ton energy for five Si(440) crystals with 3 cm size in dispersive direction. One
crystal is calculated without tilt. The other four crystals are aligned as in our
von Hámos setup. The crystals are overlapped at 7060 eV. The left figure
shows the absolute energy dispersion, the right figure the difference with
respect to the parallel aligned crystal.

after introducing R′ and α.

This equation can be rearranged to a formula for the Bragg angle.

θB(R
′, y, α) = arctan(

2R′

y cos(α)
+ tan(α)). (4.14)

With the Bragg angle, we obtain the recorded energy E on the detector

E(R′, y, α, d) =
hc

2d sin(arctan( 2R′

y cos(α) + tan(α)))
. (4.15)

As d is usually defined by the crystal plane, we have now expressed the photon energy

in dependence on the signal position on the detector, and both values, R′ and α which

are constant for each analyzer crystal. This is required for the energy calibration, in order

to determine the signal positions on the detector for different energies and use these val-

ues to find the optimized values for R′ and α via least squares approximation procedure.

With these optimized values we then obtain the function E(y). In the case of α = 0 (the

crystal surface being parallel to the detector surface), we yield the single-crystal case so-

lution. As each crystal has a different tilt, each crystal has its individual relation between

the photon energy and its recorded position on the detector. Still, for each crystal, one can

find the conditions for α and R′ yielding the same single energy imaged onto the same

signal position on the detector. Yet, when moving away from this position, the photons

coming from each crystal to the same single spot on the detector start to have different

energies. For our calculated examples we chose the iron Kβ1,3 peak (7060 eV) as the en-

ergy, to which all crystals image these photons onto the same spot on the detector. From

the calculations, we see that crystals can be overlapped within a certain energy range.

However, this has to be evaluated for each experiment, or better: for each chosen central
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Figure 4.16: Calculated energy per pixel on a position-sensitive detector with 172µm
pixel size for four Si(440) crystals as in our setup and the parallel case.

energy x, as it affects the convoluted energy resolution.

In Figure 4.15 we calculated the photon energy dispersion on the detector for five Si(440)

crystals. One of the crystals is set to the parallel case without tilt, the other four are ar-

ranged to image the Kβ1,3 peak onto the same detector position. For this arrangement,

we now plot the energy interval per pixel on the position-sensitive detector (Figure 4.16).

As we introduced in the previous subsection for the parallel case and Equation 4.5, we

show that Equation 4.15 can be approximated by a second-order polynomial fit. This is

done for the four different crystal heights in the von Hámos spectrometer and for the

example of iron Kβ emission recorded with (440) reflex of Si(220) crystals overlapped at

7060 eV (Figure 4.17). While the deviation is larger for some of the crystals compared

to the parallel case, it is still below 15 eV when fitting the whole 3 cm range of an an-

alyzer crystal and therefore suggests that a second-order polynomial is sufficient to fit

dispersion curves during our measurements.

4.2.3 Energy Resolution

The energy resolution is defined by several factors. The geometric part of the energy res-

olution ∆EG sums up the contributions that arise from deviations from the Bragg angle.

The contributions to ∆EG,y are the effective source size parallel to the sample-detector

direction Sy and the detector pixel size D as well as the distance between analyzer and

source is given for the single-crystal case by:

∆EG,y = − ERSy

tan(θB)(R2 + (y2 )
2)
, (4.16)
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Figure 4.17: For the example of iron emission recorded with four Si(220) at different
heights, overlapped to the same pixel at 7060 eV, we calculated the disper-
sion curves for different energy ranges that are achieved by using 3 cm high
analyzer crystals, using Equation 4.15. We show the difference after sub-
tracting a second-order polynomial fit for each crystal (left upper figure is
the difference obtained for the top analyzer, right upper figure the next high-
est crystal, bottom left shows the third and bottom right the lowest crystal in
our setup).

with R the crystal’s bending radius, the crystal’s vertical coordinate y
2 results from the

crystal sitting at half the detector height y[92]. The contributions to ∆EG,x are the effec-

tive source size perpendicular to the sample-detector direction Sx as well as the distance

between analyzer and source, it is given by;

∆EG,x = −
E y

2Sx

tan(θB)(R2 + (y2 )
2)
, (4.17)

with cy the vertical crystal coordinate, with regards to the source[92]. Then ∆EG can be

approximated by:

∆EG = 2

√
∆E2

G,x +∆E2
G,y. (4.18)

In addition, the contribution by the intrinsic energy resolution is defined by two contri-

butions: The Darwin width ∆ED, which can be calculated by the dynamical diffraction

theory of perfect crystals and the deformed lattice spacing ∆EB , which is caused by the

bending of the crystal. As a last contribution, ∆EC is the part of the energy resolution
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which takes care of the deficiencies of the crystal alignment and manufacturing quality.

As all contributions are assumed to not correlate with each other, the final energy resolu-

tion ∆Etot is given by:

∆Etot =
2

√
∆E2

G +∆E2
D +∆E2

B +∆E2
C . (4.19)
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4.3 Alignment, Calibration and Data Treatment

In this section, we describe all the procedures that are necessary to receive the final spec-

tra measured with the von Hámos spectrometer. We do this for the example of a von

Hámos spectrometer (shown in Figure 4.18) described later in section 4.4 in the classic

geometry, with the dispersive axis perpendicular to the incoming beam using a Pilatus

2D detector. We describe the detector images to provide a basic understanding of the sig-

nals seen on the detector. To perform measurements using a von Hámos we start with the

alignment of the whole spectrometer and continue with the alignment of the individual

crystals for two different crystal arrangements, the overlapped signal and the separated

signal setup. We proceed with elastic line measurements used for calibration, show the

procedure of energy calibration in detail and carry on with the extraction of data for the

case of iron Kβ emission of K4Fe(CN)6 measured with eight Si(440) crystals in separated

signal setup. We apply the energy calibration to obtain the emission spectra as a function

of energy and use these spectra to demonstrate methods for background subtraction and

receive the final background corrected spectrum.

Figure 4.18: Von Hámos spectrometer of FXE set up during the first commissioning mea-
surements using X-rays in March 2015 at the BL9 hutch at DELTA. Mounted
with 12 analyzer crystals, 8xSi(220) attached to the magnetic mounts of the
first two columns from the right, 4x Si(531) in the third column and no crys-
tals attached in the leftmost column.

4.3.1 How to Interpret Detector Images

Understanding the signal displayed on the detector is vital to adjust the spectrometer

and processing the collected data. Figure 4.19 shows an elastic line measurement from

six Si(531) crystals, collected with the Pilatus 300k detector using an iron foil as scatterer,

at 7060 eV incoming photon energy. There are different effects one can see on the detector

image. In our setup, the energy dispersive direction is displayed on the horizontal axis of
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Figure 4.19: Single detector image produced by a Pilatus 300k with six Si(531) analyzer
crystals collecting the signal of a thin iron foil, put in the beam to produce
elastic scattering. The incoming photon energy was set to 7060 eV. The dis-
persive axis was in the vertical direction when measured. Signals 1-4 are
discussed in the text.

the detector. The vertical direction is the imaging direction and the crystals function like

a lens and give spatial information about the sample and sample environment. Signal 1

originates from elastically scattered photons by the sample that are reflected under Bragg

condition by one analyzer crystal, already optimally focussed, thus delivering a narrow

peak in the imaging direction. Signals 2 stem from misaligned analyzer crystals, they also

originate from elastic scattering by the sample, but due to the crystals not yet optimized

focussing they are broadened in the imaging direction. Signal 3 is elastic scatter by the di-

rect beam in air, before and after the sample. In this case, it is collected via the crystal that

also produced the sharp peak introduced as signal 1. Using the imaging property of the

crystals, one observes that it is indeed spatially separated from the sample signal. One

can observe several traces of air scattering in the image, each coming from a different an-

alyzer crystal. Signal 4 shows a blurred region over the entire detector, originating from

spuriously scattered X-rays arriving on the detector which do not pass over any analyzer

crystal. This additional scattered signal can be suppressed significantly by reducing the

number of scattered photons by using a helium balloon between spectrometer and the
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sample and detector as well as good shielding. Good shielding usually blocks the direct

path between the detector and the sample and other sources of scattering, e.g. windows

of the beam pipe, the beam stopper and even the direct beam scattering in air. Lead tape,

aluminum and thick plastic plates can be used to construct apertures that help to reduce

the field of view of the detector.

4.3.2 Alignment Procedure

The first step of the alignment is to set the center of the detector chip to the height cal-

culated for the energy of interest. The active area of the detector should be large enough

to collect the whole spectrum dispersed by the crystal at once and the pixel size small

enough to provide sufficient energy resolution. After, the spectrometer is put to a height

so that the crystal analyzer array sits at about half the detector height. In addition, the

spectrometer must maintain a distance that corresponds to the radius of curvature of the

crystals from the sample-detector-axis. This step is crucial to be able to achieve a good

focus with all crystals within their motor movement range. We use the optical reflectivity

of silicon, which allows to image a bright optical laser spot focused on the sample posi-

tion to the detector. With symmetrically cut X-ray crystals, the optical path is identical to

the path of the X-ray photons. This way, we optically pre-align the spectrometer crystals,

to assure that the crystals focus the emitted X-ray photons onto the detector surface. Af-

Figure 4.20: Overlapped signals of eight Si(440) analyzer crystals on a Pilatus 300k detec-
tor, used to record Kβ and vtc emission from 0.5 M K4Fe(CN)6 in aqueous
solution with a Pilatus 300k detector. The crystals were aligned to reflect
7060 eV photons under Bragg condition to the same pixel.

ter this alignment step, we proceed with alignment by X-rays using an elastic scatterer or

a sample providing an emission signal. In the ideal case, all reflexes of the crystals can
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already be found on the detector. If not, either the crystal is tilted too much along the

imaging direction, so the signal misses the detector active area, or it is tilted along the

dispersive axis, resulting in the Bragg condition not being fulfilled for that energy. Af-

ter finding all the reflexes, we continue to focus the crystals by moving them towards or

away from the sample-detector-axis. Once all crystals are optimally focussed, we check

the crystals’ tilt along the dispersive axis to assure, that all energies we are interested

in can match the Bragg condition on the crystal and get reflected towards the detector.

The X-ray signals coming from each crystal can be either overlapped (Figure 4.20) to

maximize the signal-to-noise ratio or separated to different detector stripes (Figure 4.21),

which optimizes the overall energy resolution. The advantages and disadvantages of

both setups are described in the next paragraph. For measurements with separated crys-

tals, the reflexes are moved to different, well-separated areas along the imaging direction

and the spectrometer is ready for measurements. For overlapped crystals, we choose a

pixel on the detector where we want all the crystals to overlap with the same energy. We

set the incoming X-ray energy accordingly and use elastic scattering for the overlapping.

We proceed by moving the first crystal to the desired pixel position along the imaging

direction. Then we move the crystal towards or away from the sample-detector-axis to

move the signal along the dispersive direction. Once we positioned the elastic peak onto

the pixel, we double-check that the crystal is still tilted correctly to be able to record the

full energy range. We save the motor positions and move the signal slightly away to

proceed with the next crystal. Once all crystals are aligned, we move the crystals to the

saved motor position and finish the alignment. Overlapping signals is mandatory when

Figure 4.21: Eight separate Si(440) crystal signals, used to record iron Kβ and vtc emission
from 0.5 M K4Fe(CN)6 in aqueous solution with a Pilatus 300k detector.

measuring with a 1D detector, but also on a 2D detector the overlapping can be useful:

Overlapping the signal from different crystals onto one single stripe has the advantage

of collecting the signal over a smaller area on the detector, thus optimizing the signal-to-
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noise ratio of the collected signals. The overlapped signals can lead to a worse energy

resolution because each crystal has a different dispersion, as described previously. When

the signals are separated, there can be interferences between the signals coming from dif-

ferent analyzer crystals, as can be seen in Figure 4.21, for the example of Fe Kβ1,3 and

vtc emission from K4Fe(CN)6 in aqueous solution. We appoint the green lines in vertical

direction to the imperfect bending of each crystal, especially at the edges of each crystal.

Interferences that affect the ROI (region of interest) of another crystal should be avoided

at all costs. Masking the edges of the crystals can help reduce these interferences. Once

the alignment is done we can proceed with the energy calibration.

4.3.3 Energy Calibration

The energy calibration measurements are necessary in order to obtain a relation between

the signal distributed on the detector and the energy of the collected photons. To do so,

the incoming energy is set to several energies using the monochromator of the respective

beamline within the Bragg acceptance range of the aligned crystals. The elastically scat-

tered photons create a single peak at the detector position that corresponds to the selected

incident energy. This yields the so called quasi-elastic line and its width already gives an

indication about the energy resolution, if not deteriorated by the sample thickness. Fig-

ure 4.22 shows an elastic line measurement of a 5µm thick iron foil using eight Si(440)

crystals at 7060 eV incoming energy. The elastic lines are usually fitted by a Gaussian

to estimate each peak position for each crystal along with its width. By measuring the

quasi-elastic lines for different incident X-ray energies, one receives a set of data points

connecting energies and detector positions, yielding the calibration curve for each crys-

tal. This is shown in Figure 4.23, where the detector images of eight elastic lines, collected

with eight Si(440) crystals have been overlayed. For each crystal, we define a ROI which

is chosen as narrow as possible in the imaging direction (for us the y-axis of the detector)

that just the entire signal of the crystal is contained. Using small ROIs helps reduce the

background of the collected spectra. Also shown are the ROIs chosen for each of the eight

analyzer crystals.

For each ROI we now look at the different images taken at different energies. For each

image, we sum up the data along the y-axis of the ROI to find one peak at a certain

position along the x-axis that can be fitted with the Gaussian function. By doing so,

we receive a set of detector positions and corresponding energies for each crystal. The

extracted signals for one crystal at eight different energies and the fit applied to it are

displayed in Figure 4.23.

This set of detector positions connected to individual incoming energies is now used to
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Figure 4.22: The left top figure shows an elastic line measurement of eight Si(440) crystals
using an iron foil as scatterer. The incoming energy was set to 7060 eV and
the data was collected with a Pilatus 300k detector (we just show part of
the detector image), the red lines indicate the ROI set for the crystal we will
use to demonstrate the elastic line extraction. Left bottom figure shows the
collected signal summed up along the y-axis of the ROI. Right figure shows
a zoom into the extracted elastic line and a Gaussian fit (orange) applied to
it.

generate the calibration curve for each ROI via a second-order polynomial. It is a good

practice to first check the elastic lines for aberrations that can influence the final energy

resolution or spoil the energy calibration and unexpected intensity changes, which indi-

cate that the crystals’ field of view towards the sample or detector is partially blocked.

4.3.4 Data Extraction

For our measurements we used 2D detectors, the data treatment on a 1D detector is sim-

ilar but involves usually fewer steps. As described before, we set up our experiment in

such a way, that the dispersive axis is aligned along the y-axis of the detector.

To make sure we do not alter our experimental data, the detector images are constantly

written to the data acquisition system. For evaluation, the files are read to the RAM

and the output is saved in separate files. A set of python17 scripts has been developed

to automate the data extraction. We will demonstrate the procedure for data extraction

for the example of 0.5 M K4Fe(CN)6 in aqueous solution running in a 300µm flat liquid

jet, using eight Si(440) analyzer crystals to record the nonresonant iron Kβ emission sig-

17https://www.python.org/
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Figure 4.23: Upper left: Summed up measurement of eight elastic line measurements of
eight Si(440) crystals using iron foil as scatterer. The energy was measured
from 7030 to 7100 eV in 10 eV steps. Marked in red is a ROI we will use to
demonstrate further extraction of the elastic lines and the spectrometer en-
ergy calibration. Upper right: Combined elastic image shown in Figure 4.23
has been summed up along the x-axis to identify the pixel rows that contain
the elastic signal coming from the crystals. Areas with low counts have been
set to zero, to allow a fitting algorithm to define a ROI for each crystal. The
vertical lines have been added to indicate these ROIs. Lower left: Extracted
elastic signal for one crystal, summed up along the y-axis of the ROI shown
in Figure 4.23. The elastic lines were taken at eight different energies, 7030 to
7100 eV. At each energy one detector image was taken, the figure shows all
eight elastic lines combined.

nal at 7500 eV incoming energy with a Pilatus 300k detector. The first step in the data

analysis is to define the ROI for each analyzer crystal (or group of overlapped analyzer

crystals) on the detector (Figure 4.25). For each ROI that has been defined, we sum up

the data along the non-dispersive axis on the detector, in order to gather the signal, in

this example the Fe Kβ emission. This generates spectra as a function of pixels along

the dispersive axis. With the previously introduced energy calibration, we can generate

the X-ray emission spectrum as a function of the energy. Figure 4.26 shows these steps

toward energy-calibrated spectra. As a final step, we carry on with subtracting the back-

ground.
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Figure 4.24: Left figure shows the calibration curves of each ROI, using the relation, we
can convert the pixel position along the dispersive direction to an energy
scale for each crystal individually. Right figure shows the eight elastic lines
shown in Figure 4.23 with the applied energy calibration.
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Figure 4.25: Example of how we set the ROIs on our detector images (marked with red
lines) in order to extract the data required to create an emission spectrum.
The iron Kβ emission signal of 0.5 M K4Fe(CN)6 in aqueous solution running
in a 300µm flat liquid jet was Bragg reflected with eight Si(440) crystals and
focussed to a Pilatus 300k detector. The non-resonant emission was collected
at 7500 eV incoming energy.

4.3.5 Methods for Background Subtraction

In most cases randomly scattered X-rays strike the detector (Figure 4.19). In order to re-

move this background, one can fit a polynomial or a Pearson function to several areas of

the spectrum. Another way is to extract data from a detector area close to the signal ROI,

that contains only background signal. The optimal procedure to remove the background

has to be decided for each case individually.

Also interferences (so called analyzer crosstalk between the different analyzer crystals

can occur as shown in Figure 4.21, which can not be removed with a standard proce-
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Figure 4.26: Left figure shows the summed up signal from one ROI, before the energy cal-
ibration has been applied. It is the same sample as presented in Figure 4.25.
The right figure shows the spectrum after applying the energy calibration.
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Figure 4.27: Left figure shows the integrated iron Kβ emission signal of 0.5 M K4Fe(CN)6
in aqueous solution collected by eight Si(440) crystals (blue) on a logarithmic
scale. Additionally, an area of the detector lying next to the signals ROI has
been integrated to obtain a distribution of the background with almost no
emission signal in it (orange). We applied a second-order polynomial fit to
the background (green). Right side shows the same but is zoomed into the
background region. The slight drop in counts from about 7105-7130 eV are is
related to the detector efficiency.

dure. So detector images always require visual inspection by the scientists before exe-

cuting data extraction. For different spectroscopic setups there can be additional back-

ground, for example Compton scattering in X-ray Raman Scattering experiments, re-

moval is achieved by dedicated software, for example XRStools18. After the separated

signals have been compared to check for artifacts that may require discarding the spec-

tra of certain analyzer crystals, the analyzed spectra of the single crystals can now be

summed up in case of isotropic emission to receive the final spectrum(Figure 4.28).

18http://ftp.esrf.fr/scisoft/XRStools/
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Figure 4.28: Spectrum of Kβ emission signal of 0.5 M K4Fe(CN)6 in aqueous solution col-
lected by eight Si(440) crystals. Before (blue) and after (orange) background
subtraction.
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4.4 Commissioning of a 16-Element Von Hámos Spectrometer

In this section, we present the commissioning of a von Hámos spectrometer designed for

the FXE scientific instrument of the European XFEL. We describe the technical specifica-

tions of the spectrometer before we present the results of the commissioning, which we

conducted with elastic line measurements for Si(531) in the separated signal setup and

for Si(220) crystals in the separated and overlapped signal setup. We test our data extrac-

tion and background subtraction by looking at the iron Kβ emission of 0.5 M K4Fe(CN)6
in aqueous solution, collected by eight Si(440) in separated and overlapped signal setup

and compare the results of both setups.

Figure 4.29: The von Hámos spectrometer at JJ X-ray, without crystals installed, one of
the crystal mounts hosts a Si wafer, used to demonstrate the precision of the
actuator movement.

4.4.1 Specifications

The von Hámos spectrometer (shown in Figure 4.29) was manufactured by JJ X-ray and

designed to host up to 16 cylindrically bent analyzer crystals, arranged in four rows and

four columns. The crystals are mounted on 16 aluminum plates, each driven by three

actuators. The plates are attached to the actuators with a metal spring. Each aluminum

plate hosts three magnets onto which the crystal with its metallic mount snaps on, thus

allowing easy replacement of different crystals. The actuators move individually by up

to 25 mm and thus can tilt the crystal up and down, left and right, or in combination, can

move the crystal in linear direction towards the sample and detector. The actuators are

driven by a Beckhoff control unit (Figure 4.30) connected to the von Hámos spectrometer

via LEMO19-connectors.

19https://www.lemo.com
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Figure 4.30: Beckhoff control unit to operate the 3x16 motors used to move the crystals
mounted to the von Hámos spectrometer via LEMO-connectors.

The size of each crystal is 30 mm x 110 mm (VxH) with a bending radius of 500 mm, one

of the crystals is shown in Figure 4.3. Close to backscattering, the surface of a single

crystal is about 0.1% of 4π, thus the whole spectrometer covers about 1.7% of 4π with all

16 crystals. Table 4.1 lists the crystals that are currently available20.

Table 4.1: Available crystals for the FXE von Hámos spectrometer.

Reflex Amount Backscattering Energies < 15 keV (eV) Surface

Si(220) 12 6460, 9690, 13840 bent

Ge(220) 8 6200, 9300, 12420 bent

Ge(400) 3+2 4380, 8760, 13140 bent

Ge(111) ??? 5700, 7600, 9500, 13300 bent

Si(531) ??? 6760 bent

4.4.2 Commissioning

Commissioning experiments have been conducted at beamlines P01 of PETRA III, BL9

of DELTA and 7ID-D of APS. The spectrometer has been tested for several spectroscopic

techniques: XES (which we used to demonstrate, time-resolved XES, HERFD XAS, RXES

as well as XRS and IXS, the results will be shown in the next section. Here we present

the results of measurements at P01, where elastically scattered light was used to test

our calibration and investigate the energy resolution of the spectrometer as well as the

properties of the crystals. After we used iron Kβ emission of K4Fe(CN)6 to verify our

data extraction procedures.

20https://www.xfel.eu/facility/instruments/fxe/instrument_design/index_eng.html



66

4 A Multi-Crystal Von Hámos Spectrometer

Figure 4.31: The von Hámos spectrometer set up at Beamline P01, PETRA III, equipped
with 8xSi(220) in the two top rows and 6xSi(531) crystals in the two bottom
rows.

We set up the von Hámos spectrometer for commissioning measurements in EH2 of P01

(Figure 4.31). The spectrometer was installed in the classic geometry, perpendicular to the

incoming photon beam. The spectrometer was set to a height so that the center between

rows 2 and 3 was 18.7 cm above the sample height. By doing so, we were just 2 mm off

the optimal crystal height for measuring 7060 eV photons with Si(220) at 22.1 cm between

rows 1 and 2 (from the top) of the spectrometer, while also being just 1 mm away from

the optimal height of 15.3 cm to measure 7060 eV photons with Si(531) placed at rows 3

and 4. The exact crystal arrangement is described in table Table 4.2.

Orientation Col. 4 Col. 3 Col. 2 Col. 1

Si(220)
Row 1 7 5 3 1

Row 2 8 6 4 2

Si(531)
Row 3 - 4 2 -

Row 4 6 5 3 1

Table 4.2: Crystal arrangement during the commissioning measurements, positions cor-
respond to Figure 4.31

We used a Pilatus 300k detector, with an active area of 10.65 cm by 8.38 cm, its pixel size

was 172µm x 172µm. The center of the active area had to be adjusted to either 30.6 cm or

44.2 cm, depending on if we wanted to detect the signals coming from Si(531) or Si(440)

analyzer crystals. We used the Si(111) and Si(311) DCM of P01 with an energy resolution

of about 1 eV and 200 meV and a flux of about 5*1013 and 1*1013 photons per second,

respectively. With beryllium CRL we focussed the beam down to 80µm by 200µm (VxH)

at the sample position with 7500 eV incoming energy. For our elastic line measurements
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around 7100 eV, we achieved a focus of about 100µm by 200µm (vxh). The samples used

for elastic line measurements were a 10µm thin iron foil and a 300µm liquid jet running

aqueous solution of 0.5 M K4Fe(CN)6.

Elastic line measurements

We measured elastic lines with six Si(531) analyzer crystals focussed on separated spots

on the Pilatus detector (Figure 4.32). We used a 5µm thin iron foil as elastic scatterer and

Figure 4.32: Elastic lines measured with Si(531) crystals using a 5µm thin iron foil de-
signed for EXAFS calibration measurements. The image has been recorded
with a Pilatus 300k detector. The fourth crystal from top shows a line along
the imaging direction, resulting from bad focussing properties.

recorded elastic signals with energies from 7030 up to 7080 eV in 10 eV steps using the

Si(311) mono. The detector data has been extracted as described in the previous section.

Using six crystals and six energies, we ended up with 36 elastic lines. Using Gauss fits,

we determined the average elastic line width to be about 550 meV, in combination with

the Si(311) DCM resolution of 200 meV, this results in about 500 meV resolution for each

crystal in this scattering geometry. The signals average width being around 1.6 pixel in

average indicates that the pixel size of 172µm in combination with the 100µm vertical

beam size was already a limiting factor for the energy resolution in this setup.

We proceeded to measure elastic lines with eight Si(220) analyzer crystals, using the
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Figure 4.33: Elastic line recorded with a Si(531) analyzer crystal, extracted from the de-
tector image shown in Figure 4.32. A fit has been applied to determine the
line width corresponding to the total energy resolution.

Si(440) reflex and the Si(111) DCM. We used a 300µm thick liquid jet running 0.5 M

aqueous solution of K4Fe(CN)6 as scatterer. We started with the crystals being focussed

on separated spots on the detector. We obtained the function between pixel position and

energy for each crystal using a second-order polynomial fit, by recording the elastic line

positions at different energies and applying a Gauss fit to retrieve the exact positions of

the elastic lines of each crystal on the detector. These are the measurements we previ-

ously showed to introduce the energy calibration procedure in the previous section.

Figure 4.34 shows one of the recorded elastic lines and the fit applied to it. In average
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Figure 4.34: Elastic line recorded with a Si(220) analyzer crystal, extracted from one of the
detector images shown in Figure 4.23. A fit has been applied to determine
the line width corresponding total energy resolution.

the recorded elastic lines have a FWHM of 1.06 eV, (2.4 pixels). The main contribution
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is the energy resolution of about 1 eV by the Si(111) DCM we used. From the elastic

line measurement we determined the different energy per pixel functions of each crystal

(Figure 4.35).

The function depends on the crystal height in the spectrometer. Table 4.3 gives info
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Figure 4.35: Energy per pixel curves for 8 Si(220) arranged in two neighboring rows on
the von Hámos spectrometer. The curves can be grouped in two bands, the
first group coming from crystals with odd numbers mounted in the top row
and the second group from the even-numbered crystals mounted in the sec-
ond row from top.

about each crystal position and the measured energy per pixel difference between the

crystals of rows one and two. The expected difference of energy per pixel between crys-

tals of row one and row two is about 10 meV according to Equation 4.15, as shown in

Figure 4.16, which is in good agreement with this data.

With this separated crystal setup, we recorded the iron Kβ emission spectrum of our

sample with 7500 eV incoming energy. This will be presented later when we compare it

to the Kβ spectrum of the same sample collected with overlapped crystal setup. First, we

will have a look at the elastic line measurements with overlapped crystals. To overlap

the crystals, we adjusted the crystals to focus on the same region of the detector, aiming

to match one selected energy (7050 eV) in one pixel located at (x=220, y=107), a detector

image was previously shown in Figure 4.20. In this new arrangement, we repeated the

elastic line measurement. A combined plot of the elastic lines at all energies is shown in

Figure 4.36. One can see how the elastic lines width increases when going away from

x=220 towards higher x-values (i.e. higher energies) and start to split into two peaks at

x=112, presumably one peak coming from each row of analyzers. The elastic line widths

have been extracted and a fit using a second-order polynomial has been applied to esti-

mate the ideal focus position. The broadening we expect from crystals positioned in two

neighboring rows of the spectrometer calculated via Equation 4.15 has been combined

with the 1 eV resolution at the energy of ideal overlap for the crystals in order to obtain
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Crystal Row Column ROI ∆Disp

Si(220) [ymin, ymax] [meV/pixel]

1 1 1 [23, 30]
∼10

2 2 1 [67, 74]

3 1 2 [85, 91]
∼6

4 2 2 [104, 110]

5 1 3 [122, 131]
∼8

6 2 3 [139, 146]

7 1 4 [154, 162]
∼18

8 2 4 [171, 180]

Table 4.3: Crystal setup used to demonstrate the calibration of the spectrometer. Rows
and columns refer to how the crystals were mounted at the spectrometer, it is
the same setup as shown in Figure 4.31, rows are counting from top to bottom
and columns from right to left. ∆Disp describes the difference between the en-
ergy per pixel derived from the calibration curves.
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Figure 4.36: Elastic line measurements of eight overlapped Si(220) crystals, recorded from
7050 to 7100 eV in 10 eV steps. The crystals were previously aligned to give
the best energy resolution (i.e. most narrow elastic line) at 7050 eV on x=220.
A Gauss fit has been applied to each elastic line to extract the FWHM.

an estimate of the broadening (Figure 4.37).
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Figure 4.37: Elastic line widths obtained with a Gauss fit from eight overlapped Si(220)
at six different energies (blue crosses) have been plotted and fitted with a
second-order polynomial (blue line). The fit suggests that the smallest elastic
line width (i.e. the ideal overlap) is about 1 eV at around 7040 eV. Based on
these values, we show the theoretical broadening of crystals in neighboring
rows according to Equation 4.15 (orange).
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Emission tests

With the overlapped and the separated Si(220) crystal setup we measured the Fe Kβ

spectrum of 0.5 M K4Fe(CN)6 in aqueous solution to demonstrate the advantages and

disadvantages of both setups. When integrating the separated signals, the signals com-
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Figure 4.38: Zoom into the Fe Kβ spectra of 0.5 M K4Fe(CN)6 in aqueous solution ex-
tracted from separated crystals. Left figure shows the spectra collected from
larger ROIs, exhibiting many artifacts, spoiling the pure Fe Kβ signal. Right
figure shows spectra collected by using narrow ROIs, the green and gray
spectra still show differences compared to the other spectra, but overall there
are much fewer interfering features.

ing from different analyzers can interfere with each other. In Figure 4.21 one can see that

all analyzers show additional signal along the imaging direction around the signal com-

ing from the Kβ1,3 peak. By carefully selecting the ROIs to extract the emission signal,

one can reduce this effect to some extent. Still, it is critical when these additional signals

overlap with an area designated to collect the emission signal of another crystal. For ex-

ample, the second and fourth crystals from top give additional intensity in the detector

area designated to collect the emission signal of crystal 3. Also, the signal coming from

crystal 7 overlaps with the signals coming from crystals 5, 6 and 8. We extracted the

emission signal of this measurement with two different ROI settings (Figure 4.38). As

can be seen, larger ROIs can lead to additional interferences being integrated and adding

to the spectra extracted. But even with narrow ROI some spectra exhibit artifacts. In the

worst case, the signal from certain analyzers (for us crystals 2 and 8) has to be discarded

and can not be used for further analysis. This is even more critical in experiments with

anisotropic emitted radiation, where each crystal sees a different distribution of X-rays

and the separated signals can not be compared as easily to double-check for artifacts.

With the applied energy calibration the spectra recorded with separated crystal setup

can be summed up and compared to the signal coming from the overlapped crystal setup.

Figure 4.39 shows the signals normalized to the Kβ1,3 peak on a logarithmic scale. One

can see that the background in the overlapped setup is about a factor 4 lower.
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Figure 4.39: Emission spectra of 0.5 M K4Fe(CN)6 in aqueous solution, recorded with
overlapped and separated signal setup. Spectra have been normalized to
the Kβ1,3 and are displayed on a logarithmic scale to illustrate the different
backgrounds.

Subtracting the second-order polynomial fit (shown in Figure 4.27) from our spectra, we

receive the background corrected emission spectra (Figure 4.40). One can see that the

spectra are almost identical. They are in good agreement with the literature data[74].

This is to be expected, as we optimized the crystals to overlap their signals in this energy

range and the elastic line measurements indicated an energy resolution below 1.2 eV here.

The valence-to-core region however is about 60 to 70 eV away from the optimal over-
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Figure 4.40: Background corrected Fe Kβ spectra of 0.5 M K4Fe(CN)6 in aqueous solution,
recorded using overlapped and separated crystal signals. The spectra are
almost identical.

lap energy. Here we can see significant differences in the spectra recorded with both

setups (Figure 4.41). The spectrum recorded using separated signals resembles the liter-
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ature K4Fe(CN)6 vtc spectrum very well, while the spectrum recorded using overlapped

signals looks rather like K3Fe(CN)6 [12]. However K4Fe(CN)6 is not known to degrade

into K3Fe(CN)6 and also the Kβ1,3 spectrum of K3Fe(CN)6 looks different from the si-

multaneously recorded Kβ1,3 spectrum in the overlapped signal setup. The vtc spectrum
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Figure 4.41: The vtc spectra of the overlapped (blue) and separated (orange) signal
setup. The separated signal spectrum is in good agreement with the liter-
ature(Assefa) and we use it to reconstruct the overlapped spectrum. We
broadened the spectrum by 2 eV (purple) and reconstructed a spectrum com-
ing from two overlapped neighboring analyzer rows (green). We simulated
the case where one of the overlapped crystal’s Bragg range ended at 7107 eV
(red).

recorded by the overlapped setup can not be reproduced by a broadening of the actual

vtc spectrum according to the overlapped setup energy resolution. Additionally we re-

constructed a vtc spectrum that arises from two groups of crystals with good energy res-

olution but different energy calibration, resembling a spectrum collected via two crystals

arranged in neighboring rows on the spectrometer. To do so, we divided the actual vtc

spectrum by 2 and shifted it by ±1 eV before adding both resulting spectra again. How-

ever, this also can not reproduce the overlapped signal setup vtc spectrum. One possible

explanation is that one of the crystal’s Bragg range ended within the vtc spectrum, to

simulate this case, we multiplied the actual vtc spectrum above 7107 eV by a factor of

0.875 and added a broadening. This seems to resemble the spectral shape of the over-

lapped signal setup vtc spectrum, despite some additional broadening. This suggests,

that even though we aligned the separated crystal setup in a way that each crystal was

able to record the full vtc spectrum, as can be seen in Figure 4.42, one of the crystals was

not sufficiently aligned to record the full vtc in the overlapped signal setup.
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Figure 4.42: The vtc spectra for all eight crystals recorded in separated signal setup, they
all show the same features at the same energies, indicating that the alignment
was done properly and our background subtraction and energy calibration
works well.
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4.5 Spectroscopic Applications

The von Hámos spectrometer can be used for different spectroscopic techniques. Previ-

ously we presented measurements of the iron Kβ spectrum of 0.5 M K4Fe(CN)6 in aque-

ous solution. In this section, we present a selection of our measurements to demonstrate

the capabilities of the von Hámos spectrometer to perform time-resolved non-resonant

XES, RXES in combination with PFY-XAS and finally IXS probing valence-hole and core-

hole excitations.
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4.5.1 Non-Resonant XES

At Beamline P01 of PETRA III we measured the picosecond time-resolved altering of

the spin state of 20 mM [Fe(II)(bpy)3]2+ in acetonitrile via optical pump, non-resonant

XES probe. The sample was delivered by a 100µm thick flat jet, onto which the opti-

cal laser and the X-ray beam were spatially overlapped, the time delay between pump

and probe signal was set to 200 ps. We used the second harmonic of a Tangerine laser

at 515 nm with a spot size of 50x50µm2, the output power was 1.8 W and the repetition

rate 1.3 MHz. With PETRA III running in 40 bunch mode, corresponding to 5.2 MHz,

we excited the sample every fourth X-ray pulse. The Si(111) DCM of P01 provided

6*1012 photons per second at 7500 eV incoming energy. The X-rays were focused down

to 45x15µm2 (HxV) with a KB system. The von Hámos was equipped with eight Si(220)

analyzers, mounted in two different rows. We used the Si(440) reflex with the crystals

centered around 66◦ Bragg angle, in order to record the emission signal. Therefore, we

overlapped the signals of all crystals on a Pilatus 100k detector at 7060 eV. After sub-

tracting the not-pumped emission signal (LASER OFF) from the pumped signal (LASER

ON), shown in Figure 4.43. With an excitation yield of 1/6, we receive a transient signal

for [Fe(II)(bpy)3]2+ whose amplitude overlaps well with the literature difference data the

between quintet high-spin and the singlet low-spin reference spectrum [114].

7030 7040 7050 7060 7070 7080
Energy [eV]

−2

−1

0

1

2

3

4

5

6

Co
un

 s
 [a

rb
. u

ni
 s

]

Laser ON
Laser OFF
Difference x 6

7030 7040 7050 7060 7070 7080
Energy [eV]

−2

−1

0

1

2

3

4

5

6

Co
un

ts
 [a

rb
. u

ni
ts

]

HS ref
LS ref
HS - LS ref

Figure 4.43: Left figure shows the transient signal of iron Kβ emission signal of 20 mM
[Fe(bpy)3]2+ in acetonitrile, measured at beamline P01, PETRA III. Right
figure shows reference data for the high-spin quintet and low-spin singlet
state[114]. See text for experimental details.
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Covering the full 1s emission of iron, we simultaneously measured the iron Kα and Kβ

(including vtc) emssion spectrum of photoexcited 20 mM [Fe(terpy)2]2+ in aqueous so-

lution (Figure 4.44). The Kα emission was captured with eight striped Si(333) crystals,

overlapped on two different ROIs of the Pilatus 100k detector, while the Kβ emission

was collected by eight Si(440) crystals. Using the huge solid angle of the spectrometer

helped capture the weak vtc signal and enabled the first picosecond time-resolved mea-

surement of iron vtc spectra, still it took 19 hours for data taking to produce the spectra.

In addition, the dispersive nature of the von Hámos crystals delivered self-normalized

spectra, required for laser-pumped liquid jet experiments prone to instabilities. The mea-

surements have been published [73].
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Figure 4.44: Transient iron Kα and Kβ emission experiment of 20 mM [Fe(terpy)2] in
aqueous solution. Pilatus 100k raw data (upper left image): The two groups
consisting of four Si(111) striped analyzers are giving Fe Kα emission signal
to the left part of the detector. In the middle to right part (y = 100) one can see
the Kβ emission signal collected by eight overlapped Si(220) crystals. There
is some additional spatially separated emission in areas with y < 40 and y >
159, most likely stemming from windows that got contaminated with sample
due to jet instabilities. Upper right image shows the Kα emission recorded
100 ps after excitation (red) and hundreds of ns after excitation (blue) as well
as the difference (green area). Lower images show the Kβ1,3 (left) and vtc
emission with same notation.
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4.5.2 Resonant XES and PFY(HERFD) XAS

To demonstrate the feasibility of recording PFY or HERFD XAS spectra with the von

Hámos, we recorded the resonant iron Kβ1,3 emission of 250 mM [Fe(II)(CN)6]4+ and

250 mM [Fe(III)(CN)6]3+ in aqueous solution. The spectra were recorded at PETRA III,

beamline P01 with the same beamline and spectrometer parameters as described in sub-

section 4.5.1. We scanned the incoming photon energy and collected a spectrum for each

energy. Here we show the collected spectra as RIXS maps (Figure 4.45). To our best
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Figure 4.45: Kβ1,3 RIXS maps of 250 mM [Fe(III)(CN)6]3+ (left figure) and 250 mM
[Fe(II)(CN)6]4+ (right figure) in aqueous solution, measured at beamline P01,
PETRA III. The energy transfer axis was obtained by subtracting the recorded
energy from the incoming X-ray energy.

knowledge the iron Kβ1,3 RIXS maps of K4Fe(CN)6 and K3Fe(CN)6 have not been pub-

lished, yet. However, there have been resonant measurements on the Kα and vtc emis-

sion. [69][13][58]. By integration of the RIXS map, we receive a PFY XAS spectrum (Fig-

ure 4.46). We compare it with a reference spectrum measured using TFY at 7ID-D, APS.

The reference measurement has been published [12]. There are some minor differences

in the intensity of the pre-edge features, this can be the effect of HERFD. However, we

do not expect a big change, since the incoming photon beam was delivered by the Si(111)

DCM of P01, thus the energy resolution of the incoming beam was above 1 eV.
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In another experiment, we compared the PFY spectrum recorded by the von Hámos with

a simultaneously measured TFY spectrum collected with a PIN diode (Figure 4.47). The

sample was 1 M ZnBr2 in aqueous solution running in a 500µm thick cylindrical jet. We

used the (660) reflex of eight Si(220) analyzer crystals to record the Br Kα emission for

PFY mode. On a Pilatus 100k detector, we overlapped the signals of the eight crystals,
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Figure 4.46: Pre-edge region of the iron K-edge XANES spectrum of 250 mM
[Fe(II)(CN)6]4+ in aqueous solution (blue), obtained as HERFD spectrum
by integrating the Kβ RIXS map shown in Figure 4.45. Reference spectrum
(red dashed) was measured from 20 mM [Fe(II)(CN)6]4+ as TFY spectrum at
beamline 7ID-D, APS.
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Figure 4.47: Bromide K-edge XANES simultaneously measured via TFY with a PIN diode
(red) as well as HERFD XANES obtained from a Kα RXES measurement of
1 M ZnBr2 in aqueous solution, using the von Hámos spectrometer (blue).
The difference between the TFY and the HERFD signal is multiplied by 100
to show the subtle differences (green).

attached to two different rows in the spectrometer. The Si(111) DCM of P01 delivered 1013

photons per second with an energy resolution of about 2 eV. To show that the difference
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between the TFY and PFY is not constant, it is multiplied by a factor of 100. The differ-

ence shows a linear trend, which can be explained by the different geometric positions of

the von Hámos and the PIN diode with regard to the jet. This could have led to differ-

ent intensities, resulting from the energy-dependent penetration depth of the incoming

photons into the sample.
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4.5.3 IXS

Valence hole and core hole excitations of light elements can be measured using inelastic

X-ray spectroscopy. With its dispersive nature, the von Hámos spectrometer offers the

possibility to measure such spectra in a static setup. We measured the dynamic structure

factor S(q,ω) of a beryllium single crystal as well as the Be K-edge via X-ray Raman scat-

tering. The experiment was performed at BL9, DELTA. The spectrometer was set up in

the classic geometry, looking at the sample from the downstream side with an angle of

45◦ with regards to the X-ray beam direction. The height of the center of the spectrom-

eter was set to 10.5 cm. Using the (660) reflex, we adjusted five separated Si(220) crystal

analyzers to Bragg-reflect photons with the energy of 9900 eV to the center of a Pilatus

100k detector, which was set at a height of 21.1 cm above the sample. The vertical exit slit

was set to 0.5 mm, defining the focus in the dispersive direction. The incoming energy

was set to 9930 eV. Figure 4.48 shows the spectra of the different crystals with the calcu-
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Figure 4.48: Dynamic structure factor S(q,ω) of beryllium at different momentum trans-
fers measured at BL9, DELTA. Data was taken over 2 hours.

lated momentum transfer values. The elastic line widths indicate an energy resolution of

about 1.4 eV. The spectrum for 2.6±0.5 Å−1 momentum transfer (orange, scattering angle

2θ = 30.4◦) is similar to the dynamic structure factor for momentum transfer q parallel to

the [100] direction with 2.6 Å−1, as described in [96], while the 3.0±0.5 Å−1 is similar to q
parallel to the [110] direction (around 2.6 - 3.2 Å−1). For the higher momentum transfer

values, above 3.5 Å−1 (e.g. red, scattering angle 2θ = 43◦) there is no reference data.

For the same setup, we set the incoming energy to 10020 eV to record the Be K-edge spec-

trum with XRS (Figure 4.49). For all momentum transfers, the spectra look very similar.

Comparing it with the literature [104] it seems like it can not be directly reproduced by

the high q (=9 Å−1) measurement, while our crystals sit at 2.6 up to 3.8±0.5 Å−1. Our

observations are in line with a Be-K-edge XRS spectrum for q approximately parallel to
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[100] with momentum transfer between 1.2 and 9 Å−1.
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Figure 4.49: Beryllium K-edge spectrum, left figure shows the single spectra recorded by
five crystals, right figure shows the sum of the spectra. Data was recorded
for 10 hours at BL9 of DELTA.

With the same setting of beamline BL9 of DELTA, we overlapped the signals of eight crys-

tals to two spots on the detector and increased the incoming photon energy to 10200 eV

to match the energy transfer with the carbon K-edge to conduct XRS spectroscopy on

HOPG (highly oriented pyrolytic graphite). We measured the sample for 2.5 hours and

then rotated it by 90◦ and measured again for 3 hours (Figure 4.50). The resulting spectra
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Figure 4.50: Blue spectra show the C K-edge spectrum of HOPG measured with X-ray
Raman scattering spectroscopy in two different orientations at BL9, DELTA.
Data was taken over 2.5 hours for 0◦ and 3 hours for 90◦. The orange spec-
tra show reconstructed spectra by using linear combinations of the reference
spectra parallel (para) and perpendicular (perp) to the crystal orientation
published in [83].

can be reproduced by linear combinations of reference spectra taken for HOPG probing

parallel and perpendicular to the crystal orientation, in order to probe the π- and σ-states,

represented by the peaks at 286 eV and 292 eV, respectively[83]. By turning the sample by

90◦, we would expect a reversal of the parallel and perpendicular contribution. The mis-

match indicates that either the sample was not well aligned with regards to the incoming

beam or not moved by 90◦.
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To estimate the performance of the spectrometer for future experiments on water, we

measured the oxygen K-edge of H2O running in a 300µm thick liquid flat jet. The mea-

surements were performed at beamline P01, PETRA III. The experimental details are the

same as for the overlapped crystal case described in section 4.4, where we set up the

spectrometer to measure the iron Kβ spectrum around 7060 eV. To collect the photons

yielding the oxygen K-edge information from 530 to 550 eV, the incoming photon energy

was tuned to 7590 eV. To record the spectrum, we collected data for about 400 minutes.
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Figure 4.51: O K-edge spectrum of H2O, measured with X-ray Raman scattering spec-
troscopy using the von Hámos and the Johann XRS spectrometer of beamline
P01, PETRA III. Soft X-ray XAS measurements from[82]. Johann XRS and soft
XAS data have been broadened to match the von Hámos energy resolution.

This long acquisition time was required because the spectrometer was optimized to mea-

sure iron emission signal and not XRS. This meant a non-ideal thickness of the sample,

the positioning of the spectrometer at 90◦ with regards to the incoming beam to suppress

elastic scattering and a rather small Bragg angle of about 66◦, leading to a small solid an-

gle per eV. Considering these settings, in a dedicated setup, the signal should be at least

an order of magnitude stronger. Comparing it to the spectrum recorded over 40 minutes

by the Johann-type XRS spectrometer of P01, it looks similar, but noisier, as to be expected

(Figure 4.51). This suggests that to receive a better estimate, one has to repeat the exper-

iment with the spectrometer set to ideal conditions. In addition, we show a soft X-ray

spectrum recorded in transmission mode[82].
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and Bond Distance

Knowledge of the local environment around an ion is important input used to describe

the structure and function of crystalline or amorphous materials. Also in transition metal-

complexes, the nearest neighbor bond distances and the coordination number around

the central metal ion are characteristic attributes. Several definitions of coordination can

be found in literature. In this chapter on GeO2, the coordination number describes the

number of neighboring oxygen atoms in closest proximity to germanium. These oxy-

gen atoms form the first coordination shell. Directly related to the coordination is the

germanium bond distance to its neighboring oxygens. In our case the term bond dis-

tance describes the mean bond distance of all oxygens in the first coordination shell.

The usual techniques to measure the coordination number and bond distances in mate-

rials are X-ray diffraction (XRD) and extended X-ray absorption fine structure (EXAFS)

but also neutron diffraction (ND)[94][14][65]. For GeO2 solids, the Ge-O bond distance

is directly related to its coordination number. So far, valence-to-core (vtc) X-ray emis-

sion has mostly been used to probe the spin state and to identify the type of ligands in

different transition metal complexes[19]. We show that a relationship between coordina-

tion number and bond distance in amorphous GeO2 can be extracted by exploiting vtc

X-ray emission spectroscopy. Recording the emission by using the von Hámos spectrom-

eter, we track the structural transition in amorphous and crystalline GeO2 between 0 and

30 GPa, in order to introduce this new method to probe coordination number and bond

distance. The compaction mechanism of amorphous GeO2 up to 30 GPa has already been

measured in several X-ray diffraction and EXAFS studies[35][65][14][77][53][52]. In this

chapter we show that the present results are in agreement with these XRD and EXAFS

measurements, therefore validating our approach. In addition, we support our measure-

ments by spectral Bethe-Salpeter calculations. Finally, we point out scientific cases, where

vtc X-ray emission can reveal information that is currently beyond the sensitivity of XRD

and EXAFS.

5.1 The Model System: GeO2 Polymorphs

Due to its structural similarity to SiO2, GeO2 is of interest for current geochemical and

geophysical research. It is also used in technical glasses. It can be found in different

polymorphs, here we investigated amorphous (a-GeO2), poly-crystalline four-fold coor-

dinated quartz-like (q-GeO2, space group P3221) and six-fold coordinated rutile-like (r-



86

5 A Novel Method to Probe Coordination and Bond Distance

GeO2, space group P42/mnm)[24]. Figure 5.1 shows the elementary structures of q-GeO2

Figure 5.1: Ge environment of quartz-like (left) and rutile-like GeO2 (right). The central
Ge atom is surrounded by either four or six neighboring oxygen atoms, defin-
ing the germanium coordination.

and r-GeO2, the GeO4 tetrahedron and the GeO6 octahedron respectively (rendered with

Molview21. Depending on the coordination, the bond distances change: Under ambient

conditions these are 1.74 Å for q-GeO2 and 1.88 Å for r-GeO2.

5.1.1 Calculations of GeO2 valence-to-core spectra

Valence electrons are very sensitive to the local environment of the absorbing atom and

thus can be used to study small changes to coordination and bond lengths. By numerical

solutions of the Bethe-Salpeter equation, as implemented in OCEAN[40], we calculated

valence-to-core spectra of GeO2 polymorphs. Using the local density approximation for

the exchange-correlation functional, the ground state electronic structure was obtained

by density functional theory implemented in quantum ESPRESSO22. The calculated spec-

tra were shifted in energy to match the energy of the Kβ5 energy of the measured spectra.

The Kβ5 served as a constant internal energy calibration, as explained in section 5.3. The

vtc spectrum of germanium in GeO2 exhibits three separated peaks (Figure 5.2). The

Kβ5 feature around 11073 eV arises from the forbidden Ge 3s → 1s transition and the

Kβ2 peak around 11095 eV originates from the mixed Ge 4p, 4s → 1s transition. Around

11080 eV to 11082 eV the Kβ′′ feature arises from transitions from mixed oxygen 2s with

Ge 4p orbitals, for which the oxygen 2s binding energy becomes visible in the Ge 1s

emission spectrum. The amplitude or intensity of the Kβ′′ peak is connected to the cation

ligand hybridization and is directly sensitive to changes in the distance between the Ge

and O atoms.

21https://molview.org
22https://www.quantum-espresso.org
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5.1.2 Compression of Amorphous GeO2

Under ambient conditions, a-GeO2 displays tetrahedral coordination, like q-GeO2. Ap-

plying pressure up to 5 GPa change the inter-tetrahedral angle which allows compaction.

Higher pressures from 5 GPa up to 20 GPa changes the structure from a four-fold to a

six-fold coordination[65][14][52][94]. This coordination number change is accompanied

by an increase of Ge-O bond distance. As long as the coordination number is preserved,

the mean bond distance in GeO2 decreases with increasing pressure. The coordination

of GeO2 for pressures above 40 GPa is still unchartered territory. A recent study inter-

preted their data as due to an increase in towards a 7-fold coordinated Ge ion, while an

ab-initio MD study suggests a coordination change beyond six-fold only for pressures

above 80 GPa[65][35].

5.2 Experimental Setup

The experiments were performed at beamline P01 of PETRA III. We used the pri-

mary fixed-exit DCM Si(111) monochromator at 12.5 keV incoming energy, and about

1013 photons per second incident on the sample. The beam was focused via KB-optics

down to 7x15 VxH µm2 size at the sample position. The vtc X-ray emission was measured

by the von Hámos spectrometer placed at 90◦ with regard to the incoming X-ray beam.

We used 8 Si(660) crystals in two columns, set at a mean Bragg angle of about 61.6◦, thus

covering an energy range of about 260 eV (10930 to 11190 eV),and recorded with a Pilatus

100k detector. The signal from each crystal was separated onto an 8 individual ROI to

increase the energy resolution. The detector threshold was set to 5000 eV. With the pixel

size of the detector being 172 micron, we yield an energy range of 700 meV per pixel. The

elastic lines were recorded at the Si(880) reflection, in average the width of each elastic

line was 2.5 eV. Accounting for the energy resolution of the incoming beam, we estimate

the resolution of the spectrometer to be around 1 eV at 12.5 keV. Summing up, the signals

from all 8 crystals reduced the collection time to 20 minutes per spectrum.

Three samples were measured: a-GeO2, q-GeO2 and r-GeO2. We used panoramic dia-

mond anvil cells with a radial opening at 90◦, with regards to the incoming beam. In

order to reduce the size of the indentation wall on the gasket material, for each cell the

diamonds we used culets with two different sizes, 400 and 300µm. By reducing the in-

dentation wall, the emission signal, which was collected from the side opening, could

be collected over a larger solid angle. The sample chamber between the diamonds was

fully filled with sample powder. The pressure inside the cell was measured via ruby

fluorescence[71]. We estimate the error on the pressure measurement to be around 1 GPa.
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In addition, we measured crystalline Ge(0) at ambient conditions.

5.3 Valence-to-core XES of Crystalline GeO2

We measured the valence-to-core spectrum of Germanium of crystalline GeO2 in rutile

structure (i.e. octahedrally coordinated) as well as in quartz structure (tetrahedrally co-

ordinated). The spectra are shown in Figure 5.2 together with that of solid Ge for com-

parison. For both types of GeO2, the measured spectra show equal energy for the lowest

Co
un

ts
 (a

rb
. u

ni
ts

)

Experiment

Kβ5 Kβ II
Kβ2

Ge
q-GeO2
r-GeO2

11070 11080 11090 11100
Energy [eV]

Co
un

ts
 (a

rb
. u

ni
ts

)

Calculationq-GeO2
r-GeO2

Figure 5.2: Valence-to-core emission spectrum of q-GeO2, r-GeO2 as well as crystalline
Ge(0).

energy Kβ5 emission line, shifted by less than 0.1 eV compared to crystalline Ge(0). This

can be explained by the stronger localization of the 3d bond to Ge. Due to its constant

intensity and energy, we use Kβ5 for intensity normalization and express the changes of

the Kβ′′ emission line relative to it. We use two parameters ∆E and RI to describe the

observed changes in Kβ′′. ∆E is defined as the splitting energy

∆E = E(Kβ′′)− E(Kβ5),

and is thus a measure of the energetic shift of the energy of the Kβ′′ emission line. RI is

defined as the ratio of the intensities I of both peaks

RI =
I(Kβ′′)

I(Kβ5)
,

and is a measure of the Kβ′′) intensity. Uncompressed crystalline samples already show

a significant change in the Kβ′′ for the two different coordination types. Here, also the

different bond distances affect the Kβ′′) intensity for both systems. To unravel the in-
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Figure 5.3: Valence-to-core X-ray emission spectrum of r-GeO2 at ambient conditions and
compressed up to 56 GPa. While increasing pressure, the Kβ′′ shifts towards
lower energy, while gaining intensity.

fluence of each parameter, coordination number and bond distance, we compressed the

crystalline samples (Figure 5.3). Both RI and ∆E follow a linear trend, as shown in Fig-

ure 5.4 and Figure 5.5. Only data points up to 5 GPa are available for q-GeO2, since it is

not stable at higher pressures. In order to extend the range to higher pressures, we sim-

ulated the behavior of q-GeO2 at above 5 GPa. With this data for crystalline q-GeO2 and
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Figure 5.4: Energetic shift of the Kβ′′ emission line relative to Kβ5, expressed as ∆E, plot-
ted as a function of pressure for four- and six-fold coordination. Overall the
four-fold coordination of q-GeO2 leads to a bigger shift in energy for all pres-
sures. Both coordinations show well-distinguishable linear trends.

r-GeO2 at different pressures (Figure 5.4), we extract a clearly separated linear behavior

for ∆E as function of the applied pressure for four and six-fold coordination, which is

displayed in Figure 5.4. From the same data, we obtain the behavior of RI as a function
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of the pressure for four and six-fold coordinated GeO2. In the crystalline reference struc-

tures the relation between bond distance and pressure is known. The result is shown in
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Figure 5.5: Intensity change of the Kβ′′ emission line, expressed as RI , plotted as a func-
tion of bond distance for four- and six-fold coordination, both show well-
distinguishable linear trends.

Figure 5.5, where RI is plotted in dependence on the bond distance.

5.4 Valence-to-Core XES of Amorphous GeO2

We compressed a-GeO2 up to 40 GPa in order to track the behavior of the Kβ′′ emission

line in a system that undergoes a coordination change from four to six-fold (Figure 5.6).

From the measurements, we extract the energy shifts ∆E and add the data to the plot

of the crystalline measurements, shown in Figure 5.4 and the result is shown in Fig-

ure 5.7. At pressures below 5 GPa, a-GeO2 is close to the four-fold trend deduced from

q-GeO2 measurements. Increasing the pressure of a-GeO2 up to 20 GPa, ∆E of a-GeO2

approaches the trendline of six-fold coordinated r-GeO2, and starts to match with it for

pressures higher than 20 GPa.

Together with the trends from four and six-fold crystalline samples, we can assign a coor-

dination number to each pressure point. The result is shown in Figure 5.8. The extracted

intensity ratio RI was plotted together with the crystalline measurements in Figure 5.9.

The transition from four to six-fold coordination was fitted to the data points.
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Figure 5.6: Valence-to-core emission spectrum of a-GeO2 pressurized up to 40 GPa. The
intensity of Kβ′′ drops significantly between 4 and 8 GPA, indicating a struc-
tural transition.
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Figure 5.7: Energetic shift of the Kβ′′ emission line relative to Kβ5, extracted from a-GeO2,
plotted with the crystalline data and trends introduced in Figure 5.4, in order
to show the sensitivity of valence-to-core XES to the structural transition from
four- to six-fold.

5.5 Conclusion

By showing that valence-to-core emission is sensitive to changes in coordination and

bond distance, we found a novel approach to investigate these quantities in amorphous

material. For GeO2 up to 40 GPa, our results are in agreement with the currently used

techniques, XRD and EXAFS. Even though it requires more photons than XRD and EX-

AFS, there are cases when these techniques can not be used. For example, in strongly

diluted or multicomponent samples the information gained by XRD or XDS may not
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tion of pressure in compressed a-GeO2. Coordination was refined by the val-
ues of ∆E and measurement of crystalline samples[65][94][52][77][35].
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Figure 5.9: RI as function of pressure, calculated for crystalline references (top), and mea-
sured (bottom) for crystalline references and a-GeO2. One can see a-GeO2 fol-
lowing the trend for q-GeO2 at low pressures, then slowly changing towards
r-GeO2 trend when increasing the pressure. Beyond 20 Gpa it follows the r-
GeO2 trends.

give sufficient information. EXAFS requires scanning the incoming energy, for most lab

sources this is not possible. To promote the capabilities of valence-to-core spectroscopy,

future studies that test this technique for other elements are highly recommended. In

addition, this effect should be investigated in liquids and the influence of the second

coordination sphere should be determined. In a study with geophysical focus[102], we

already applied this technique to track the coordination of a-GeO2 up to about 100 GPa

and found evidence that its structure remains six-fold coordinated, contrary to a recent

study[65] that suggested seven-fold coordination.
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In this chapter, we present two case studies, where we used a newly developed setup to

extend the capabilities of picosecond time-resolved hard X-ray absorption spectroscopy.

These two cases describe the investigation of the optical excitations of weakly absorb-

ing cobalt complexes, these measurements were enabled by using a digitizer, which is

able to count up to 1000 times more photons than the regular setups using single pho-

ton counting APDs[29]. Producing solar fuels with photoexcited molecular assemblies

of low-Z transition metal complexes (TMC) is a promising avenue, which is being in-

tensively investigated. In particular, cobalt-based TMC constitute a growing family of

catalysts capable of driving fundamental chemical reactions when combined with other

photosensitizers [89][81]. The limited turnover numbers demonstrated by such homoge-

neous mixtures have been ascribed to the rapid degradation of both units. This difficulty

could be largely circumvented if Co-TMC could act simultaneously as photosensitizers

and catalysts. However, only few studies have been reported, where photosensitizing

Co-TMC could be used in electron transfer (ET) reactions. This is due to the fact that

their photophysics are insufficiently understood: The weak and featureless transient op-

tical signals of the short-lived excited species observed in the UV-visible region are diffi-

cult to detect and to interpret. We measured the dynamics after optical excitation (which

we will explain shortly in the coming section) of [Co(III)(CN)6]3− and [Co(III)(en)3]3+ in

aqueous solution. We did static optical spectroscopy and compare it to published optical

measurements to identify the possible excitations and excited state dynamics. By per-

forming XANES measurements of the cobalt K-edge around 7.7 keV, we track the changes

element-specifically. The picosecond time-resolved measurements were done at PETRA

III, beamline P01 and APS, beamline 7ID-D. In addition to the literature we also compare

both complexes with iso-electronic iron complexes, [Fe(II)(CN)6]4− and [Fe(II)(bpy)3]2+,

which have been studied before[12][27][114]. The measured XANES spectra are used to

reconstruct the spectra of the excited states.

6.1 Electronic Structure and Photo-Physics of 3d-Transition

Metal Complexes

Ligand field theory (LFT) provides the theoretical background which is required to un-

derstand 3d-complexes, which in our case consist of one core metal surrounded by the
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organic ligands[17]. LFT describes the interaction of the core metal electrons with the

ligand electrons. The most important effect on the electronic structure of the core metal

of a 3d-complex system is the broken degeneracy of the 3d-orbitals. The term broken

degeneracy describes the energetic splitting of orbitals. As suggested by the crystal field

theory, the different factors having an impact on the broken degeneracy are the metallic

oxidation state and its coordination number, the arrangement of the atoms or molecules

surrounding the 3d-metal. The ligand field theory extends the crystal field theory by

molecular orbital theory and can for example describe overlapping orbitals, e.g. covalent

bonding in complexes, which crystal field theory can not.

6.1.1 Optical Electronic Excitations of 3d-Complexes

Next to the typical inner-atomic electronic transitions, in complexes there are additional

valence electronic excitations possible, leading to different electronic configurations. Fig-

ure 6.1 shows relevant electronic configurations occurring in the 3d orbitals of our sam-

ples. Possible valence electronic excitations are dd-excitations as well as ligand-to-metal

charge transfer(LMCT) and metal-to-ligand charge transfer(MLCT). It is worth mention-

ing, that vibrations between the different bonds can change the probability of certain

transitions. Additionally, temperature and in liquid samples the solvent, affect the proba-

bility of the excitation[48][31]. These excitations and their intensity can directly be probed

with UV/Vis spectroscopy, a spectroscopic technique, where the sample’s absorption of

photons with 200-800 nm wavelength is measured[36]. Figure 6.2 shows the UV/Vis-

spectrum of [Fe(II)(bpy)3]2+ in aqueous solution. In this section, we will explain the

relevant excitations, the mechanics behind them and the relaxation processes.

dd Excitations, LMCT and MLCT

Excitations within the 3d-metallic orbitals (dd excitations) are forbidden in symmetric

complexes including octahedral coordination[113]. However, due to small distortions,

they can become possible, yet they are weak compared to other transitions or for dd exci-

tations in tetrahedrally coordinated complexes[59]. MLCT is allowed due to an electron

being excited from the metal 3s- or 4s-orbital to an empty ligand 2p-orbital. Vice versa,

LMCT describes the effect when a ligand 2p-electron gets excited to a metal 3d-orbital.
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1A1 1T1g

3T1g 5T2g

Figure 6.1: Overview of four possible electronic configurations of the d-orbitals in a 3d-
complex. Each black bar represents one of the five 3-d orbitals stemming from
the magnetic quantum number m. For our samples, the three lower-lying dxy,
dxz and dyz orbitals (also referred to as t2g) are closer to the metal in octahedral
symmetry and therefore lower in energy. The two dz2 and dx2−y2 orbitals (also
referred to as eg) are higher in energy. The red arrows indicate the electrons,
obeying Pauli’s principle. Due to the energetic splitting, Hund’s rule is bro-
ken, leading to a low-spin 1A1 being the ground state and the high-spin 5T2g

state being highest in energy[34].

Vibrational States and Vibronic Coupling

In systems with more than one atom, vibration between the atoms occurs. These vibra-

tional modes form a new sort of excited state. They are in general energetically lower than

excited electronic states. A single photon can induce a combined vibrational and elec-

tronic excitation, this process is referred to as vibronic coupling. For vibronic coupling,

the electronic transition takes place much faster than the change in vibration (Franck-

Condon principle)[51]. Figure 6.3 shows the general Franck-Condon diagram, which

shows that only certain vibrational levels can be excited. The probability of an electronic

transition happening is much higher when the wave function of the vibrational modes

overlap.
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Figure 6.2: UV/Vis-spectrum of [Fe(II)(bpy)3]2+, showing different possible excitations
in the optical regime[28].

Figure 6.3: Franck-Condon energy diagram, with v′′ = 0 ... v′′ = 6 the vibrational states
of the electronic ground state and v′ = 0 ... v′ = 6 the vibrational states of
the electronic excited state. Suggesting that transitions between states are pre-
ferred by vibronic coupling, when the wave function of the vibrational modes
overlap and suppressed when they do not overlap[7].

Relaxation Mechanisms

Following an excitation, there are different channels for the usually unstable excited state

to relax into a stable state. These stable states do not necessarily have to be the initial

ground state, but can also be new molecules. This can be the desired effect in photocat-

alytic reactions, but also undesired reactions like sample degradation and beam damage

can occur. The relaxation pathway can include internal conversion, (delayed) fluores-

cence, non-radiative relaxation, intersystem crossing and phosphorescence, each hap-

pening at an individual time scale, down to sub-femtosecond[95][107].
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6.2 Co(III)(en)3

We measured octahedrally coordinated Co(III)(en)3 in aqueous solution. (en) stands for

ethylenediaminem, C2H4(NH2)2, an organic compound. This complex has been studied

before using [Co(III)(en)3](ClO4)3 in aqueous solution[76]. Its ground state is a low-spin
1A1 state. Based on iso-electronic Fe(II) references it was proposed that the metastable

state following photo-excitation to be the 5T2g quintet high-spin state. However no clear

proof was given in the reference. The goal of this section is to establish unambiguously

for the first time the exact nature of the metastable state created upon photo-excitation in

the visible range.

The sample was bought from Sigma-Aldrich as tris(ethylenediamine)cobalt(III) chloride

dihydrate, an orange powder. For the measurements, a 20 mM aqueous solution was

prepared by solving the powder in Milli-Q23 water. The solution has a yellow color.

Figure 6.4 shows the structure of [Co(III)(en)3]3+ (rendered with Molview24). First, we

Figure 6.4: Structure of [Co(III)(en)3]3+, a complex in octahedral coordination. The cen-
tral Co atom is surrounded by three (ethylenediaminem) molecules.

performed ultraviolet and visible spectroscopy (UV/Vis) to record the optical excitations.

In addition, we used UV/Vis spectroscopy before and after the measurements to ensure

that the sample did not degrade during the experiment. In the second step, we performed

time-resolved picosecond optical pump X-ray probe XANES around the cobalt K-edge at

7710 eV. The K-edge XANES spectra yield information about the electronic states follow-

23https://www.merckmillipore.com/DE/de/products/water-purification/type-
1/5cSb.qB.89EAAAFAJqxkiQpx,nav

24https://molview.org
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Table 6.1: Experimental details of our Co(III)(en)3 experiment.

Synchrotron / experimental station Beamline P01, PETRA III

X-ray flux on sample per second 1013 1013 1013

Energy range in eV 7700-7750 7700-7750 7700-7780

X-ray focus size (HxV) in µm2 10x10 10x10 10x10

Monochromator Si(111) Si(111) Si(111)

Energy resolution in eV 1.2 1.2 1.2

Electron bunches in ring 40 40 40

X-ray repetition rate in MHz 5.2 5.2 5.2

Sample Co(III)(en)3Cl3 in aqueous solution

Sample concentration in mM 20 20 20

Sample amount in ml 50 50 50

Sample thickness in µm 140 140 140

Jet speed in m/s 5 5 5

Laser system Tangerine

Laser wavelength in nm 257 343 515

Laser focus size (HxV) in µm2 24x18 25x25 35x30

Laser power in mW 40 140 650

Repetition rate in kHz 131 131 131

Energy per pulse in nJ 300 1050 4880

Pulse width in ps 0.35 0.35 0.35

Exctinction coeff. in cm−1M−1 300 91 28

ESF (estimated) in % 9.4 9.8 12.8

ing photo-excitation, which are attributed to the electronic and geometric changes of the

sample. For the conclusion, we compare our results with similar time-resolved XANES

measurements of the isoelectronic compound [Fe(II)(bpy)3]2+, taken under same condi-

tions. These measurements were presented shortly in chapter 2 and chapter 3.

Table 6.1 shows the experimental parameters of our measurements. To calculate the ex-

cited state fraction (ESF), we first calculate the fraction of absorbed optical photons A at

a certain wavelength λ via:

A(λ) = 1− 10−dcϵ(λ),

with d the jet thickness, c the molar concentration and ϵ(λ) the extinction coefficient at

wavelength λ, which was measured via UV/Vis spectroscopy, shown in the next section.

Combined with the energy per laser pulse Epulse and the optical photon energy Eγ , we
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can calculate the amount of photons used for excitation Nγ,exc by

Nγ,exc = A ∗
Epulse

Eγ
.

The total amount of sample molecules Nsample in the laser spot can be calculated via:

Nsample = NAcikd,

with k the laser focus spot size, NA = 6.022*1023 mol−1 the Avogadro constant, ci the

molar concentration and d the jet thickness. Finally we, receive an estimate for the excited

state fraction (ESF) in the laser spot by dividing the absorbed photons used for excitation

Nγ,exc by the total number of sample molecules in the laser spot Nsample:

ESF =
Nγ,exc

Nsample
.

Since the X-ray focus is smaller than the optical focus, the excited state fraction seen by

the X-rays is assumed to be the same.

6.2.1 Optical Excitations and Excited State Dynamics

To identify possible excitations, we measured the optical spectrum of [Co(III)(en)3]3+ in

aqueous solution, shown in Figure 6.5. The measured spectrum is in good agreement
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Figure 6.5: Optical spectrum of [Co(III)(en)3]3+. The vertical lines represent the excita-
tion wavelengths of our laser system, which were used to access the optical
excitations.

with [76]. The excitation peaks were assigned according to their conclusions. The ab-

sorption band at 466 nm is attributed to the 1T1g ← 1A1 transition, while the peak at
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340 nm is attributed to the 1T2g ← 1A1 transition. The third band at 212 nm is assigned

as 1LMCT← 1A1. . Concluding from the peak assignment done with the UV/Vis, this

means that after photo-excitation at 515 and 343 nm, the system undergoes vibrational

transition from the 1A1 ground state to the 1T2g and 1T1g ligand field state, respectively.

Following photo-excitation at 257 nm, the system undergoes transition from the 1A1

ground state to the 1LMCT state. These states decay within τ = 1-2 ps non-radiatively into

the lowest-lying excited state, which has been proposed to be the 5T2g state. Although

this high-spin 5T2g has been proposed as plausible by analogy with related Co(III) com-

plexes, a definite experimental proof is still lacking to date [76]. Therefore, the metastable

was probed with XAS in order to extract its electronic and geometric structure. The

lowest-lying excited state has a lifetime of about 450 ± 100 ps in aqueous solution, be-

fore it decays into the 1A1 ground state, hence it is perfectly suited to be studied at a

synchrotron radiation source with a time resolution of around 100 ps.

Figure 6.6: Excited state dynamics of [Co(III)(en)3]3+ after excitation at 257, 343 and
515 nm, as proposed by [76]. Detailed description can be found in the text.

Figure 6.6 shows the Jablonski-diagram displaying the proposed dynamics.
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6.2.2 K-edge XANES
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Figure 6.7: XANES spectrum of the [Co(III)(en)3]3+ ground state (top) as well as the tran-
sient about 100 ps after laser excitation at 257, 343 and 515 nm (bottom). Data
was taken at BL P01, PETRA III.

The XANES measurements after excitation at 257 nm, 343 nm and 515 nm were per-

formed at beamline P01 of PETRA III. The experimental details are described in Ta-

ble 6.1, for a more detailed description of beamline P01 see chapter 3. Figure 6.7 shows

the ground state spectrum and transient XANES spectra of [Co(III)(en)3]3+ at 257, 343

as well as 515 nm with a vertical offset. The shown ground state spectrum was recorded

during the 515 nm measurements. In the ground state a small pre-edge feature (P) can

be observed at 7710 eV, this feature is assigned to the 1s ← 3d transition. The XANES

region is characterized by an intense white line (A) and a multiple scattering feature (B)

around 7735 eV. The EXAFS region is characterized by a broad oscillating feature (C)

around 7770 eV. Considering the fact that Co(III) d6 complexes are isoelectronic to Fe(II)

d6 complexes, these transients are compared with the one obtained for [Fe(II)(bpy)3]2+,

as shown in Figure 1.5. For this comparison, in order to match the energy scale of cobalt,

the energy of [Fe(II)(bpy)3]2+ was stretched with a factor of 7709/7112. This factor corre-

sponds to the binding energies of the K 1s electrons of elemental iron and cobalt. The very

close resemblance between the traces allows concluding that the metastable state is, as

in the iron case, indeed the 5T2g state, with a Co-N bond length elongation[114][30][46].

Based on our calculations of the ESF presented in Table 6.1, we can reconstruct the

XANES spectrum of the 5T2g excited state (ES) using the ground state spectrum (OFF)
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and the spectrum measured after excitation (ON) via the following formula:

ES =
ON − (OFF (1− ESF ))

ESF

Due to the X-ray beam probing the sample about 100 ps after excitation, the estimated ESF

shown in Table 6.1 have been lowered by 20% before being used for the reconstruction.

The new ESF are 7.5% for 257 nm, 7.8% for 343 nm as well as 10.2% for 515 nm. The

reconstructed spectra for the different wavelengths are shown in Figure 6.9.
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Figure 6.8: XANES spectrum of [Co(III)(en)3]3+ and [Fe(II)(bpy)3]2+ done at BL P01, PE-
TRA III.

6.2.3 Conclusion and Outlook

Time-resolved XANES on the 100 ps time scale at beamline P01 of PETRA III has allowed

establishing experimentally for the first time that the metastable state populated upon

photoexcitation is a high-spin 5T2g state. Using our data, we reconstructed a XANES

spectrum of the excited state. Future experiments at XFEL sources will investigate the

electronic cascade that leads to the 5T2g formation, taking place over the first few ps

upon excitation.
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Figure 6.9: XANES spectrum of [Co(III)(en)3]3+ ground state and reconstructed 5T2g ex-
cited state, reconstructed with data obtained 100 ps after 257, 343 and 515 nm
photo-excitation.
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6.3 Co(III)(CN)6

We measured octahedrally coordinated Co(III)(CN)6 in aqueous solution in the course

of two independent experiments. The solutions were prepared by solving K3Co(CN)6,

ordered from Sigma-Aldrich, in Milli-Q water. An overview of the experimental details

is shown in Table 6.2.

Table 6.2: Experimental details Co(III)(CN)6
Synchrotron / experimental station PETRA III / P01 APS / 7ID-D

X-ray flux on sample per second 1013 1012

Energy range in eV 7700-7800 7700-7750

X-ray focus size (HxV) in µm2 20x10 20x10

Monochromator Si(111) Diamond(111)

Energy resolution in eV 1.2 0.4

Electron bunches in ring 40 24

X-ray repetition rate in MHz 5.2 6.5

Sample K3Co(CN)6 in H2O

Sample concentration in mM 50 100

Sample amount in ml 200 200

Sample thickness in µm 140 140

Jet speed in m/s 5 5

Laser system Tangerine Duetto

Laser wavelength in nm 343 266

Laser focus size (HxV) in µm2 20x20 25x25

Laser power in mW 40 560

Repetition rate in kHz 131 133

Energy per pulse in nJ 150 3750

Pulse width in ps 0.35 10

Exctinction coeff. in cm−1M−1 75 35

ESF (estimated) in % 9.4 63.8

Figure 6.10 shows the structure of [Co(III)(CN)6]3−, it also represents the [Fe(II)(CN)6]4−

structure25.

25Rendered https://molview.org
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Figure 6.10: Structure of [Co(III)(CN)6]3−, a complex in octahedral coordination, the cen-
tral Co atom is surrounded by six (CN)− molecules. It also represents the
structure of [Fe(II)(CN)6]4−.

6.3.1 Optical Excitations and Excited State Dynamics

We measured the optical spectrum of [Co(III)(CN)6]3−
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Figure 6.11: Optical spectrum of [Co(III)(CN)6]3− and [Fe(II)(CN)6]4−. The vertical lines
represent the excitation wavelengths of our laser system, which were used to
access the optical excitations.

Figure 6.11 shows the UV/Vis spectrum of [Co(III)(CN)6]3−, the excitation peaks and dy-

namics were assigned according to [78]. The absorption band at 313 nm is attributed to

the 1T1g ← 1A1 transition, while the peak at 267 nm is attributed to the 1T2g ← 1A1

transition. We assigned the following intermediate states for the dynamics following the

photo-excitation for [Co(III)(CN)6]3−. After photo-excitation at 267 or 343 nm, the sys-

tem undergoes transition from the 1A1 ground state to the 1T2g or 1T1g state, respectively.

Both decay non-radiatively into the lowest-lying excited state, which has been identified

as the 3T1g state. The 3T1g has a lifetime of 2.7 ns in aqueous solution[31]. It decays either
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Figure 6.12: Excited state dynamics of [Co(III)(CN)6]3− after 267 and 343 nm excitation.
Detailed description can be found in the text.

directly into the 1A1 ground state or can form the photoaquated [Co(III)(CN)5(H2O)]2−

complex. The photoaquation yield is 0.31 for both excitation wavelengths[80][84]. We

chose the iso-electronic reference [Fe(II)(CN)6]4−, which has been well studied, allow-

ing us to assign the excitations and dynamics[12]. [Fe(II)(CN)6]4− has the same coor-

dination and structure as [Co(III)(CN)6]3−. Figure 6.11 shows the UV/Vis spectrum of

[Fe(II)(CN)6]4− compound. The absorption band at 322 nm is attributed to the 1T1g ←
1A1 transition, while the peak at 270 nm is attributed to the 1T2g ← 1A1 transition. In

addition, there is a 1T1u ← 1A1 MLCT transition. According to literature the important

dynamics after photo-excitation for [Fe(II)(CN)6]4− are as follows. After photo-excitation

at 267 or 355 nm, the system undergoes transition from the 1A1 ground state to the 1T2g

or 1T1g state, respectively. They both decay non-radiatively into the lowest-lying excited

state, which has been identified as the 3T1g state. The 3T1g has a lifetime of 16 ps in

aqueous solution. It decays either directly into the 1A1 ground state or can form the

photoaquated [Fe(II)(CN)5(H2O)]2− complex. The photoaquation yield is 0.31 for exci-

tation at 355 nm. At 266 nm there is an additional excitation possible, the 1T1u ← 1A1

MLCT transition. This charge transfer results in the formation of [Fe(III)(CN)6]3−. This

additional photo-reaction lowers the photoaquation yield of 266 nm excitation to either

0.14 or 0.19.
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6.3.2 K-edge XANES

Figure 6.13 shows the Co K-edge XANES spectrum of the [Co(III)(CN)6]3− measured at

7ID-D and P01. Both spectra show the same features at the same energy, thus we expect

the sample to be in the same condition at both measurements.
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Figure 6.13: Ground state XANES of [Co(III)(CN)6]3− measured at APS 7ID-D (blue, with
offset) and PETRA III P01 (orange).

Measurements at 266 nm

The time-resolved XANES measurements of 266 nm were done at beamline 7ID-D of APS

at low repetition rate, i.e. 133 kHz. The jet flow rate was about 5 m/s, so between two

laser pulses the sample was completely refreshed. Figure 6.14 shows transient XANES

spectra of [Co(III)(CN)6]3− after 266 nm excitation. The second sample was prepared

independently to check for degradation of the sample. The orange line shows the tran-

sient 100 ps after excitation, the green line shows the transient signal averaged over 10

bunches, starting from 153 ns to over 1.53µs after the initial laser excitation. In general,

all the transient signals indicate a red shift of the excited state XANES with regards to the

ground state XANES. The delayed transient taken hundreds of ns after excitation shows

two features in the pre-edge region. The transient taken 100 ps after excitation seems to

reproduce the features in the pre-edge region, however, these features are weaker and al-

most buried in the statistical noise. The peak at the onset of the white line around 7725 eV

is more pronounced in the 100 ps transient compared to the delayed transient.
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Figure 6.14: Transient XANES spectra of two independently prepared 100 mM solutions
of [Co(III)(CN)6]3− after photo-excitation at 266 nm. The spectra were mea-
sured at BL 7ID-D, APS.

Measurements at 343 nm

The 343 nm measurements were performed at beamline P01 of PETRA III with a laser

repetition rate of 131 kHz. The jet flow rate of 5 m/s was fast enough to refresh the sample

completely between two laser pulses.

Figure 6.15 shows the transient XANES spectrum of [Co(III)(CN)6]3− after 343 nm excita-

tion. There seems to be no feature in the pre-edge region and the peak around the onset

of the white line is more pronounced compared to the 266 nm measurements.

Figure 6.16 shows a delay scan at 7725 eV to show the decay of the transient signal after

343 nm optical excitation of [Co(III)(CN)6]3−. The fit reproduces the lifetime of 2.6 ns of

the 3T1g state.

Interpretation of XANES Data

The transient signals of the hexacyanocobaltate(III) in aqueous solution were measured

at 266 nm and 343 nm show several differences. However, based on the literature and also

regarding the equal photoaquation yields for 266 and 343 nm excitation, we do not expect

a difference in the dynamics of the excited state for 266 and 343 nm within the 100 ps time

resolution of our XANES measurements. However, there were two major differences in
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Figure 6.15: Ground state and transient XANES spectrum of [Co(III)(CN)6]3− at Co K-
edge after 343 nm excitation. Done at BL P01, PETRA III.

the setup of the experiments. First, the Duetto laser system used at APS has a much

longer pulse length of 10 ps and in addition, the Duetto power was most likely chosen

too high for a linear experiment. The interpretation of the 343 nm measurements per-

formed at beamline P01 of PETRA seems to be straightforward. The laser excites about

1.7% of the cobalt molecules in the X-ray spot to the 3T1g lowest-lying excited state. At

the time the X-ray beam probes the sample, about 100 ps after laser excitation, roughly

3% of the ex- cited molecules decayed back to the ground state and about 1% undergo

photoaquation. This leads to a ratio of 82:1 between 3T1g and photoaquated molecules.

This difference in concentration should be high enough to attribute the transient signal

measured to be the 3T1g state. Thus, we should be able to reconstruct the XANES spec-

trum of this excited state. In the case of 266 nm measurements, the assignment seems to

be more complicated. For [Fe(II)(CN)6]4−, the two pre-edge features A and B of the tran-

sient have been assigned to be features of the photoaquated and the excited photoaquated

complex[12]. If we adopt this assignment and assume hexacyanocobaltate(III) to behave

similarly to hexacyanoferrate(II), this would mean we created both a photoaquated and

the excited photoaquated complex within the 10 ps pulse. Another interpretation would

be, that both peaks arise from the photoaquated complex. Considering the 2.6 ns life-

time of the 3T1g state, the spectrum taken hundreds of nanoseconds after photoexcita-

tion, should consist of either pure photoaquated or a mixture of photoaquated and ex-

cited photoaquated complex. For the 100 ps transient at 266 nm, the possible occurrence

of the A and B features indicates the formation of photoaquated complex and possibly its
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Figure 6.16: Delay scan of [Co(III)(CN)6]3− at 7725 eV using 343 nm optical excitation.
Measurements done at BL P01, PETRA III. The fit suggests a lifetime of 2.6 ns.
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Figure 6.17: Transient XANES spectrum of [Fe(II)(CN)6]4− after 266 nm excitation, done
at BL 7ID-D, APS.

excited state in addition to the 3T1g state. This is supported by the C and D features be-

ing less pronounced compared to in the 343 nm measurements, but still showing higher

intensity compared to the delayed signal.

6.3.3 Conclusion

Photoexcitation of [Co(III)(CN)6]3− in aqueous solution at 266 and 343 nm allowed time-

resolved XANES measurements in the picosecond regime. With the measurements at

343 nm, we believe we found a transient signal that can be attributed to the 3T1g state.

While the transients at 266 nm seem to be a mixture of different states, we could still



6.3 Co(III)(CN)6 111

use them to identify the features of the photoaquated complex. The appearance of the

peaks attributed to the photoaquated complex in the 266 nm measurements support that

the transient measured at 343 nm can be fully attributed to the 3T1g lowest-lying excited

state. As a final step, we used our data to reconstruct the XANES spectrum of the 3T1g

state of [Co(III)(CN)6]3−, shown in Figure 6.18. In order to proceed with the investigation
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Figure 6.18: Ground state Co K-edge XANES spectrum of [Co(III)(CN)6]3− and the cor-
responding reconstructed XANES spectrum of the excited state after 343 nm
optical excitation, assuming an excited state fraction of 9.4%.

of the short-lived states below 100 ps, we would need the time resolution which an XFEL

provides. Further investigation of the photoaquated complex can help resolve to what

extent the excited photoaquated complex contributes to the changes in the pre-edge.
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A major part of this thesis is dedicated to the setup and measurements carried out with

a sixteen-crystal large solid angle von Hámos X-Ray spectrometer, now in place at its

final destination at the FXE end station of European XFEL. We give a detailed descrip-

tion of possible setups and crystal arrangements and how to extract and process the

data collected with 2D-detectors. We present our commissioning measurements and

the first results obtained with this simple to use, yet powerful secondary spectrometer.

We introduced a set of formulas that describe the energy dispersion on the detector for

single-crystal spectrometer configuration. These formulas are extended to the multi-

crystal spectrometer configuration, where one can record the signals as separated spectra

or overlap them into one spectrum. Using these formulas, we characterized the limits

to the energy resolution when overlapping multiple crystals for background reduction.

Additionally, we showed that a second-order polynomial fit reproduces the relation be-

tween detector position and energy with an accuracy of just a few meV.

The von Hámos spectrometer has successfully been employed to conduct measurements

using a diverse set of X-ray spectroscopy techniques. We present measurements of the

iron Kβ spectrum of K4Fe(CN)6 in 0.5 M aqueous solution, as a test case for overlapping

and separated crystal setups, to further verify our methods for data extraction as well

background treatment. Subsequently, we demonstrate the capabilities of the von Há-

mos spectrometer. Recording the iron Kβ emission of Fe(bpy)3, we tracked the optically

induced altering of the spin state on the picosecond scale. Using Si(220) and Si(111)

crystals we were able to simultaneously measure Fe Kα, Kβ and vtc spectra of Fe(terpy)2
with picosecond time resolution. Making use of the spectrometer’s large solid angle, we

achieved the first recording of picosecond time-resolved iron vtc spectra. We recorded

RIXS maps around the iron K pre-edge region of K4Fe(CN)6 and K3Fe(CN)6 and present

a PFY spectrum for these compounds. We recorded a RIXS map of 1 M ZnBr2 Kα in

aqueous solution, while simultaneously recording a TFY XAS spectrum. From the RIXS

map, we extracted a PFY spectrum and compared it to the spectrum taken via TFY detec-

tion. We show the spectrometer’s potential to perform IXS spectroscopy. We tested the

spectrometer’s ability to investigate valence-hole excitations by measuring the dynamic

structure factor S(q,ω) of beryllium at low energy transfer. The large solid angle of the

spectrometer allowed us to record spectra at different momentum transfers simultane-

ously. We investigated core-hole excitations by recording XRS spectra of beryllium at

the Be K-edge and the carbon K-edge XRS of highly oriented pyrolytic graphite (HOPG),

where we probed different orbitals by altering the sample orientation and making use of

the polarization of the incoming X-rays. To gain an insight into the performance of the

spectrometer for future experiments, we recorded the oxygen K-edge spectrum via XRS

spectroscopy with the von Hámos spectrometer and compared it to spectra taken with
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an XRS-spectrometer in Johann geometry as well as soft X-ray XAS data. These IXS tests

give first insights into the needed setups and required data-acquisition times to perform

time-resolved IXS experiments at storage rings and XFEL sources. These efforts would

heavily be supported by detectors that can operate very close to the sample, to increase

the solid angle per eV.

Concluding, the versatileness and simplicity of the spectrometer are perfectly suited to

take on the challenges that arise when measuring at XFELs, especially since the von Há-

mos spectrometer can be set up to simultaneously accumulate data while measuring with

other techniques, for example XRD, XDS or IXS[110][10]. This paves the way for new

approaches with multi-messenger spectroscopic techniques. The next step is to extend

the crystals available for the spectrometer to different materials with high Z elements

to enable high resolution measurements with sufficient intensity at high X-ray energies.

In addition, a greater variety of crystals emphasizes the simultaneous measurement of

different elements.

Utilizing the von Hámos spectrometer to record Kβ emission, we tracked pressure-

induced coordination and bond length changes for the first time using valence-to-core

emission spectroscopy. We demonstrate this for the case of amorphous GeO2, a com-

pound with a well-understood coordination transition in the region below 20 GPa. As an

element-specific spectroscopy method, recording the germanium Kβ emission allowed

us to study the germanium and its first coordination shell. Confining the sample in a

diamond anvil cell, we turned the pressure up to 40 GPa in several steps. This induced

an increase from four- to six-fold coordination. Before the coordination change, the bond

lengths between the germanium and its neighboring oxygens decreased with pressure.

The transition of coordination was combined with a simultaneous bond elongation.

Increasing the pressure even more again led to decreased bond lengths. Each step of

these structural changes led to a direct, easy-to-detect and systematic response in the

intensity and energy of the Kβ′′-peak. Our findings are supported by theoretical cal-

culation and backed up by previous studies performed on GeO2 with X-ray diffraction

and neutron scattering in the same pressure range. As a result, we established valence-

to-core spectroscopy as a novel tool to probe coordination and bond length. In a study

with geophysical background, which investigated the structural behavior of amorphous

GeO2 with pressures up to about 100 GPa[102]. Our findings provide valuable insight

for the discussion about sevenfold coordinated germanium in amorphus GeO2 at high

pressure, initially observed by an XRD study[65]. This technique yields strong potential

to study multi-compound samples, which are hard to investigate with XRD. In addition,

a dispersive setup, like the von Hámos spectrometer, can effortlessly be applied at XFELs

to study dilute samples in time-resolved studies.

Installing a multi-MHz digitizer with a high dynamic range at beamline P01 of PETRA

III, we were able to record picosecond time-resolved XANES spectra and gain insight

into the dynamics induced by photoexcitation of two weakly absorbing cobalt com-
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plexes, a great step toward integrating XAS as standard technique at XFEL. The first

sample, [Co(III)(en)3]3+ in aqueous solution was excited at 257, 343 and 515 nm. Based

on the very close resemblance with a reference transient XANES spectrum of the iso-

electronic iron complex [Fe(II)(bpy)3]2+, we conclude that the metastable lowest-lying

excited state populated upon photoexcitation is a high-spin 5T2 state. With an estimate

of the excited state fraction, we reconstructed the XANES spectrum of this metastable

state. Our second cobalt sample was [Co(III)(CN)6]3− in aqueous solution, in which

we measured the dynamics induced by 343 nm laser light. Additional single photon

counting XANES measurements at 7ID-D, APS, performed with 266 nm photoexcitation

showed signatures of the photoaquated [Co(III)(CN)5(H2O)]2− complex in the transient

XANES spectrum. However, the strong contrast of this spoiled signal (indicated by the

rise of two peaks in the pre-edge region) suggests, that the measurements carried out at

P01 show the signature of the pure metastable state. This is backed up by comparing

it to the iso-electronic reference [Fe(II)(CN)6]4− which has been extensively studied[12].

Based on the transient XANES spectrum obtained at P01 and an estimate of the excited

state fraction, we reconstructed the XANES spectrum of the metastable 3T1g lowest-lying

excited state.

For both cobalt samples, to proceed with the investigation of the short-lived states, which

happen in the first 100 ps, we would require the time resolution provided by an XFEL.

To clarify the contribution of the photoaquated [Co(III)(CN)5(H2O)]2− complex and its

excited state to the changes in the pre-edge, which is still an open question even for the

iron case, further investigation of the photoaquated complex would be required. This

could be done by probing the excited sample a few nanoseconds after photoexcitation at

low repetition rate and would give valuable insights into the formation of photoaquated

complex during the absence of the excited photoaquated complex.
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