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Introduction1

Manuel Izquierdo

European XFEL, Schenefeld, Germany

The European X-Ray Free-Electron Laser Facility (European XFEL, or EuXFEL)

produces femtosecond coherent electromagnetic radiation in the soft and hard

X-ray regimes by accelerating electrons up to 17.5 GeV in a superconducting linear

accelerator (LINAC). This technology increases the typical 10–120 Hz repetition rate

achievable with other LINACs to the kHz–MHz regime. At the European XFEL, the

bunch pattern consists of bursts up to 2700 pulses with 220 ns separation running

at 10 Hz frequency. This results in an effective repetition rate of 27 kHz. The facility

has been designed with five self-amplified spontaneous emission (SASE) tunnels [1],

each of which can accommodate an undulator system. In the first implementation

phase, three of the SASE tunnels were funded, thus defining the current day-one

implementation of the project. The SASE1 and SASE2 tunnels have been equipped

with planar undulators that produce horizontally polarized hard X-ray photons in the

range of 5–30 KeV, depending on the acceleration energy of the electrons. On the

other hand, the SASE3 undulators are optimized to produce soft X-rays between

the carbon edge, 0.25 KeV, and 3.0 KeV. The installation of an afterburner will allow

to generate variable polarization soft X-ray pulses. The experiment hall provides

space to host three experiments at each SASE branch (Fig. 1.1), two defined as

baseline instruments. For SASE3, the experiments are Spectroscopy and Coherent

Scattering (SCS) and Small Quantum Systems (SQS). The experiment hutch for the

third experiment was built during the SASE3 construction. The area, initially named

“SCS/SQS-II open port”, has been renamed following the European XFEL convention

to “Soft X-Ray Port (SXP)”.

Figure 1.1: Layout of the European XFEL, modified from [1]
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The SXP project is driven by groups of the soft X-ray scientific community with

scientific applications requiring the use of experiment stations beyond the ones

available at SCS and SQS. Among them, the motivation and funding provided by

the Time Resolved X-Ray Photoelectron Spectroscopy (TR-XPES) consortium has

been essential for the realization of this project. From the European XFEL, many

groups have provided a key contribution to the project: X-Ray Optics (XRO), X-Ray

Photon Diagnostics (XPD), Mechanical Engineering (ME), Project Management

Office (PMO), Satety and Radiation Protection (SRP), and Sample Environment and

Characterization (SEC).

This first part of the technical design project summarizes the identified science

cases for the SXP experiment. It is organized as follows: this chapter revises

the properties of SASE3 FEL radiation and proposed extensions to improve its

performance. The remaining chapters describe the scientific applications proposed so

far by the scientific community. They come from a broad potential user community

as well as from internal European XFEL groups. The significant contribution of the

Time-Resolved X-Ray Photoelectron Spectroscopy (TR-XPES) consortium described

in Chapter 2 on page 20 is the main driving force that has led to the realization of

this project. This is a direct consequence of the SAC recommendation to install the

TR-XPES station(s) at SXP in order to implement the technique at SASE3. Since

SXP is conceived as an open port, the momentum given to the SXP project by the

TR-XPES consortium was followed by suggestions and contributions from other

groups coming mainly from different European XFEL partner countries. These

manifested contributions involve: (i) soft X-ray spectroscopy of high-valent metal

intermediates in biological and inorganic catalysts for chemical bond activation

(Chapter 3 on page 67), (ii) the possible use of SXP as a laboratory for astrophysics,

atomic physics, and fundamental research with highly charged ions (Chapter 4 on

page 73) and (iii) the use SXP to develop new diagnostics or experimental techniques

(Chapter 5 on page 83). These science cases, techniques, and experimental setups

will extend the portfolio of European XFEL beyond the baseline.
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SASE3 photon beam properties1.1

The SASE3 experiments have been defined to operate in the energy range of

0.25–3.0 KeV. The selected energy is defined by the undulator parameter, K , which

depends on the undulator gap value and the electron acceleration energy. The gap

value can be varied between its physical limits: 10–25 mm. As a consequence, the

full energy range cannot be covered with a single electron energy. Instead, a few

electron-acceleration-energy working points have been defined: 8.5, 12, 14, and

17.5 GeV. They set the low energy threshold to 0.25 keV (C K -edge), 0.48 keV

(O K -edge), 0.710 keV, and 1.01 keV, respectively. The two highest energies will

enable reaching the maximum photon energy of 3.0 keV. Figure 1.2 on the facing

page summarizes the defined operation acceleration energies for SASE3 and how

they cover the respective soft X-ray photon energy range. The calculations have

been extended beyond the maximum nominal value of 25 mm for the lowest electron

acceleration energies in order to show the highest photon energies that could be

produced by the SASE3 undulators. Operation of the undulator systems at gap

values larger than 25 mm is mechanically possible, the lasing stability and pulse

energy remain to be verified. The SASE3 undulator system is placed after the SASE1

undulator system as indicated in Figure 1.1 on page 8. The electron dump system

for both SASE1 and SASE3 is at the end of the SASE3 undulator system. As a

consequence, electron bunches will radiate in both SASE1 and SASE3 undulator

systems, thus coupling them. The energy spread introduced in SASE1 by the FEL

radiation process will result in a degradation of the SASE3 output. The higher the

radiation level in SASE1, the lower in SASE3. In order to minimize the contamination

introduced by the SASE1 pulses, a soft kick can be given to the SASE3 dedicated

electron bunches. The kick will induce a betatron oscillation in the orbit of the electron

bunches and therefore they will radiate only in SASE3. This "fresh bunch technique"

has been tried using soft kicks, and the level of radiation in SASE1 has been reduced

down to the percent level. This mode work wells for fast detection detectors. For low

frequency detectors, the background contamination can be still too high. In this case,

other schemes can be used: i) 5 Hz operation split trains between the two SASEs

thus decoupling their radiation. The interleaved mode provides alternative pulses for

each SASE while still working at 10 Hz [2]. Other schemes can be implemented with

the bunch pattern server that allows independent configuration of the pulses for each

SASE [3].
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Figure 1.2: SASE3 electron acceleration working points in GeV and the respective photon

energies covered by them

The SASE3 photon beam properties have been updated for the new electron energies

in terms of source size, source divergence, pulse energy, and spectral bandwidth as a

function of bunch charge and wavelength. The source parametrization as well as its

coefficients and definitions can be found in Appendix A. The accelerator has been

designed to operate with bunch charges between 0.1 and 1 nC. The pulse duration

depends linearly on the electron charge with a slope of ∼100 fs/nC [4]. In the left

panel of Figure 1.3 on the following page, the expected peak and average brightness

are displayed. In the right panel, the pulse energy is displayed for two values of the

charge, 0.02 nC and 1 nC, that will result in ∼2 fs and ∼100 fs, respectively. The

values have been calculated using the results from [4]. Based on the number of

photons per pulse expected for different charge values, a few operation modes with a

given number of pulses have been defined and are summarized in Appendix B.
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Figure 1.3: SASE3 pulse properties for two different electron charge values from [5]. Left

panel: Photons per pulse. Right panel: Photon flux. Two charge values have been used: 0.02

nC and 1 nC covering the available charge range at the EuXFEL.

The polarization of the photons will initially be linear. In order to have variable

polarization, two afterburners with a modified Delta design are going to be installed.

Besides this, other extensions of SASE3 also under implementation consider the

integration of harmonic laser self-seeding (HLSS) and two-colour pulse generation.

The different possibilities are described in Section 1.2 on the next page. More

involving techniques in terms of hardware upgrades—like self-seeding, attosecond

production, or the integration of an X-ray split and delay unit—have also been studied.

They are described in Appendix C.
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SASE3 beyond the baseline1.2

Extensions of the X-ray delivery capabilities at SASE3 have been studied. They

cover a wide range of possibilities, from the generation of circularly polarized light

to the production of attosecond pulses. In the framework of this report, they can

be divided in two categories: (i) Those that are being implemented or planned:

HLSS FEL (Section 1.2.1), variable polarization (Section 1.2.2 on page 15), and

two-colour experiments (Section 1.2.3 on page 18). (ii) Those under study or for

which implementations have been proposed so far are described in Appendix C:

self-seeding (Section C.0.1), attosecond generation (Section C.0.2), or X-ray pump

– X-ray probe experiments using a split and delay unit (Section C.0.3). Their final

implementation is subject to the availability of funding. Technical modifications are to

be expected before their final implementation, based on the evolution of the field.

HLSS FEL1.2.1

One possibility to improve the properties of SASE FEL radiation using the existing

undulator systems is using a harmonic lasing self-seeded (HLSS) FEL. This

technique also allows the extension of the wavelength of the radiation with respect to

the fundamental radiation with an increase in radiated power and smaller bandwidth

than the fundamental. The latter requires the suppression of the fundamental

wavelength. This can be achieved by different techniques: phase shifters, filters, etc.

[6; 7].

The basic idea of HLSS is to amplify the lasing at a high harmonic h and use it as a

seed to lase at a given photon energy. Besides an increase in the radiated power,

there is also a reduction of the bandwidth. The latter occurs due to the fact that the

bandwidth, ∆λ, can be defined in terms of the Pierce parameter ρ∼∆λ/λ, indicative of

the radiation-interaction efficiency and proportional to the inverse of the harmonic

number. This contrasts with the non-linear harmonic generation that occurs during

SASE lasing. In this case, the bandwidth is independent of the harmonic number.

Several theoretical strategies have been proposed for hard and soft X-rays and

for fixed-gap and variable-gap FELs [7]. One of them, HLSS versus the retuned

fundamental mode, has been demonstrated at the “Free-electron LASer in Hamburg

(FLASH)” for third-harmonic lasing [8]. The implementation was done by tuning

the first part of the undulators to the K value corresponding to a harmonic of the

fundamental and the second part of them to the K value of the fundamental one.
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Provided that a beta function larger that the harmonic gain length can be achieved in

the electron beam, conditions can be found in which the gain length of the harmonic

is shorter than that of the fundamental. In this case, the radiation power of the

harmonics can be efficiently amplified.

On the left side of Figure 1.4, the scheme of the HLSS is depicted. On the right side,

the calculations done for SASE3 at 4.5 nm using an acceleration energy of 10.5 GeV

are provided [7]. The results show that the third harmonic can be amplified up to 12%

and the fifth harmonic up to 3% without suppressing the fundamental lasing. Upon

suppression of the fundamental, the radiation power of the harmonics is increased

one order of magnitude compared to the non-linear harmonic generation (2% and

0.3% for third and fifth harmonic, respectively [9]). Besides the significant increase in

the radiated power, the bandwidth is inversely proportional to the harmonic number.

HLSS therefore improves the properties compared to SASE radiation.

Figure 1.4: Left: Scheme of the harmonic lasing self-seeded using the retuned fundamental

mode. Right: Radiated power for the SASE3 undulator system at 4.5 nm: solid line

(fundamental), dashed line (third harmonic), and dotted line (fifth harmonic). The power

generated is typically one order of magnitude larger than that obtained with non-linear harmonic

generation. The bandwidth is inversely proportional to the harmonic order.

HLSS has been successfully demonstrated at the SASE3 undulator system [10]. Two

implementations have been done, one at 2.1 keV (0.59 nm) and the second one at 4.5

keV (0.28 nm). The first HLSS was achieved using 12 undulator sections. The first

five segments were tuned to the third harmonic h =3, 700 eV, and the subsequent 7

cells to the fundamental at 2.1 keV. Radiation levels of 700 µJ have been achieved

with a reduction of the number of spikes. The expected factor of R=2 increase of the

longitudinal coherence (reduction of the bandwidth) could not be achieved due to

chirp in the electron system. On the other hand, the 4.5 keV (0.28 nm) was achieved

by the so called harmonic lasing cascade. In this case, the undulator is divided

January 4, 2022
14 of 120

XFEL.EU TR-2022-001A
TDR: SXP-A



in three parts. The first one comprising five undulator sections lases at the fifth

harmonic, the second part with six undulators is set to lase at the third harmonic and

the last one with also six undulators at the fundamental. Radiation levels of 200 µJ

have been achieved.

HLSS will be available at SXP since day one. The available energy range depends on

the electron acceleration energy since one needs to be able to radiate at the harmonic

h wavelengths and the low energy cutoff is defined by it (see Figure 1.2 on page 11).

Moreover, the longitudinal coherence will depend on the electron chirp. An alternative

and complementary approach would be to use self-seeding described in Appendix C.

Variable polarization1.2.2

The baseline undulators at the European XFEL are planar and can therefore produce

horizontal polarized radiation. In order to produce circularly polarized soft X-rays,

two afterburners will be installed in the SASE3 undulator tunnel. The afterburners

are Apple-X type and have been developed at the Paul Scherrer Institute (PSI) for

the Athos beamline at SwissFEL. They are a modified version of the Delta undulators

implemented at the SLAC National Accelerator Laboratory Linac Coherent Light

Source (LCLS) [11]. The magnetic pole arrangement, displayed in Figure 1.5 on

the next page, is similar in both types of undulators. The main difference is that,

in the Apple-X, the magnetic field strength, and therefore the K parameter, is

changed by changing the gap (movement perpendicular to the undulator axis) of the

horizontal/vertical magnet arrays, KTot =
√

(K 2
x +K 2

y ), whereas, in the Delta undulator,

the change in K is done by an amplitude shift (movement along the undulator axis) of

one of the horizontal/vertical pole versus the other. In both cases, the polarization is

changed by a phase shift (movement along the undulator axis) of the two horizontal

field magnet arrays versus the vertical field ones. The gap change of the Apple-X

undulator results in a larger region, ±0.8 mm in this particular case, where the

magnetic field homogeneity is ∆/KTot<5⋅10−5. This allows sufficient alignment of a

30 µm RMS electron beam.
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Figure 1.5: Geometrical configuration of the Apple-X undulators to be installed at the end of

the SASE3 undulators to produce variable polarization. The change of the K parameter will

be realized by changing the gap value. The polarization is changed by a phase shift of two

horizontal arrays with respect to the two vertical ones.

The Apple-X undulators are designed to provide full polarization control over the

wavelength range from 0.4 to 1.6 nm using a 15 GeV electron beam. In order to

achieve this goal, a period of 90 mm has been chosen [12]. It will provide right/left

circularly polarized radiation and alternatively linearly polarized radiation with an

arbitrary polarization angle between ±90○. They will be placed after the 21 planar

undulator segments in a collinear geometry. The implementation of the afterburner

will be done using the same FODO lattice used for the planar undulators. For

the planar undulators, the lattice is made by two quadrupoles (one focusing, one

defocusing) and two undulator sections of 5 m length. The afterburners sections will

be only 2 m long, and two of them they will be installed after each quadrupole section.

The total length, 12.4 m, is slightly larger than that of the planar undulators, 12.2 m

(Figure 1.6) [13].

Figure 1.6: FODO configuration of the Apple-X afterburners at the end of the SASE3

undulators
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To reduce the linearly polarized radiation produced by the planar undulators, a reverse

tapering scheme can be applied to the linear undulator system. In this scheme, the

undulator gap is closed along the electron propagation direction. This implementation

allows building microbunching while minimizing the generated radiation [14; 13].

As a consequence, the linearly polarized radiation will be reduced by more than

two orders of magnitude compared to the non-tapered level, and the afterburner

polarized radiation will dominate in intensity. In Figure 1.7, the undulator configuration

for reverse tapering is displayed on the top panel. The bunching factor and power

obtained are displayed in the bottom panel.

Figure 1.7: Reverse tapering concept to suppress the linear radiation versus the circularly

polarized one. Top: Undulator gap in a reverse tapering scheme; the closer the gap, the lower

the photon energy. Bottom-left: Evolution of the bunching factor along the undulator with (solid

line) and without (dashed line) reverse tapering. Bottom-right: Expected radiated power of the

planar undulator system with (solid line) and without (dashed line) tapering. The radiation of

the afterburners is displayed in red for comparison. The implementation of reverse tapering

reduces the radiated power in the planar undulator section by two orders of magnitude.

The installation of the afterburners to produce variable polarization is scheduled to the

2021 winter shutdown. This will provide variable polarization at SXP from day one.
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Two-colour pulse generation1.2.3

Following implementations at LCLS and SPring-8 Angstrom Compact Free Electron

Laser (SACLA), the European XFEL Simulation of Photon Fields group has

put forward a project aiming to generate two colours with the SASE3 undulator

system. This implementation will allow the realization of X-ray pump – X-ray probe

experiments. The two colours between the pulses can be arbitrarily chosen within

the limits allowed by the electron acceleration energy [15]. The idea of the project

is to divide the undulator system into two parts by inserting a magnetic chicane at

a selected position. The gap in one part of the undulator will be set to lase at a

wavelength λ1, and the second part will be set to lase at a wavelength λ2 as displayed

in 1.8(a). The magnetic chicane between the two undulator parts has two purposes:

(i) control the delay between the two pulses with the strength of the magnetic fields

and (ii) wash out the microbunching produced in the first undulator part to start with

a fresh electron bunch when the two wavelengths are contained within the SASE

bandwidth. The best two-colour output in this configuration is achieved when λ1 is

shorter than λ2. The time delay between the two pulses depends on the strength of

the magnetic chicane and the electron acceleration energy.

Figure 1.8: Two-colour configurations proposed at SASE3: (a) Using a magnetic chicane to

produce delays between 0 and 1 ps. (b) Using both a magnetic chicane and a delay mirror unit

to produce delays ±100 fs around zero delay.

An upgrade scheme of the one proposed above is to insert a delay mirror unit for the

X-rays in front of the magnetic chicane (Figure 1.8(b)). This configuration will allow the

realization of both positive and negative delays between the two wavelengths λ1 and

λ2. The transversal size of the photon beam at this position will be in the same order

of magnitude as the electron bunches, therefore allowing the use of short mirrors.

The installation of a corrugated structure—an R&D project lead by the accelerator

team—could also be beneficially coupled to the two schemes described above to
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enable fresh bunching.

Two-colour experiments have been already implemented at SASE3. Test experiments

were done without the magnetic chicane. Using two wavelengths separated by more

than a SASE bandwidth allowed the production of two-colour pulses with a fixed delay.

The installation of the magnetic chicane has allowed to extend the delay. The current

range depends on the electron acceleration energy. It is ∼ 3 ps for electrons 8.5

GeV accelerated electrons and ∼ 1 ps for 17.5 GeV acceleration energy. The typical

intensity of the two pulses is quite high, ∼ 0.5 mJ/pulse. The ultimate performance is

nevertheless defined by the selected photon energy.
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This application has been proposed by the TR-XPES user consortium at European

XFEL. The aim is to realize comprehensive photoelectron spectroscopy with

soft X-rays and femtosecond time resolution for the study of ultrafast electron

dynamics as illustrated in Figure 2.1. In order to achieve this ambitious goal, a

photoemission group was created in 2012 with contributors representing the

photoemission community at the European level and beyond. The proposition to

create a photoemission user consortium was presented and positively evaluated at

the Scientific Advisory Committee (SAC) meeting in September 2013. A full proposal

was presented and approved at the SAC meeting in September 2015. The SAC

recommended to implement the project at the open port in SASE3, SXP.

Photoelectron spectroscopy (PES) is an essential analytical tool for probing

the properties and working mechanisms of materials and interfaces, where the

functionality is determined by the chemical state and/or electronic band structure.

PES measures the kinetic energy and momentum components (i.e. surface-parallel

momentum, spin polarization, and orientation) of the valence and core level electrons

emitted from a sample as a result of the photoelectric effect. The technique combines

high spectral resolution with the momentum selectivity and atomic-site specificity,
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Figure 2.1: Schematic illustration of FEL-based femtosecond time-resolved photoelectron

spectroscopy with combined spin and momentum resolution

respectively. It can thus provide direct information on electronic band dispersions in

energy-momentum space as well as on the local chemical and structural environment

of the emitting atoms. Although most of the photoelectrons are emitted from

near-surface regions, using harder X-rays, PES can also probe bulk properties and

buried interfaces and discern corresponding electronic states. Since photoemission

is a many-body process, the measured spectra generally contain information on

the excitation spectrum and excitation probabilities of the probed system under

investigation.

The development of the PES technique to the current state of the art is strongly linked

to the evolution of accelerator-based photon sources. It is at synchrotrons where

the technique reached its maturity and positioned itself as an essential tool in solid

state physics, material science, and nanotechnology. Nowadays, PES is a toolbox

comprising four major techniques differing on the origin of the electrons, delocalized

valence states, or localized core levels electrons, and the way they are analysed (see

e.g. [16; 17; 18]).

Angle-resolved photoelectron spectroscopy (ARPES) is the most powerful

imaging technique for the energy-momentum space of the active electrons near

the Fermi level [16; 17]. The unique capabilities of ARPES originally played a key

role in the study of high-temperature superconductor cuprates. Since then, the

applications of ARPES expanded and the technique has become one of the most

important methods for exploring the electronic structure of materials. Currently, in the

condensed matter field, the technique is focusing on so-called “quantum materials”.

The definition addresses solids with exotic physical properties, arising from the

quantum mechanical properties of their constituent electrons [19; 20]. Under this

generic qualification, one finds a plethora of the most currently studied materials

in view of their interesting properties as well as potential applications: high critical

temperature superconductors, topological insulators, colossal magnetoresitance
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oxides, ferroelectrics, 2D electron gases, Weyl metals, graphene, etc.

In principle, ARPES measures (matrix element-weighted) energy- and

momentum-dependent photo-hole excitation spectra (the spectral function) that

are images of the band structure as modified by interactions of the photo-hole

quasiparticle, with shifted and broadened bands reflecting its energy renormalization

and finite lifetime (as described by the complex self-energy), respectively. The

energy-momentum maps directly visualize the occupied part of the global electronic

structure as well as its local fine structure. This includes the structure and topology

of Fermi surfaces, the symmetry and momentum dependence of energy gaps,

specifically superconducting gaps, and kinks in band dispersions or band replica

due to electronic coupling to phonons or other collective excitations, as well as

characteristic signatures in the bulk and surface electronic structures of topological

materials, such as bulk band gaps, bulk Dirac and Weyl cones, and topologically

protected (spin-momentum-locked) Dirac surface states or surface Fermi arcs.

When spin resolution is added to an ARPES experiment, additional information can

be gained directly on electron spin as a central player in correlated electron and

topological materials. Traditionally, energy- and momentum-dependent spin structures

have been measured for itinerant ferromagnets, where bulk bands are spin-split

due to exchange interaction, and for nonmagnetic Rashba systems, where surface

states are spin-split due to spin-orbit interaction and inversion-symmetry breaking.

More recently, spin-resolved ARPES has become a key in determining the complex

spin textures in energy-momentum space of topological materials. While the initial

success of ARPES was obtained performing experiments in the ultraviolet (UV)

energy range, hν< 100 eV, in the last decades, soft and hard X-ray ARPES have been

quickly developed. The higher photoelectron kinetic energies gives more validity to

the free-electron approximation of the final state normally used to analyse the data.

It also results in a wider coverage of energy-momentum space, over many Brillouin

zones, and better-defined momentum components perpendicular to the surface,

due to the enhanced electron scape depth. This facilitates full energy-momentum

microscopy of 4D electronic structures (photoemission intensity as a function of

energy and all three momentum components), often with simpler interpretation

of matrix-element effects compared to UV-ARPES. Furthermore, soft X-rays allow

accessing electronic resonances where the excitation energy is near the absorption

threshold of a core level which can be exploited to enhance or suppress selected

valence-electron emissions for identifying their elemental and orbital characters

or clarifying the nature of satellites and final-state configurations. The increase in

sampling depth from the typical 10 Å of UV photons to more than 10 nm has been key

to address open questions in correlated oxides like vanadates, manganites, cuprates,

and other quantum materials in the vicinity of phase transition where the surface and

bulk properties are different. It has also opened new frontiers in the study of interfaces
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in heterostructures where the electronic properties derive from the reduction of the

dimensionality.

X-ray photoelectron spectroscopy (XPS) is a universal tool for chemical

analysis. The source of information is the energy-resolved photoemission from core

levels, which is dominated by atomic effects. Spectral peak positions are highly

element-specific, with very little overlap, and peak intensities depend among other

factors on elemental concentrations, allowing analysis of the chemical composition.

The core-level binding energies vary, depending on the effective charge, encoding

the chemical state of the atomic species, the surrounding charge density, and the

hybridization of valence levels, as influenced by bond lengths and coordination. This

chemical shift allows a detailed interpretation of the chemical state of the emitting

atom, although screening of the core-hole by the relaxation of the remaining electrons

also needs to be considered. More generally, the core electron is a messenger

carrying information on the electrostatic potential it was born in, which includes

the physical environment, particularly the electrostatics of interfaces. A core-level

spectrum principally consists of a main emission peak, representing the lowest-energy

state after photoexcitation, and additional emissions (discrete or continuous satellites)

at lower kinetic energy, reflecting the excited states of the interacting system. When

many-body effects dominate and there is more than one final-state configuration

(screening channel), complex satellite/multiplet structures can arise, allowing insight

into many-body states and correlation effects. The richness of the information

contained in a XPS spectrum has made it possible to obtain relevant information on

the electronic properties and many-body interaction in strongly correlated systems

and quantum materials. However, the field where the technique has excelled is that

of the investigation of chemical reactions and catalysis. The evolution of the initial

experiments on ideal systems in ultrahigh vacuum (UHV) conditions towards studies

at realistic pressure conditions has given birth to the very powerful near ambient

pressure photoemission (NAPP) technique [21].

Soft X-ray radiation allows covering the primary (1s and 2p) core levels of low

to intermediate atomic numbers (Z), ranging from the 1s level of C (Z=6) to the

2p level of Ru (Z=44). In this section of the periodic table, the most scientifically

and consequently relevant elements are found. They are also the most abundant

on planet Earth, which make them the ideal candidates for the development of

sustainable technologies. The known variations in photoionization cross sections

can be utilized in XPS to select the degree of sensitivity to a particular core level. In

this respect, XPS experiments performed with electron kinetic energies above 2 keV

(HAXPES regime) have shown to be unaffected by surface effects and to display

spectroscopic fingerprints representative of the bulk electronic properties[22; 23] in
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analogous to the ARPES observations. Furthermore, the use of soft X-ray photons

will allow the study of interface physics and electronic devices under electrical bias.

X-ray photoelectron diffraction (XPD) and related photoelectron holography are

powerful methods for structural analysis of near-surface layers, buried interfaces,

adsorbates, 2D materials, etc. based on scattering of the photoelectrons emitted

from specific atomic sites. The scattered and directly emitted waves interferences

produce an angle-dependent intensity modulation characteristic of the local structural

environment. The fact that no long range-order is required made the technique an

essential tool to determine the geometric arrangement of atoms and molecules

adsorbed at surfaces, on the one hand, and the atomic structure of thin films, on the

other. The versatility of the technique derives from its sensitivity to the kinetic energy

of the analysed electrons. For low kinetic energies, 500 eV and below, the electrons

are essentially backscattered; multiple scattering dominates and therefore XPD in this

regime is best suited to understand the arrangement of the structures with respect

to the substrate. The most efficient realization of the technique in this case is the

so-called “energy scan mode”. In these type of measurements, the photon energy

is scanned for a set of well-defined high-symmetry directions of the system. When

the electron kinetic energy is above 500 eV, forward scattering is preferential, which

allows, in first approximation, to interpret the intensity maxima in terms of straight-line

emissions along directions from the emitting atom to its neighbours. Recording

maps as a function of the emission angles, the technique is called angle scan XPD,

produces a photoelectron diffraction pattern analogous to the ARPES maps used to

measure Fermi surfaces. The chemical shift in the XPS spectra and its sensitivity to

the chemical environment as well as to many body effects call for an extension of

the XPD technique to extract information not only from the local structure but also

from other relevant properties of the materials, like short-range magnetic order using

spin-resolved modes. XPD has traditionally been pretty much used with soft X-rays

since the interpretations of results is more straightforward in the forward scattering

regime [24]. The development of XPD-HAXPES allows to increase sampling depth.

This enhances the contribution of the Kikuchi bands arising from multiple scattering

from Bragg planes [25]. The expectation is that, with the increasing sharpness of XPD

patterns, finer structural details can be resolved and quantitative analysis will become

easier.

Photoemission electron microscopy PEEM uses the differences in electron

emission of different regions at a surface to image of it. The emitted electrons are

accelerated with high voltage, typically between 10 and 20 keV, into an electron

optical column made of electrostatic and/or magnetic lenses as well as corrector
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elements required to image the electrons with a resolution defined by the distance

between the sample and the microscope column, the difference in energy among

the electrons, and the initial accelerating voltage. A resolution down to 20 nm can

be achieved. In the simplest configuration, the image is recorded with an image

plate. This requires the retardation of the electrons to energies where the efficiency is

much higher. The imaging functionality can be improved by changing the hardware

configuration after the electron optical column. Thus, adding an energy filter (time of

flight of high pass energy), allows detecting the electrons as a function of their kinetic

energy and obtain images with chemical sensitivity. A microanalyser configuration

allows to perform XPS or PES in 1 µm regions of the sample. Special transfer lenses

and energy filtering make it possible to perform “momentum-resolved measurements”

either with time-of-flight (ToF) or conventional hemispherical analysers. Using

micro-channel plates (MCPs) coupled with delay line detection (DLD), time-resolved

measurements can be performed. PEEM and its low energy counterpart, LEEM,

have been successfully used to study the morphology, electronic and chemical

properties, and magnetic structure of surfaces and thin film materials [26; 18].

PEEM—in combination with circular and linear dichroism, commonly referred to as

XMC/LD-PEEM—has become a hugely successful imaging technique at synchrotrons

to visualize magnetic domains and domain walls in thin films and interfaces [27].

Most of the synchrotron applications also use the energy tunability together with the

polarization control in order to realize X-ray absorption (XAS) imaging experiments,

XAS-PEEM.

Besides these well established applications of PES, a very interesting experimental

implementation has emerged in the 2000s, standing wave photoemission (SW-PES).

The technique aims to convey the dominant contribution of the surface emitted

photoelectrons to the detected PES intensity, even in the high X-ray HAXPES regime,

in order to study the deepest layers of the sample under investigation. In order to

realize this, the intensity profile of the incident electromagnetic field is tailored to

highlight selected regions across the sample depth. This is technically done by

using a synthetic multilayered mirror with nanometer period, matching the photon

wavelength, as standing wave generator. The first reported implementation was

done in the soft X-ray regime, 750 eV, and aimed to measure core levels (XPS) [28].

The intensity modulation of the electromagnetic field at different sample depths was

done by performing an angular scan, rocking curve, around the selected reflection.

Subsequent implementations have made use of wedge samples thus allowing to

extract the layer dependent information by scanning the sample along the wedge

direction. The first standing wave XPS studies (SW-XPS) have been extended over

the years into the other applications: SW-ARPES, SW-PEEM, and even used to

investigate magnetic systems SW-MCD [29]. Pioneering experiments combined with

NAPP, have shown the potentiality of the technique to also study solid liquid interfaces
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[30].

PES science at synchrotrons has mainly been done in the static regime. While many

beamlines dedicated to static ARPES are available in most of the synchrotrons

worldwide, time-resolved PES experiments are more scarce. The reason is that the

time resolution for these type of experiments is limited to the picosecond timescale,

whereas femtosecond resolution is achievable with laser-based sources. Laser

sources have, on the contrary, limitations on the accessible energy range, and most of

the time-resolved PES experiments are performed in the UV range, hν< 100 eV. The

resulting landscape can therefore be factorized as a function of these two parameters:

pulse duration and photon energy. ARPES and XPS experiments with picosecond

resolution at energies up to the carbon edge have been implemented at the UVSOR

and BESSY synchrotrons. In the soft X-ray regime, the BL5 at the SAGA light source

allows experiments up to 0.8 keV, the TEMPO beamline at the SOLEIL synchrotron up

to 1.5 keV, and Spring-8 up to 2 keV. The most widely used PES technique in the time

domain at synchrotrons is XAS-PEEM. The main reason is that the sub-nanosecond

temporal resolution provided by third-generation synchrotron sources fits very well

with the timescale of the magnetization reversal [31] and spin precession [32; 33].

In the femtosecond time domain, ARPES has been very successful using the UV

pulses produced by high harmonic generation (HHG) techniques with femtosecond

near-infrared laser sources. Increasing the time resolution has dramatically expanded

PES by allowing to capture the dynamics of the electrons, spins, and atoms on

fundamental timescales, thus adding time as a new dimension and a powerful tool to

understand complex materials. The femtosecond range corresponds to the sub-eV

physics of condensed matter, as given by the meV energy scale of typical elementary

excitations. Time-resolved measurements are generally realized in a pump–probe

stroboscopic mode: a femtosecond laser pulse, the pump, excites a system into a

non-equilibrium state, and the time-delayed probe, synchronized femtosecond (soft

X-ray) pulse, monitors the system’s response and relaxation. The use of ultrashort

photon pulses limits the achievable energy-momentum resolution in pump–probe PES

due to time-energy uncertainty and vacuum space-charge effects. But high-resolution

spectroscopy remains possible, e.g. with 90 meV (FWHM) energy resolution at a time

resolution of 20 fs (FWHM).

Time-resolved soft X-ray PES (TR-XPES) promises comprehensive stroboscopic

movies of the fundamental electronic structure dynamics in energy-momentum space,

including the population of electronic states and the probing of unoccupied states,

combined with the atomic site-specific chemical and structural dynamics in real space.

In a single experiment, we will be able to simultaneously track the motion of electrons,

spins, and atoms on their natural timescales. TR-XPES will also be a creative tool
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to access hidden or competing phases that are unattainable in equilibrium and to

stabilize and probe entirely novel transient phases. TR-XPES in a NAPP environment

will allow to understand chemical reactions and catalytic processes in realistic

conditions. Time-resolved SW-PES will provide new opportunities to understand

materials like the 2D electron gases buried at the interface between two oxides,

multilayer structures, etc. The time variable will also allow investigating the properties

of electronic devices, chemical and catalytic systems in-operando conditions.

Currently, the implementation of TR-PES with femtosecond resolution is limited by the

photon energy range accessible. Laser-based sources are currently able to produce

sufficient photon fluxes at kHz repetition rates to perform experiments up to ∼150 eV

using HHG techniques [34]. Many HHG implementations below 100 eV are currently

available at universities but also as user facilities (ARTEMIS at CLF, NFFA at Elettra,

JILA at Boulder, CELIA at Bordeaux, etc.). The production of soft X-rays with laser

sources is theoretically possible and has been experimentally demonstrated up to

the keV range. However, the maximum flux currently achievable has so far only

allowed proof-of-principle experiments. One of the limitations arises from the fact that

conventional phase matching required to produce intense HHG pulses is not possible

with the typical wavelength of the most powerful femtosecond lasers, 800–1030 nm.

Therefore, other implementations like quasi phase matching, use of two counter

propagating beams, etc. need to be used and optimized. These techniques will

also require the development of intense laser sources at longer wavelengths in

the mid-infrared regime, > 2000 nm. Recent successes in this direction have been

achieved. High output power at 3000 nm as a first stage of a laser-based soft X-ray

source have been recently reported [35]. This paves the way to produce intense

photons pulses up to 1 keV for time-resolved PES experiments, thus extending the

proof of principle demonstrations and theoretical calculations [36; 37].

Femtosecond PES experiments using accelerator-based sources are available only at

free-electron lasers (FELs). The femtosecond pulses produced at slicing sources in

synchrotrons are too weak to carry out successful PES experiments. Since the usable

photon pulse energy for the successful implementation of PES is limited to the nJ

due to space charge effects, the ideal sources need to have at least kHz repetition

rate. This calls for the use of FELs with superconducting acceleration technology.

In this respect, the FLASH FEL in Hamburg has pioneered the implementation of

TR-PES experiments. The facility produces photons up to the carbon edge in the first

harmonic. Experiments with a third harmonic up to ∼ 1 keV are possible, and results

have been reported [38; 39; 40; 41]. The current energy range accessible allows, like

in the case of laser-based sources, to realize complete PES experiments, but only

shallow core levels in backscattering geometry can be studied. On the hard X-ray end,

a proof-of-principle demonstration of HAXPES using 60 Hz repetition rate has been
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done at SACLA.

The concept of fs TR-XPES experiments is depicted in Figure 2.2. The chosen

example is 1T–TaS2. The first two panels show ARPES measured with an HHG

source [42] and XPS experiments using the FLASH FEL at 165 eV [43]. The

diffraction experiments were measured with ultrafast electron diffraction [44]. The

ultimate dream of performing complete PES combining ARPES, XPS, and XPD

using soft X-rays is now possible at the SASE3 undulator system of the European

XFEL. The soft X-ray range available will allow to perform XPD experiments in forward

scattering, thereby opening the unique possibility to investigate all the degrees of

freedom of materials with femtosecond resolution. The same capabilities will also be

available at LCLS-II up to 5 keV after the upgrade is completed. PES is one of the

proposed techniques to address three of the six broad areas of science in which

LCLS-II has proposed to open new frontiers [45].

Figure 2.2: Complete time-resolved soft X-ray PES combines time-resolved ARPES, XPS,

and XPD into a single experiment and it would allows simultaneous measurement of the

time-dependent electronic, chemical, and geometric structure as well as spin structure. Top

and middle panels in the figure correspond to PES and XPS measurements on 1T–TaS2. The

bottom panel is a diffraction pattern measured using ultrafast electron diffraction (UED) on

the same compound. Equivalent experiments could be done using soft X-ray photoelectron

diffraction (XPD).

The implementation of TR-XPES at the SXP experiment in the SASE3 undulator
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system is of paramount importance for the scientific community since it will provide a

unique environment to investigate unexplored scientific possibilities. On the one hand,

TR-XPES expands the energy limits of the FLASH FEL and HHG laser sources to the

soft X-ray domain. On the other hand, it allows improving the time resolution currently

available at synchrotrons. The implementation of the afterburner to produce variable

polarization Section 1.2.2 on page 15 will also allow the realization of spin-resolved

experiments both at the valence band and core levels. Besides the broad soft X-ray

range that will be used to explore the properties of materials, SXP will benefit from a

laser system with a wide tunable wavelength, THz to UV, to cover the characteristic

meV to eV energy scales of materials. The controllable excitation fluence (µJ/cm2 to

mJ/cm2) will allow to go seamlessly from weak to strong perturbation.

The singular possibilities of the TR-XPES project at SXP make it fully compatible and

complementary to the goals of other existing European facilities like ESRF or ELI

[46; 47] and other sources available to the user community: CLF, SOLEIL, BESSY,

FERMI, CITIUS, and NFFA. The TR-XPES project, together with the implementation

of TR-PES at LCLS-II, provides the only soft X-ray PES experiments for the user

community foreseen so far. Future developments in the field are to be expected,

like the upgrade of FLASH to 1 keV or the development of laser-based soft X-ray

sources with sufficient flux to carry PES experiments. Altogether, these sources are

expected to contribute to the development of complete femtosecond time-resolved

photoemission.
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Photoemission science opportunities2.1

Electron dynamics underlies all fundamental processes in chemistry and

materials physics; it is intellectually challenging in complex quantum materials and

technologically relevant at solid interfaces. Complete time-resolved soft X-ray PES is

the ideal tool to study electron dynamics, including spin dynamics, and its intertwining

with short-range structural dynamics at the fundamental level, as the dynamics

happens in real time in materials and at interfaces. The inherently multimodal

technique allows comprehensive characterization of transient states by providing

time-dependent snapshots of the electronic, magnetic, chemical, and geometric

structure, as shown in Figure 2.2. This unique capability will enable unprecedented

insights into underlying microscopic mechanisms. Complete time-resolved soft

X-ray PES, as envisioned here, can allow the understanding of key questions in the

dynamics of materials science (see e.g. [48; 49; 50]).

Measuring the electron–phonon coupling interaction strength2.1.1

The fascinating properties and rich electronic behaviour of materials emerge from the

interactions of their electronic (charge, spin, orbital) and lattice degrees of freedom.

Measuring the strength of the interactions is crucial but often difficult because of the

multiplicity of competing interactions. Time-resolved methods can separate a specific

interaction from other effects and probe its strength directly. A well-known example is

the measurement of the electron–phonon coupling parameter (λ) by time-resolved

spectroscopy, originally for metals [51], but later also for other materials, including

semiconductors, superconductors, ferromagnets, and strongly correlated electron

systems. An ultrashort laser pulse creates a non-equilibrium electron distribution in a

cold lattice; the hot electrons thermalize with the lattice on a picosecond timescale via

electron–phonon interactions; and the measured thermal relaxation rate gives the

coupling parameter. This approach has been extended to extracting the couplings

between multiple baths of e.g. electronic charges, their spins, and phonons from

the rate of energy flow between them [52]. More recently, an intriguingly direct and

purely experimental method has been realized to measure the electron–phonon

coupling strength in materials, as quantified by the deformation potential, i.e. the

band energy shift per underlying atomic displacement [53]. The approach is based

on coherent phonon-generation in two separate time-resolved experiments on

the same material: the oscillations in the atomic displacement corresponding to

a specific phonon mode are extracted from time-resolved X-ray diffraction data,

while the coherent phonon-induced oscillations in the energy of specific electronic
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states are measured by time-resolved ARPES. Quantitative combination of the

diffraction and spectroscopy results provides a remarkably precise value for the

phonon mode–specific and electronic state–specific deformation potential. In practice,

however, the approach faces the challenge of providing similar sample and excitation

conditions for separate experiments. Complete time-resolved ARPES will allow to

track the pathways of quasiparticle scattering throughout energy-momentum space

and measure quasiparticle lifetimes and non-equilibrium electron temperature. In

combination with XPS and XPD, it will allow measuring electron–phonon coupling

using a single photon probe.

Understanding the ultrafast dynamics of phase transitions2.1.2

Many materials undergo phase transitions involving charge, spin, orbital, or lattice

degrees of freedom, as they are strongly intertwined. The delicate interplay of

competing phases often manifests itself in complex phase diagrams, typically

displayed as temperature versus doping or pressure plots. The driving mechanism of

phase transitions is one the central topics in condensed matter physics. Besides its

scientific interest, phase transitions often have technological applications. There is

a wide variety of materials to investigate: colossal magnetoresistance manganites,

titanates, multiferroic oxides, superconducting cuprates, etc.

Understanding phase transitions thermodynamically is often cumbersome since the

phase changes are relatively slow. Femtosecond laser pulses, by contrast, can drive

the transition from one phase to another on ultrafast (i.e. sub-picosecond) timescales

due to the coordinated dynamics of electronic and lattice degrees of freedom, or

at least lead to a rapid (partial) quenching of orders. Time-resolved pump–probe

techniques are then used to measure the speed and magnitude of the changes and

determine to what degree they are nonthermal, i.e. not driven by rapid lattice heating.

Yet, the central theme is to apply temporal discrimination to disentangle the complex

interplay of electronic (charge, spin, orbital) and lattice orders, exploiting the speed

gaps in electronic and lattice motion, and gain insight into the mechanisms underlying

the transformation. Such experiments would require variable polarization, resonant

energy conditions (e.g. L edge of Ti, Mn, Cu), and spin-detection, in pump–probe

experiments [54; 55].

One of the most extensively studied examples is the ultrafast (partial)

demagnetization of ferromagnets by femtosecond laser pulses [52], where the initial

observation on Ni has soon been extended to a broad range of other materials. The

surprising aspect is the shortness of the quenching timescale, and the quest is still to

explain how angular momentum is lost on this timescale.
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Another interesting magnetic system with strong interplay among the electronic

density, lattice structure, and spin interactions and potential applications is FeRh.

This metallic alloy is particularly interesting because of a first-order phase transition

from an antiferromagnetic to a ferromagnetic state happening at about 400 K [56]. It

has been shown that changes in the electronic properties induced by a short laser

pulse play a major role in triggering the first-order phase transition in FeRh [57]. More

recent experiments at the MHz repetition rate FLASH FEL have allowed to observe

a change from a antiferromagnetic to a ferromagnetic band structure within ∼300 fs

[58]. The experimental observations are supported by theoretical calculations. While

this new information sheds new light on the nature of this order phase transition, the

complete understanding will be realized when the changes in the electronic band

structure are measured simultaneously with those of the atomic structure. This could

be easily realized by simultaneously measuring photoemission of the valence band

and photoelectron diffraction.

The soft X-ray photon energy range enables to access the details of the electronic

structure of 3D materials, such as perovskites, and other transition metal

oxides. These systems host many interesting physical properties, ranging from

superconductivity to colossal magneto-resistance as well as many phase spin and

metal-to-insulator transitions (MIT), which are poorly understood theoretically. One

canonical transition is that observed in VO2 [59]. This model transition represents a

broad class of transformations in which an electronic phase change is accompanied

by a lattice distortion (e.g. [60]). In these cases, the goal of time-resolved experiments

is often twofold. The first goal is to uncover the mechanism of the photoinduced

phase transition, which tends to be a complex multi-step process involving coherent

displacive and incoherent disorder-driven dynamics [61]. The second goal aim is to

identify the dominant interaction in the ground state and thus clarify its nature, e.g.

whether it is dominated by electron–electron or electron–phonon interaction, as in a

Mott or Peierls insulator, respectively [42]. Another well-known example is V2O3, the

prototypical Mott insulator. At around 160 K, it undergoes a structural transformation

from paramagnetic metal to antiferromagnetic insulator [62]. The reason the

insulating state presents a frustrated antiferromagnetic ordering with a non-negligible

contribution from orbital moment, rather than a conventional Neèl order, is still an

open issue. Spectroscopic tools able to selectively probe specific orbitals and follow

their time-evolution will allow to improve our understanding on this phenomenon.

Spectroscopic studies with soft X-rays have shown the interplay of the different

degrees of freedom in the system and the important role of oxygen in the evolution

of their properties [63]. Particularly interesting are materials hosting several

concurring phase transitions, such as an MIT occurring at the same temperature

as the appearance of magnetic moment ordering. In most of these materials (with
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small band gap in the insulating phase), an impulsive laser excitation is enough to

destroy the magnetic ordering. An interesting point to ascertain is how the electronic

structure of the material is modified by the laser excitation and how the magnetic

order parameter and the atomic structure are linked with such modification [64].

A central capability of complete time-resolved PES is to perform inherently

synchronous photoelectron spectroscopy and diffraction measurements from the

same sample region under identical excitation conditions. This enables simultaneous

recording of the electronic, magnetic, chemical, and geometric structure, while

they evolve interdependently, and it permits to temporally separate electronic, i.e.

functional changes from lattice structural changes. Such unprecedented probing of

dynamic structure–function relationships will contribute significantly to our mechanistic

understanding of ordering phenomena and ultrafast phase transitions in materials.

The technical characteristics of SXP at SASE3 are well tailored to provide the

experimental tools for a deeper understanding of electrons, spins, and lattice

dynamics in physical systems with different phase transitions. Additionally, using a

state-of-the-art delay-line detectors in combination with momentum microscopes

provides us with a highly-efficient short-to-short detection scheme, which gives a

possibility to fully utilize and accommodate a high number of FEL pulses, up to full

bunch train at the maximum possible repetition rate of the European XFEL. The

flexible laser setup, which is foreseen to provide the optical excitation, will also allow

investigating the dynamics under a wide range of excitations.

Charge, spin, and heat flow at their fundamental dimensions2.1.3
and across interfaces in quantum materials

As introduced above, quantum materials are solids with exotic physical properties,

arising from the quantum mechanical properties of their constituent electrons [19].

This broad class of materials includes strongly correlated, topological, spin, and 2D

materials, as well as nanostructures and heterostructures made from these. Classical

manifestations of electronic quantum effects in materials are ferromagnetism,

ferroelectricity, and superconductivity. More exotic examples include quantum

Hall effect, high-temperature superconductivity, colossal magneto-resistance,

metal-insulator transitions, topologically protected states, and spin liquids and ices,

as well as emergent electronic properties at heterojunctions and interfaces. All

these intriguing phenomena directly result from a complex interplay of many-body

interactions and various factors such as symmetry, topology, dimensionality, disorder,

fluctuations, and confinement. A common characteristic is that the elementary

excitations of quantum materials can be very different from the individual electrons
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and atoms that constitute the material. In particular, the particle-like excitations can

mimic and transcend the behaviours of the particles found in high-energy physics.

Examples here are massless Dirac and Weyl fermions, Majorana fermions that

are their own antiparticles, quasiparticles with fractional charge and statistics, and

magnetic monopoles. Moreover, quantum materials with strong electronic correlations

are often characterized by a delicate balance between competing or intertwined

phases, so their properties are highly tunable by e.g. strain, doping, nanostructuring

and heterostructuring, or electrostatic gating. Importantly, in quantum materials on the

brink of instability, weak stimuli can cause anomalously strong responses. Quantum

materials thus provide some of the most productive platforms for discovering

fundamentally new physical phenomena and phases of matter, solving fundamental

problems in physics, and realizing entirely new concepts and devices in energy and

quantum information technologies (see e.g. [65; 66; 67; 68; 69]).

The study of the directed flows of charge, spin, heat, and the more exotic excitations

of quantum materials, in response to electric and electromagnetic fields or thermal

gradients, offers a rich scientific playground with close connection to applications.

Renowned examples are Mottronics, spintronics, and valleytronics:

∎ Mottronics aims at utilizing electronic correlation effects, specifically Mott-type

metal-insulator transitions, for novel device functionalities and response

characteristics. A concrete, envisioned device is the MottFET, a transistor

that realizes high-speed, low-power, sub-thermal switching beyond the

Boltzmann limit through voltage control of electronic phase change [70].

∎ Spintronics refers to the exploitation of electron spins in electronic

devices, where pure spin motion avoids the heating associated with

charge scattering. While spintronics has long focused on passing charge

currents through ferromagnets, it has only recently been discovered that

strong spin-orbit coupling in non-magnetic materials and topological

insulators provides efficient ways of generating and converting spin

currents [71; 72]. The underlying effects are the spin Hall effect

and the spin-momentum locking in topological surface states, respectively.

∎ Valleytronics, finally, is a new class of transport phenomena that is based on the

valley degree of freedom of semiconductor band structures [73]. Instead of spin

polarization as in spintronics, the idea is to use valley polarization for information

storage and processing, i.e. to localize electrons in inequivalent conduction-band

valleys in energy-momentum space. Electrons residing in these valleys e.g.

experience opposite effective magnetic fields and will therefore move in opposite
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directions under electrical bias [74].

A common trait of all three examples is that the functionality in device-like structures is

typically studied by electrical bulk transport measurements only, which cannot provide

mechanistic insights. The detection and control of nanoscale currents of charges,

spins, valley polarizations, or collective excitations is a grand challenge that requires

novel advanced characterization techniques.

Complete time-resolved PES will enable us to look into device-like structures and

real devices made from novel materials, while they operate, and probe interfacial

electronic structure changes under gate bias as well as the fundamental dynamics

of electron and spin populations in energy-momentum space and the charge-state

response at atomic sites. Exploiting bulk and interface sensitivity, spin resolution,

and polarization control, we will be able to track ballistic and drift-diffusion charge

currents across interfaces as well as spin- and valley-polarized currents, reveal the

accumulation of spins and valley polarization at surfaces and interfaces, directly

observe spin and valley Hall effects, and also follow the propagation of elementary

excitations such as phonons (heat) or excitons and their transfer across interfaces.

Qualitative creation, probing, and control of new quantum2.1.4
states

Beyond a new view on thermally accessible phases and phase transitions,

time-resolved pump–probe methods offer the unique opportunity to create and

study new phases of matter under non-equilibrium conditions by driving materials

at their characteristic low-energy scales or by inducing light–matter mixed states.

Selective excitation of specific collective modes and electronic resonances permits

us to selectively and coherently manipulate lattice and electronic structures and

induce new states and phenomena that do not exist in equilibrium. A specific

and intriguing example is light-induced superconductivity. In recent experimental

demonstrations on cuprates and the molecular solid K3C60, intense mid-infrared

pulses were used to resonantly drive large-amplitude oscillations of selected lattice

vibrational modes, resulting in the transient emergence of superconducting-like

states in a non-superconducting system or at temperatures far above the equilibrium

superconducting transition temperature [75; 76; 77]. These remarkable observations

have been associated with the suppression of a competing charge-ordered state, the

redistribution of coherence in interlayer coupling, or the modulation and enhancement

of the Cooper pairing strength, respectively. But a detailed understanding of how

long-range quantum coherence is established in these experiments is still lacking.

The approach and problem readily extend to the light-induced enhancement and
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creation of other forms of electronic order, such as charge- and spin-density waves or

Mott insulators.

Another rapidly growing field in which ultrashort light pulses are used to engineer

novel quantum phases is light-induced topology. In pioneering experiments, it was

demonstrated that short-pulsed excitation of a topological insulator with a photon

energy lower than the bulk band gap can imprint the coherence of the light field on

the Dirac surface states, resulting in the formation of hybrid photon–electron states,

so-called Floquet states [78; 79]. It was also shown how the Floquet band structure,

specifically its Dirac crossings, can be manipulated in a highly controlled fashion using

circularly polarized pump pulses. In the meantime, various time-dependent protocols

for inducing topological phenomena by tailored light pulses have been predicted

and are pending experimental verification. These include the transformation of

conventional materials into topological insulators and chiral spin liquids, the switching

between topological insulator and (Dirac and Weyl) semimetal states, and the creation

of topologically protected edge states and quantum Hall phases without external

magnetic field. In a recent representative first experiment along these lines, THz

pulses have been used to drive a large-amplitude shear lattice deformation in a Weyl

semimetal, switching the system to a topologically distinct transient phase with higher

symmetry, albeit without a direct proof of the topological changes in the electronic

structure [80].

Direct information on the transient electronic structure is crucial for the design of a

desired state of quantum matter and to prove its existence. Complete time-resolved

PES is therefore the primary tool for the discovery, understanding, and manipulation

of new transient electronic phases of quantum materials. The technique is sensitive

to the defining electronic signatures, such as superconducting gaps and topological

states and their spin textures, as well as Floquet states, and it is sensitive to the bulk

and surface electronic structure that is so intimately linked in topological materials.

Complete time-resolved PES can follow how transient states emerge and disappear

directly in the electronic structure and in the population of electronic states, it can

track the relaxation of energy and coherence, and it can correlate the electronic

structure dynamics with simultaneous changes in the lattice structure. The method

thus provides a comprehensive view of the transitions from conventional equilibrium

phases to new non-equilibrium states and of the dynamic properties of these new

states. A key experimental requirement, however, is to have available fully tunable

ultrashort excitation (pump) pulses across a broad spectral range. From the probe

side the extended energy available SXP, reaching up to tender X-rays, would allow

studying the surface versus bulk dynamics. It will also allow extending the technique

to the study of buried interfaces, heterostructures, and devices. The implementation

of SW-PES, whenever possible, will greatly contribute to the understanding of these
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systems.

Multiple electronic excitations in 2D and 3D electron systems2.1.5

Most measured photoemission spectra consist of quasi-particle peaks and additional

structures, often called satellites. They correspond to multiple electronic or lattice

excitations due to interactions, including e.g. a collective response of the electron gas

to the creation of a hole (missing electron). Their characteristic energy and intensity

are strongly related to charge dynamics. They have been understood with simple

models of electron–boson coupling, which predict that these structures disperse

in energy like replica of the valence bands. Well-studied cases include plasmon

satellites in bulk Si, Graphite, Na, and Al [81; 82; 83; 84].

When the dimension of a system is lowered, screening is weaker and effective

interactions stronger. Therefore, low-dimensional systems are particularly interesting

for the study of phenomena that can only be explained by interaction effects, such as

satellites.

Two-dimensional electron gases (2DEGs) are at the basis of current nanoelectronics

because of their exceptional mobilities. They have been clearly identified at surfaces

and interfaces of several materials and combine fundamental interest with established

technological applications to field effect transistors (FETs) with high-κ dielectric gates,

van der Waals heterostructures, and metallic interfaces between insulating oxides.

A high-quality 2D electron gas has been measured in a few-layer InSe encapsulated

in hexagonal boron nitride under an inert atmosphere. The dynamics of hot carriers

can be monitored by means of two-photon photoelectron spectroscopy [85]. In similar

systems, the bandgap in few-layer black phosphorus, doped with potassium, can be

widely tuned by using an in-situ surface doping technique [86]. The 2D electron gas

observed at the LaAlO3/SrTiO3 interface exhibits simultaneous ferromagnetism and

superconductivity [87]. Furthermore, Polarons at this interface [88] and on the surface

of SrTiO3 [89] have been also observed. In both systems, the electron density can

be controlled by oxygen vacancies [90; 91] and, therefore, also the electron-lattice

interactions and the polarons.

Theoretical prediction of satellites in bulk systems are well reproducing the

measured lineshapes and shading light on the multiple excitations as well as on the

photoemission process itself. Less is known in 2D materials, besides studies on

graphene that have been subject to ongoing discussions [92]. Open questions include

the dependence of satellite position, shape and intensity on the initial density and the
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time-dependent density of carriers after excitation, the strength of intrinsic satellites in

lower dimensions, or an effect of the substrate.

Photoemission experiments at the Soft X-Ray Port (SXP) at SASE3 are well-suited

for a better description and a deeper understanding of multiple electronic excitations.

The high repetition rate makes photoelectron spectroscopy experiments meaningful

by giving access to an acceptable signal-to-noise ratio. The soft X-ray photons, by

increasing the electron mean-free path, give access to 2DEGs electronic structure at

buried interfaces. Thanks to these tools, pump–probe experiments performed with

the European XFEL short timescale would give a complete description of electron

dynamics after laser excitations. The laser-induced modification of the local charge

distribution will induce predictable modifications in the satellite (plasmon, polarons,

etc.) structure.

Low-dimensional silicon systems2.1.6

Low-dimensional nanomaterials development represents one of the main routes

in modern technology. The reduction of dimensionality often results in new exotic

properties, like topological protected phases or increased spin-orbit effects based

on quantum size effects. One system of particular interest is the case of silicon

(Si) low-dimensional nanomaterials. They would allow realizing nanoelectronics

compatible with the existing silicon microelectronic technology. Numerous systems

have been realized to date with different dimensionality: 2D silicene [93], 1D silicon

nanotubes [94] and nanowires [95], silicon nanorods [96], silicon nanoribbons (SNR)

[97], and finally Si quantum dots [98]. Applications of the realized structures can be

foreseen, either based on their intrinsic electronic properties or by using them as one

of the building blocks in heterostructures. In the latter case, it has been shown that

SNR can be used as a template to realize 1D Co or Mn structures that can be used

to investigate magnetism in low dimensional nanostructures as well as opening new

avenues to realize nanometric devices for spintronic applications [99]. Moreover,

SNRs on their own have been used to realized FET biosensors for organic molecules

with applications in life science and diagnosis [100]. They have also been used to

develop multiplexed pH measurements [101].

The lowest dimensionality systems, from the quantum dot to multilayers of 1D

nanoribbons, have been best realized via bottom-up approaches using metallic

surfaces as templates. These systems have been shown to grow nicely on the (110)

surface termination of metallic surfaces: Ag, Au, Pt, or Al. All these surfaces have a

tendency to stabilize with a missing row reconstruction that serves as a template for

the growth of the Si nanostructures. The best template found so far is Ag(110) [102].
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This surface does not exhibit a missing row spontaneously, but it develops it upon

deposition of adsorbates, like Si. A variety of different Si nanostructures has been

realized on Ag(110) using a bottom-up approach and classical surface preparation

methods in ultrahigh vacuum conditions. The characterization of the synthesized

structures is done using a combination of surface techniques: LEED, Auger, XPS,

ARPES, and STM. Moreover, STM has also been used to manipulate the nanoribbons

and measure their transport properties [103].

XPS measurements of the Si 2p core level have been decisive to understand

the structure of Si nanoribbons. In combination with STM and theoretical DFT

calculations, it has been shown that the Si nanoribbons arrange in a pentagonal

configuration. This is so far their most outstanding property [104]. One reason is that

pentagonal Si motifs are hardly found in nature. On the other hand, the pentagonal

arrangement may explain why the realization of silicene, the Si analogue of graphene,

has been so elusive. Furthermore, pentagonal structures, like penta-graphene, have

been proposed as structures with outstanding properties competing with that of

graphene.

This application concentrates on the use of TR-XPES to investigate low-dimensional

systems made out of Si or where Si is one of the building blocks. Time-resolved soft

X-ray XPS and XPD will be used as a new tool to help in the cumbersome problem of

solving Si nanostructures. Furthermore, the technique will be used to understand the

interaction mechanism with biomolecules like carcinoembryonic antigen solutions, in

view of improving the biosensor technology. The study of low dimensional structures

of 3d transition metals (Cr, Co and Mn) based on SNRs with femtosecond resolution

will be of paramount importance to understand the interplay between magnetism and

structure in these system. The properties of the transient induced states will allow

testing the use of these materials in ultrafast spintronics applications.

Probe and manipulation of topological phases2.1.7

Magnetic topological insulators permit the observation of the quantum anomalous

Hall effect with topologically protected lossless edge states [105]. These promise

applications in charge-based electronics as lossless interconnects and in spintronics

as spin-polarized edge states that can form networks around magnetic domains,

and for spin-charge conversion. At interfaces with superconductors, chiral Majorana

fermions occur that are envisioned for braiding operations in qubits [105]. The focus is

recently moving from established randomly substituted impurity systems with Cr and V

in (Bi,Sb)2Te3 to intrinsic stoichiometric topological insulators, such as MnBi2Te4 as

bulk compound [106] or MnBi2Te4/Bi2Te3 heterostructures [107]. These made the long
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sought magnetic gap and the expected out-of-plane (hedgehog) spin texture of the

Dirac cone accessible by ARPES [107]. The phase diagram of these systems is very

rich and comprises ferromagnetic and antiferromagnetic topological insulators as well

as magnetic Weyl semimetal phases, often separated by very small differences in

total energy.

The spin-charge conversion is an important application of magnetic and nonmagnetic

topological insulators in spintronics. Pump–probe spin-resolved ARPES experiments

can be designed to directly detect spin-charge conversion at interfaces, making

also use of the enhanced probing depth of soft X-rays. A peculiarity of magnetic

topological insulators is that a reversed magnetization corresponds to a different

topological phase and, correspondingly, a magnetization reversal goes along with

a topological phase transition. Furthermore, in trilayer structures comprising two

coupled magnetic topological insulators, the relative orientation of the magnetization

decides between an anomalous quantum Hall insulator and an axion insulator that

allows switching the topologically protected edge states on and off. Pump–probe

ARPES can explore the conditions for such switching by optical means where, among

others, the role of bulk versus surface transitions needs to be investigated. In this way,

infrared pump pulses could drive topological phase transitions. It is not clear how this

will change with magnetic topological insulators above the Curie temperature, which

is currently less than 15 K and is expected to rise with different compositions and/or

magnetic proximity effects.

Figure 2.3: Ultrafast dynamics of Dirac fermions in a topological insulator (from [108]).

(a) Experimental geometry. (b) Time-resolved ARPES with circularly polarized light.

For nonmagnetic topological insulators, pump–probe spin-resolved ARPES can

be used not only to probe the influence of spin-forbidden transitions in the decay

of excited electrons [109] but also to control the spin texture in the excited state

via circularly polarized pump pulses [109]. It is not clear how this polarization will

interact with a ferromagnetic spin texture and whether it will facilitate magnetic

switching. At high fluences of circularly polarized infrared light, a magnetic gap is

expected and has been reported at the Dirac point for Bi2Se3 [110]. An observation

of the expected hedgehog spin texture and its decay in the time domain would give

valuable insights into transient topological magnetic states. This requires a highly
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efficient detection scheme for complex spin textures. Of particular interest in this

context is the relation between the transient spin splitting of bulk bands and the

timescale of ultrafast demagnetization, along with the ability to control the efficiency

of the microscopic processes that would allow switching on and off the hedgehog

spin texture in the time domain. Circularly polarized infrared light has been reported

to generate spin-polarized currents at the surface of topological insulators [110].

However, in time-resolved ARPES (Figure 2.3 on the preceding page), it is not clear

so far whether such unidirectional currents observed in the Dirac cone [108; 111]

cancel out completely when all directions in momentum space are considered [111].

Another example of topological phase transitions that are likely to be driven by

optical excitations is found in topological crystalline insulators. These are protected

by specific crystal symmetries and display an even number of Dirac cones in

the Brillouin zone. These occur consequently away from the zone centre, which

requires larger photon energies to provide the necessary electron momentum. When

Pb1−xSnxSe(111) is doped with small amounts of Bi, a topological phase transition

occurs to a state with an odd number of gapless Dirac cones, bringing it into the

same topological class as Bi2Se3 [112]. It is believed that this is due to a ferroelectric

distortion and could be driven by laser excitation. Finally, if these materials are

magnetically doped, they will follow other constraints concerning the magnetic

anisotropy and permit different topological phases and spin textures [105]. A study of

varying pump energy, fluence, photon energy, helicity, charge doping, and magnetic

doping of these phenomena will give insights into fundamental phenomena and pave

the way for future applications in spintronics and quantum computing.

Transient electronic states for quantum computation with2.1.8
topological matter

De-coherence represents a major obstacle along the path towards the fabrication of

scalable quantum computers. Topological quantum computation may provide an

elegant way around the problem of de-coherence. The idea is that one can encode

by optical means non-local quantum information in the surface and/or interface

states of hetero-structures consisting of topological materials. These transiently

populated states display three distinctive properties at once: they are topologically

protected against corruption by the environment; they present lifetimes exceeding 10

ps [113] and reaching several microseconds in specific materials [114]; and their spin

character can be defined by selective excitation of one of the spin-polarized branches

of the Dirac cone, even with linearly polarized light [115]. Therefore, the optical control

of the surface and interface currents of topological matter opens novel perspectives

for opto-spintronic applications and will be another fundamental ingredient within the
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general concept of all-optical switching. The unique combination of the European

XFEL source and the spin-resolving ToF k-microscope is suitable to shed light on

the dynamical processes occurring in hetero-structures consisting of topological

materials. The extended photon energy range of the European XFEL can be used

to probe their electronic states by time-resolved photoemission spectroscopy at

variable depths, thus providing information from the surface as well as from buried

interfaces. The ultrashort pulses allow to determine the characteristic timescales

of the transient population and de-population of the topological states upon laser

excitation, also as a function of the polarization of the pump and probe pulses. Finally,

tiny details of the electronic structure, such as the coupling of spin-polarized surface

and interface states with bulk bands, will be pointed out thanks to the time-, energy-,

spin-, and momentum-resolved capabilities and the highest detection efficiency of the

momentum microscope.

Ultrafast dynamics of topologically protected magnetic2.1.9
nanostructures

Time-resolved magnetic imaging using XPEEM has been mostly focused to

processes occurring in the GHz regime, such as spin precession, domain wall motion,

and magnetization reversal. The technique has found applications in studies on

spin-torque–induced domain wall motion in racetrack magnetic memory design [116].

Topologically protected domain structures, such as skyrmions, recently observed

in static measurements at room temperature and zero field [117], are also at the

centre of current scientific attention. Another synchrotron-based microscopy, namely

STXM, demonstrated that dynamic excitations in skyrmions are controlled by the

spin–orbit torque and occur on the nanosecond timescale [118]. Pump–probe imaging

(Figure 2.4 on the next page) also revealed the theoretically predicted “Skyrmion

Hall effect”, in which current-driven skyrmions acquire a transverse velocity [119].

Whereas domain wall motion takes place at around the nanosecond timescale,

ultrafast spin dynamics require femtosecond resolution and thus remain out of reach

at synchrotrons.

Indeed, recent studies at FEL sources revealed spin switching and

magnetization/demagnetization down to the femtosecond regime [120; 121; 122].

Similarly, laser-induced generation of skyrmion bubbles, demonstrated in ultrathin

ferromagnetic layers [123], and laser induced skyrmion nucleation observed

with soft X-ray scattering at the SCS experiment of the European XFEL [124],

are interesting subjects for ultrafast microscopy studies using optical excitations.

Moreover, implementing skyrmions in antiferromagnetic/ferrimagnetic alloys, a very

recent topic of interest, promises yet another route in dynamic microscopy studies,
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Figure 2.4: Schematic of the technique to measure Skyrmion Hall effect [119]. (a) Scheme of

the multilayer sample. (b) Scheme of the measurement setup using a nano X-ray beam passing

through the sample. (c, d) Movement of Skyrmions after excitation with an alternating current.

The ultrafast dynamics is not accessible due to the limited time resolution of synchrotrons.

as antiferromagnets are in general expected to display faster dynamics compared to

their ferromagnetic counterparts [125]. Clearly, in aiming at understanding dynamic

phenomena in these and similar systems, the combination of PEEM with FELs may

provide a unique investigation tool. Momentum microscopes will allow performing

these experiments when used in spatially resolved mode.

Charge transfer processes at organic interfaces and in solar2.1.10
cells

Singlet fission (SF) is a photophysical process in which an optically excited singlet

exciton (S1) in an organic chromophore is converted into two triplet excitons (T1).

The advantage of such process is that, with one photon, two excited electrons can

be generated and, by an appropriate choice of light-harvesting materials, a solar cell

efficiency of 44.4 % can theoretically be achieved [126]. In the last decade, several

SF organic chromophores, such as polyacenes (tetracene, pentacene, hexacene) or

isolated polymers (poly- or oligoenes) have been studied by combined experimental

and theoretical approaches [127; 128], but there is no consensus on the fundamental

description of SF to date [129; 130].

The decay dynamics of triplets formed by singlet fission in pentacene thick films

have been recently studied at the Elettra synchrotron by means of time-resolved
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Figure 2.5: Exciton dynamics in pentancene as a function of delay time. The population of the

different excited states between the femtosecond and the microsecond timescales is displayed.

carbon K-edge XAS [131]. For the first time, the Carbon K-edge XAS spectrum of

the molecules in the triplet state was measured. However, the 100 ps pulse length

available at the synchrotron did not allow to monitor the fission process that takes

place in less than 100 fs. At the European XFEL, by exploiting the fs pulse duration,

the full study of the fission process could be accomplished. In particular, the satellite

structures in C 1s photoemission of pentacene in a pump–probe experiment could be

measured. Satellites in core level photoemission are a consequence of the relaxation

of the electronic system following a core-hole formation. The shake-up satellites,

which are observed on the higher binding energy side of the main photoemission

line, can be explained in a simplified picture as additional valence excitations

accompanying the core ionization event. A time-dependent study of the satellite

spectra will provide information on the reorganization of the molecular electronic

system. We expect intensity changes in such distributions due to the dark states that

have been populated by the pump pulse.

Time-domain in-situ X-ray studies of interfacial charge2.1.11
transfer

At the heart of many emerging energy harvesting concepts are interfacial processes

that require an optimized, concerted generation and flow of charge on the molecular

level or across interfaces. Energy harvesting includes both direct photovoltaic light
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to charge conversion as well as photochemical reactions such as the splitting of

water or “sunlight to fuel” applications. Processes evolving on spatial and temporal

scales spanning orders of magnitudes have to be connected to gain a comprehensive

understanding of the fundamental dynamics and processes in order to optimize the

molecular, interfacial, and macroscopic charge and energy transport. Femtosecond

TR-XPES is particularly well-suited to monitor electronic and chemical states of matter

with the elemental site-specificity and chemical sensitivity that is required to test and

improve our fundamental understanding of interfacial chemistry and photophysics in

complex systems. Self-assembled donor-acceptor nanostructures based on organic

molecules are one example of photoactive materials that continue to inspire high

hopes for cheap, sustainable energy solutions. Organic chemistry offers a huge

amount of molecules or compounds to choose from in order to design a system

tailored to the specific application. Preferential conductivity for electrons or holes in

organic electronics is usually achieved by mixing molecular compounds with different

electronic functionalities. The charge transfer process between the (typically organic)

chromophore and the electron acceptor is central to understand and control the

functionality of organic photoreceptor systems. This applies to organic photovoltaics,

organic photoconductors, and even photosynthesis in biological systems.

Figure 2.6: Measured femtosecond time-resolved C 1s XPS spectra of the CuPc-C60

heterojunction as a function of time delay (vertical) and kinetic energy (horizontal) as well as the

result of a global fit procedure that decomposes the heterojunction spectra into contributions

associated with the two separate components CuPc and C60

Recently, we established the first femtosecond tr-XPS measurement of charge

transfer dynamics in a CuPc/C60 bi-layer system using FLASH at DESY. TR-XPES

offers the unique opportunity to investigate the dynamics underlying the charge

transfer process with exquisite site-specificity by monitoring the time-resolved C

1s XPS from the CuPc/C60 system following optical excitation of the chromophore

(Pc). We observe an energy-shifted C 1s XPS line of the C60 electron acceptor after

optical excitation, which can be seen as a direct indicator for the electron transfer to

the C60 (cf. Figure 2.6). A previously unobserved channel for exciton dissociation

into mobile charge carried is identified, providing real time characterization of the time
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scale and efficiency of charge generation from lower-energy charge transfer in an

organic heterojunction. These results open new options for light harvesting in organic

heterojunctions [40].

Ultrafast photoemission spectroscopy study of2.1.12
nanostructured systems: Inorganic nanoparticles embedded
into an organic matrix

Nowadays, when information technology has become an important part of our lives

and the complexity of the mobile gadgets increases, attention is paid to more efficient

and faster memory structures. Super miniaturization with extremely small bit cell size

from microscale to nanoscale and data storage become important issues. There

are tremendous worldwide efforts to develop new memory devices for long-term

storage of information [132; 133; 134]. The new kind of memory based on switchable

resistive materials is commonly ranked as resistive random-access memory (RRAM).

Hybrid systems, mainly consisting of inorganic nanoparticles (NP) blended into an

organic matrix, have been proposed as one type of RRAM [135; 136; 137; 138].

Possible memory architecture is obtained if an organic thin film containing inorganic

nanoparticles is sandwiched between the “cross-point” arrays of electrodes that

consist of narrow metal stripes, running in perpendicular directions above and

below the film, as sketched in Figure 2.7(a). When a threshold voltage, suitable to

write or erase, is overcome the device switches from a high-impedance state to a

low-impedance state and remains in that state even when the power is off. The

changes in resistivity in the high and low conductivity state can differ by 6–8 orders of

magnitude [139; 140], thus allowing to define the “1” and “0” states required to realize

a digital memory.

Figure 2.7: (a) Scheme of a crosspoint memory architecture. (b) Representation of the

molecular structure of the CoPc molecule.

Despite the rapid development in this area many questions are still unanswered [141;

137], the most relevant one being the large resistivity difference between the high
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and low conductivity states. The most fertile model to explain these differences is

based on charge accumulation on the NP, which leads to strong modifications of the

properties of the organic matrix material [140]. Charge accumulation depends on the

specific electron structure and interface interactions between the NPs and the thin

organic film matrix. It has been postulated to occur whenever the NP energy levels lie

within the energy gap of the organic molecules [133; 134]. However, this assumption

has to be confirmed experimentally.

Figure 2.8: Microstructure of nanocomposite thin films made of Ag nanoparticles embedded in

a matrix of CuPc. The TEM pictures show: (a) Structure after 0.4 nm Ag deposition with 50 nm

resolution. (b,c) Display the nanostructures after 5.7 nm Ag deposition with 20 nm and 5 nm,

respectively.

One study case to understand charge accumulation is that of Ag NPs embedded

in a CuPc organic film. The molecule, schematically shown in Figure 2.7(b), has

a planar structure with D4h point symmetry and it consists of a central Cu atom

surrounded by four nitrogen atoms–pyrrole (N1); four other nitrogen atoms–bridging

aza (N2); 32 carbon atoms–pyrrole (C1); and the benzene ones (C2, C3 and C4).

Figure 2.8 shows some results of silver deposition on the outer surface of the organic

film. Due to surface and bulk diffusion of deposited Ag atoms, the embedded silver

nanoparticles were self-assembled, forming a 3D Ag NP distribution in the bulk of the

organic semiconductor. The size, concentration, size distribution, and shape of the

resulting nanoparticles were studied using transmission electron microscopy (TEM)

JEOL JEM-2100 operated at 200 kV. Therefore, the microstructure and evolution of

the morphology of the nanocomposite films as a function of nominal silver coverage

can be studied on atomic and nanoscale levels.

In order to understand the mechanism of charge accumulation in this and similar

compounds, in operando time-resolved XPS studies will be performed during

excitation with voltages and/or optical and THz laser pulses. The evolution of the core

levels as a function of the time delay between pump and pulse will make it possible to

understand the dynamic modifications at the interface between NPs and the organic

matrix as well as the energy level alignment and electronic structure of the system.

The energy range and time resolution available at SXP will give unique opportunities

to associate the contributions of different atomic sites (bulk, steps, twines, facets,
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corners) of the highly ordered nanoclusters (Figure 2.8 on the facing page) to the CL

spectra and electronic DOS. In other words, we will achieve a qualitative assignment

of different features of VB and CL structures. Similar studies should be done for the

organic matrix: to associate the contributions of different atomic species as well as

sites of the organic molecules to the electronic DOS and CL spectra. The studies

will also provide information on the diffusion dynamics and/or cluster formation

of inorganic spices in organic matrix. Furthermore, they will make it possible to

understand the chemical reactions between deposited spices and/or clusters and

organic matrix by means of watching particular sites of clusters (steps, corners,

etc.) and specific atoms and sites of organic molecules taking place in the reaction.

We believe that such measurements will elucidate the mechanism of realization of

non-volatile electrical memory. The use of optical and THz excitations may open new

routes to operate these devices.

Spin-resolved and ultrafast photoemission spectroscopy2.1.13
study of single molecular magnets

Recently, single molecular magnets (SMM) have attracted huge interest because of

their spectacular magnetic properties. The theoretical and experimental communities

pay enormous attention to the fascinating possibility to control the magnetic states of

the molecules through manipulation of the spin of the electrons via applied current or

magnetic field. High chemical stability, spin degree of freedom, and the advantages

of nanosized systems make them promising materials for high-density storage

elements or for future electronics with higher and new performance or functionality.

Of paramount importance for the utilization of the spin degree of freedom of SMM is

a clear understanding of how spin-dynamical processes influence the structure and

reconfiguration on the magnetic state, etc.

Among all molecular magnets, we concentrate our attention on two classes of

complexes. The first includes spin-crossover (SCO) systems [142] containing a

ligand part and transition metal ion/ions that can be switched between a low-spin

(LS) and a high-spin (HS) states by external influence like temperature, light,

pressure, magnetic or electric fields, or charge flow [143; 144; 145; 146; 147; 148;

149]. The SCO properties are related to coexistence of both spin states close in

energy and to conformational stabilization of one of the spin states during the LS–HS

transition. For example, an LS (S=0) to HS (S=2) transition [150] occurs in Fe-phen

molecule [142] (Fe(1,10-phenanthroline)2(NCS)2) at high temperature. It leads to a

change in the Fe-N bond distances and angles [10], resulting to a reduction in the

ligand fields around the Fe site. The second class of systems contains magnetic

molecules with high-spin magnetic configuration in the ground state. Star-shaped
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molecules [151; 152], polyoxometaletes [153], cubates [154], or other molecules like

manganese-12-acetate [155] belong to this category. These SMM are interesting

because of the possibility to reverse the total spin from S to -S. Molecular magnets

from both classes can drastically change the magnetization, electronic structure, and

conformation. Performing TR-XPES experiments at the European XFEL will contribute

to the understanding of the dynamical changes in magnetization, electronic structure,

and conformation of molecular magnets upon selective excitation in view of develop

new spintronic devices.

Orbital tomography2.1.14

Understanding and control of photon-induced dynamics of molecules on solid

surfaces, including charge transfer and ultrafast atomic dynamics, are of essential

importance for surface chemistry but also for novel devices. In the last decade, the

so-called orbital tomography technique has emerged as an exciting tool for imaging

localized electronic wave functions of molecules in thin films [156; 157]. Two decades

ago, it was realized that the excited photoelectron of molecular systems can be

well approximated by the independent atomic center (IAC) approximation [158].

This allows interpreting the measured angle-resolved photoelectron signal as the

density distribution of individual molecular orbitals. The initial state is determined

by a DFT-calculated orbital of an isolated molecule. The final state is constructed

from a coherent superposition of partial final states at each atomic site with spherical

Bessel functions and by considering the inelastic damping and phase shift from

the potential of the emitting atom [159]. Recently, this technique was propelled

into the time domain by exploring ultrafast processes of excited wave packets

and charge transfer dynamics in molecular thin films [160]. In combination with

X-ray photoelectron diffraction (XPD), a well-established technique for obtaining

local structural information of adsorbed atoms or molecules on surfaces [161;

162; 163; 164], one can directly correlate the electronic response with the nuclear

dynamics upon excitation. Such a combined experiment will significantly advance the

understanding of the dynamic evolution of electronic and structural interplay.

Surface chemistry and catalysis2.1.15

The investigation of surface chemistry and catalysis using photoemission has been

one of the central topic of the technique since its origins. The potentiality has been

largely extended thank to the development of the NAPP technique allowing to study

in-operando systems in realistic conditions. The ultimate understanding of chemical

reactions and catalytic processes rely strongly on the successful implementation of

January 4, 2022
54 of 120

XFEL.EU TR-2022-001A
TDR: SXP-A



Figure 2.9: (a) Calculated photoelectron momentum maps of a LUMO orbital. (b) Real space

DFT-calculated LUMO orbital of pentacene. (c) Measured time-dependent photoelectron

momentum map of LUMO. The dynamic evolution in photoemission intensity for pump–probe

delays. The observed distortion and complicated dynamics of the wavepacket can be explained

in the framework of energy transfer between neighbouring molecules and between molecule

and substrate.

time-resolved photoemission experiments. FELs are currently the ideal tool since they

allow extending the energy range of the HHG sources into the soft X-ray regime and

therefore the realization of XPS and XPD experiments.

In last years, a few time-resolved core level PES experiments on surface adsorbates

have been performed at FELs to study their feasibility. In a TR-XPES experiment at

FLASH, photo-induced changes in the top-most layer of an iridium single crystal were

successfully measured. The surface core level shift of 550 meV of the Ir 4f levels

allowed to distinguish between photo-induced changes of the bulk and surface core

level. It was observed that the photo-induced change in the local charge distribution

around the iridium atoms induced by an 800 nm laser pulse is concentrated in

the surface layer, while the bulk signal shows no significant changes. At LCLS, a

feasibility study of time-resolved core-level PES for femto-chemistry experiments has

been performed [38]. Strong effects on the measured core level lines due to vacuum

space charge effects caused by the 400 nm, 10 Hz pump employed for activating

absorbed oxygen on Ru(0001) sample were observed and modelled. Such pump

conditions necessary to have a good yield of the reactions are the ones employed for

the catalysis experiments at LCLS [165]. They cause strong effects that obscure the

chemical shifts due to the reaction, showing that different excitations are necessary to

perform this class of experiments. One option could be to tune the pump to near- or

mid-infrared, where only less likely multi-photon processes can cause emission of

photoelectrons or to use THz radiation, which has been shown to be able to trigger

reactions [166].

Recent developments of the TR-PES at FLASH, the increased understanding of

space charge effects and the use of third harmonic photon energies, have paved the

way to study catalytic reactions with femtosecond resolution. One of the first examples

has been focussed in the efficient degradation of pollutants [39]. In particular, the
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reaction dynamics of the photooxidation of CO on the anatase TiO2(101) surface, an

important reaction for air purification. Time-resolved XPS with soft X-ray photon probe

pulses, hν= 647.9 eV has been used to understand the photooxidation with hν= 1.6

eV near infrared pulses. The experiments have shown that the oxidation to form CO2

from CO and O2 precursors at 3⋅10−7 mbar takes place between 1.2 and 2.8 (± 0.2)

ps after irradiation with no intermediate species. Theoretical calculations predict the

formation of intragap unoccupied O2 levels after irradiation which lead to the formation

of a charge-transfer complex. The subsequent oxidation is realized via a mechanism

involving the direct transfer of electrons from TiO2 to physisorbed O2.

Another research field of high interest in this domain is the investigation of electron

dynamics of light harvesting systems. The need to reduce CO2 emissions is driving

the search for efficient alternative energy sources, with solar power being an attractive

option. Despite spectacular advances in efficiency through materials development,

further improvements are necessary to provide sustainable solutions. A key to

achieving this goal is measurement of the element and state specific carrier dynamics

on the femtosecond timescale. Together with the results of experiments to monitor

bond-breaking and bond-making in photocatalysis, this will provide design criteria for

new materials.

Figure 2.10: Scattering geometry of the pump–probe experiments, with light incident at 45° to

the surface normal in the [001] azimuth. The pump electric field of the incident light is parallel

to the [1̄10] azimuth. The dashed box shows the excitation routes for IR- and UV-pumped

experiments. IR can excite electrons from the band-gap states (BGSs) to the bottom of the

conduction band (CB), whereas UV can excite electrons both from the BGS to a resonance

state (RS) in the CB (small arrow) and from the valence band (VB) to the CB (large arrow)

Recent feasibility studies of TR-PES using conventional lasers on light harvesting

systems have been successfully conducted in a variety of systems: TiO2 [167]

(see 2.10), dye-sensitized metal oxides [168], and hybrid perovskites [169]. They

provide state-selective measures of recombination dynamics following excitation

with visible or UV excitation. Furthermore, this work has provided valuable insights

into the photophysics of several energy dissipation processes, although it has so
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far been restricted to low binding energy states. The highest probe photon energy

used in this work is 30 eV [167]. Measurements in the soft X-ray region using SXP

at SASE3 will allow pump–probe time-resolved photoemission on the femtosecond

timescale that will enable carrier driven chemical reactions and recombination

processes to be followed in real time using valence band changes and core level

shifts. Moreover, photoelectron diffraction will be used to monitor the geometry of

transient intermediates. This will make use of a wide range of pump energies up to

the UV from conventional lasers, which are necessary to investigate light harvesting

photo-physics and chemistry.

The studies carried out so far have been performed in UHV conditions, which are

quite distant from the pertinent technological environment. Investigation in more

realistic conditions require the implementation of time-resolved NAPP experiments.

One interesting study case to realize TR-NAPP would be the investigation of water

chemistry on anatase TiO2(001):(1x4). The process of water splitting by titania was

discovered by Fujishima and Honda in 1972 [170]. Since then, there has been

an immense drive to enhance the photo-stimulated activity of TiO2. Such studies,

typically carried out on single crystal TiO2 substrates, have already resulted in a

considerable archive of nanoscale information [171; 172; 173]. Furthermore, it

has been shown that the anatase-TiO2 polymorph is often more photo-active [174;

175] than the rutile phase. Moreover, anatase-TiO2(001) has been reported to be

highly photoactive for water dissociation [176]. The reason is related to the fact that

UHV-prepared anatase-TiO2(001) invariably exhibits a (1 x 4) reconstruction, which

displays ridges consisting of twofold coordinated O (O2c) and fourfold coordinated Ti

atoms (Ti4c) which drive water dissociation [176]. The role of point defects remains

so far uncertain, in particular when operating near atmospheric pressure s[177].

Performing time-resolved NAPP experiments at different pressures at SXP will allow

a detailed understanding of the water dissociation process under UV irradiation. In

particular, the identification of weakly bound intermediates will shed further light of

the mechanism of water dissociation. The study of samples with controlled level of

oxygen vacancy defects will allow disentangling the role of the O2-vacancies as hole

traps to promote charge transfer to the conduction band. The energy range of SXP

will allow performing XPS and XPD experiments at the O 1s and Ti 2p. From the O 1s

studies, an accurate identification of the oxygen oxidation state will allow following

the evolution of the different species appearing on the surface of the catalyst (OHtop,

OHbridge, Ti-OH, Ti-O, peroxides, superoxide radicals, etc.). The Ti 2p spectra will

also be monitored to investigate the chemical states and electronic structure of Ti2+,

Ti3+, Ti4+ as well as chemical shifts due to the presence of oxidation states on the

surface. The observation of chemical shifts to higher/lower binding energies than

nominal Tin+ (n integer) states would indicate the presence of hole/electron traps that

would be enhanced in the anatase-TiO2(001) film with oxygen vacancies. These
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energies would permit to get information on the type of mechanisms coexisting

at the surface of the catalyst: charge transport, trapping, and reaction of the

photo-generated electrons/holes on the photo-excited TiO2. Besides the intrinsic

water splitting dynamics, the evolution of the C 1s will be measured during the

reaction process to check the possible evolution of carbon growth contaminants on

the surface as well as CO/CO2 formation and its interplay with the water splitting

efficiency.

The extended energy range at SXP will allow extending conventional soft X-rays

NAPP studies into the NAPP-HAXPES regime. This implementation will facilitate to

increase the pressure at which the experiments are performed, on the one hand, and

to understand the role of the different layers in heterogenous samples [178] as well as

to address interface electrochemistry at working electrodes, on the other hand.

Experimental setups2.2

The proposed experiments will benefit from two systems developed to perform spin-

and time-resolved photoelectron spectroscopy: a wide angle electron spectrometer

(WESPE) equipped with commercial ToF detectors (University of Hamburg) and

a home-built spin-filtered high-energy ToF momentum microscope (Johannes

Gutenberg University Mainz) described in Section 2.2.2 on page 60. These two

setups will allow performing most of the science applications discussed above at day

one. The momentum microscope allows also for spatially resolved measurements.

Other user groups have expressed their interest in bringing experiment stations

optimized for PEEM microscopy, high temperature ARPES, etc. Special developments

to realize NAPP experiments will be also studied and implemented.

Wide-angle electron spectrometer: WESPE2.2.1

The wide-angle electron spectrometer (WESPE) is an ideal tool for time-resolved

electron spectroscopy at high repetition rate FEL sources. In its final version, depicted

in Figure 2.11 on the facing page, the WESPE experiment station will be equipped

with two ToF spectrometers. This configuration will allow coincidence measurements

of bulk- and surface-related electron dynamics and it will increase the overall signal

intensity for some sample systems.

Currently, WESPE is equipped with only one ToF analyser (SPECS, model Themis

1000) with a segmented, position-sensitive delay-line detector (Surface Concept,

3D-DLD-4Q). The segmented DLD detector provides high detection efficiency with
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single event detection capability. The spectrometer benefits from the wide detection

angle and a good energy resolution (approx. 200 meV) within large energy windows

(up to 18 eV width). The spectrometer is mounted to a µ-metal experiment chamber,

which houses beam diagnostic tools and is connected to a further recipient for sample

preparation. The preparation chamber is equipped with standard sample preparation

tools, such as a sputter gun, a mass spectrometer, and a LEED/Auger system.

Depending on the needs of the users, adding evaporators, a quartz crystal balance, a

gas-inlet system, or a cleaving tool can extend the UHV system. The flexible sample

holder system allows for variety of different sample materials, sizes, shapes, and

preparation conditions to be transferred into the X-ray beam. The manipulator is

equipped with a continuous-flow He cryostat and reaches temperatures of 25 K at the

sample position. Experiments in UHV as well as in gas atmospheres are possible due

to a gas-inlet system installed at the main chamber.

Figure 2.11: CAD model of the WESPE experiment station
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Spin-filtered high-energy ToF k-microscope2.2.2

In close cooperation with MPI Halle, the Mainz group has established ToF

k-microscopy as a new “approach to ARPES” with the highest degree of

parallelization [179]. The method has been patented [180]. This development adopted

techniques from the earlier achievements of ToF-PEEM [181] and dynamic aberration

correction [182]. The underlying idea of k space microscopy makes use of a basic

concept of optics: in imaging systems, the reciprocal image represents the distribution

of the transversal momentum components. (In mathematical language, it is also

termed the Fourier image.) Owing to k∥ conservation in the photoemission process,

the reciprocal image formed in the backfocal plane of a cathode lens directly shows

the transversal momentum distribution of the valence electrons inside the crystal. The

intriguing advantage is that this method yields the (kx , ky ) distribution in a very large

region. For the high-energy instrument described below, half-space above the sample

surface is covered for initial kinetic energies above >400 eV. Energy recording via ToF

bears the advantage that many energy surfaces are acquired simultaneously. The

measurements shown below employed the 40 bunch mode of the PETRA III storage

ring with a pulse period of 192 ns. In an experiment at the MAX II storage ring, the

full 100 MHz filling pattern could be used, i.e. 10 ns pulse period, which still provides

sufficient time slices for core level XPD studies.

After just five years of development, the novel method has reached a high standard in

terms of data acquisition speed due to the advent of delay line detectors with high

count rate capabilities (∼107 counts per second), developed by the spin-off company

Surface Concept GmbH (Mainz). The combination of the Halle “microscope column”

[183] with the “imaging time-of-flight technology” developed in Mainz provides a

very high data acquisition rate: up to 107 (EB, kx , ky ) data voxels are acquired in

parallel (EB being the binding energy and kx , ky the transversal components of the

photoelectron momentum vector). Using this first-generation ToF k microscope,

comprehensive electronic structure analyses in many relevant systems have been

performed at synchrotrons [179; 184; 185; 186; 187; 188; 189; 190; 191; 192]. In

October 2017, in cooperation with the groups of the University of Hamburg – DESY,

ETH Zürich, and Aarhus University, a first time-resolved pump–probe experiment at

FLASH was carried out.

In order to extend the “k-microscope” applicability to the soft X-ray domain and pave

the way to efficient time-resolved band mapping of large k fields and to ultrafast full

field XPD, a new electron optics has been designed. The new lens accepts the full

half-space above the surface up to initial kinetic energies of more than 500 eV, which

corresponds to an increase of the maximum k field radius by a factor of ∼3 compared

to the low-energy design. Figure 2.12 on the next page shows the result of a ray
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tracing calculation for the high-energy optics with the settings used in the experiments

shown below. The three lens groups are schematically indicated by ellipses; Gaussian

and reciprocal planes are denoted. A special objective lens designed for minimum

spherical aberration forms the first k image in its backfocal plane (BFP). The electron

beam is transformed to the scattering energy of the spin filter (not shown here) by

zoom lens 1 and to the desired drift energy in the imaging ToF column by zoom

lens 2. Photoelectron momentum maps (i.e. the EB vs. k spectral function) are taken

simultaneously in an energy interval of several electronvolts (typically 6 eV) width,

limited by the photon footprint on the sample and the chromatic aberration of the

instrument. Time markers with 10 ns spacing (dots) reveal planar isochrones, an

essential precondition for good energy resolution and negligible “crosstalk” between

longitudinal and transversal momentum components. The latter feature distinguishes

this instrument from existing commercial TOF spectrometers.

Figure 2.12: Simulated trajectories (program code SIMION) for the electron optics of the high

energy k-microscope imaging a large momentum range. Here, a field of 16 Å−1 diameter

is focused to a delay line detector (DLD) of 80 mm diameter (rays for initial kinetic energy

3600 eV). Given an effective pixel resolution of 80 µm, the DLD records ∼1 megapixel (Mpx) at

a time resolution of 150 ps.

The key features of the soft X-ray “k -microscope” are summarized in the following.

Lens system: The new lens system has a large acceptance field, as already

explained. Indeed the transforming the soft X-ray performance into real space

coordinates allows a full image of half-space above the sample surface up to

initial kinetic energies of >400 eV. For a kinetic energy of 3600 eV (simulation of

Figure 2.12), 20 Å−1 corresponds to a 2D angular range (full 360○ azimuth) with 70○

cone angle. The larger acceptance angle results in a gain of an order of magnitude

in total intensity compared to the low-energy ToF k-microscope [179]. The larger

k range increases the information content by imaging many BZs simultaneously.

The recording of photoelectron diffraction patterns when measuring core level

photoelectrons also becomes possible. Furthermore, it has also been shown to

reduce space charge effects. Recent studies have shown they are produced by slow

electrons [193]. The strong extractor field of the lens systems allows us to collect the
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slow electrons into the lens column, thereby reducing the worsening of resolution

induced by space charge effects. Since slow electrons travel essentially along the

optical axis, due to their low transversal momentum, they will have almost no effect in

the recorded momentum maps.

Energy resolution: The energy resolution derives from the energy dispersion:

∆E [meV] = 0.255 (Ed [eV])3/2. It is defined by the length of the drift section, 900 mm,

and a time resolution of the detector system of 150 ps. For drift energies Ed between

60 and 10 eV, the expected energy resolutions are ∆E = 70 meV down to 8 meV,

respectively.

At a given voltage setting of the drift tube Udrift , only electrons within a certain energy

interval can pass the ToF section. For example, with the sample bias set to the kinetic

energy of the electrons at the Fermi edge (Usa = EFermi
kin /e), an electron band between

the Fermi energy and EB is transmitted. Being a high pass filter, a ToF also transmits

contributions of higher orders (2 hν, 3 hν) of the monochromator/undulator. These

higher-order electrons are much faster and thus have a shorter time of flight. Due to

their high energies, the higher-order electrons are essentially unfocused and pass the

microscope column as a pencil beam, confined by the apertures in the ray path.

Detector: It is a delay-line detector (DLD). It has a diameter of 80 mm and a spatial

resolution of 80 µm. This allows resolving almost 1 Mpx of image points, which is

more than the resolution of the electron optics. The 150 ps time resolution allows a

maximum integral count rate of 8 Mcps [194]. The DLD records all counting events in

the selected E-k∥ region confined by the constant energy surface at the Fermi energy

EF and the diameter of the k region of interest. The binding energy (with respect to

EF ) is determined like in classical photoemission (EB = hν- Ekin - Φ; Φ being the work

function), utilizing the relation Ekin = (1/2) me(L/τ)2 (L, τ, and me being the length of

the drift section, the time of flight, and the electron mass, respectively). The events

are accumulated in the (EB, kx , ky ) voxels of a 3D data array. For visualization, either

the full 3D object is displayed or sections can be cut in any plane.

The operation of the spectrometer has been tested at the P22 beamtime of the

PETRA storage ring. Experiments were performed on single crystals of Re (hcp

metal). The full field observation of many repeated BZs and a core-level X-ray

photoelectron diffraction (XPD) pattern on exactly the same k scale establishes a

new type of photoemission experiment, which was impossible with conventional

spectrometers and low-energy k-microscopes (imaging typically one BZ). The

final state in photoemission is a “time-reversed LEED state” [16], since it contains
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the contribution of all scattering paths experienced by the outgoing electron wave.

Figure 2.13 shows large area k space patterns taken at hν = 4800 eV for the d bands

of Re at T≈20 K (cut through the Fermi surface (a)) and for the Re 4f 7/2 core level at

the same energy, showing the (pure) photoelectron diffraction (XPD) pattern (b). At

such high energies, the valence band pattern (a) contains substantial contributions

from XPD. This is evident from the diffraction signature (b) being superimposed on the

band features in (a). Moreover, the final state energy isosphere is displaced by more

than 1 BZ by the transfer of the photon momentum to the photoelectron. Combining

the information on all the possible scattering paths for localized initial states and the

momentum distributions for itinerant d electrons allows us to identify and eliminate

the scattering contribution from the valence band pattern. The result is shown in (c),

revealing the full k patterns of the central, first and second ring of repeated BZs (in

total 19 BZs). The results confirm our new model of XPD on the basis of the Laue

equations [195]. The high count rates pave the way towards spin-resolved HAXPES

using an imaging spin filter as described below.

Figure 2.13: Large area momentum patterns of rhenium taken at hν = 4800 eV using the high

energy microscope at Beamline P22 (PETRA III). k space maps shown for d band features

(a) and 4f core-level photoelectron diffraction (b). Combining all information, the diffraction

contribution in (a) can be eliminated, yielding the true band pattern (c) and corresponding band

dispersions (d).

Spin detection: The momentum microscope can be used to perform

spin-dependent measurement when inserting a spin filter in the electron optics. A

spin filter crystal has been favoured over other possibilities, like conventional Mott

detectors, because it allows us to perform vectorial spin detection. The total electron

optical layout, including the imaging spin filter, is shown in Figure 2.14 on the following

page. The rays have been calculated for the true geometry and for realistic settings.

In the plot, the radial distance in both branches has been exaggerated by a factor 6 in

order to show the details. In the (spin integral) lower branch, data arrays I(kx , ky , τ)

(with τ being time of flight) are recorded by the first delay line detector (DLD 1).

Depending on the energy bandwidth of the radiation, up to several hundred time slices

are recorded simultaneously. For each counting event, the DLD records the three
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coordinates (kx , ky , τ) and feeds them in real time into the data acquisition (DAQ),

where the data are labeled with the corresponding individual microbunch number with

its relevant parameters (like pulse intensity and true time).

Figure 2.14: Ray-tracing calculation of the full electron-optical system of the high energy ToF

momentum microscope, including spin filter. The retractable spin-filter crystal allows for a rapid

change between spin-integral (straight branch, delay-line detector DLD 1) and spin-filtered

imaging (upper branch, DLD 2). Azimuthal rotation allows us to switch from the transversal

(Mott) component Pn to the in-plane spin component Pl . The electron-optical column consists

of cathode lens (forming a k-image in the backfocal plane BFP), zoom optics 1 focusing

a parallel beam on the spin-filter, zoom optics 2 (both in the lower and the upper branch)

focusing a k-image on the DLD, and field-free ToF drift sections. Trajectories shown for 3000 eV

initial energy (radial coordinate of the rays stretched by a factor 6). Top-left inset: Scheme of

simultaneous detection of spin-polarization distribution P(kx , k y , τ) with τbeing the time of flight.

For spin-resolved imaging, the spin filter crystal is shifted into the beam in the field

free space behind the lens column. This crystal acts as a spin mirror for the specular

beam, which is imaged in the upper ToF branch (DLD 2), yielding spin-filtered data

arrays. The top-left inset illustrates the principle of multichannel spin detection,

resolving (kx , ky , τ) simultaneously. The figure of merit Feff ,3D is defined by the

equation in Figure 2.14 (with N being the number of resolved data points, Sij the

asymmetry function, and Iij/Iij ,0 the reflectivity, both dependent on coordinates

i , j). Besides the higher figure of merit, the ToF discrimination bears the additional

advantage that inelastic electrons created in the spin-filter crystal are completely

suppressed in the spin-filtered image (later arrival time τ). Moreover, the scattering
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energy of the spin filter (typically in the range of 10–12 eV) sets a high pass cutoff for

the recorded spectra, suppressing undesired low-energy background (and it allows for

small detection periods as described in [191]).

Vectorial detection is achieved by azimuthal rotation of the spin filter. The component

perpendicular to the scattering plane Pn (Mott component, perpendicular arrow in

Figure 2.14 on the preceding page) is measured using the non chiral diffraction

geometry, whereas the longitudinal component Pl (arrow pointing to the right) is

recorded in the chiral geometry. The latter case bears the additional advantage that

the asymmetry can be easily reversed by opposite sense of azimuthal rotation of the

spin filter crystal.

Owing to its large acceptance range, the high-energy ToF k-microscope is ideally

suited to measure the texture of the linear and circular dichroism in the angular

distributions (LDAD, CDAD). These quantities originate from the orbital wavefunctions

and are thus complementary to measurements of the spin texture, probing the

spinor functions. Measurements in all different spectral ranges allowed observing

pronounced dichroism textures that yield valuable information on orbital alignment in

the initial state and orbital composition of the final photoemission states.

In Figure 2.15 on the following page, examples of spin-dependent measurements

are displayed. In Figure 2.15(a), a cut through the surface and Brillouin zone of

the ferroelectric α-GeTe is shown. Its spin texture is displayed in Figure 2.15(b).

In Figure 2.15(c), a recent example for the CDAD texture in the Brillouin zone of

tungsten is shown. Here, the CDAD was measured in 4D parameter space comprising

the entire d band complex and full bulk Brillouin zone, quantified by the asymmetry

ACDAD(EB,k). Note that the figure shows only one of many energy isosurfaces. The

dichroism in the k pattern provides an important quantity on the quest to the complete

photoemission experiment (further details on this issue can be found in [185]).

XFEL.EU TR-2022-001A
TDR: SXP-A

January 4, 2022
65 of 120



Figure 2.15: (a) kx -ky cut through the surface and bulk Brillouin zones in the ZAU plane at EF .

(b) Spin polarization texture of the ferroelectric bulk Rashba semiconductor α-GeTe. The spin

measurement revealed Rashba split bulk and surface states (from [188]). (c) Circular dichroism

texture of tungsten at EF measured in the soft X-ray range at beamline P04 (from [196]).
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Biological and inorganic catalysts activate chemical bonds in a number of important

reactions. Prominent examples in nature are the light-induced oxygen generation

by water oxidation in photosystem II (PSII), hydrogen atom abstraction with P450

proteins, and the catalytic hydroxylation of C-H bonds with monooxygenase proteins.
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The essential reaction intermediates in these processes are often oxo or oxyl

radical species bound to high-valent first-row transition metal atoms. One key to

understanding the reactivity of these species is to probe their electronic structure

[197]. Soft X-ray spectroscopy at the metal L-edges is ideally suited for this and the

soft X-ray port at SASE3 at the European XFEL uniquely enables such experiments.

Science case3.1

The aim of this application is to understand bond activation with biological and

inorganic catalysts in solution by probing the electronic structure of high-valent

metal intermediates with soft X-ray spectroscopy. The plan is to investigate a series

of bond-activating metalloproteins and inorganic complexes with metal L-edge

absorption spectroscopy. The focus of the project will be water oxidation with PSII,

hydrogen atom abstraction reactions and C-H bond hydroxylation. For each case,

the idea is to perform a series of steady-state and time-resolved measurements on

corresponding metalloproteins, their model complexes, and inorganic complexes

that catalyze related reactions. The femtosecond duration of the X-ray pulses from

European XFEL will be essential for these measurements.

In a number of the catalytic reactions to be studied, the important reactive

intermediates are metal oxo M=O and M-O oxyl radical species, where M is the 3d

transition metal and O is an oxygen ligand atom. They arise in a number of different

oxidation states, and bonding configurations exist during the reactions and empirical

correlations between catalytic activity and the electronic structure at the active

metal center. Mechanistic understanding with simple rules that relate the electronic

structure of the metal and the reactivity of a species, however, are largely missing.

Metal L-edge absorption spectroscopy gives direct access to the metal-derived

frontier orbitals. Oxidation states, charge and spin density distributions, “metal-ligand

bonding” and coordination, and metal spin states become directly accessible.

Combined with electronic-structure calculations, our measurements will provide

unprecedented mechanistic insight into chemical bond activation. Such information

could build the basis for the directed design of new artificial catalysts.

The proposed experiments require highly brilliant tunable soft X-ray radiation with

pulse durations in the femtosecond range. High average brilliance is needed to detect

the dilute species under in operando conditions at room temperature in solution in

the mmol/l regime. Compared to X-ray FELs with repetition rates in the Hz regime,

the higher repetition rate of the European XFEL is essential because it guarantees

high enough average photon flux for the planned experiments. This is critical as

we propose to use fluorescence detection for X-ray absorption spectroscopy to
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discriminate the solute signals from solvent background. Due to the low fluorescence

yield of 3d transition-metal atoms in the soft X-ray range, the achievable count rates

even with high-throughput soft X-ray spectrometers and detectors are notoriously low.

The femtosecond duration of the X-ray pulses from the European XFEL is essential

in two ways. First, as our previous work on PSII with Mn L-edge absorption

spectroscopy showed [198], it enables probing the high-valent metal species in

metalloproteins before X-ray-induced sample damage sets in. The critical damage

mechanism for the high-valent species we plan to study is photo-reduction by

electrons created by soft X-ray absorption in the sample, and this can be outrun

with femtosecond pulses. The planned experiments are not possible at synchrotron

radiation sources because the X-ray pulses are too long and, in addition, the

repetition rates are too high to allow for the necessary sample replenishment

between consecutive X-ray pulses. This has been the primary reason that soft X-ray

spectroscopy has been underutilized for the study of biological systems and molecular

catalysts in solution, despite its potential to reveal the electronic structures.

Second, the femtosecond X-ray pulse duration enables corresponding temporal

resolution in optical pump and X-ray probe experiments of inorganic metal complexes

where photo-excitation will be used to create short-lived transient intermediates of

high-valence metal oxo and oxyl species.

Figure 3.1: (a) Schematic of the experimental setup for fluorescence-detected X-ray

absorption spectroscopy with the liquid-jet injector, the incident X-ray beam, and the soft X-ray

spectrometer with reflective zone plates that disperse the fluorescence emitted from the sample

into its various contributions. Shown here is the exemplary case of probing PSII with Mn L-edge

absorption spectroscopy with O Kα fluorescence, mainly due to the solvent, and Mn Lα,β

fluorescence from the oxygen evolving complex, Mn4CaO5, in PSII (adapted from [199]). (b)

Scheme of partial-fluorescence yield (PFY) X-ray absorption spectroscopy (XAS). The provided

example corresponds to the Mn L-edge absorption with dominating one-electron transitions for

absorption and fluorescence at the Mn L and O K -edges (adapted from [198]).
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Theoretical support3.2

Ab-initio theoretical approaches have been developed to calculate X-ray spectra of

comparably small inorganic complexes from first principles [199; 200]. Developments

to enable calculations of X-ray spectra of larger systems including inorganic and

biological catalysts in solution are ongoing. In parallel, a continuously improvement of

the models is undergoing in order to accurately describe the solvation of the studied

systems to effectively account for the active role of the solvent in the studied reactions

and the effect the solute–solvent interactions have on the X-ray spectroscopic

observable. Such developments are important to enable meaningful interpretation

of the data we expect to acquire at the soft X-ray port at SASE3 of the European

XFEL. Future developments with increased efficiency of the described soft X-ray

spectrometer and with optimized combinations of jet flow rates and X-ray repetition

rates could allow measuring metal L-edge spectra at concentrations below 1 mmol/l.

Our planned systematic studies with partial-fluorescence yield X-ray absorption

spectroscopy at the SXP experiment will finally help designing future metal 2p3d

RIXS (resonant inelastic X-ray scattering) experiments of inorganic and biological

catalysts under in operando conditions.

Experimental setup3.3

The experimental technique used for this project is to perform partial-fluorescence

yield X-ray absorption spectroscopy at the 3d transition-metal L-edges. The

experimental setup is sketched in Figure 3.1 on the previous page. It uses a liquid-jet

injector for sample delivery. The samples, upon interaction with the incident X-ray

beam, will produce soft X-ray fluorescence that will be analysed using a spectrometer

with reflective zone plates. In order to illustrate the process, the example of probing

the fluorescence of PSII upon excitation at the Mn L-edge absorption edge is

displayed. Two fluorescence regions will be observed: (i) one at the O Kα, mainly

due to the solvent, and (ii) another at the Mn Lα,β , coming from the oxygen evolving

complex, Mn4CaO5, as seen in Figure 3.1(a) adapted from [198].

In Figure 3.1(b), a detailed scheme of the partial-fluorescence yield (PFY) X-ray

absorption spectroscopy XAS is shown for Mn L-edge absorption edge. The

dominating one-electron transitions for absorption and fluorescence at the Mn L and

O K -edges are indicated. The soft X-ray spectrometer allows discriminating the

weak metal fluorescence signal from the concurrent O Kα fluorescence (O 2p to 1s

transitions), resulting from unavoidable 1s ionization of O in the sample, mostly from

the solvent. The metal fluorescence signal Lα,β corresponding to 3d to 2p transitions
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is measured as a function of incident photon energy across the metal L3,2 absorption

edges, resonant metal 2p to 3d transitions.

In order to realize these experiments, a setup, displayed in Figure 3.2(a), has been

developed in recent years for experiments at BESSY II and LCLS [201; 198]. It

includes a liquid-sample injector, shown in Figure 3.2(b), and an X-ray spectrometer

using reflective zone plates as shown in Figure 3.2(c). The system is easily movable

and would be connected to SXP at SASE3 of the European XFEL.

Figure 3.2: Setup for partial-fluorescence yield X-ray absorption spectroscopy of dilute

metalloproteins and inorganic metal complexes in solution. (a) Overview of the setup (as

installed at the SXR instrument of the LCLS X-ray FEL). (b) The high-throughput soft X-ray

spectrometer with reflection zone plates (RZP) and CCD detector. (c) Close-up of the RZP with

diffractive RZP patterns on the substrate.

The liquid-sample injector, shown in Figure 3.2(b), has been developed with the aim

of hitting a given sample volume only once to avoid X-ray–induced sample damage.

Depending on the flow speed of the liquid jet and the X-ray spot size, the repetition

rate could be optimized to reach 1 MHz. Depending on the sample, the diameters of

the jets will be in the range of 5–20 µm. This determines the optimal horizontal X-ray

spot size from below 5 µm to approximately 10 µm. Ideally, the vertical X-ray spot

size could be set independently from the horizontal dimension to 100 µm or above to

control X-ray photon density on the sample and avoid non-linearities in the signal, if

necessary.

With the existing setup, a rate of 5 counts/s for Mn L-edge absorption spectroscopy of

PSII at a Mn concentration of 0.8 mmol/l has been achieved. The described method

allowed the realization of experiments at LCLS with 120 Hz, which is at the limit of
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experiment feasibility [198]. With typical concentrations in the low mmol/l regime

for metalloproteins and catalytically active inorganic complexes in solution, a higher

repetition rate in the range of kHz–MHz will improve the signal, as any increase in

repetition rate directly translates to a higher count rate in our approach. SXP at

SASE3 at the European XFEL with corresponding repetition rates and tunable spot

size will therefore enable systematic studies of the described soft X-ray spectroscopic

technique.
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At the SASE3 beamline of the European XFEL, the brightest beams in the soft X-ray

domain will become available, with pulse durations down to a few femtoseconds and

maximum intensities up to 1018 W/cm2, and highly monochromatic beams with energy

resolution up to 40 000 at high flux. The ultimate resolution will become available with

the foreseen installation of the long high-resolution grating. Furthermore, self-seeded

beam and split-and-delay optics with up to 40 ps range are envisioned. Generation of

circularly polarized radiation is also planned. With these capabilities, new scientific

frontiers can be pursued. In particular, it is an excellent platform for extending the

current research with highly charged ions (HCI) to intensities and fluxes that will

enable novel studies of fundamental and applied nature.

We propose the use of a miniature electron beam ion trap (EBIT) [202] of the

Polar-X type (shown in Figure 4.1 on the facing page) at SXP in order to provide a

transparent target of HCI for the X-ray photon beam (see Figure 4.2 on page 76). This

apparatus can be combined with spectral diagnostics, such as grating spectrometers,

single-photon detectors, and ion detectors. Pump–probe experiments using the

split-and-delay unit or pulsed IR lasers are also envisioned. A unique feature is

the fact that the photon beam can pass the EBIT and reach other experiments

downstream for simultaneous photon energy as well as pulse intensity calibration.
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Figure 4.1: Principle of X-ray excitation of highly charged ions in an electron beam ion trap.

Fluorescence from the trapping region from resonantly excited ions is registered as a function

of the monochromator settings. Additionally, photoions produced in the trap beam can be

extracted and diagnosed. Other various techniques can be additionally applied.

Scientific rationale4.1

At soft X-ray energies, free atoms and molecules are photoionized, and the number of

bound electrons and electronic structures changes dynamically. This time evolution

is difficult to measure and to reproduce by theory. Testing atomic or molecular

structure theory at such high fluxes is therefore very challenging. Since FELs are now

routinely accessing this range of fluxes, numerous applications depend on a detailed

understanding of the time evolution of microscopic processes. X-ray imaging and

diffraction studies, high-energy density physics, and many experiments in atomic,

molecular, and cluster science at X-ray FELs encounter HCI at some point in the time

evolution of the systems. Studying and understanding them is, therefore, crucial.

From the point of view of quantum science, HCIs are perfectly reproducible systems of

bound fermions that mutually interact with a scale length (∼1/Z) given by the nuclear

charge Z. The electromagnetic interaction strength results from the product of Z and

the fine-structure constant α. While binding energies depend on (Zα)2, relativistic

and quantum-electrodynamic effects grow with (Zα)4, and certain nuclear-size

contributions to the binding energy are proportional to even higher powers of this

coupling parameter. As an example, the hyperfine interaction of the 1s electron with

the nucleus of a heavy HCI is on the order of 10−4 times the total binding energy,

and in terms relative to the neutral H atom, a million times larger. HCI studies

have been the realm of precision atomic structure experiment and theory, and

excellent experiments as well as advanced codes have been developed over the last

three decades. Recently, cooling of HCIs after their preparation down to mK-level

temperatures has been achieved at the Max-Planck-Institute für Kernphysik (MPIK)

[203], and an experiment achieving a relative energy resolution of 10−15 akin to
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Figure 4.2: Electron beam ion trap (EBIT) with an off-axis electron gun. The device allows the

beam to pass through, and only photons that have interacted with the trapped highly charged

ions (HCIs) are absorbed. The areal density of the HCI target is on the order of 1010 ions/cm2.

Top left: Photograph of Polar-X EBIT [202], the prototype for these applications, at PETRA III.

Top right: Section through the apparatus. Bottom: Principle of the arrangement. Photon

beams are transmitted unhindered but excite HCI trapped in the central drift tube. Subsequent

fluorescence photons are detected through side ports. In this type of setup, photoions can be

extracted and analysed as well.

that of high-precision atomic clocks has been just reported by the collaboration

Physikalisch-Technische Bundesanstalt (PTB)-MPIK (P.O. Schmidt and JRCLU)

[204]. With this demonstration, it has been shown that all the laser spectroscopic

and frequency metrology methods can be applied to HCI, thereby expanding the

range of precision physics into the “third dimension” of the periodic table, the “charge

coordinate”. This is particularly interesting since HCI in appropriate charge states

are impervious to X-ray irradiation, and can act as probes for extremely strong

electromagnetic fields. Novel physics studies are possible in this way (see Review

[205]). HCI can be prepared and stored in well-defined charge states using EBITs

[206; 207; 208]. Within the electron beam interaction zone, where the HCI are

confined, target densities up to 1010 ions/cm2 can be reached. The charge states of

choice are produced by the interaction of a dense electron beam with neutrals. A

mono-energetic electron beam generated by a small gun allows selecting the desired

charge state. High-energy EBITs can produce up to naked U92+, more common
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low-energy devices fully strip ions up to Z=36, and work with few-electron HCI all the

way to the end of the periodic table. This capability is particularly interesting for the

investigation of iso-electronic sequences, in which a fixed number of bound electrons

is prepared with a variable nuclear charge [209; 210].

Under the conditions of electron-beam excitation, the trapped HCI copiously emit

radiation. Spectroscopic studies from the optical to the X-ray region have been

carried out with trapped HCI since the late 1980s [206; 207; 208]. Starting in 2006,

the MPIK group demonstrated soft X-ray laser spectroscopy at FLASH (50 eV)[211],

then at LCLS (800 eV) [212], and since then the energy range has grown from there

to more than 14 keV. Work with EBITs on photoionization [213; 214; 215] and X-ray

resonant fluorescence spectroscopy [216; 217] also at storage ring facilities has

benefited from the high-resolution monochromators available there. Recent examples

of Polar-X EBIT campaigns at PETRA III are shown in Figure 4.3 and Figure 4.4 on

page 79, covering the energy range from 0.5 to 7 keV. However, non-linear photonic

studies with HCI in the X-ray region at resolving power beyond 1000 have not yet

been possible at X-ray FELs. A high-flux, high-power density beamline such as

SASE3 at the European XFEL, in combination with an EBIT, offers therefore new

and unique possibilities for research in fundamental atomic physics and laboratory

astrophysics, and can also serve as a perfect photon-energy calibration and reference

outperforming Bragg-reflection, crystal-based systems.

Figure 4.3: Example of a low-resolution excitation spectrum of helium-like O6+ ions obtained at

PETRA III, Beamline P04, with Polar-X EBIT. In line narrow scans, the experiment reached a

resolving power up to E/∆E±30000. Ultrashort pulses at the European XFEL SASE3 beamline

will offer unique possibilities for multi-photon and high-resolution investigations of such ions.
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In the short term, the most important scientific goals of HCI research at SXP are:

∎ Study of non-linear multiphoton processes with selected isoelectronic

sequences in order to test theoretical models of those interactions (e.g.

see [218; 219]). Both photoexcitation and photoionization studies with the

EBIT will test advanced time-dependent quantum dynamics theory. Such

benchmarked theories are needed for modeling more complex systems,

such as photoionized and other high-temperature plasmas found both

in astrophysics and high-energy density (HED) physics, for modelling

opacity studies [220], and for treating the response of molecules as

well as condensed matter in the presence of ultrabrilliant radiation fields.

∎ Determination of upper-state lifetimes for soft X-ray transitions of mid-heavy

to heavy elements (O, Ne, Mg, Si, S, Fe, Ni) in the range of few fs to 40 ps. These

transitions are essential for energy transfer in the radiative and convective zones

of stellar cores, and determine their X-ray opacity, an active research field with

many open questions ([220] and references therein). Lifetimes are also essential

for the diagnostics of astrophysical plasmas. For lifetimes in the picosecond

range, a split-and-delay unit will be needed, since the natural linewidths used to

extract femtosecond lifetimes (e.g. in [213; 216]) cannot be resolved with the

monochromator, and will require a pump–probe scheme for their measurement in

the time domain. Such a unit would also have other various uses, e.g. studies of

population transfer between excited states as well as electronic wave-package

formation and evolution, and become a key tool for quantum-dynamics studies.

∎ High-resolution investigations of astrophysical processes occurring in

hot plasmas in the laboratory. Upcoming novel space observatories (XRISM,

Athena) equipped with high-resolution X-ray microcalorimeter arrays will provide

revolutionary results, as shown by the X-ray space observatory Hitomi [221; 222]

before its unfortunate demise. With large light collection areas, they will deliver

high statistics imaging spectroscopic data with hitherto unreached resolution.

Its analysis will require significant improvements of models for both collisionally

ionized and photoionized plasmas[223; 224]. This task involves atomic and

plasma theory, as well as the corresponding laboratory astrophysics studies.

∎ Establishing state-of-the-art photon energy references beyond those now

available using absorption edges (10−4 relative accuracy), Bragg reflections,

and Mössbauer spectroscopy (10−8 in the best case). HCI provide symmetric,

perfectly reproducible electronic transitions covering from the soft X-ray

energy range up to 100 keV, and with intrinsic uncertainties that are many

orders of magnitude smaller than all solid-state based ones. After several
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decades of theory development and stringent benchmarking through EBIT

experiments, the few-electron isoelectronic sequences, such as hydrogen-like,

helium-like, and lithium-like, can now be reliably calculated ab-initio, giving

absolute X-ray references with sub-meV theoretical uncertainties. More

complex isoelectronic sequences can be cross-referenced to the few-electron

systems and perfectly provide narrowly spaced photon energy references.

∎ Development of X-ray frequency combs through interactions of IR frequency

combs in impulsively X-ray excited systems. Such experiments have recently

been proposed [225] and should use the dynamic modulation of population

transfer between two X-ray FEL excited states by means of an IR frequency

comb laser that imprints its time structure on the X-ray fluorescence emission.

In combination with VUV frequency combs [226; 227; 228], eventually this can

help extending frequency metrology from the optical to the X-ray region. A VUV

frequency comb with applications to trapped HCI is currently under development

at MPIK [229; 230].

Figure 4.4: Fluorescence spectrum of highly charged iron ions obtained at the PETRA III P01

beamline in 2019 with Polar-X EBIT. The bound–bound transitions shown here are essential for

radiative energy transfer in the solar core. Multi-photon excitation of these transitions will be

possible at using the soft X-ray photons produced by the SASE3 undulators of the European

XFEL, mimicking intra-stellar processes.

For these purposes, the setup would, in its basic configuration, include a miniature
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EBIT [202] and X-ray fluorescence diagnostics, including a microcalorimeter [231;

232] and photo-ion diagnostics with extracted ions, and, in a planned upgrade, an

additional cryogenic radio-frequency ion trap [233; 234] in which HCIs extracted from

the EBIT can be prepared in well-defined quantum states at microkelvin temperatures

and stored for periods of time of up to one hour. The proposed arrangement would

require approximately 10 m2 floor space, as shown in Figure 4.5, and can take

different positions in order to use the photon–HCI interaction zone inside the EBIT or

the RF trap. In both cases, the photon beam can pass through the setup and be used

for a subsequent experiment downstream.

Figure 4.5: Arrangement of a miniature EBIT and laser cooling RF ion trap with X-ray

fluorescence and polarimetry diagnostics. By moving the apparatus, either the HCI ensemble

trapped inside the EBIT or the RF ion trap after sympathetic laser cooling can be exposed to

the X-ray FEL beam. The use of an X-ray microcalorimeter [231; 232] and an X-ray polarimeter

provides excellent diagnostic opportunities for the X-ray fluorescence generated through

X-ray FEL excitation. Additionally, optical lasers can be used to prepare the target HCIs both

metastable or polarized states, and for quantum interrogation of the HCIs. In combination

with the X-ray FEL monochromator and split-and-delay unit, this setup opens the possibility

to generate frequency combs in the soft X-ray regime, investigate photon–HCI interactions at

extremely high energy resolution, and monitor the time evolution of metastable as well as

polarized states.
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Additional scientific perspectives4.2

Novel, and in the mid-term as well as long-term, extremely interesting scientific

perspectives of research are enabled by the soft X-rays at the SASE3 beamline.

Foremost is the investigation of fundamental physics interactions making use of

circularly polarized X-rays and HCI: parity violation (PV), nuclear-size effects (NSE),

isotopic shifts (IS), and electron electric dipole moments (eEDM). The underlying

processes have already been studied with very high accuracy in atomic physics

experiments and are the subject of intense research effort (see Review [235]).

The eEDM results (Review [236]) are already providing strong boundaries for the

validity of the largest group of super-symmetric theories (SUSY), which predict the

existence of eEDM values that those experiments have excluded in recent years. At

their current level, the eEDM experiments test physics at higher energies than LHC

through the exclusion of hypothetical particles, which would have measurable effects

on the atomic processes. Future experiments in this field aim at higher sensitivities

to the sought-after particles and basically plan to use the heaviest available nuclei

that provide usable laser-excitable transitions. In contrast, PV (also called parity

non-conservation, PNC) experiments, actually measure the interaction of a heavy

elementary particle, namely the Z0 boson, with the bound electron, yielding the

Weinberg angle with an accuracy that has been competitive to the high-energy

experiments [235]. Improved PV studies will continue testing the low-momentum

exchange regime of the unified electroweak interaction, and could soon surpass

the high-energy counterparts. Regarding NSE, the paradigmatic example is the

proton-radius puzzle: spectroscopic experiments with muonic hydrogen and hydrogen

atoms [236] give more accurate results for this essential quantity than decades of

high-energy electron-scattering experiments had achieved, in part due to the extreme

spectral resolution of the former, but also due to unrecognized uncertainties in the

complex scattering form factors in the latter. Similarly, NSE in HCI were already used

to determine nuclear charge as well as magnetization distributions of heavy nuclei

[237; 238; 239; 240] and provided data for nuclear physics and QED tests [241; 242].

Such experiments can be extended to higher photon energies in heavy atomic

systems, now accessible by the combination of ultrabrilliant, circularly polarized, high

flux sources such as SASE3 and traps containing HCI with “engineered” sensitivities

to NSE, IS, PV, and potentially to eEDM. The expanded photon energy range and the

high pulse intensity allow coupling sufficiently degenerate electronic states, which can

mix with opposite-parity ones, to detectable transitions, inducing circular-dichroism

in the X-ray domain, and thus measurable changes of polarization and angular

anisotropy. In principle, the sensitivity of ultraprecise isotopic-shift experiments to
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new physics that has been theoretically identified in various recent works [243]

applies even more when deeply bound electrons are investigated. PNC experiments

have been proposed for decades for heavy ion storage rings, e.g. with helium-like

gadolinium and europium [244], and other schemes [245; 246; 247; 248] based on

polarimetry techniques, but the technical difficulties in such an environment are still

daunting and have hindered realization. In contrast, HCI polarization through laser

interaction in a trap can provide a perfectly defined initial state, and the photon flux

and polarization of the SASE3 beamline can provide the required clean experimental

conditions in the X-ray excitation and detection sector.
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Technique development5

Jan Grünert, Manuel Izquierdo

European XFEL GmbH, Schenefeld, Germany

This proposition comes from European XFEL groups. The aim is to develop new

photon diagnostics tools and investigate new experimental techniques.

Development of new photon diagnostics5.1

In the construction phase, the X-Ray Photon Diagnostics (XPD) group developed and

implemented the baseline diagnostics for the facility, which was used during the facility

commissioning phase and is now applied for the user programme in all beamlines.

In the operation phase, XPD continues to develop, test, and implement novel X-ray

beam monitors. During this development, new instrumentation must be thoroughly

tested with X-ray FEL radiation, first at the prototype stage and later as final device

before integration into the beamlines in the tunnels. This is best performed at one of

the scientific end stations in the experiment hall for several reasons: Instrumentation

under development has to be often accessed for adjustments, e.g. when the setup is

still experimental and everything is not yet fully remotely controllable as later required

in the tunnels. Equipment in the tunnels is very difficult to access: no access is

possible during beam operation, only very limited temporary access is granted for

urgent repairs, and longer access is only possible during a few shutdown periods per

year. More importantly, conclusive tests of diagnostics functionality can be performed

only with the actual photon beam of the European XFEL because the beam properties

of our facility in their combination are unique in the world: short wavelength in the

X-ray domain at high instantaneous brilliance (1012 photons per pulse of fs-domain

pulse duration) and high average brilliance thanks to the MHz intra-bunch train

repetition rate. The range of diagnostics instrumentation that is developed and needs

characterization is broad.

The following are examples of diagnostics development projects that would improve

by reliable development access to European XFEL beam in the SXP experiment

hutch.
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Gas-based ToF online monitors5.1.1

Due to the pulse structure of the European XFEL and the resulting high heat load

during pulse-trains, any online monitor has to withstand these extreme conditions, and

thus gas target are most suitable. Basic beam parameters, such as the pulse energy

and the beam position, are delivered by the routine diagnostics of the European XFEL,

but gas-based monitoring of advanced parameters such as temporal, spectral, and

coherence properties need further investigation.

Solid state detector diagnostics5.1.2

The idea is to use detectors based on solid state materials, such as diamond

detectors for intensity and beam position monitoring. The project builds on

developments done for the baseline experiments at the European XFEL [249]. In

Figure 5.1, a solid state detector based on a diamond scintillator with graphite

electrodes is displayed.

Figure 5.1: A diamond detector with graphite electrodes, as developed by XPD at the

European XFEL

Fast imaging diagnostics with gated cameras5.1.3

The idea of this project is to optimize the performance of the currently installed

imagers to be able to resolved intra-pulse trains and also be able to perform

pulse-resolved wavefront detection. The most promising possibility is the use of gate

cameras (Figure 5.2 on the facing page).

As a part of the project, scintillator studies for high-repetition rate applications will be

investigated. The idea is to realize/optimize scintillator materials with fast decay and

high heat resistive load [250].
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Figure 5.2: Gated camera for fast imaging detection

Wavefront sensing with soft X-rays5.1.4

The idea of the project is to use the soft X-rays at SXP to characterize the

performance of a wavefront sensor. The development aims at both the optimization of

Hartmann plates and/or phase gratings. They will be used to characterize the source,

the X-ray optics, and focus at selected positions as indicated in on the next page.

Figure 5.3: Sketch of a wavefront sensing phase grating

Diagnostics for temporal properties of ultrashort pulses5.1.5

This project aims to use the attosecond streaking techniques using interaction of

polarized optical laser beams with X-ray ionized gas ensembles and detection via

momentum-resolving imaging or ToF spectroscopy. These studies could be carried

out at the PES diagnostics tool (Cookie Box) that has been considered as one of the

SXP permanent beamline components.
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Figure 5.4: Sketch of attosecond streaking using THz excitation

Photoemission for analysis of X-rays: PAX5.2

This technique uses photoelectron spectroscopy as a way to analyse the scattered

X-rays produced by a sample excited with X-rays. The technique is sensitive to

both elastic and inelastic scattered radiation. Therefore, the analysis of the data will

produce resonant inelastic X-ray scattering (RIXS) spectra.

Initially proposed in the 1960s, it has been tested at LCLS [251]. It proposes an

alternative to the standard RIXS configuration that uses a grating to do the energy

analysis of the scattered light. The principle of the technique is sketched in Figure 5.5

on the facing page. X-rays shine on the sample under study from which one part is

reflected, one part is absorbed, and the rest is scattered. When soft X-rays are used,

the reflected contribution will be very weak for large angles between the incoming

X-rays and the scattered light. The absorbed radiation will produce photoelectrons,

Auger electrons, and fluorescence. The scattered radiation will contain both elastic

and inelastic contributions. To isolate the scattered radiation a filter will be placed

between the sample and the converter to absorb all electrons produced in the sample.

In order to obtain the inelastic X-ray spectrum, the scattered radiation is sent into

a converter sample with well-known properties. The interaction with the scattered

radiation will produce photoelectrons that are analysed with an angle-resolved

photoelectron (ARPES) spectrometer. A feature of the converter, either a core level

or the Fermi level, will be measured with the ARPES analyser. The presence of

inelastic scattered light will induce modifications in the spectrum with respect to the

direct photoemission measurement of the same feature. The deconvolution of the

spectra will provide the desired RIXS spectra. Alternatively, a fit with the number of

components can be performed. However, this requires some preliminary information

regarding the sample. A combination of the two with a well-known sample can be

used to define the deconvolution strategy.
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Figure 5.5: Sketch of the PAX experimental configuration. A converter sample in focus with

a photoelectron analyser is placed in front of the sample under investigation. The scattered

radiation will modify the photoemission spectra. Using a deconvolution process, the RIXS

spectra can be obtained.

In Figure 5.6 on the next page, the results obtained at the SXR experiment of

LCLS for a CoO sample are reported. The measurements were done at the Co L3

resonance at 778 eV with a bandwidth of 260 meV provided by the beamline

monochromator with a resolving power around 3000. A VG Scienta R3000 ARPES

spectrometer was used to measure the PES spectra of the Au converter. The

changes in the photoemission spectra in the Au 4f region were used to determine

the RIXS spectra. Prior to the PAX experiment, the direct photoemission of the Au 4f

levels at different pulse energies was measured in order to determine the fluence

range in which no distortion of the spectra would occur, Figure 5.6 on the following

page(a). A curve fitting of the 4f spectrum was done that served to confirm the

bandwith. After this determination, the PAX experiment was carried out by placing the

CoO sample under the X-rays and subsequently measure the spectra of the core level

produced by the scattering radiation on the Au 4f being used a sample target. The

photon energy was changed across the L3 resonance to be able to construct the RIXS

spectra as a function of the photon energy. In Figure 5.6 on the next page(b) and (c),
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examples at two different excitation energies showing the modifications induced due

to the inelastic wavelengths is displayed. Finally, in Figure 5.6(d), the RIXs spectra

across the resonance are displayed. The data have been analysed using a fitting

procedure with 12 components. This was possible thank to the well-known RIXS

spectra of the CoO edge.

Figure 5.6: Results of a PAX experiment on a CoO sample using an Au target as converter:

(a) The direct photoemission of the Au 4f is displayed. From the deconvolution the linewidth

an experimental resolution can be deduced. (b)–(c) Examples of the modification of the Au 4f

spectra at different excitation energies due to the inelastic scattered radiation coming from the

sample. (d) RIXS spectra as a function of the photon energy resulting from the measured

spectra. A fitting with 12 components was done. Alternatively a deconvolution can be realized.

In order to justify the development of the technique, a comparison was made with

data measured with a conventional RIXS spectrometer that uses a grating to do the

energy analysis. The main advantage of PAX with respect to conventional RIXS is

that the spot size can be made larger. Typical values with a grating spectrometer are

15 x 500 µm2. The asymmetric beam size is required for energy resolution purposes.

In the case of PAX, the beamsize can be relaxed to 900 x 900 µm2, yielding results

with the same resolution. This size is more than 100 times larger, which results in

a effective reduction of the fluence that will be beneficial for many samples. Other

advantage arises from the more compact experimental setup required.

The proof of principle done at LCLS has demonstrated the interest in developing

the technique further. It would also be ideally exploited at the European XFEL due
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to the MHz repetition rates. Improvements of the initial proposition could be done in

many directions: (i) Use an optimized photoelectron spectrometer. (ii) Replace the

electron filter by a grid with a potential to repel electrons, etc. The development of the

technique would benefit from the SXP access that could eventually done parasitically

to other experiment preparation.
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SASE3 source parametrizationA

Table A.1 on page 137 lists the source parametrization coefficients for the updated

electron energies. The new working points of the SASE radiators compensate for the

changes in the undulator K parameter. The source parametrization is defined as

follows.

The source size, pulse energy, and bandwidth (full width at half maximum, FWHM) are

empirically given by

SFWHM = s1 ⋅ ln(s2 ⋅ λ[nm])

Epulse = e1 ⋅ ln(e2 ⋅ λ[nm])

(∆ω/ω)FWHM = w1 ⋅ ln(w2 ⋅ λ[nm]),

(A.1)

where the dependence of the coefficients on the bunch charge is modeled

according to

s1 = s10 + s11 ⋅ c[nC] and s2 = s20 ⋅ exp [(] − s21 ⋅ c[nC])

e1 = e10 + e11 ⋅ c[nC] and e2 = e20 ⋅ exp [(] − e21 ⋅ c[nC])

w1 = w10 ≈ const. and w2 = w20 ⋅ exp [(] −w21 ⋅ c[nC]).

(A.2)

The source divergence (FWHM) is fitted using

δθ = θ0 + θ1 ⋅ λ
2/3, (A.3)

where the dependence of the coefficients on the bunch charge is modeled according

to

θ0 = θ00 ≈ const. and θ1 = θ10 − θ11 ⋅ (c[nC])1/3. (A.4)
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Table A.1: SASE3 source parametrization coefficients. The 8.5 and 12 GeV SASE3 operation

modes are added to the other two baseline operation modes (14 and 17.5 GeV).

Operation mode 8.5 GeV 12.0 GeV 14.0 GeV 17.5 GeV

s10 3.7 3.5 3.8 3.5

s11 5.0 4.2 3.4 2.9

s20 1.87 × 104 3.67 × 104 4.562 × 104 6.151 × 104

s21 -1.36 -1.84 -2.09 -1.90

e10 -0.04 -0.14 0.00 -0.01

e11 2.1 3.1 2.5 3.0

e20 15.80 28.49 34.84 45.60

e21 -0.40 -1.16 -1.31 -1.54

w1 0.12 0.10 0.09 0.09

w20 30.1 51.8 65.1 68.0

w21 -0.764 -0.616 -0.542 -0.360

θ0 -3.2 -2.3 -2.1 -1.3

θ10 14.6 14.9 15.0 14.6

θ11 -3.96 -4.37 -4.42 -4.36
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Operation modesB

European XFEL accelerator operation modesB.1

The operation modes of the SXP instrument will derive from the injection modes

available at the machine modes. Due to the double modulation frequency of the

pulses with 4.5 MHz bursts and a maximum of 2700 pulses running at 10 Hz, four

operation modes are foreseen, as indicated in Table B.1 on page 138. They differ in

the maximum number of pulses allowed, which will depend on the bunch current.

Table B.1: Definition of the proposed beam modes. The numbers indicate the maximum

number of allowed pulses within one pulse train. Modes highlighted in green were proposed for

the accelerator, while the others are additionally proposed for the X-ray beamlines. The current

use of the accelerator does not foresee the use of bunch charges larger than 0.5 nC.

Mode/charge 0.1 nC 0.25 nC 0.5 nC > 1 nC

Mode 1 1 1 1 1

Mode S 600 200 30 1

Mode M 2700 1350 200 10

Mode F 2700 2700 < 2700 < 2700

The foreseen operation modes have been proposed either by the “accelerator

team”, the “X-ray optics and beam transport group”, or the “instruments”, aiming

the commissioning in the first case and the possibility to access particular types of

experiments.

The intended use of each mode is described below:

∎ Mode 1

Basic commissioning mode of the accelerator, beam transport, and experiments.

With one pulse per pulse train (10 Hz operation), even a miss-steered

beam should not be able to destroy components of the beam transport.

∎ Mode S

Basic commissioning mode of the accelerator with pulse trains

(30 pulses). For the beam transport, it has been proposed to make
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this mode charge-dependent, so it can be used to run experiments

with a diamond window in air at the Femtosecond X-Ray Experiments

(FXE) instrument and the Materials Imaging and Dynamics (MID) instrument.

∎ Mode M

This mode is requested from the optics and beam transport group. It

is essentially defined by the number of pulses that a water-cooled

piece of B4C can absorb without being damaged. Also, the hard

X-ray monochromator and beryllium lenses work only up to Mode M.

∎ Mode F

Full beam. The beam power is limited only by the performance of the

accelerator and the electron beam dumps. Typically, only the total reflecting

mirrors can handle this beam power. X-ray beam loss monitors have to be

operational and fully commissioned to reach this mode.
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SASE3 upgrades under studyC

Self-seedingC.0.1

The SASE FEL radiation is characterized by a relatively large bandwidth. As

discussed in Section 1.2.1 on page 13, the bandwidth of the radiation is proportional

to Pierce parameter ρ∼∆ λ/λ. Its typical value in the soft X-ray regime is ∼ 10−3.

In order to reduce the bandwidth without reducing the radiated power, several

strategies have been developed. Besides the harmonic lasing self-seeding (HLSS,

see Section 1.2.1 on page 13), other strategies have been developed over the

years [252; 253; 254]. From all the them, self-seeding will be implemented at the

European XFEL: hard X-ray self-seeding is currently being implemented in the SASE2

undulator system. Soft X-ray self-seeding in the SASE3 undulator system is currently

not funded. A possible way to implement the project could be to couple it with the

two-colour pulse generation project described in Section 1.2.3 on page 18. Some

technical challenges regarding the installation of the monochromating grating in the

delay mirror unit would need to be solved.

In the following, the implementation of soft X-ray self-seeding at SASE3 is discussed

based on the successful implementation at the SXR instrument at LCLS [255]. The

concept follows the initial theoretical proposition [256] and detailed study for LCLS

[257]. The European XFEL implementation could be realized by removing one

undulator section, U7, and two quadrupoles of the FODO lattice, total length 7.2 m,

and installing in their place an electron chicane and a soft X-ray monochromatic

system [258]. The scheme within the SASE3 undulator system is shown at the top

of Figure C.1 on page 141, and the detailed configuration of the electron chicane

and the monochromating system is shown in the enlarged inset at the bottom of

Figure C.1 on page 141. The displayed configuration has been designed taking into

account acceleration operation at energies up to 12 GeV and self-seeding operation

between 0.3 and 1.2 KeV. The undulator section, U7, and the idea of keeping U6 open

have been done to optimize the mentioned conditions. In particular, the selection will

ensure the covering of the full photon energy range, ensure the optimal refocusing of

the source, and ensure that the monochromating system will not be over-illuminated,

which could result in a degradation of performance.

The monochromating system is made of five elements: a variable line spacing

(VLS) toroidal grating, three mirrors, and an exit slit. In contrast to a classical

monochromating system, no entrance slit is required due to the coherence properties
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of the beam. The first element will be the grating with a resolving power 7000–9400

between 600 and 1200 eV, followed by a plane mirror that will reflect the desired

wavelength on the exit slit. The latter is followed by a toroidal mirror to refocus the

monochromatic beam. The last mirror will be used to reflect the beam into the seeded

undulator system and will dispose of the degrees of freedom to make a good overlap

with the electron beam propagating in the electron chicane. The introduction of the

monochromating system will result in a wavelength-dependent time delay. This

delay will be compensated by the electron magnetic chicane. Besides this time

compensation, required to overlap electron and monochromatic photons, the chicane

will wash out the micro-bunching consequence of the lasing in the first undulator

section, create a transverse offset to introduce the monochromating system, and

compensate for the electron phase mismatch due to the absence of one undulator

section.

Figure C.1: Soft X-ray self-seeding scheme to be implemented at the SASE3 undulator system.

The geometrical distance of the different components is indicated.

The described implementation of self-seeding is expected to result in at least a factor

of 20 bandwidth reduction, as observed at the SXR experiment at LCLS. The output

power can be optimized using tapering techniques [258].

Attosecond pulse generationC.0.2

One more project under development, in particular at SASE3, is the generation of

attosecond pulses. The motivation derives from the recent achievements obtained

with optical laser high harmonic generation. At FELs, several propositions have been

made in order to produce the attosecond pulses. They use a combination of spoiler

foil, optical lasers, and magnetic chicanes. The most efficient technique proposed
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is “X-ray laser enhanced attosecond pulse generation” (XLEAP) and uses the three

mentioned elements [259]. Simulations for SASE3 at the European XFEL have been

recently performed [260]. A sketch of the implementation is provided in Figure C.2

on page 142. A fraction of the electron bunch of a few micrometers produced in the

injector is selected from the original bunch with an emittance spoiler film placed in

the second bunch compressor, BC2. At the exit of the linear accelerator (LINAC),

the electrons enter an undulator section (modulator), where they interact with a

picosecond optical laser with the same wavelength as the undulator period length.

The electrons experience a sinusoidal energy modulation, ∆ γ∼ 1 ⋅ 10−4
⋅

√

(2PlasNm),

where Plas is the laser power and Nm the number of undulator periods. At the exit of

the modulator, they enter a magnetic chicane, where dispersion transforms the energy

modulation into a density modulation. The initial electron distribution will be seen in

the undulator as a series of sub-femtosecond spikes separated by the wavelength of

the optical laser. The number of spikes will depend on the length of the electron beam

after the spoiler. They will lase attosecond pulses with a wavelength defined by the

undulator parameters.

The generation of attosecond pulses at the European XFEL has been studied

assuming an electron acceleration energy of 8.5 GeV and an electron charge of 500

pC. The electron acceleration energy has been chosen to be the lowest operating

point in order to get the most efficient energy modulation possible. A pulse duration

between 300 and 500 attoseconds is expected in the photon energy range from

2.3 to 0.6 KeV. The repetition rate will be limited to the repetition rate of the optical

laser used, currently limited to the kHz regime. An alternative possibility to produce

attosecond pulses instead of using an optical laser is to employ the coherent infrared

radiation emitted by the tail of the electron beam in the wiggler. This improved XLEAP

technique has been successfully implemented at LCLS [261].

Figure C.2: Scheme of the XLEAP implementation at the European XFEL. Attosecond pulses

below 0.5 fs will be produced.

X-ray beam split and delay unitC.0.3

In order to extend the capabilities of X-ray pump and X-ray probe experiments at

the European XFEL, an X-ray beam split and delay (XBSD) unit will be installed in

the X-ray optics transport system. The optical system will be able to operate with
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SASE mode or in combination with any of the other schemes previously described.

Besides them, the possibility of combining the zero order and the first order of the

monochromator has been studied. The conceptual design has been developed by the

Spectroscopy and Coherent Scattering (SCS) group [262]. It is based on an wavefront

division beam splitter with asymmetric geometry using a fixed and a variable delay in

different mirror planes.

The position of the XBSD has been defined, based on the position of the soft X-ray

monochromator and the position and spacing between the beam stops of the

diffraction orders not used by the experiment (normally the first one). It will be placed

in between beam dumps of the third and fourth order, at a distance of 8 m from the

monochromator. The maximum length for the XBSD tank will be 8 m and is defined by

the space between the third and fourth diffraction order beam dumps.

The scheme of the optical system is displayed in Figure C.3 on page 144. The

location, space constraints, and footprint of the beam at this position has shaped

the geometrical configuration. The mirrors will be made of B4C and will work with

an 20 mrad incidence angle to clip the beam as little as possible. In order to cover

the whole energy range, a stripe with metallic coating will be used. The incident

X-ray beam will be split by mirror SM1 in two halves: one part will be deflected

downwards, following the optical path defined by SM1–SM2–SM3–SM4. This path

will propagate in the vertical direction and will be fixed. The second half of the beam

will be horizontally deflected and will propagate through DM1–DM2–DM3–DM4.

The change in the optical path and therefore the time delay will be done by moving

mirrors DM2 and DM3. The two mirrors, independently movable, will be mounted on a

movable stage. This will allow both longitudinal and transversal movement. The first

one, ensured by the mirror movement, will serve to change the delay range. The

transversal movement, affecting the whole stage, will be used to select a given delay

within the allowed range. The conceptual designs foresees that a combination of the

two motions will allow a 12–13 ps delay range.
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Figure C.3: Scheme of the XBSD unit implementation in the SASE3 X-ray optics tunnel
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Besides the authors of the different chapters and/or sections included in this report,

we would like to outline the contribution of many experts of the European XFEL.

These are:

∎ Chapter 1, “Introduction”

To Evgeny A. Shneydmiller and Mikhail. V. Yurkov for their calculation

of the source parameters, developing and testing high harmonics laser

self-seeded FEL strategy, reverse tapering, etc. To Joachim Pflueger, Suren

Karabekyan, and Yuhui Li for the baseline undulator system and their work on

the Apple X undulator for variable polarization. To Gianluca Geloni and Svitozar

Serkez for their work on self-seeding, two-coloru experiments, and attosecond

generation. To A. Yaroslatsev and A. Scherz from the Spectroscopy and Coherent

Scattering (SCS) experiment for the design of a versatile X-ray beam split

and delay line that will allow using the full potential of the SASE3 radiation.

∎ Whole report

To Kurt Ament, whose editing precision and skills have significantly

improve the quality of this document.
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