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a b s t r a c t

Free-electron lasers produce extremely brief, coherent, and bright laser-like photon
pulses that allow to image matter at atomic resolution and at timescales faster than
the characteristic atomic motions. In pulses of about 50 femtoseconds duration they
provide as many photons as one gets in 1 s from modern storage ring synchrotron
radiation facilities. FLASH, the Free-Electron Laser at DESY in Hamburg was the first
FEL in the XUV/soft X-ray spectral range, started operation as a user facility in summer
2005, and was for almost 5 years the only short wavelength FEL facility worldwide.
Hence, most of the technological developments as well as the scientific experiments
performed by the user community were new and unique as outlined below. FLASH was
driving FEL science and technology and paved the way for many new ideas. Because of
using a linear accelerator in superconducting RF technology FLASH combines the extreme
peak brightness characteristic for FELs with very high average brightness. It also was
the prototype for the European XFEL located in the Hamburg metropolitan area, which
started user operation in summer 2017.

The present review provides an overview of the progress made with accelerator
science and technology at FLASH for the production of stable beams of well characterized
electron pulses, reduction of the pulse jitter to the femtosecond level, generation of
ultra-short photon pulses, adequate synchronization of the machine parameters with
the experiment, and demonstrating advanced FEL schemes using variable gap undulators.
Much of this was done in the very exciting early days of FEL science when it was even not
clear if the FEL concept could be realized for X-rays. The development and the operation
of the FLASH user facility is described, as well as the techniques developed to make
use of the new type of X-ray beams including photon beam diagnostics and damage
studies of the optical elements. The review emphasizes breakthrough experiments which
demonstrated that many of the ideas collected in the world-wide discussion of the
scientific case of free-electron lasers could indeed be realized and they often produced
unexpected results. The first experiment on Coulomb explosion of Xe clusters performed
in 2002 was a clear demonstration of the feasibility of experiments with free-electron
laser beams and opened a lively discussion in the atom, molecular and optical physics
community (AMO).

Time resolved single-shot single-particle imaging, summarized in the slogan ‘‘Take
movies instead of pictures’’, was one of the most popular science drivers for the
construction of free-electron X-ray lasers. As a first step in this direction experiments
using a highly focused beam of FLASH demonstrated that pictures of 2 dimensional
objects could be reconstructed from single-shot single-particle diffraction patterns.
Explosion dynamics of nano-size particles hit by an intense FEL pulse were studied. This
method, called ‘‘diffraction before destruction’’, is now very successfully applied with
hard X-rays and, to a large extent, solves the radiation damage problem in structural
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biology. A long term goal is to determine the 3 dimensional structure of a large molecule
from a single-shot diffraction pattern. Along these lines the 3D architecture of free Ag
nanoparticles could be determined from one diffraction pattern only using soft X-rays
from FLASH.

To understand light–matter interactions in this new parameter space a number of
pioneering AMO experiments have been performed including non-linear interactions in
atoms, molecules and clusters. Multiphoton photoionization processes in the presence
of intense optical fields have been studied, as well as photo-absorption of XUV photon
energies on molecular ions important for astrophysics. The nature of formation and
breaking of molecular bonds was investigated in VUV pump–VUV probe experiments
using a reaction microscope and a specific delay line. As an example the process
of ultrafast isomerization of acetylene molecules C2H2 triggered by single photon
excitation has been studied. The structural changes during the isomerization process
were visualized and an isomerization time of 52 +/- 15 fs was found.

Clusters of variable size, which can be produced routinely, allow distinguish between
inter- and intra-atomic effects and are considered model systems for the investigation
of light–matter interactions in multi-atom objects. As an example such experimental
studies provided instructive data for benchmarking theoretical models describing cluster
ionization in intense short-wavelength laser pulses. The combination of single-shot
single-particle imaging for determination of the cluster size with spectroscopy was
crucial for success of these experiments. The investigations could later be extended
to very large Xe clusters providing new insights into the nanoplasma formation and
explosion dynamics of such large systems

From early on, studies of high energy density plasmas and warm dense matter have
been one of the most prominent research fields in building the scientific case for X-ray
free-electron lasers. A good understanding of this complex regime between cold solids
and hot dilute plasmas is important for high pressure studies, applied materials studies,
inertial fusion, and planetary interiors. With the first observation of saturable absorption
of an L-shell transition in Aluminum and pioneering studies of warm dense hydrogen
FLASH kicked off research of matter in extreme conditions with free-electron lasers.

In condensed matter experiments the emphasis is not so much on the peak power
of the FEL beam and extreme focusing, but on beam properties like polarization and
pulse duration. The sample has to stay intact in the beam over hours and the number of
photons per pulse impinging on the sample has to be limited to avoid space charge
effects. After demonstrating the possibility to record single-shot resonant magnetic
scattering images with FELs the first time-resolved demagnetization study using a
pump–probe approach with an IR-pump pulse and an XUV probe pulse to record a
resonant magnetic scattering pattern as a function of pump–probe delay was also
performed at FLASH.

Free-electron lasers offer the possibility to extend the well-established X-ray spec-
troscopic techniques for the investigation of the static electronic structure of matter to
probing the evolution of the electronic structure in the time domain after controlled
excitation. At FLASH first time resolved core level photoemission (TR-XPS) experiments
have been performed which are element specific and provide information on the dynam-
ics of the local charge state around a specific center. Using 198 eV photons in a surface
study at Ir single crystals it was possible to separate surface and bulk contributions
in the Ir 4f levels with sufficient instrumental resolution. Time and angular resolved
photoelectron spectroscopy (TR-ARPES) is a very powerful tool to study non-equilibrium
electron dynamics of condensed matter systems, since it offers the possibility to follow
the dynamics of the full band structure of a material. In another pioneering experiment
the photo-induced dynamics of the Mott insulator 1T-TaS2 was studied at FLASH by
investigating the dynamics of the Ta 4f photoemission. The formation of a commensurate
charge density wave (CCDW) leads to a splitting of the Ta 4f level which decreases first
on a sub-picosecond time scale due to electronic melting of the CCDW and afterwards on
a picosecond lifetime due to electron–phonon coupling. This leads to transfer of energy
from the electronic system to the lattice and a partial melting of the periodic lattice
distortions accompanying the periodic charge arrangement in the CCDW phase.

In materials science X-ray absorption and emission spectroscopy are among the most
powerful spectroscopies to study the electronic structure of matter. The wavelength of
the radiation is scanned over certain element specific resonances which at FLASH 1 can
only be done by scanning the electron energy. This is time consuming and makes the
experiments difficult. Nevertheless, the first time-resolved X-ray emission spectroscopy
(XES) experiment was done at FLASH 1 in order to study non-thermal melting of a silicon
sample. From a comparison of the observed valence electronic structure at different
times after the photoexcitation it became clear that in the melting process in the first
few ps a non-equilibrium low density liquid state is reached. The existence of such a
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metastable low density liquid state had been postulated for many systems that show
tetragonal bonding in the crystalline phase like water for example, but spectroscopically
the time-resolved silicon XES data taken at FLASH verified its existence for the first
time. FLASH 2 has tunable undulators and it was demonstrated that scanning of the
wavelength is very easy there.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Free-electron lasers produce extremely brief, coherent, and brilliant laser-like photon pulses that allow to image
matter at atomic resolution and at timescales faster than the characteristic atomic motions. FLASH (Free-Electron Laser
in Hamburg) was the first free-electron laser in the XUV/soft X-ray spectral range and officially started operation as a
user facility in summer 2005. In pulses of about 50 fs duration it provides as many photons as one gets in 1 s from
modern storage ring synchrotron radiation facilities. Because of using a linear accelerator (Linac) in superconducting RF
technology FLASH combines the extreme peak brightness with very high average brightness (Rossbach, 2016). FLASH
opened exciting and fundamentally new opportunities for the investigation of ultrafast processes in atoms, molecules,
clusters and nanoparticles, in condensed matter and matter in extreme conditions including non-linear spectroscopy and
single-shot single particle imaging. Over the first 10 years of FLASH operation 230 scientific papers have been published
in refereed journals.

Soon after the discovery of the principle of a free-electron laser (Madey, 1971) and its first realization with an optical
cavity operating in the infrared wavelength range by John Madey and his group at Stanford University (Deacon et al.,
1977) the theoretical basis for single-pass X-ray FELs was established (Kondratenko and Saldin, 1980; Bonifacio et al.,
1984). These papers stimulated lively discussions in the accelerator community in a series of workshops organized by
Brookhaven National Laboratory and SLAC, Stanford. Already in 1992, detailed suggestions were made to use the existing
SLAC Linac equipped with low-emittance electron guns to drive FELs in the 4 to 0.1 nm wavelength range (Pellegrini,
1992).

At that time, DESY, as the prime German accelerator and particle physics laboratory, shared the vision of a large part of
the particle physics community to build a TeV-scale electron–positron linear collider, and pursued this project vigorously
when Bjørn H. Wiik became Director General of the laboratory in 1993. However, early on, there were clear indications
from the funding agencies in Germany that such a large research facility should be attractive not just to the particle physics
community. Thus DESY developed, within an international collaboration, a conceptual design for a 500 GeV e + e − linear
collider with integrated X-ray laser facility (Brinkmann et al., 1997). Based on the good experience with superconducting
technology at the large hadron–lepton collider HERA at DESY and the need for high luminosity at the linear collider, the
challenge was accepted to realize the accelerator in superconducting RF technology by the TESLA collaboration, which by
the end of 2002 included 50 institutions from 12 countries.

In the 1990ies, construction of a single-pass FEL for the VUV regime was very ambitious. The experimental evidence
was restricted to the microwave regime, i.e. to wavelengths longer by many orders of magnitude (Orzechowski et al.,
1985). There were concerns that the basic principle might not work at VUV and X-ray wavelengths and that the required
accelerator technology would not be manageable. Not least, it was clear that there would be quite a difference between a
proof-of-principle demonstration and a reliable user facility. Such concerns were even more serious in terms of realization
of hard X-ray FELs. Thus there was quite a consensus that a demonstration and operational experience in the VUV
regime would be indispensable before realization of an X-ray FEL could be pursued (Pellegrini, 1990). Based on these
considerations, DESY decided to build a test facility for the development of the superconducting linear accelerator within
the TESLA collaboration, and to combine this with an FEL user facility in the VUV–XUV spectral range. It was easy to
formulate a convincing scientific case. The conceptual design report for the FEL was submitted in June 1995 (Åberg et al.,
1995), the project was approved in October of the same year and the construction of the so-called TESLA Test Facility
Free-Electron Laser (TTF FEL) started.

Already the first stage of the TTF FEL project aimed at wavelengths and power levels, where neither classical lasers nor
FEL oscillators could compete. First lasing was observed on Febr. 22nd, 2000, at a wavelength of 109 nm and proved that
the FEL gain process was well understood and under control in the VUV wavelength regime. Shortly after, in September
2000, the ‘‘Low-Energy Undulator Test Line (LEUTL)’’ at the APS at the Argonne National Laboratory reached FEL lasing
and saturation at 530 nm (Milton et al., 2001), while FEL saturation at 98 nm was demonstrated at TTF FEL on Sept. 10th,
2001.

These achievements gave sufficient confidence to proceed with the project planning for X-ray FELs: The approval
process for LCLS at Stanford started mid of 2001 when DOE officially acknowledged that such a device should be built, and
in March 2001 the TESLA collaboration presented the Technical Design Report (TESLA collaboration, 2001) at a colloquium
on Scientific Perspectives and Technical Realization of TESLA at DESY, which attracted more than 1100 scientists, 40% from
abroad. The reaction of the science community at large and the funding agencies was positive. After an evaluation of the
TESLA proposal by the German Science Council, the German Government decided in February 2003 that the XFEL part of
the proposal should be realized in Hamburg as a European project, with Germany paying half of the cost.

After the 2003 government decision to aim for a European XFEL facility in the Hamburg metropolitan area the focus
at the TESLA Test Facility shifted more and more towards the development of the VUV FEL and the facility was named
FLASH, Free-Electron Laser in Hamburg, in April 2006. In many respects FLASH is the prototype of the European XFEL.
The technical and scientific mile stones achieved by FLASH in due time were instrumental for the decision process for the
European XFEL. The Technical Design Report for Eu-XFEL, the European X-ray Free-Electron Laser facility (Altarelli et al.,
2006), was presented in July 2006, civil construction started in January 2009, first electron beams were accelerated at the
end of 2016, and first lasing was demonstrated on May 4th, 2017.

FLASH was the first free-electron laser facility which managed the difficult transition from an accelerator R&D project
to a photon science user facility, including stable operation of the Linac and synchronization of the machine parameters
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with the experiment, as well as the development of adequate beamline optics, novel diagnostics and data acquisition
concepts. Groundbreaking experiments in a wide range of disciplines attracted the attention of the international science
community and paved the way for the revolution in X-ray science observed today leading to the construction of a number
of X-ray FEL user facilities covering the wavelength range from UV to hard X-rays. Many of the early FLASH experiments
and the techniques pioneered at the facility stimulated important developments at the Linac Coherent Light Source at
Stanford Linear Accelerator Laboratory SLAC, the first hard X-ray FEL (Bostedt et al., 2016a).

The goal of the present paper is to provide an overview of the progress made with accelerator science and technology,
the development and the operation of the first VUV-FEL user facility, the techniques developed to make use of the new
type of X-ray beams, and the results of pioneering experiments which opened new research fields.

2. Accelerator development

Originally, the international TESLA collaboration was exclusively motivated by the challenge of a colliding beams facility
for electrons and positrons at center-of-mass collision energies in the TeV-region. As synchrotron radiation losses scale
with the fourth power of the relativistic Gamma factor (particle energy in units of its rest energy), power losses of low
rest-mass particles into synchrotron radiation would become prohibitively large in the TeV energy range. Thus, it was
clear that acceleration of electrons or positrons up to TeV energies cannot be established within the circular ring concept.
A ‘‘Linear Collider’’, consisting of two linear accelerators oriented head-on such that two powerful beams of electrons
and positrons would collide, would be the only way out. To reach beam energies of (say) 500 GeV per particle species,
each linear accelerator would extend over more than 10 kilometers in length, even if ambitious accelerating gradients of
50 MV/m could be realized.

The established and technologically proven technology of achieving many Megavolts of accelerating voltage per meter
was (and still is) based on accelerating the particles inside a radiofrequency resonator. In order to give sufficient room
to the particle beam, and in view of availability of powerful RF generators, resonator frequencies in the few GHz regime
would be adequate, resulting in resonator diameters of a couple of Centimeters, see e.g. Fig. 1. In the early 1990ies, it
was a consensus among most of the experts worldwide, that the RF resonators should be made from normal-conducting
copper operated at room temperature and at resonator frequencies between 3 GHz and 11 GHz. While operation of such
resonators at accelerating gradients of some 50 MV/m seemed feasible, the Ohmic losses in the resonator walls would,
even for copper, result in dramatic heat losses, meaning that the resonators have to be operated in a pulsed mode, with
duty cycles of typically 10−4. Still, the total electric power consumption of the entire collider laboratory would be at the
200 MW level. For an illustration of a typical linear collider in normal conducting technology, see e.g. Raubenheimer et al.
(1996).

In the early 1990ies, as an alternative technology choice for a TeV-scale linear collider, the employment of super-
conducting RF technology started to be seriously considered. Superconductivity offers indeed several advantages when
applied to Linac technology. In the first place, one profits from the dramatically reduced Ohmic losses in the resonator
walls. One might think that this offers both higher accelerating electric field and a much larger duty cycle. In fact, however,
the maximum electric field Eacc is fundamentally limited by the critical magnetic field Bc of the superconductor, which
is approx. Bc ≈200 mT for niobium at 2 K, corresponding to Eacc ≈ 45 MeV/m, averaged over the length of the cavity
axis. In reality, such a value is seldom reached, and it was indeed among the essential missions of the international
TESLA collaboration to establish a cost-effective technology to reliably produce Linac structures providing (at least) Eacc
≈ 23 MeV/m. While this became the decisive challenge for the TESLA Test Facility (TTF) (TESLA collaboration, 1993;
Tigner, 1993; Edwards, 1993, 1995), further objectives included experimental verification of the component’s performance
in terms of field quality, electron beam dynamics, diagnostic tools and control procedures. Fig. 1 illustrates the key
component of the accelerator, the superconducting radiofrequency resonator, consisting of nine coupled cavity cells. Due
to its success it represents the core accelerator component of both FLASH and the European X-ray FEL until now.

While first plans for a Linac-driven free-electron laser (FEL) for wavelengths far below the visible were discussed at
Stanford, USA (Cornacchia and Winick, 1992), it was realized very soon, that a superconducting accelerator like TTF would
be perfectly suited to drive such device, mainly for the following reasons:

1. Due to the large iris diameter of the accelerator cavities, wake field effects, originating from the electro-magnetic
interaction between the bunch charge and the surrounding walls, are very small compared to standard normal
conducting cavities. It is thus possible to operate the Linac at a large range of electron bunch parameters without
taking into account the potential impact on electron beam quality by such wake fields. This is particularly relevant
in view of the kA-level peak current required by the FEL gain process and in view of the variety of ultra-short pulse
lengths in the fs-regime requested by users.

2. Due to its excellent power efficiency, a superconducting Linac can be operated at very high duty cycle, up to
continuous wave operation, a fact that allows for very high average brightness and for large flexibility in terms
of timing structure.
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Fig. 1. Longitudinal cut (top) and photo (bottom) of the nine-cell RF resonators developed by the TESLA collaboration and used for FLASH. The
resonators consist of pure niobium, cooled by superfluid helium of 2 K. They run at a resonance frequency of f0 = 1.3GHz and are operated in
the standing-wave π-mode, where the direction of the accelerating electric field alternates from cell to cell when observed at a certain moment, as
illustrated in the top sketch. The cell length lc = c/(2f0) is chosen such that the field direction has inverted when the electrons, moving (almost) at
speed of light c, pass from one cell to the next, thus providing continuous acceleration (Schmüser et al., 2014).

2.1. TESLA test facility, phases 1 and 2

Because of its superior properties, it was the visionary spirit of B.H. Wiik to develop superconducting FEL technology
from the very beginning in a way applicable within a large range of wavelengths, down to the X-ray regime (Brinkmann
et al., 1997; Altarelli et al., 2006). As there were no normal incidence mirrors at very short wavelengths, and no suitable
coherent sources to seed the FEL process, the Self-Amplified Spontaneous Emission (SASE) principle (Kondratenko and
Saldin, 1980; Bonifacio et al., 1984) was the most promising concept to adopt. It relies on amplification of spontaneous
undulator radiation by many orders of magnitude within a single passage of a long undulator.

Based on the understanding that on the way to Ångstrøm wavelengths intermediate steps would be indispensable,
it was more or less clear that, in terms of science applications, the most important step would be to jump from the
microwave regime (Orzechowski et al., 1985; Kirkpatrick et al., 1989) across the wavelengths accessible by classical lasers
down to wavelengths far below the visible. Thus, a jump by four orders of magnitude was proposed (Rossbach, 1996) to
reach 100 nm, a wavelength regime where the SASE FEL principle is superior to other types of lasers. This could be done
with the available TTF accelerator by adding a suitable electron source, a longitudinal bunch compressor generating the
required kA-level peak current within the electron bunch, and a 14 m long undulator. This installation was called TTF FEL,
Phase 1 or, in short, TTF1 FEL. Coordinated work on its realization started in 1994 at DESY, Hamburg, Germany.

Besides proving the principle, it was even more important to make broad scientific use of this new type of radiation
source as soon as possible. Thus, in a second phase, the scientifically attractive vacuum ultraviolet (XUV) wavelength range
between 6 nm and 40 nm was to be achieved. To this end, the TTF Linac had to be upgraded to maximum beam energy
of 1 GeV, an additional bunch compressor and a 30 m long undulator had to be installed, and a hall for user experiments
had to be built. A proposal (Åberg et al., 1995) of a two-stage realization of a SASE FEL user facility based on the TTF, as
outlined above, was endorsed by an international advisory committee. This device was the TTF2 FEL, also called VUV-FEL.
In April 2006, when regular user operation was established, it was renamed as Free-Electron LASer in Hamburg (FLASH)
(Rossbach, 2016).

2.2. Free-Electron Laser studies at TTF

In the configuration operational during the first phase of the TTF project (TTF1), the average performance of the
installed 16 cavities offered an operational electron energy somewhat beyond 200 MeV, corresponding to a mean
accelerating gradient of approx. 13 MeV. This allowed, according to the FEL resonance condition Eq. (1)

λl =
λu

2γ 2

(
1 +

K 2

2

)
, (1)

for an FEL wavelength λl of some 100 nm when using a state-of-the-art undulator design. In Eq. (1), λu is the undulator
period, γ is electron energy in units of the electron’s rest mass, and K the undulator parameter. Indeed, FEL lasing was
demonstrated on Febr. 22, 2000, at 109 nm wavelength, using two ‘‘TESLA modules’’ consisting of a cryostat with eight
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Fig. 2. Configuration of the TESLA Test Facility (TTF1) for the first observation of Self-Amplified Spontaneous Emission (SASE) in a free-electron laser
(FEL) in the Vacuum Ultraviolet regime at 109 nm wavelength (11 eV) (Andruszkow et al., 2000). The observed free-electron laser gain (approx. 3000)
and the radiation characteristics, such as dependency on bunch charge, angular distribution, spectral width and intensity fluctuations all corroborated
the existing models for SASE FELs.

nine-cell cavities each, and a 14 m long undulator, see Fig. 2 (Andruszkow et al., 2000). A further important step was
achieved in 2001 with the demonstration of FEL gain saturation at the predicted saturation power level and free tunability
in the wavelength range between 80 and 120 nm (Ayvazyan et al., 2002a,b).

At shorter and shorter wavelengths, the impact of details in the particle distribution within the electron bunches and
of disturbing external fields increases. Thus, an indispensable tool for the development of future high-gain FELs was a fully
3D time-dependent numerical simulation code capable of taking into account aspects like beam halos, wake fields and
non-periodic focusing, to name a few. The code GENESIS 1.3 developed at that time at DESY is meanwhile a worldwide
used reference tool (Reiche, 1999). For a recent review on the physics of free-electron lasers see (Pellegrini et al., 2016).

A complication that came up in these early years of high gain, single-pass FELs and that has to be mastered until
now is related to the kA-level peak current needed to achieve a reasonably short FEL gain length. If such high electron
densities would be generated at low, nonrelativistic particle energies, Coulomb space charge forces would increase the
transverse electron bunch emittance very rapidly. The way out was (and still is) first accelerating the electron bunches
to ultra-relativistic energies of, say, 100 MeV, where Coulomb forces are efficiently suppressed, because they are scaling
according to 1/(σsγ

2) , with σs the bunch length. Unfortunately, at ultra-relativistic energies any velocity differences are
fading away, so the longitudinal compression is accomplished by a magnetic chicane. Here the path length difference of
particles with different momenta is used. By introducing a correlated momentum chirp along the bunch, the compression
results in the required kA-level peak current, combined with bunch lengths well below 100 fs. For an illustration, see
Schmüser et al. (2014).

While such short bunch lengths are of utmost importance for users, they will make the synchrotron radiation emitted
during magnetic deflection to be radiated coherently for all wavelengths larger than the bunch length. Coherent radiation
means an increase of radiation power by many orders of magnitude as compared to the incoherent radiation regularly
experienced. This effect was well known in principle but efficiently suppressed at previous electron accelerators where the
bunch length was of comparable size as the metallic vacuum beam pipe. The new powerful coherent synchrotron radiation
(CSR) generates very large electro-magnetic fields that are capable to seriously impair the electron bunch quality in terms
of momentum and transverse phase space distribution. It was thus indispensable to understand this effect theoretically
(Derbenev et al., 1995, 1996) and model it numerically (Limberg et al., 2002; Zagorodnov and Dohlus, 2011), see Fig. 3.

The upgrade of TTF in terms of beam energy went on by fabrication, installation and commissioning of three further
accelerating TESLA modules. They were installed into a new tunnel, including a 30 m long fixed-gap, permanent magnet
undulator (Pflüger, 2000), a collimator system protecting the undulator from accidental losses of electrons, and a second
bunch compressor (Limberg et al., 2002) which made it possible to increase the peak current to approximately 1–2 kA as
required for FEL operation, see Fig. 4.

At a beam energy of 445 MeV, FEL gain and saturation was demonstrated at 32 nm wavelength (Ayvazyan et al.,
2006). Again, experimental evidence, including GW-power radiation, agreed well with the theoretical expectations, and
was registered with relief by everybody worldwide working on FELs at even shorter wavelengths.

While measuring the total energy of photon pulses was quickly realized (though by far not trivial, e.g. due to the huge
dynamical range to be covered), detailed experimental information about its length was very difficult to achieve. From
the accelerator point of view, its basis is, in the first place, the longitudinal charge distribution inside the electron bunch.
A number of approaches were launched to determine this important parameter:

• The electro-optical sampling (EOS) technique uses the transition radiation pulses, emitted by the ultrashort electron
bunches, to induce a birefringence in an optically active crystal, and this birefringence is sampled with polarized
ultrashort laser pulses. The main challenge was to establish the time overlap between the laser pulses and the
electron bunches (Brunken et al., 2003). Probing the electric field of the electron bunches at resolution better that
100 fs could be demonstrated already in 2005 (Steffen et al., 2005).

• A more direct measurement of charge distribution in the time domain could be established by a rapid transverse
deflection system (TDS). It acts on the electron beam by an RF resonator operating on a transverse deflecting mode
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Fig. 3. Illustration of the longitudinal phase space distribution of an electron bunch at FLASH when numerically simulated (Zagorodnov and Dohlus,
2011). Vertical axis: electron energy horizontal axis: longitudinal coordinate inside the electron bunch. Coulomb space charge forces are taken into
account as well as cavity wake fields and coherent radiation effects in 1D (black) and in 3D (gray), respectively. Note the short bunch length below
100 µm rms achieved by longitudinal bunch compression in two magnetic chicanes.

Fig. 4. Top: Configuration of the TESLA Test Facility (TTF2) as of Jan. 14, 2005, for demonstration of 32 nm FEL wavelength. The accelerator tunnel
was extended to 250 m to give room for more accelerator modules, a collimator system and a 30 m long undulator. Also an experimental hall was
added (not shown here), which made the total lengths of the facility 330 m. Bottom: Photo of the 30 m long FLASH undulator after installation
into the FLASH accelerator tunnel. At this time, it was by far the longest undulator constructed and installed for FEL purposes (Pflüger, 2000).

synchronized with the frequency of the regular Linac. The transversely streaked bunch is observed on a screen
where the longitudinal profile is translated in a transverse one — in some sense like an oscilloscope using an ultra-
relativistic electron beam. This comes at much higher costs than EOS and requires several meters space of valuable
accelerator beam line, but it results in much better resolution. If a static magnetic dipole deflection is applied in the
orthogonal direction, the momentum distribution can be observed simultaneously, see Fig. 5. TTF2 FEL was the first
FEL using such device, demonstrating a temporal resolution of approx. 15 fs rms (Hüning et al., 2005).

• In a quite different approach, radiation carrying the time information of the bunch is observed in the frequency
domain. This radiation can be the optical transition radiation (OTR) emitted when electrons cross the interface of two
media of different dielectric constants. Often, a metallic foil is used. For wavelengths larger than the bunch lengths,
the OTR is emitted coherently, so the intensity is dramatically increased. It is thus the infrared and THz wavelength
regime which contains the relevant information on the longitudinal charge distribution on a scale down to a few
Micrometers. An infrared spectrometer was invented (Delsim-Hashemi et al., 2005) to measure the relevant spectral
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Fig. 5. Schematic of the transverse deflection system installed at FLASH. The electron bunch (blue) travels from left to right and receives a time-
dependent vertical deflection when passing the rf resonator (yellow). A magnetic dipole deflection (green) in the orthogonal (horizontal) direction
provides momentum dispersion. The image on the observation screen (right) provides information on the longitudinal charge distribution and
momentum distribution within the electron bunch simultaneously.
Source: Courtesy C. Lechner and T. Plath.

Fig. 6. Two different longitudinal electron bunch current profiles measured at FLASH with a TDS (dotted curves) and reconstructed from the OTR
power spectrum (solid curves), measured with the CRISP4 single-shot infrared spectrometer (Wesch et al., 2011). The measurement in frequency
domain is particularly powerful in making bunch structures in the Micrometer range visible.

range within a single shot, which is important, since the charge distribution might fluctuate from bunch to bunch.
In spite of the loss of phase information when measuring the power spectrum, the most likely compact profile can
be reconstructed by phase retrieval methods (Lai and Sievers, 1997). As the method works in the frequency domain,
it is particularly attractive when it comes to bunch structures in the few Micrometer range, where the TDS method
is limited, see Fig. 6 for a comparison.

2.3. Ten years of progress on FEL technology at FLASH

2.3.1. Steps towards 4 nm wavelength
After regular user operation of FLASH started in 2006, most of the running time was dedicated to a large and ever

growing community of scientific users. They were asked and authorized to define the parameters of the facility, which was
generally operated on a 24/7 basis. The range of accessible parameters was of course limited by the technical constraints.
To expand the scope of experimental possibilities, and to consolidate machine performance, quite some fraction of the
beam time was regularly devoted to studying accelerator issues and FEL techniques.

The most significant progress was certainly achieving even shorter FEL wavelengths. In August 2006, 700 MeV beam
energy was reliably obtained from the installed five TESLA modules (see Fig. 4), and FEL gain saturation was achieved at
13.7 nm wavelength with radiation pulse energies of 70 µJ, corresponding to 10 GW radiation power (Ackermann et al.,
2007).

When an FEL operates in the saturation regime, the microbunching of the electrons starts to develop higher harmonic
content which leads to appearance of odd harmonics in the FEL spectrum, see e.g. (Schmüser et al., 2014). In fact, 0.25
µJ energy content was observed at the 3rd harmonics (4.6 nm) and 10 nJ at the 5th harmonics (2.75 nm), respectively.
These pulses were intense enough that they could be used scientifically, see e.g. (Gutt et al., 2009, 2010). This achievement
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Fig. 7. Schematic layout of FLASH with seven TESLA accelerator modules installed. The second FEL beamline (FLASH2) is also shown, see text. The
accelerating section operating at 3.9 GHz (3rd harmonic of the fundamental accelerating frequency) is located downstream of the first regular TESLA
module and colored red. ‘‘sFLASH’’ indicates a variable-gap undulator section to study seeding options, see text.

Fig. 8. Single-shot spectrum of FEL radiation below 7 nm (fundamental harmonics) at FLASH, DESY as of Oct. 2007.
Source: From Rossbach (2008).

was not only the proof that higher FEL harmonics can be attractive to users, but it was also the first time that the so-
called water window became accessible to FELs, a wavelength range transparent for aqueous systems and thus crucially
important for the investigation of biological samples.

For achieving the FLASH design wavelength of 6 nm, the full design energy of 1 GeV was needed, which could be
realized by installation of two more TESLA modules. This happened in 2007 and was (and still is) the maximum number
of Linac modules fitting into the existing accelerator tunnel, see Fig. 7. FEL operation at 6.5 nm was then achieved on Oct.
5, 2007 (Rossbach, 2008). Fig. 8 shows an early single-shot wavelength spectrum.

With the TESLA modules exceeding the design accelerating fields, even 1.25 GeV beam energy could be realized,
thus reaching 4.1 nm wavelength in Sept. 2012. Fig. 9 summarizes the wavelength steps from 109 nm down to 4 nm
at TTF/FLASH over nine years. None of these steps came for free, because most of them stood for a challenge in entering a
parameter range where no prior experience was available. Some of these achievements will be illustrated in the following.
Most of them are characteristic for high-gain FELs in general, some of them for a superconducting one like FLASH. More
details can be found in (Schreiber and Faatz, 2015).

2.3.2. Third-harmonic, 3.9 GHz rf linearizer
Compression towards ultra-short bunches needs, in the first place, full control of longitudinal phase space dynamics.

This is compromised by the sinusoidal time dependence of the accelerating field which is imprinted to the longitudinal
momentum profile within the bunch. This effect was removed at FLASH by installation of a 3rd harmonic rf system in
2009, see Fig. 10.

The 3rd harmonic RF system allows to linearize the accelerating field’s sinusoidal time dependence at least in the time
range where the bunch is present, and it adds a degree of freedom when imprinting the needed linear momentum chirp
to the bunch. Fig. 11 illustrates the effect of this linearization during an early test at FLASH in 2010 (Harms et al., 2010).
This system was an important asset towards more controlled compression of the electron bunch.

2.3.3. Generation of small emittance beams
Providing a small electron beam emittance was an issue for high-gain FELs from the very beginning. But the challenge

became the harder the shorter the FEL wavelength was. The reason is, essentially, that electrons passing the undulator at
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Fig. 9. History of world record demonstrations of FEL gain at shorter and shorter wavelengths at FLASH. In all cases, FEL saturation was achieved
and agreement with FEL theory could be proven.

Fig. 10. Installation of the cryo-module (red) containing four 3.9 GHz superconducting cavities. A neighboring regular TESLA accelerating module
containing eight 1.3 GHz nine-cell cavities is also seen (yellow).
Source: Courtesy: Kai Jensch, DESY (Schreiber and Faatz, 2015).

an angle experience a reduction in longitudinal velocity compared to the on-axis particles. This results in smearing the
microbunching process which becomes more critical the shorter the FEL wavelength is. The magnitude of the longitudinal
velocity spread can in principle be reduced by arranging the electron optics for a large beam size (i.e. a large beta function).
But this would result in a lower electron density and longer gain lengths, so there is an optimum in between. The beam
emittance ε is, loosely speaking, the product of transverse beam size and beam divergence, and a rough estimate calls for
an emittance

ε <
λl

4π
(2)

for FEL operation at the wavelength λl (Schmüser et al., 2014). Fortunately there is a mechanism in most accelerators,
called adiabatic damping, by which the emittance is decreased almost automatically in inverse proportion to the beam
energy. It is thus the ‘‘normalized’’ emittance εn = ε/γ that is conserved during acceleration along a Linac. But still, due
to the 1/γ 2 scaling in Eq. (1), there remains a factor of 1/γ to be gained when reducing the FEL wavelength. It is easy to
calculate from these equations a normalized emittance of εn < 10−6 m to be required for FLASH operation at 6 nm.
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Fig. 11. Comparison of longitudinal bunch distribution in FLASH with/without the 3rd harmonics RF system in operation (from (Harms et al., 2010)).
The transverse deflecting RF system mentioned before (called LOLA) was used for this measurement.

Fig. 12. Cut through the electron source of FLASH. The Cs2Te photocathode is mounted at the backplane of a 1.3 GHz copper cavity. It is excited in a
TM010 like mode such that the electron field assumes its maximum value at the cathode. The RF power is guided to the cavity through a waveguide
and a coaxial coupler in a symmetric way thus generating as little field asymmetry as possible. The UV cathode laser beam is reflected onto the
cathode by a small mirror outside the electron beam axis. A solenoid coil provides transverse focusing, while a second solenoid called ‘‘bucking coil’’
compensates the magnetic field in the cathode region, where the electrons have very low momentum.
Source: Courtesy I. Isaev, DESY.

In consequence, DESY initiated an ambitious program towards an electron injector providing the required small beam
emittance. The concept is based on a laser-driven photo-cathode mounted inside a 11/2-cell radio-frequency cavity (Fraser
et al., 1986). The challenge was to combine a peak accelerating field on the cathode of some 50 MeV/m with an RF pulse
length as long as 800 µs needed for the long bunch trains at FLASH. While the large electric field, needed to keep Coulomb
forces under control, made it impossible for superconductivity to be applied, its combination with the long RF pulses
required massive water cooling to remove the Ohmic losses in the normal conducting resonator. Fig. 12 shows the FLASH
electron injector, developed at the DESY site in Zeuthen near Berlin.

To conduct the R&D program, the Photo-Injector Test facility Zeuthen (PITZ) was established, located in the DESY branch
in Zeuthen. A normalized emittance of εn ≈ 1.3 · 10−6 m (rms) was already demonstrated in 2007 (Asova et al., 2007) for
the bunch charge of 1 nC, which was the design charge at that time. In fact, this rather large charge was the result of a
conservative approach giving room to tolerances in the bunch compression process, accepting that only a fraction of the
bunch charge would contribute to lasing. Based on this assumption, determining the emittance of the entire (so-called
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Fig. 13. Measurement of world-record small emittance at PITZ for 0.1 nC bunch charge. The result for the vertical phase space distribution is similar
to the horizontal one shown here.
Source: From Krasilnikov et al. (2012).

Fig. 14. Schematic illustration of emittance measurement established at FLASH using the four-screen method.
Source: Courtesy L. Staykov, DESY.

projected) emittance was conservative anyhow, since the smaller slice of the bunch actually lasing would certainly have
a smaller emittance.

Further experimental optimization yielded unprecedented low emittance beams in the whole charge range between
0.02 nC and 2 nC (Krasilnikov et al., 2012). As an example, a projected, normalized emittance of εn ≈ (0.212 ± 0.006) ·

10−6 m (rms) was demonstrated for 0.1 nC bunches, see Fig. 13. The ability to control the phase space distribution at
such small bunch charges is particularly attractive since it provides very small emittance values and permits generation
of very short bunches (see below).

2.3.4. Tomographic reconstruction of emittance
As mentioned before, the bunch formation process, in particular the bunch compression, comes along with powerful

collective effects. They do not only disturb the longitudinal phase space distribution (see Fig. 3) but may also prevent
conservation of the normalized emittance. It is thus mandatory for controlled FEL operation to measure the transverse
phase space distribution after the bunch formation is completed.

Since the transverse phase space distribution of the electrons cannot be assumed to be a Gaussian one, a simple
observation of the spot size on a single observation screen cannot reveal the particle distribution in phase space. The
standard procedure is thus to observe the image changes on a screen while the electron optics is varied in a controlled
way upstream of the screen. Each optics setting corresponds to a projection of the phase space distribution under a
different angle. A very precise and reliable method to do so uses several screens with fixed, well-known linear optics
properties in between (Löhl, 2005; Löhl et al., 2006), see Fig. 14. This measurement can be performed very rapidly since
no change of magnetic components is required. This also guarantees that no space charge effects will disturb the results,
which is always an issue when varying the focusing of a small-emittance, kA-level electron bunch.

Recovery of the phase space distribution from the screen images is, in principle, ambiguous, since information is lost as
a result of the projections. Thus, a tomographic reconstruction technique was implemented using the maximum entropy
algorithm (MENT) (Scheins, 2004). It is based on the idea to find the most likely phase space distribution which could
explain the observed screen images. FLASH was the first FEL where such a system was implemented.
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Fig. 15. Operation principle of the electron bunch arrival-time measurement based on an electro-optical modulator (EOM).
Source: From Löhl et al. (2010).

2.3.5. Femtosecond-level control of electron bunch timing
While femtosecond-scale photon pulses are an invaluable asset of high-gain FELs, both their generation and their

scientific use rely on the ability to control the timing of electron bunches with fs precision.
The main contribution to potential timing jitter of electron bunches is due to dispersive effects in the magnetic bunch

compressor chicanes. As described before, the compression is accomplished by intentionally introducing a correlated
momentum chirp along the bunch and then using the energy-dependent path length in such chicanes. Unavoidably, at
the same time such a chicane also converts any beam energy jitter into an arrival-time jitter at the FEL undulator. Beam
energy jitter at the chicane can be caused by amplitude fluctuations of the accelerating fields upstream of the chicane or
by variations of the rf phase.

In the first place, timing requires a reference clock, which was realized at FLASH by a mode-locked fiber laser. Next,
one needs a tool comparing the arrival time of the electron bunches at a certain location to the time stamp derived from
the clock laser pulses. To this end, a novel electro-optical detection scheme was developed (Löhl et al., 2010). The beam-
induced bipolar signal from a pickup electrode with more than 10 GHz bandwidth is utilized to modulate the amplitude
of the laser pulse train by means of a commercial Mach–Zehnder type electro-optical modulator (EOM), see Fig. 15. The
relative timing between a reference laser pulse and the zero-crossing of the pickup signal translates into a modulation
voltage of the laser pulse. By comparing the laser pulse energy of the sampling pulse to that of the adjacent pulse it was
possible to deduce the electron arrival time in respect to the clock laser pulses at as low as 6 fs resolution (rms) (Löhl
et al., 2010).

One backbone of this system is a stable distribution of the laser clock pulses along the entire distance from the fiber
laser to the various locations of beam pickup stations, i.e. over several hundred meters. This was accomplished by active
stabilization of an optical fiber based timing link, where 10 fs long-term stability was achieved over more than 300 m
distance (Kim et al., 2007).

With the help of the described bunch arrival detection and two beam-based feedback systems acting on the RF field
amplitudes, it was possible to stabilize the arrival time jitter to some 12 fs (Pfeiffer, 2014). It should be noted that this
possibility is unique to superconducting accelerators due to the long duration of the RF pulse. Almost simultaneously, also
the electron bunch compression was stabilized, yielding a significant reduction of the FEL pulse energy jitter.

Finally, further improving and combining such kind of tools with THz-streaking diagnostics of photon pulses (Ivanov
et al., 2018) into a facility-wide system, a timing stability of 30 fs (rms) was demonstrated for 90 fs long photon pulses
at FLASH (Schulz et al., 2015). This performance is expected to be improved for shorter photon pulses.

2.3.6. Generation of ultra-short photon pulses
Electron bunch lengths of a few 100 fs are an almost automatic result of longitudinal bunch compression when

generating the kA-level peak currents needed for high FEL gain. Some users, however, desire photon pulses as short as
possible. The shortest FEL pulse length supported by the basic FEL process is determined by the number of microbunches
interacting with the radiation field within one FEL power gain length, the so-called cooperation length (Bonifacio et al.,
1984). This translates into the coherence length τcoh of SASE pulses which depends primarily on FEL gain and wavelength
(Saldin et al., 2000; Schmüser et al., 2014). A typical value experimentally determined at FLASH is approx. 3 fs at 8 nm
wavelength (Singer et al., 2012). A photon pulse of such duration generated in an FEL can be considered fully coherent,
due to the excellent degree of transverse coherence of FEL radiation (Ischebeck et al., 2003). The spectrum of such a pulse
will consist of a single, smooth spike in frequency domain, rather than the spiky spectrum of longer SASE pulses.

The most direct way of generating such short FEL pulses would be based on electron bunches as short as the
cooperation length (Rosenzweig et al., 2008). This cannot be accomplished by simply more aggressive longitudinal
compression because of the coherent space charge forces. The alternative approach followed at FLASH was to install
a new photo-injector laser system providing shorter electron bunches already at the cathode, and running at small
bunch charges between 20 pC and 100 pC (Rönsch-Schulenburg et al., 2014). The latter approach has the advantage
that the compression factor can be reduced thus improving the stability, because bunch length and timing become less
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Fig. 16. Three typical examples of SASE FEL-spectra measured at FLASH, when the short-pulse laser was applied at a bunch charge of 55 pC, from
Rönsch-Schulenburg et al. (2014). It is important to note that these are single-shot spectra generated by a single electron bunch not yet reaching
FEL saturation. Due to the start-up from noise in the SASE-mode of FEL operation, one expects a number of spikes in frequency domain randomly
distributed within the FEL’s bandwidth, if the radiation pulse length exceeds the coherence time (Saldin et al., 2000). This behavior is smeared out
if averaged spectra would be observed, and also in FEL saturation regime. From the appearance of (almost) single spikes in the single-pulse spectra
one can therefore conclude that the pulse length is close to its minimum value determined by the coherence time.

susceptible to RF fluctuations, and because collective effects are decreased. Indeed, almost-single-spike FEL pulses could
be demonstrated at FLASH, see Fig. 16 (Rönsch-Schulenburg et al., 2014). From the appearance of such type of spectra
one can conclude that the pulse duration is close to its minimum value determined by the coherence time.

2.3.7. Seeding
An alternative way towards better longitudinal coherence is initiating the FEL process by overlapping the electron

beam with a suitable photon pulse at the entrance of the FEL undulator. If the photon pulse is longitudinally coherent,
and if its intensity exceeds the spontaneous undulator radiation level, its coherence properties will be transferred to the
FEL gain process such that the FEL output pulse replicates the coherence properties of the input (Huang and Kim, 2001).

The most direct method would certainly be to inject an externally generated photon pulse of desired parameters
(wavelength, intensity, pulse length, coherence, polarization) (DiMauro et al., 2003). For short wavelengths in the XUV
regime, generation of sufficiently intense photon pulses is extremely challenging (Hergott et al., 2002), even more so if a
high pulse repetition rate is required to match the high bunch rate at FLASH (Willner, 2012). To attain EUV wavelengths
with classical lasers, up-conversion of photon frequencies by means of nonlinear high-harmonic generation (HHG) in gases
is utilized (Ferray et al., 1988).

To study HHG-seeding at FLASH, a HHG source at 38 nm was realized (Maltezopoulos et al., 2014), and a 10 m long
dedicated variable-gap undulator section was installed, named sFLASH (schematically indicated in Fig. 7). Direct HHG-
seeding was demonstrated in 2012 (Ackermann et al., 2013). With the sFLASH-undulator accordingly tuned, not only the
fundamental FEL-wavelength at 38 nm was seeded, the smallest directly seeded FEL wavelength to date, but also its 2nd
harmonic at 19 nm. With the observed energy contrast of the seeded FEL photon pulses of only a factor of five above the
competing SASE pulse energies, and in view of the known difficulties in reaching even shorter wavelength than 38 nm (in
particular at high repetition rates) (Hergott et al., 2002; Willner, 2012), the HHG technique was considered not attractive
for seeded user operation at FLASH.

An alternative to HHG seeding consists of modulating the energy profile of the bunch by a laser pulse at larger
wavelength λlas (e.g. 267 nm), where plenty of laser power can be delivered, and then generating a density modulation in
the electron bunch by passing a weak magnetic chicane. If the introduced energy modulation exceeds the original energy
spread in the bunch, the density modulation will contain many high harmonics n/λlas which may seed the FEL gain in a
subsequent, appropriately tuned undulator. This method has been named High-Gain Harmonic Generation (HGHG) (Yu,
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1991). It is successfully employed for user operation at the FERMI FEL (Allaria et al., 2012), and it was also demonstrated
at FLASH at 38 nm wavelength, corresponding to the n=7th harmonic of the modulating seed laser (Hacker et al., 2015).
To reach lasing at shorter wavelength down to a few nm in seeded operation driven by an external laser either cascaded
HGHG (Allaria et al., 2013) implemented at the FERMI FEL or Echo Enabled Harmonic Generation (EEHG) are possible
solutions. First lasing in an EEHG setup was demonstrated at the SDUV-FEL test facility in Shanghai (Zhao et al., 2012).
Later generation of very high harmonics was shown at Stanford (Hemsing et al., 2016) and recently also tested at FERMI
for lasing down to 5 nm (Allaria et al., 2019).

Both the HHG, the HGHG, and the EEHG seeding methods require the availability of an external seeding source. A quite
different approach was invented at FLASH, later coined self-seeding (Feldhaus et al., 1997). It starts with the conventional
SASE process and, at a sufficient intensity level, a narrow spectral range is cut out which is then used for seeding in a
second FEL stage. Depending on the wavelength regime, the spectral filtering is accomplished either by gratings or Bragg
crystals. As the latter one can be arranged within a rather compact unit, it was successfully implemented at LCLS/SLAC
(Amann et al., 2012).

2.3.8. Controls for a superconducting FEL
At the time when FLASH was constructed, controlling a superconducting FEL like FLASH represented a bunch of

challenges that could not be mastered by just using commercially available solutions. This fact is mainly related to
the extraordinary requirements on timing on the femtosecond scale and to the large number of electron bunches a
superconducting Linac is capable to accelerate which can, if misdirected, easily destroy accelerator components.

Operation of two or more beam lines by one accelerator (see section k) requires a reliable synchronization of
subsystems, a machine protection system (MPS) that acts according to the source of a technical failure, and a control
system with separated parameters for each beam line. At FLASH, the control system provides a clear separation of
these different tasks. It is called DOOCS (Distributed Object Oriented Control System) and makes use of hardware based
synchronization and protection. All critical signals are distributed via separate timing and machine protection fiber optical
networks. Software controlled parameters are transferred via Ethernet.

10 Hz is the typical rate of RF pulses and trigger frequency of FLASH. It is derived from the 50 Hz mains frequency to
be synchronous with the dominating noise source. Within each RF pulse of 800 µs duration, trains of electron bunches
can be accelerated. In terms of controls, there is large flexibility on the internal timing pattern within each bunch train. It
is the task of the timing system to inform subsystems about the characteristics of all individual bunches before a bunch
train arrival. For high flexibility in defining the structure of the bunch trains, the timing of bunches can be defined based
on a 9 MHz raster. This 9 MHz raster allows 4.5, 3.3 or 1 MHz (or lower) bunch repetition rates which can be supported
by the current photo injector laser system.

The operator defines for every electron bunch a source, the destination, the maximum allowed charge and an optional
special usage. The ‘‘source’’ in FLASH is one of the three photo injector lasers. Beam lines or electron dumps can be
defined as destinations. The charge information is used by a toroid protection system and can be used by diagnostics
and for beam loading compensation by the low level RF control system (LLRF). Special diagnostics, like the Transverse
Deflecting Structure to measure the bunch length (see Fig. 5), can pick out a single bunch, and all other subsystems are
informed.

The timing system distributes a table with 7200 entries (800 µs * 9 MHz) prior to the release of a bunch train. From this
table the bunch related clocks and triggers are extracted for the local devices. A module of the machine protection system
(MPS) is located in the crate of the main timing module and provides information about restrictions in the accelerator via
a hardware connection. If e.g. the operator wants 100 bunches in a beam line, but a screen is inserted, the MPS tells the
timing to allow one bunch only. In addition, the MPS can inhibit the photo injector laser for a certain beam line within
a microsecond after an interlock event occurred. Restrictions in one beam line do not hinder the operation of the other
lines.

With one central timing module the topology is a multi star. All long links are drift compensated to a level of 10 ps
rms between the sender and the receivers. The central node sends triggers and data encoded on a stable 1.3 GHz clock
derived from the master oscillator. At the respective receiver up to 23 individual channels can be configured to deliver
clocks, extracted data and delayed triggers. Channels can also be combined to provide complex outputs.

Most of the front-end crates are equipped with a timing receiver. With the information encoded in the timing it is
defined to which beam line all bunches in a subsystem belong to. This allows the server processes to identify for every
beam line e.g. the first bunch and to store the bunch information in separate archives. The LLRF system is using this timing
information to define the required RF pulse profile.

Data taken from fast ADCs by the front-end processors are marked with an RF pulse number and sent to central data
acquisition servers (DAQ). The DAQ collects the data from more than 100 crates. Middle layer servers attached to the DAQ
are receiving these synchronized streams to process them. The results can be used as feedbacks or in operator displays.
Selected results and raw data are stored on disk with tens of TB capacity for about two weeks or permanently on tape. In
case of a critical event, the cause can be analyzed later on with full bunch resolution from all diagnostics and RF controls.
Some FEL user experiments are using this DAQ system as well to archive their measurements together with data from
the accelerator.
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Fig. 17. Train of 800 electron bunches accelerated within a 800 µs long RF pulse in the FLASH superconducting Linac.

Fig. 18. Pulse energy of 400 photon pulses in one train, pulse spacing 1 µs, photon wavelength 9.9 nm. Blue: Actual value, Green: Average, Yellow:
Maximum pulse energy achieved during a twelve-hour user run.
Source: Courtesy S. Schreiber, DESY, reproduced from Honkavaara et al. (2015).

2.3.9. Long bunch trains
As pointed out above, it is among the key benefits of a superconducting Linac that it can be operated at a large duty

cycle. In principle, even cw operation is an option, but this would require either operation at a moderate accelerating
gradient resulting in a longer accelerator, or a very powerful (and energy-hungry) liquid helium refrigeration plant would
be needed, see e.g. (Rossbach, 2016). Also a low-emittance electron gun operating in cw mode is a major challenge.

The compromise found for FLASH is operating the Linac at 10 Hz repetition rate with 800 µs long flat-top RF pulses
suitable for acceleration, thus running at a duty cycle of approx. 1%. For FEL user operation, the entire accelerator system,
from the electron gun through the FEL photon diagnostics was prepared for 1 MHz bunch repetition rate within the RF
pulses, resulting in up to 800 electron bunches accelerated at 10 Hz repetition rate, see Fig. 17. The challenges included
stability of RF parameters over the entire bunch train, controls of electron bunch diagnostics at full repetition rate, and
beam loss protection shielding the undulator system from radiation damage (Fröhlich, 2009).

For user operation the stability of FEL photon pulses is what matters rather than the apparent stability of electron
bunches, which may contain some intrinsic variations not showing up in the measurable electron bunch properties but
having impact on the FEL gain. Fig. 18 illustrates the stability of FEL photon pulse energies within long bunch trains at
FLASH operating in SASE mode. Note that the fluctuations seen in the record of a single pulse train (blue) reflect the
statistics of the SASE process and not the variations of electron bunch parameters within the bunch train.

2.3.10. Combined operation of an FEL and a THz-undulator
The quality of the electron bunch after having passed the FEL undulator is still excellent. It can be used to drive a

further radiation source which is particularly attractive since both radiation sources, driven by the same electron bunch,
are naturally synchronized. The first attempt ever to equip an FEL in this way was made at FLASH in 2007 by installation of
an electro-magnetic undulator consisting of nine periods, each 400 mm long, see Fig. 19 (Grimm et al., 2010). The device
supports wavelengths in the range from 1 µm to 200 µm (Grimm et al., 2007). As the electron bunch length is in just
this range, the infrared radiation emitted is coherent and very powerful. It contains information about the longitudinal
bunch profile but it is also used as a THz radiation source synchronized to the VUV and soft X-ray pulses of the FEL. As
an early example, the THz field has been used to realize a few-femtosecond X-ray streak camera (Frühling et al., 2009).
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Fig. 19. Photo of the electro-magnetic infrared undulator prior to installation at FLASH. It supports wavelengths in the range between 1 µm and
200 µm.

Fig. 20. Wavelength change in FLASH 2 by variation of the undulator gap. 26 different wavelengths, between 40 nm and 15 nm, are reached
within 55 min of operation time. During this procedure, FLASH 1 produced simultaneously SASE radiation at some 200 µJ pulse energy at constant
wavelength of 13.5 nm.
Source: Courtesy B. Faatz and J. Rönsch-Schulenburg, DESY.

It uses a pump–probe scheme that samples the transient response of a gas target to ionization by soft X-ray radiation in
the presence of the intense synchronized terahertz field.

Borrowing the concept from attosecond metrology, the femtosecond X-ray streak camera fills the gap between
conventional streak cameras with typical resolutions of hundreds of femtoseconds and streaking techniques operating
in the sub-femtosecond regime. Its single-shot capability permits determination of the duration and time structure of
individual X-ray pulses.

2.3.11. Simultaneous operation of several FELs
In view of the large request on FEL beam time, a second FEL undulator called FLASH 2 has been installed and put into

operation in 2014. The long bunch train from the superconducting Linac is split into two bunch trains by a kicker/septum
arrangement such that two long bunch trains are delivered to the two FEL at 10 Hz repetition rate (Faatz et al., 2016).
While the electron beam energy cannot be changed within the bunch train due to the long RF filling time, the wavelength
of FLASH 2 can nevertheless be tuned independently of the FLASH 1 wavelength because the FLASH 2 undulator has a
variable gap, see Fig. 20 for illustration.

The variable-gap undulator of sFLASH installed for seeding tests (see section g) is also capable of running in SASE
mode. If this is done at moderate wavelength of about 40 nm, FEL gain close to saturation can be achieved within the



J. Rossbach, J.R. Schneider and W. Wurth / Physics Reports 808 (2019) 1–74 19

Fig. 21. Schematic view of the FLASH facility equipped with three FEL undulators, from Plath et al. (2016). Images of the FEL radiation produced
by each of the three beamlines are shown, as well as an averaged wavelength spectrum of FLASH1 and sFLASH, measured during the simultaneous
operation. The image shown for FLASH1 is somewhat blurred due an intensity diagnostics device placed in front of the CCD screen.

Fig. 22. Schematic view of the Harmonic Lasing Self-Seeding (HLSS) realized at FLASH2. The K-parameter of the first 4 undulator segments was
tuned for 45 nm wavelength, the remaining 8 segments were tuned to 15 nm. The FEL gain reached saturation at 15 nm (Schneidmiller and Yurkov,
2012).

10 m undulator length while the electron beam remains qualified for SASE at FLASH1 at 13.4 nm. In this way, three FELs
can be operated at FLASH, with two FELs running in series at the same beam line (Plath et al., 2016). A schematic view
of the FLASH facility equipped with three FEL undulators is shown in Fig. 21.

2.3.12. Advanced FEL schemes using variable gap undulators at FLASH 2
The availability of a variable-gap undulator opens up a multitude of advanced FEL options at FLASH, a number of which

have already been realized and others being under preparation (Faatz et al., 2017).
A rather straightforward application is opening the undulator gap in the downstream undulator region where the FEL

gain process reaches saturation. At FEL saturation, the electron beam has lost so much of energy to the radiation that
it drops out of the resonance bandwidth. This can be compensated by slightly opening the undulator gap, leading to
considerably larger photon pulse energies. Even gradually closing the undulator (‘‘inverse tapering’’) can be useful since
it permits microbunching of the electron beam while suppressing first-harmonic radiation (Schneidmiller and Yurkov,
2013). These techniques, could now, with the advent of FLASH2, also be realized at FLASH.

An even more tricky scenario makes use of the fact that the FEL process not only supports gain at the fundamental
resonance wavelength λl given by Eq. (1) but also at odd higher harmonics λl/n , with n = 3, 5, . . . . This is called
‘‘harmonic lasing’’ (McNeil et al., 2006; Schneidmiller and Yurkov, 2012). It should be noted here that this effect is not
to be mixed up with the appearance of higher, nonlinear harmonics in the microbunching process when the gain of the
fundamental wavelength reaches saturation and which gives rise to rather weak higher harmonics in the FEL spectrum
at saturation.

As the high-power level of the higher harmonics is normally smaller for harmonic lasing than for the fundamental, the
short wavelength is regularly not visible in the FEL radiation output. If, however, the undulator is abruptly tuned from a
large wavelength λl to a shorter one λl/n, well before the large wavelength section runs into saturation, the microbunching
generated at the nth higher harmonics of the first section will seed the FEL gain at λl/n in the second undulator section. In
this second undulator section, λl/n acts now as the fundamental FEL wavelength and runs into saturation at high power,
eventually at higher power and smaller bandwidth than regular SASE would do at this same wavelength. This ‘‘Harmonic
Lasing Self-Seeding (HLSS)’’ has been successfully realized at FLASH for the first time (Schneidmiller et al. (2017)), see
Figs. 22 and 23 and Section 3.1

The nonlinear harmonics mentioned before can be used at FLASH2 to produce both a fundamental and a higher
harmonic wavelength at the same intensity. To this end, a first section of the FLASH2 undulator was tuned to 9 nm
wavelength and the K-parameter was changed abruptly to 4.5 nm resonance in the second section. This was done at a
longitudinal position where the nonlinear (in this case: second) harmonics content generated in the first section was big
enough to drive the second harmonics in the second undulator to the same intensity level, see Fig. 24 (Faatz et al., 2017).
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Fig. 23. Pulse energy achieved for 15 nm wavelength at FLASH2 in the Harmonic Lasing Self-Seeding (HLSS) configuration, as compared to regular
SASE mode (Schneidmiller and Yurkov, 2012).

Fig. 24. Two-color mode realized at FLASH2 by tuning the second part of the undulator to the second harmonics of the first one.
Source: Courtesy M. Kuhlmann.

3. Photon beams

3.1. Beamlines

User operation started in 2005 in the FLASH1 experimental hall which after a naming ceremony in 2015 is now the
‘‘Albert Einstein Hall’’. The experimental hall is 30m behind the dipole magnet that separates the electron and the photon
beam in the accelerator tunnel. Fig. 25 shows the layout of the FLASH1 experimental hall (Tiedtke et al., 2009). The FEL,
the THz beamline and a synchrotron radiation beamline (originating from the last bending magnet deflecting the electrons
into the beam dump) enter into the hall from the bottom of the schematic. Before the separation of beamlines, the FEL
radiation passes through a set of photon diagnostics and beam manipulation tools. The first two diagnostic units (not
shown in the figure) that are located 20 and 25 m behind the last undulator segment, respectively, are equipped with
apertures ranging between 0.5 and 15 mm that allow to align and center the FEL beam. They also include single-shot pulse
energy monitors based on MCPs (multi-channel plates) (Bittner et al., 2007) and a VUV spectrometer (see below) (Nicolosi
et al., 2005) that can be used by the operators to set the required photon energy for an experiment. These sections are
followed by an arrangement of two gas-monitor detectors (GMD) for pulse energy and beam position determination (see
below) (Richter et al., 2003; Tiedtke et al., 2008), in front of an attenuation system based on gas absorption (Hahn and
Tiedtke, 2007) and two more GMDs behind the gas attenuator. The gas attenuator and different sets of solid thin films
mounted in filter wheels in the beamlines can be used to vary or adjust the pulse energy according to the needs of specific
experiments.

The photon beam is transported into the experimental hall across a first mirror unit that offsets the photon beam
with respect to the line-of-sight of the electron beam and the potentially harmful radiation created by beam losses in
the undulator section and steers the beam to either the three ‘‘pink’’ beamlines (BL1–BL3) which transport the full SASE
bandwidth to the experiment or to the plane grating monochromator and its branchlines (PG0–PG2). All mirrors in the
photon beamlines are operated under grazing incidence angles of less than 4◦ to provide high degrees of reflectivity over
the entire wavelength range and avoid the risk of damage due to the high peak powers. In addition, the first generation
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Fig. 25. Schematic view of the FLASH 1 experimental hall. Beamlines are highlighted by a color code: ‘direct’ FEL beam in dark blue, monochromatized
FEL beam in light blue, optical laser in orange and THz radiation in red. Different experimental stations are named ‘BL’ in case of direct FEL beam
or ‘PG’ for the monochromatized FEL beam. Approximate focal sizes are given next to the station name.

of mirrors at FLASH1 has a coating of amorphous carbon (Steeg et al., 2004) since operation beyond the carbon K-edge
was not anticipated. Recently, for the BL beamlines Ni-coated mirrors were added so that also experiments using photon
energies beyond the carbon K-edge are possible with reasonable intensities.

BL3 is mainly dedicated to THz pump — X-ray probe experiments thereby making use of the THz pulses generated
in a special undulator section from the same electron bunch as the X-ray pulse (see Fig. 25) (Gensch et al., 2008). This
ensures not only tunable THz radiation with high pulse energies but also stability of the phase of the THz field with
respect to the arrival time of the X-ray pulse (Frühling et al., 2009). A difficulty in these experiments is the nanosecond
pathlength delay between the THz and FEL beamline due to the large divergence of the THz beam which requires a
dedicated longer THz beamline accommodating the THz focusing components. Presently, the technical solution to enable
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temporal overlap in the experiment is to extend the pathlength of the soft X-ray FEL beam employing normal-incidence
multilayer mirrors which unfortunately restricts the usable wavelength range. In order to increase the flexibility for these
pump–probe experiments, a double bunch pattern with a leading electron bunch generating the THz pulse and a following
one (nanoseconds later) to produce the X-ray pulse was tested in early 2017 (Zapolnova et al., 2018). BL2 with its X-ray
split-and-delay unit (Wöstmann et al., 2013) (see below) is mainly used for XUV pump–XUV probe experiments.

The original concept of user operation at FLASH was based on open beamline ports for instruments provided by the
users for their individual experimental needs. With FLASH being the first short wavelength FEL this ensured maximum
flexibility and was very helpful in discovering which science areas would benefit most from the new radiation source with
its unique properties. After the experience gained in the first ten years of user operation regarding user needs, the facility
now offers a mix of facility operated endstations and open beamline ports. At BL1 the CAMP multi-purpose endstation
(Strüder et al., 2010), formerly successfully used at LCLS, has been installed as a permanent endstation. The instrument
can host several spectrometers and features high sensitivity pnCCD imaging detectors. In combination with a dedicated
Kirkpatrick–Baez (KB) focusing optics and a multilayer-based split-and-delay optics for delay ranges up to nanoseconds
in front of the endstation, this setup, is heavily used for time-resolved experiments on photoinduced molecular reactions
as well as single-shot imaging experiments of individual nano-objects.

The two beamlines with an integrated plane-grating monochromator PG1 and PG2 (Martins et al., 2006; Gerasimova
et al., 2011) complement the FLASH1 beamline portfolio. The plane-grating monochromator can either be operated in
high-resolution mode or as a very efficient filter if higher harmonics of the FEL radiation are used. PG1 hosts a dedicated
high-resolution RAMAN spectrometer (Dziarzhytski et al., 2016, 2018). In addition, there is the option to operate PG2
in spectrometer mode when an image screen is inserted at the exit slit position. In this way, by introducing a sample
in the beamline, single shot transient absorption spectroscopy becomes feasible. In certain photon energy ranges the
reflected (zero order) beam from the grating can be transported to a special branchline called PG0 in parallel to the first
order beam in PG2. Currently PG0 is used for temporal diagnostics of the radiation pulses with a dedicated THz streaking
setup (see below). PG2 has also an integrated split-and-delay unit for XUV pump—XUV probe experiments (Sorgenfrei
et al., 2010) and is designed as an open port beamline. However, since 2016 a newly developed instrument for time- and
angle-resolved photoelectron spectroscopy (tr-ARPES) on solids and surfaces is installed semi-permanently at PG2. The
combination of the high repetition rate of FLASH and the highly efficient single-shot detection of photoelectrons makes
this a rather unique instrument for soft X-ray tr-ARPES and time-resolved X-ray photoelectron spectroscopy (tr-XPS),
serving an increasing user demand.

Since 2014 FLASH has a second FEL line, FLASH2 (Faatz et al., 2016; Plönjes et al., 2016) (see Fig. 21). After commis-
sioning, FLASH1 and FLASH2 are run simultaneously in user operation since the beginning of 2016. The superconducting
accelerator of FLASH runs in so-called burst mode and can deliver up to 800 electron bunches in a train with a bunch-
to-bunch separation of 1 µs and a 10 Hz repetition rate of the bunchtrains. Using two independent photocathode lasers
for FLASH1 and FLASH2 the number of bunches from a bunchtrain as well as the intra-train bunch separation going to
either of the two FEL lines can be chosen freely, taking into account that 20 to 50 µs are needed to switch bunches
between FLASH1 and FLASH2. The independent photocathode lasers also ensure that the bunch charge can be adjusted
individually for the two FEL lines. In combination with fast RF changes in the time window needed for switching, this
enables different compression schemes and hence different pulse durations for user experiments in FLASH1 and FLASH2.

While the original FLASH1 FEL line is equipped with fixed gap undulators, i.e. requires changing the electron beam
energy to change the photon energy, the new FLASH2 FEL line has variable gap undulators which allow to scan the photon
energy (see Fig. 20). The scanning range of the photon energies in FLASH2 spans from one third of the FLASH1 photon
energy up to the FLASH1 photon energy for a given electron energy in the accelerator.

The variable gap undulators also enable novel operation modes, such as advanced tapering schemes, frequency
doubling and harmonic lasing self seeding. With undulator tapering photon pulse energies up to 1 mJ have been
demonstrated at FLASH2 (Faatz et al., 2017). A particularly interesting option in this respect is reverse tapering which
in combination with a harmonic afterburner for circular polarization may allow experiments with variable polarization
at photon energies beyond the water window at FLASH2 (Faatz et al., 2017). Tuning the FLASH2 undulators individually,
it is also possible to push the photon energy range of FLASH beyond the current limit of 300 eV in the fundamental.
Setting the first part of the undulator section to twice the final wavelength in a frequency doubling scheme it has been
shown that the photon energy range of FLASH2 can be extended up to 400 eV with stable pulse energies of a few µJ
which is significantly higher than what has been achieved if the full undulator section is set to the final wavelength at
the same electron energy (Faatz et al., 2017). An even more interesting option is harmonic lasing self seeding (HLSS)
which had been proposed as a method to reach higher photon energies with increased brightness. At FLASH2 HLSS was
recently demonstrated for the first time experimentally and the theoretical predictions were confirmed (Schneidmiller
et al., 2017). FLASH2 can accommodate up to six beamlines and experimental stations. Since spring 2016, the beamlines
FL24 and FL26 are open for users. FL24 provides an open port for user supplied experiments and has been equipped with
a KB focusing optics with bendable mirrors in order to adapt focus size and focal length to the user demands. At FL26,
the permanent end station REMI, a reaction microscope from the Max-Planck Institute for Nuclear Physics in Heidelberg,
is installed for advanced AMO and molecular femtochemistry experiments.
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Fig. 26. Schematic of a FLASH dual GMD for the online measurement of the photon intensity and the beam position (Tiedtke et al., 2008).

3.2. Beam diagnostics, beam properties

With FLASH being operated in SASE mode and hence showing shot-to-shot fluctuations in all relevant photon beam
parameters it is very important for experiments to have information on as many parameters of the photon pulses on
a single-shot basis as possible. Many of the necessary diagnostic tools to characterize photon pulse properties such as
pulse energy monitors, on-line spectral distribution monitoring, wavefront sensors, pulse duration measurement tools and
cross-correlation tools to determine the relative timing between external optical lasers and FEL have been developed at
FLASH and are now in operation at many FEL facilities world-wide. A particular challenge for online single-shot monitoring
of the photon beam properties is of course the high repetition rate in burst mode operation with the pulse spacing of
1 µs. While detection schemes based on point detectors can easily cope with repetition rates in the MHz regime, this is
extremely challenging for higher dimensional detectors such as 1D line detectors or 2D imaging detectors.

3.2.1. Pulse energies
Already before FLASH started operation as a user facility diagnostics tools to monitor the pulse energy of the radiation

were needed in order to characterize the performance of the FEL and to check whether saturation is reached in the
amplification process. Furthermore the fluctuations in pulse energies provide information about the number of radiation
modes being present in the pulses. A simple but very efficient tool to measure relative pulse energies is a detector which
amplifies the photons scattered from a mesh in the beam with MCPs (Bittner et al., 2007). Such devices have been used
from the very beginning in the facility.

However, for experiments a reliably calibrated tool is needed to supply an absolute measurement of the pulse energies.
Since this tool should be transparent and be able to operate over the full wavelength range a team with members from
the Physikalisch-Technische Bundesanstalt (PTB), the Ioffe Institute, Sankt Petersburg, and DESY developed the so called
gas monitor detectors (GMDs) which are based on photoionization of gases and measuring the generated electron and ion
signals after separation in a homogeneous electric field (Tiedtke et al., 2008) (see Fig, 26). Both signals can be recorded in
pulsed mode for every electron bunch. Detecting the ion-current in a slow averaging mode with a time constant of a few
seconds allows calibration with a radiation standard as for example a synchrotron source and a calibrated photodiode as
a secondary standard. The measured ion currents for a given gas density in combination with the known photoionization
cross sections can then reliably be converted to average absolute pulse energies with an accuracy of better than 10%. The
electron signal can be used as a relative measure of the pulse energy of the individual radiation pulses on a single-shot
basis (see Fig. 26).

The ion detection part includes a drift tube which can be used for a given gas target to distinguish between different
charge states. In the second version of the GMDs a set of split electrodes was added for ions and electrons, respectively,
that allows to determine also the position of the FEL beam.

Meanwhile, based on the development at FLASH, standard GMDs or X-GMDs (specifically developed for hard X-ray
FELs) are used at all major FEL facilities as absolute pulse energy monitors.

3.2.2. Spectral diagnostics
For a SASE FEL the spectral distribution within a radiation pulse depends on the distribution of longitudinal modes that

are amplified. Averaging over many pulses the spectral distribution is in most cases given by a single Gaussian distribution
with a typical relative bandwidth of the order of a percent. The bandwidth of the individual radiation modes is related
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Fig. 27. Image of 100 frames taken with a readout frequency of 200 kHz. After some frames without a signal, one can clearly see the wavelength
distribution of all pulses of the pulse train (starting at frame 10 and ending at frame 90) and a shift to higher mean wavelengths towards the end
of the pulse train. FLASH ran with 200 kHz and 80 bunches (the 13th (frame23) has been kicked out) (Palutke et al., 2015).

to the full temporal width of the FEL pulse while the total spectral width for the average spectrum is determined by the
Fourier transform of the coherence time (see below). At FLASH several options have been realized to determine the spectral
profile of single shots as well as the average distribution over many shots. A set of grating spectrometers is available for
characterization of spectral properties of the radiation pulses. In the photon diagnostic section in front of the FLASH1
experimental hall, already at the start of user operation, a grazing-incidence spectrometer with a VLS grating was installed
which can be used by the FEL operators to set the desired wavelength for user experiments (Nicolosi et al., 2005). A higher
resolution option is given by the PG2 beamline which, as described above, can also be operated in spectrometer mode. This
has already been used early on to characterize the FEL operation by looking at the number of longitudinal modes being
present in single shot spectra (Wellhöfer et al., 2007). Since neither of the two options can be run simultaneously with
user experiments to provide the experiment with online spectral diagnostics, two additional grating spectrometers are
now in operation at FLASH. For transparent experiments with dilute targets a facility operated compact spectrometer can
be installed behind the experiment (Frassetto et al., 2011). This compact spectrometer which is also a grazing-incidence
spectrometer with two spherical variable line spacing gratings covers the full spectral range of FLASH including higher
harmonics down to below 2 nm. Since it has been carefully calibrated at different synchrotron sources it was also used
in studies of the higher harmonic content of the SASE radiation (Düsterer et al., 2006; Frassetto et al., 2010). In order to
provide similar information also to non-transparent experiments, two different approaches have been pursued at FLASH.
The first approach is again based on a grazing-incidence spectrometer with VLS grating which is permanently installed in
front of the BL beamlines (Brenner et al., 2011). The grating is optimized to send 90+% of the beam in zero-order to the
experiments while the remaining 1%–10% can be used for online single-shot spectral characterization. All of these grating
spectrometers are based on imaging the spectral distribution in the focal plane of the grating using CCD cameras. Since
none of the currently available CCD cameras can read out images at a MHz rate single shot spectral diagnostics is either
limited to single bunch operation at FLASH or to diagnosis of a single bunch in multi-bunch operation by triggering the
camera to a specific bunch. However, there has been considerable progress in the availability of fast 1D detectors recently.

Since the characterization of the spectral distribution can also be achieved with a line detector in the focal plane of
a grating spectrometer it has been demonstrated at FLASH experimentally that the spectral distribution of single pulses
can be monitored for a sequence of the pulses in multi-bunch operation (Palutke et al., 2015) (see Fig. 27). The Gotthard
detector used in this experiment will soon be upgraded so that a full bunch train at MHz repetition rate can be spectrally
monitored. After the first demonstration of the capabilities of this approach the online VLS spectrometer in front of the
BL beamlines has now been upgraded with the new detector.

A completely different approach towards online spectral characterization of FEL pulses is based on photoionization
of gas targets and measuring the spectral distribution of known photoemission lines with time-of-flight spectrometers.
Here the online diagnosis tool is basically transparent to the FEL radiation due to the low gas density used. Early attempts
using this approach had shown that this should even be able to provide single-shot spectral distributions (Wellhöfer et al.,
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Fig. 28. Diffraction pattern for horizontal double slits with 0.5 mm (upper row) and 1 mm separation. Left: camera images, right: projection of the
selected region (Ischebeck et al., 2003).

2008). After successful tests at FLASH1 the online photoionization spectrometer (OPIS) is now available for users as part
of the FLASH2 photon diagnostic section (Braune et al., 2016).

3.2.3. Wavefront characterization and coherence properties
An important property of FELs is the high coherence of the radiation. While the temporal or longitudinal coherence of

SASE FELs is limited due to the existence of several longitudinal modes within a radiation pulse, the emitted radiation is
almost fully transversely coherent, i.e. the source is close to diffraction limited. This is due to the fact that the fundamental
Gaussian mode TEM00 has its highest intensity on the beam axis while the higher TEMmn modes extend to larger radial
distances. Therefore, the fundamental mode will grow faster than the other modes, owing to its superior overlap with
the electron beam. When the saturation regime is approached, the fundamental mode will usually dominate and the FEL
radiation will possess a high degree of transverse coherence. This is in contrast to classical undulator radiation, where
the degree of transverse coherence critically depends on the electron beam size (as long as the electron beam emittance
does not fall below the diffraction limit value as it is aimed at modern storage ring designs). Already in the early phase
of TTF the transverse coherence has been measured using a Young’s double slit experiment and compared to wavefront
propagation simulations (Ischebeck et al., 2003).

In this experiment it was shown that the FEL radiation at 100 nm is close to fully transversely coherent and that
the degree of coherence is getting smaller beyond saturation when more transverse modes contribute to the overall
intensity (see Fig. 28). The degree of transverse coherence is of course key for all experiments which aim at single-shot
imaging (see below). Several experimental campaigns have been devoted to extend the original double slit experiment
to shorter wavelength leading to similar results (Singer et al., 2008). An alternative approach to a full characterization of
the radiation field is to reconstruct the Wigner distribution function from two-dimensional intensity profiles of the beam
via tomography. Such a reconstruction based on caustic measurements at FLASH beam line BL2 allowed to determine
the global degree of coherence, wavefront and modal composition of the FEL beam and compare this to theoretical
expectations (Schäfer et al., 2011).

Characterization of the wavefront at the end of a beamline after the FEL radiation passed quite a few optical elements is
an important aspect of photon diagnostics. For this propose at FLASH a versatile Hartmann-type wavefront sensor for the
full spectral range of FLASH was developed in collaboration with LaserLab Göttingen, which is routinely used to precisely
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Fig. 29. The typical longitudinal coherence time, as observed in the fringe visibility (left axis), is much shorter than the corresponding pulse length
which can be deduced from the nonlinear autocorrelation visible in the yield of the generated He2+ (right axis). The black solid line is calculated
by applying the Wiener–Khinchin theorem to single shot spectra. The wavelength of the radiation is 33 nm and the calculated coherence time is
close to 6 fs (Sorgenfrei et al., 2010).

characterize the optimum focusing conditions (Flöter et al., 2010) . With the same technique it is also possible to fully
reconstruct the wavefront of the radiation at the end of the different beamlines (Keitel et al., 2016).

While the degree of transverse coherence of the FEL radiation is very high the longitudinal coherence is significantly
lower and depends on the number of longitudinal modes being present in the SASE pulses. Similar to the double-slit
experiments it is also possible to measure the longitudinal coherence in an interferometric way using a Michelson or a
Mach–Zehnder type interferometer (see Fig. 29). At FLASH such devices exist in the form of two split-and-delay units
which have been developed for XUV pump–XUV probe experiments (Wöstmann et al., 2013; Sorgenfrei et al., 2010). In
these devices the incoming beam is split in two by wavefront division at the edge of a mirror. After passing a mirror unit
where one of the beams can be delayed with respect to the other, the beams are recombined. Measuring the visibility of
interference fringes which can be detected on a screen where the two beams impinge under a slight relative angle the
coherence time can be deduced (Roling et al., 2011; Schlotter et al., 2010).

Combining this type of experiment with a double-slit experiment the full coherence volume of the beam can be
determined (Singer et al., 2013).

As pointed out above the degree of longitudinal coherence of a pulse, i.e. the ratio of coherence time to pulse duration,
depends on the number of longitudinal (spectral) modes, i.e, the monochromaticity of the radiation pulses. In the limit
of single spike SASE operation coherence time and pulse duration are equal. The spectral bandwidth of the SASE FEL
radiation which is typically of the order of a percent, can be reduced by going to seeded operation (see above) or by using
the PG beamline as a spectral filter, the latter at the expense of average pulse energy. With the latter approach it has
recently been demonstrated at FLASH that even attosecond interferometry is possible at a SASE FEL (Usenko et al., 2017).

A particularly elegant way to measure the full coherence properties is to perform Hanbury-Brown and Twiss in-
terferometry experiments to determine the second order correlation function of the photon pulses based on intensity
measurements. Such an experiment has been successfully performed at FLASH, for the first time at an FEL (Singer et al.,
2013). The analysis of the second order correlation function clearly shows that SASE FELs can be fully described as chaotic
light sources following Gaussian statistics. The same experiment has recently also been conducted at FERMI which is a
fully externally seeded FEL (Gorobtsov et al., 2018). In this case analysis of the second order correlation function shows
that a seeded FEL fulfills in terms of photon statistics the criteria of a laser-like source according to definition given by
Glauber.

3.2.4. Cross-correlation techniques and pulse duration characterization
After more than 10 years of user operation today some 70%–80% of the experiments use the short FEL pulses for

time-resolved experiments. These experiments are performed in some kind of pump–probe configuration where a first
pump pulse triggers a certain dynamics which is then probed with a second pulse which arrives after variable delay.
Approximately half of the experiments use the FLASH1 optical fs lasers: either a burst mode system with 400 pulses/burst,
∼50 µJ/pulse, and pulse durations <90 fs (fwhm) or a multi-mJ single pulse (10 Hz) system that provides ultra-short pulses
below 50 fs (Redlin et al., 2011). From 2018 on, a newly developed OPCPA (optical parametric chirped pulse amplifier)
based high repetition rate, high power laser, which delivers shorter pulses (∼20 fs), is available for FLASH2.
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Fig. 30. Selection of 17 single-shot measurements during a delay scan of the visible laser, which covers the entire time window of the experiment
(2.3 ps). The nominal delay stage setting is indicated at the bottom of each image. The time axis t is shown on the left; the time-zero is arbitrarily
set to the top of the image. The steady downward movement of the boundary of reflectivity change is superimposed by random EUV/visible delay
fluctuations (Maltezopoulos et al., 2008).

For pump–probe experiments in combination of an optical laser with the FEL the jitter between the two in principle
independent laser sources has to be minimized to achieve the highest possible time resolution. Early sideband experiments
(see below) have shown that the jitter can be quite significant, on the order of several 100 fs in the early days of FLASH
operation (Radcliffe et al., 2007). Reducing the jitter contribution can either be done by measuring the relative arrival
time for each individual pulse pair or by improving the overall synchronization scheme of the facility. At FLASH both
avenues have been followed. Experiments on X-ray induced transient reflectivity changes in semiconductors (Gahl et al.,
2008) showed that this effect can be used to build a single-shot cross correlator (Maltezopoulos et al., 2008) where the
time-coordinate of the relative arrival time of the two pulses is mapped onto a spatial coordinate (see Fig. 30).

These so-called time-tools which have been pioneered at FLASH are now in use in different configurations at many
FEL facilities. A drawback of the approach for a burst-mode high-repetition rate FEL such as FLASH is again that this type
of diagnostics requires fast imaging detectors.

Alternatively the jitter between optical lasers and FEL pulses can be minimized by stabilizing the electron beam arrival
time and by synchronization of RF and lasers. At FLASH all lasers are fully synchronized to the fiber laser based optical
clock of the facility. Together with RF feedback making use of the electron beam arrival monitors, a timing stability better
than 30 fs rms for user experiments has been demonstrated in burst mode operation (Schulz et al., 2015) already in 2013.
In the meantime improvements in electronics and beam arrival monitors have led to a timing stability of 14 fs rms. These
developments are crucial for time-resolved experiments which integrate over the full bunchtrain in multibunch operation.

Given precise knowledge of the pulse duration of the optical laser the above mentioned cross-correlation techniques
can also be used to determine the FEL pulse duration (Riedel et al., 2013).

Roughly 30% of the time-resolved X-ray pump/X-ray probe experiments performed at FLASH require suitable split-
and-delay units (SDUs). Three of the FLASH1 beamlines, BL1, BL2 and PG2, are equipped with permanently installed SDUs
with time resolution down to 100 as and maximum delay times ranging from several picoseconds (BL2, PG2) to almost
a nanosecond (BL1). At FLASH2, beamlines FL26 and FL24 will also have permanent SDUs. All units can be moved into
the beam on user demand and are otherwise transparent. In X-ray pump/X-ray probe experiments, the achievable time
resolution is governed by the pulse duration of the FEL pulses. A real-time tool to determine the average pulse duration
has been implemented using the analysis of statistical properties of measured SASE FEL spectra (Engel et al., 2016). Major
efforts have been undertaken to generate shortest possible SASE pulses and develop single shot pulse duration diagnostics.
Following a campaign where several options for online pulse diagnostics have been explored (Düsterer et al., 2014), a test
setup for THz streaking has recently been implemented successfully at the zero order branchline of the PG monochromator
(Ivanov et al., 2018). With this setup, arrival time monitoring and single shot pulse diagnostics down to a few femtoseconds
is possible. This has been demonstrated in combination with single spike SASE operation of FLASH. There, a short pulse
injector laser has been used to produce electron bunches which sustain only a single SASE radiation mode. Pulses with a
pulse duration below 10 fs (fwhm) have been achieved and measured, see Section 2.3.6 and Fig. 16).

3.2.5. Polarization
The undulators used at FLASH1 and FLASH2 produce linear polarized radiation. For a certain class of experiments in

particular to study magnetism it is sometimes desirable to use circular polarization. At FLASH this has been recently
realized by implementing a four-mirror polarizer for the photon energy range of the 3d transition metal M-edges (von
Korff Schmising et al., 2017). The polarizer is positioned upstream of any focusing optics and can be used for any of the
three BL beamlines at FLASH1 delivering the direct and ‘‘non-monochromatized’’ FEL beam.

3.3. Damage studies

The extreme peak brightness of FLASH in combination with the high absorption probability of the XUV and soft X-ray
radiation raised already early on concerns whether transport across optical elements would lead to significant damage of
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the optical elements. Furthermore, there were quite some doubts whether dynamic studies of condensed matter samples
would not be affected by significant beam damage. Single-shot beam damage would, in particular, prevent accumulation of
signals over many pulses in burst mode since the short time between individual pulses would not allow moving samples.
To study the impact of the radiation on typical materials used not only in the beam transport but also in condensed
matter experiments, already early on (in the TTF1 phase) a dedicated experimental station was built by a collaboration
including researchers from Poland and DESY (Sobierajski et al., 2005) which was later upgraded to increase the flexibility
(Sobierajski et al., 2013).

A number of damage studies on different inorganic materials at different wavelength have been performed at FLASH
using this chamber (Krzywinski et al., 2007) or a similar endstation (Hau-Riege et al., 2007a,b; Chalupský et al., 2009a,b;
Hau-Riege et al., 2009). In these experiments a possible modification of the sample surface is typically studied ex-situ
using different microscopy techniques (Nomarski interference contrast, atomic force, or scanning electron microscopy).
The common finding of these studies is that the single shot damage threshold is essentially given by the melting threshold.
The fluences at which single shot damage occurs are roughly on the order of several tens of mJ/cm2 and do not dependent
significantly on the wavelength. This can be understood as a result of ultrafast non-equilibrium excitation of the electronic
system which after rapid electronic thermalization on sub-ps time scales equilibrates with the lattice on time scales of
several ps. While the dynamics in the electronic system is wavelength dependent the final temperature reached depends
only on the deposited energy independently of the wavelength of the exciting radiation (see e.g. Medvedev et al., 2013).

On amorphous carbon thin films which can be used as mirror coatings for some of the optical elements at FLASH the
question was addressed whether the damage threshold of thin films is different from bulk materials (DastjaniFarahani
et al., 2011). While no tendency for delamination or fracture of the films due to thermal stress was observed indeed
slightly higher damage threshold values were obtained which were attributed to the fact that in the surface region part
of the deposited energy is carried away by escaping photoelectrons.

Since imprints of the FEL spot into Poly(methyl methacrylate) (PMMA) were – and are still – used to study the size and
the shape of the focused radiation at the beamlines (Chalupský et al., 2007, 2010) also studies of the mechanism behind
ablation of PMMA induced by the FEL radiation pulses have been performed (Chalupský et al., 2009a,b). In these studies
evidence was found for non-thermal desorption/ablation processes for the organic molecular solid in these studies.

A class of materials which is also heavily used at free-electron lasers sources are inorganic scintillators which serve
to convert the short wavelength photons to optical photons in applications like screens for imaging the source size
or spectrometers as part of the detector system. Also here knowledge of the damage threshold is important and was
investigated at FLASH for several scintillator materials (Burian et al., 2015). Apart from damage the question of the linearity
of the response of scintillators to the FEL radiation is very important for their use. This has been investigated for the mostly
used Ce:YAG scintillator material (Krzywinski et al., 2017).

A highly interesting regime for damage studies on optical elements is the wavelength regime around 13.5 nm which
is the preferred wavelength for lithography with high intensity XUV sources. Free electron lasers such as FLASH are ideal
for such studies, which are important for the next generation of lithographic processing in the semiconductor industry.
As part of these studies the damage mechanisms of Mo/Si and MoN/MoSi multilayer optics were investigated at FLASH.
While for the Mo/Si multilayer silicide formation due to enhanced atomic diffusion in molten silicon was detected as the
main cause for damage (Khorsand et al., 2010), for the MoN/MoSi multilayers the main damage mechanism was found to
be molecular dissociation followed by N2 formation which leads to the generation of bubbles in the multilayer structure
(Sobierajski et al., 2011).

More recently a study including industry partners was launched to find out whether exposure to multiple pulses,
where the individual pulses are below the single shot damage threshold (SSDT), would cause any modification in the
surface region of XUV mirrors affecting the reflectivity (Makhotkin et al., 2018). FLASH as a high repetition rate XUV and
soft X-ray FEL provides an ideal platform for such investigations. In an earlier study on silicon it was shown that heat
accumulation for pulse trains with a pulse distance of 1 µs can lead to melting if the mean fluence is beyond a certain
threshold value (Sobierajski et al., 2016). The main finding of this study was that even for irradiation with up to 16 million
pulses with fluences below 10% of the single shot damage threshold no changes of the internal structure of the optical
coatings were observed. Reflectivity changes on the percent level (see Fig. 31) have been attributed to XUV supported
surface oxide formation which was corroborated by X-ray photoelectron spectroscopy.

4. Examples of science

On September 18, 2001, about one week after lasing at 98 nm wavelength (12.7 eV) in saturation had been
demonstrated by the free-electron laser at the Tesla Test Facility (TTF) the first gas phase experiment on Xe atoms and
clusters had been performed successfully by Thomas Möller and his group (Wabnitz et al., 2002). The goal was to gain
deeper insights into understanding the interaction of high intensity, short-wavelength, short-pulse radiation with matter.
Xe atoms were chosen because they can be ionized even by single 12.7-eV photons (the ionization potential of Xe atoms
is 12.1 eV). Fig. 32 shows the schematics of a typical gas phase experiment. In the experiment by Wabnitz et al. the FEL
beam was focused to a spot of 20 µm diameter. FEL and target beam cross at the focal point where the maximum power
density of the photon beam was estimated at 7 x 1013 W cm−2 assuming pulse duration of 100 fs. The resulting ions
were detected with a time-of-flight (TOF) mass spectrometer. TOF mass spectra for different cluster sizes recorded at a
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Fig. 31. Overview of reflectivity changes dR/R determined from EUV reflectivity maps for different number of pulses corresponding to different
values of fluence, and different single-shot damage threshold (SSDT) values (Makhotkin et al., 2018).

Fig. 32. Schematics of a typical gas-phase experiment at a free-electron laser. A steady stream of target particles crosses the focus of a FEL beam
which has a very high power density in the focal spot. As a result most target particles explode. The produced ions, electrons and photons are then
detected by a variety of spectroscopies. In cases where the target is smaller than the focal spot it is of great advantage to add an imaging device
which allows full characterization of the individual target as well as the determination of the position where it interacts with the FEL beam, i.e. at
maximum intensity in the center of the focal spot or more in the halo of the beam.
Source: Courtesy T. Möller, TU Berlin.

power density of 2 x 1013 W cm−2 are shown in Fig. 33. The most striking result is the surprisingly different ion signal
from atom and cluster beams. Whereas only singly charged ions are observed after irradiation of isolated atoms, atomic
ions with charges up to 8+ are detected if clusters are irradiated at the same power density. A strong dependence of the
observed ion spectrum from the power density was observed and interpreted as a clear indication for optical nonlinear
processes to dominate the ionization of the clusters at the power levels used in the experiment. Three questions are
discussed by Wabnitz et al.: (1) What is the ionization mechanism that causes the massive electron ejection observed
in the experiment? (2) How can the high charge states of the fragments and their high kinetic energy be explained? (3)
Which process allows the cluster to absorb the observed large amounts of energy?

Wabnitz et al. conclude that absorption of short-wavelength radiation and subsequent ionization in clusters differs
considerably from that in the optical spectral range. Absorption and ionization start by single-photon absorption as
described by quantum mechanics. After many unbound electrons are created, plasma is formed. The absorption in such
cluster plasma is stronger than predicted by calculations with classical models. Quantum-mechanical modeling is needed
at these short wavelengths to explain the efficient energy deposition seen in the experiment. On the other hand, the
classical simulation clearly shows that electrons can leave the cluster by a photon-assisted thermionic emission. Field
ionization, the dominant ionization process at optical frequencies, does not contribute to cluster ionization.

This first FEL experiment caused a lively discussion in the atom, molecular and optical physics community (AMO). It
was a clear demonstration of the feasibility of experiments with free-electron laser beams and stimulated a lot of the
activities leading to the results presented in the following.

4.1. Single-shot single-particle coherent diffractive imaging

Compared to the best synchrotron radiation facilities in operation today the gain in peak brightness by free-electron
lasers is about 9 orders of magnitude, which leads to X-ray beams of almost full translational coherence. This opens the
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Fig. 33. Time-of-flight (TOF) mass spectra of ionization products of Xe atoms and clusters. The spectra were recorded after ionization with soft
X-rays (98 nm wavelength) at an average power density of 2 x 1013 W cm−2 . The atomic spectrum (bottom trace) shows a splitting into several
lines owing to the different isotopes. After irradiation of clusters, highly charged ions are observed. The mass peaks are rather broad and displaced
with respect to the calculated flight times indicated by thin vertical lines (different charge states) in the uppermost part of the figure. This indicates
that the ions have high kinetic energies. N is the number of atoms per cluster. Insert: the kinetic energy of ions as a function of the charge for N
= 1500.
Source: From Wabnitz et al. (2002).

possibility for coherent imaging of matter with atomic resolution and, in a next step, the investigation of the dynamics
on femtosecond time scales. Time resolved single-shot single-particle imaging, summarized in the slogan ‘‘Take movies
instead of pictures’’, was one of the most popular science drivers for the construction of free-electron X-ray lasers. On one
hand it was clear that pulses with about 1012 X-ray photons in 50 fs will destroy everything hit by the focused laser beam,
but on the other hand already in the 1980ies a way out of this dilemma was discussed (Solem and Baldwin, 1982). If the
number of photons in an extremely short pulse is extremely high then one can hope to get an interpretable diffraction
pattern from a single shot before the sample is significantly damaged. This is the ‘‘diffraction before destruction’’ method,
which is presently only possible at XFELs because of the requirement of exceptionally high intensities. The method allows
essentially damage-free diffraction data to be gathered at atomic resolution from individual submicron protein crystals,
and, in theory, such high resolutions should also be achievable for non-crystalline objects too, provided that pulses are
sufficiently short in duration (Neutze et al., 2000).

4.1.1. First demonstration of single-shot femtosecond diffractive imaging
Femtosecond diffractive imaging was first demonstrated in an experiment at FLASH using an intense 25 fs, 4×1013

W cm −2 pulse, containing 1012 photons at 32 nm wavelength, which produced a coherent diffraction pattern from
a nanostructured non-periodic object, before destroying it at 60,000 K (Chapman et al., 2006). The image information
encoded in the coherent diffraction pattern is similar to a hologram, except that the object acts as its own scattering
reference. Reconstruction from the far-field diffraction pattern was carried out by phase retrieval through oversampling
using the iterative transform algorithm, Shrinkwrap (Marchesini et al., 2003). Fig. 34 shows the experimental setup. The
object was a micrometer-sized pattern cut through a partially transparent silicon nitride membrane with a focused ion
beam (FIB), it is shown in the inset of Fig. 34. The diffraction pattern obtained with a single pulse of FLASH is shown in
Fig. 35a. The reconstructed picture shown in Fig. 35c agrees very well with a scanning electron microscopy picture of the
original target shown in Fig. 35d. The diffraction pattern obtained with a subsequent pulse 20 s later is shown in Fig. 35b,
the inset of Fig. 35d shows the same target after being obliterated by the FEL pulse. This experiment was the first to
demonstrate the ‘‘diffraction before destruction’’ technique and let to a series of papers focused on achieving the goal of
‘‘single molecule imaging’’ at higher resolution using harder X-ray energies (Bogan et al., 2008; Loh et al., 2010). These
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Fig. 34. Schematic diagram of the experimental apparatus. The FEL beam is incident from the left and is focused to a 20 µm spot on the sample,
which is a 20-nm-thick transmissive silicon nitride membrane with a picture cut through its entire thickness using a focused ion-beam (FIB) (this is
enlarged in the inset, and the scale bar indicates 1 µm). The direct beam passes through the sample window and exits the camera through a hole
in a graded multilayer planar mirror. The diffracted light from the sample reflects from this mirror onto a CCD detector. The multilayer mirror also
acts as a filter which reduces the amount of background radiation reaching the detector. The on-axis path length from the sample to the detector is
55 mm. For 32 nm radiation and objects smaller than 20 µm, this distance is in the far field, where the diffraction pattern is equal to the Fourier
transform of the exit wave.
Source: From Chapman et al. (2006).

Fig. 35. Coherent diffraction patterns recorded for a single (4 ± 2)×1014 W cm−2 , 25 ± 5 fs pulse (a) and for the subsequent pulse of similar
intensity and duration, 20 s later (b), showing diffraction from the damage caused by the pulse that formed (a). In comparison with an SEM picture
of the original pattern (d) the reconstructed X-ray image shows no evidence of the damage caused by the first pulse. The inset of (d) shows the
square 20 µm window and some silicon nitride after being obliterated by the first FEL pulse. The damage to the silicon support is caused by the
non-circular beam.
Source: From Chapman et al. (2006).

papers aimed to develop the diffraction-before-destruction technique for capturing single X-ray images from supposedly
‘‘identical’’ copies of an object in flight through the pulsed XFEL beam, and for orienting the diffraction patterns in 3D
space to obtain a 3 dimensional reconstruction of a (supposedly) reproducible object.

The ability to take images in a single shot is key to studying non-repetitive behavior mechanisms. As an example, the
transient nanoscale dynamics of materials on femtosecond to picosecond timescales is of great interest in the study of
condensed phase dynamics such as crack formation, phase separation and nucleation, and rapid fluctuations in the liquid
state or in biologically relevant environments. Barty et al. studied laser ablation on artificial structures imprinted on a
Si3N4 foil by illuminating the target with an optical laser and capturing time-series snapshots with fs free-electron laser
pulses from FLASH using the setup shown in Fig. 34 (Barty et al., 2008). Although the spatial resolution of 50 nm and the
temporal resolution of 10 ps are modest this was the first optical pump/X-ray probe coherent imaging experiment and
opened the door to a new regime of time-resolved studies of mesoscopic dynamics.

Experiments at FLASH led directly to higher resolution experiments at LCLS, which can achieve higher spatial resolution
through shorter wavelength X-rays. In particular, the diffraction-before-destruction technique pioneered at FLASH has
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grown into the method of serial femtosecond crystallography, by which hard to crystallize and radiation sensitive proteins
can be exposed to X-ray doses far in excess of conventional radiation damage limits at room temperature (Chapman
et al., 2011). Although the first high-resolution (2 Å) structures were only demonstrated a few years ago (Boutet et al.,
2012), this technique is already having significant impact on structural biology through the study of hard-to-crystallize
but medically relevant G protein-coupled receptors (GPCR) at room temperature (Liu et al., 2013), time resolved studies
of photochemistry (Barends et al., 2015; Pande et al., 2016) and damage-free studies of photosynthesis (Kern et al., 2014;
Kupitz et al., 2014). Single particle imaging has been demonstrated at low resolution (Ekeberg et al., 2015) and progress
continues to be made towards higher resolution.

4.1.2. 3-dimensional architecture of free silver nanoparticles from single-shot diffraction patterns
The final goal in single-shot single-particle imaging experiments is the reconstruction of a three-dimensional picture

of the object from the one diffraction pattern which can be obtained for each target particle. Barke et al. reached this
goal in the special case of a study of the 3D-architecture of individual free silver nanoparticles using 100 fs pulses of
13.5 nm radiation from FLASH (Barke et al., 2015). The authors study the diversity of nanoparticle shapes generated by
condensation from gaseous matter which reflects the fundamental competition between thermodynamic equilibration
and the persistence of metastable configurations during growth. It is essential to study free clusters instead of particles
grown or deposited on substrates. Free particle growth is a statistical process such that a specific combination of
shape, orientation and size cannot be repeatedly prepared, which excludes tomographic techniques that rely on multiple
measurements of the same object or of equivalent replicas. Because of the diversity of the clusters and their orientation
ensemble averaging should be avoided. For these reasons single-shot single particle imaging using free-electron lasers
is the technique of choice. Fig. 36 shows the schematics of the wide-angle scattering experiment. Silver particles were
produced in a cluster machine and directed into the focus of the FEL beam. The single-shot diffraction patterns were
collected in a 2D detector (Bostedt et al., 2012). Reconstruction of wide-angle X-FEL scattering has been advocated by
Raines et al. with emphasis on hard X-ray scattering (Raines et al., 2010). Using soft X-rays, where the wave-vectors of
the incident and scattered beams are of the same order of magnitude as the momentum transfer, the 3-D information
in the wide angle diffraction pattern is much more pronounced. In addition, at a wavelength of 13.5 nm, the detailed
atomic structure is averaged out in the scattering image which strongly simplifies the shape analysis of the particles. On
the other hand the morphology identification method must account for scattering effects beyond Born approximation,
which excludes application of conventional iterative reconstruction techniques. Because parametric geometry models are
available for the various shapes of silver clusters Bark et al. could develop a very efficient scheme that allows extracting the
relevant 3-D structure information from a single scattering pattern of an individual particle. A total of 25,000 scattering
patterns with sufficient intensity have been collected, the results are summarized in Fig. 37. This work paves the way
to spectroscopy of well characterized clusters. Time-resolved experiments will allow for investigations of the shape-
specific evolution of growth, of structural phase transitions and relaxation phenomena, with implications for various fields
including molecular and atmospheric physics, material science, chemistry and astrophysics. Combined with femtosecond
pump–probe schemes, single-shot imaging promises new insight into the ultrafast dynamics of free nanoparticles, such
as collective electron (Varin et al., 2012) and nuclear (Peltz et al., 2014) motion or non-equilibrium melting processes.

4.1.3. Explosion dynamics of nano-size particles hit by a FEL pulse
To study the explosion dynamics of nano-size particles when hit by FEL X-ray pulses on fs time scales Chapman

et al., stimulated by Newton’s ‘‘dusty mirror’’ experiment, developed femtosecond time-delay holography (Chapman
et al., 2007). The experimental setup is shown in Fig. 38. A membrane carrying the samples is placed near an X-ray
mirror; after the pulse traverses the sample, triggering the reaction, it is reflected back onto the sample by the normal-
incidence multilayer mirror to probe this reaction. The mirror is also locally destroyed by the pulse energy, but not before
reflecting the pulse. For the next measurement at a different delay time the ensemble of mirror and target membrane is
translated in direction perpendicular to the incident beam to reach an undamaged region of the mirror and an undamaged
particle. Because the target foil is slightly tilted with respect to the mirror this translation changes the path length for
the probing pulse and therefore the delay time between initiation of the explosion at its imaging. The delay is encoded in
the resulting diffraction pattern to an accuracy of one femtosecond, and the structural change is holographically recorded
with high resolution. Chapman et al. apply the technique to monitor the dynamics of polystyrene spheres in intense
free-electron-laser pulses, and observe an explosion occurring well after the initial pulse (see Fig. 39).

4.2. Nonlinear light–matter interaction

An in-depth understanding of the interaction of the extremely intense fs VUV/XUV pulses from free-electron lasers
was among the prime goals of the early experiments at FLASH. These included gas phase photoionization studies of atoms
and molecules. The short pulse duration allowed modification and control of the photoionization process by synchronized
intense optical laser. The high pulse energy of the FEL pulses when focused to a diameter of several microns, as well as
its quasi-monochromaticity enabled detailed studies of non-linear photoionization such as direct and sequential multiple
ionization or resonant multi-photon excitation. The understanding of these basic atomic and molecular processes caused
by the interaction with intense short wavelength radiation is of fundamental interest to describe properly the complex
electron correlation, but is also a necessary basis for the description of processes in larger systems such as nano-particles
or biomolecules, or femtosecond dynamics on condensed matter surfaces.
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Fig. 36. Schematics of the wide-angle scattering experiment. Scattering of hard X-rays from a nanoparticle is concentrated in the forward direction.
It declines with the inverse of the fourth power of the momentum transfer and the diffraction pattern includes information essentially from one
projection plane and leads essentially to a 2-D picture (a). For soft X-rays the diffraction pattern includes information from projection planes including
a much wider angle and contains significant 3-D information (b). (c) Silver clusters interact with the FEL beam, single-shot single-particle diffraction
patterns are recorded with a 2-D detector composed of an imaging quality multichannel plate (MCP) stack, converted into optical photons with a
phosphorous screen, and digitized with an out-of-vacuum CCD camera.
Source: From Barke et al. (2015) (Creative Commons Attibution 4.0 International, https://creativecommons.org/licenses/by/4.0/).

4.2.1. Photoelectric effect revisited: ‘‘The Xenon surprise’’
First photoionization studies on rare gas atoms have already been performed at the TESLA Test Facility using 98 nm

radiation at power densities up to 1013 W cm−2 (Wabnitz et al., 2005). The ionization products of xenon and argon
atomic beams were analyzed with time-of-flight mass spectroscopy and multiple charged ions up to Xe6+ and Ar4+ have
been observed. At the power levels reached in the experiment the ionization was attributed to sequential multiphoton
processes. The production of multiple charged ions saturated at 5–30 times lower power densities than at wavelengths
of 193 or 564 nm, respectively.

A big surprise was met when studying the photoelectric effect again in Xe, but now at FLASH using 13.3 nm (93 eV)
radiation at well controlled levels of irradiance between 1012 and 1016 W cm−2 (Sorokin et al., 2007). The pulse duration
amounted to (10 ± 2) fs. Fig. 40 shows a sketch of the experimental setup. A horizontal beam stop of 1.5 mm in height
divided the incident beam into two halves with an empty slot in the middle which contained the sampling area of an ion
time-of-flight (TOF) spectrometer. The radiation was focused under normal incidence by a spherical Si/Mo narrow-band
multilayer mirror with a focal length of 200 mm to a focus of (2.6 ± 0.5) µm in diameter into the cylindrical sampling
volume of the TOF approximately 2.6 µm in diameter and 350 µm in length. The mirror could be moved by ± 2 cm along
the photon beam in order to vary the photon beam cross section A in the sampling area and, by that, the pulse irradiance.
The results are shown in Fig. 41. At the highest level of irradiance ionization states of up to Xe21+ were observed with
the TOF. For the generation of this state a total energy of more than 5 keV must have been absorbed by a single atom
within a photon pulse duration of 10 fs, i.e. more than 57 EUV photons of 93 eV energy. People liked to talk about the
‘‘Xenon ionization surprise’’ and discussed the results in terms of perturbative and nonperturbative descriptions. It was
speculated that the situation might even be beyond the scope of perturbation theory and the particle picture of light.

In a later study with the same experimental setup the photoionization of different rare gases was compared by applying
ion spectroscopy at the photon wavelength of 13.7 nm and irradiance levels of up to 2.0 x 1015 W cm−2 (Richter et al.,
2009). In the case of xenon, the degree of nonlinear photoionization was found to be significantly higher than for neon,
argon, and krypton. This target specific behavior could not be explained by the standard theories developed for optical
strong-field phenomena. More general the authors conclude that in the extreme ultraviolet the interaction of high-power
lasers with matter cannot be described in the same manner as in the optical regime. Nonperturbative theories based on
ponderomotive motion of quasifree electrons are not applicable. On the other hand, the inner-shell electron structure,
electron correlation, and resonances play a significant role in explaining strong-field phenomena on photoionization in

https://creativecommons.org/licenses/by/4.0/)
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Fig. 37. Comparison of measured and theoretical scattering images. (a–d) Selected experimental scattering patterns of single Ag particles and
simulation results for matched geometries. False-color images show the scattering intensity (logarithmic scale) as function of the transverse
components of the scattering vector. The dark spot in the center of the experimental data originates from a hole in the detector for direct beam
transmission. Cluster shapes are drawn as seen from the direction of the incident beam. The size is given by the radius r of the polyhedra’s
circumscribed sphere. (e–h) Same cluster shapes as in (a–d) but imaged at different orientations with respect to the incident beam.
Source: From Barke et al. (2015) (Creative Commons Attibution 4.0 International, https://creativecommons.org/licenses/by/4.0/).

Fig. 38. Diagram of the apparatus, similar to Newton’s dusty-mirror experiment. The incident FEL pulse from the left passes through a hole in a
multilayer-coated detector mirror. The ‘dusty mirror’ consists of particles on a 20-nm-thick silicon nitride membrane backed by a multilayer-coated
plane mirror. This returns the direct beam back through the hole in the detector mirror, which reflects the diffracted light onto a CCD detector. The
prompt diffraction (blue, the reference wave) and delayed diffraction (red, the object wave) interfere to generate the hologram on the CCD detector.
Source: From Chapman et al. (2007).

https://creativecommons.org/licenses/by/4.0/)
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Fig. 39. (a–c) Simulated density profile of an initially uniform 140-nm-diameter polystyrene ball (black circle) irradiated by a 25-fs, 1014 W cm−2

soft-X-ray FEL pulse from the left, after 0.5 ps (a), 0.9 ps (b) and 3.2 ps (c).
Source: From Chapman et al. (2007).

Fig. 40. Experimental setup for the investigation of atoms by ion time-of-flight (TOF) spectroscopy at the FLASH free-electron laser facility. The
13.3 nm radiation is focused under normal incidence by a spherical Si/Mo narrow-band multilayer mirror with a focal length of 200 mm to a focus
of (2.6 ± 0.5) µm in diameter. A horizontal beam stop of 1.5 mm in height divides the incident beam into two halves with an empty slot in the
middle which contains the sampling area of the TOF defined by its aperture of 0.35 mm parallel and 1.0 mm perpendicular to the FEL beam. The
pulse irradiance in the intersection zone was varied by moving the multilayer-mirror along the incident FEL beam and thus changing the effective
beam size. To ensure that any interactions between neighboring atoms do not affect the data, the target gas filled the experimental vacuum chamber
homogeneously at the low pressure of about 1.1 × 10−4 Pa.
Source: Courtesy M. Richter From (Sorokin et al., 2007).

Fig. 41. Ion time-of-flight (TOF) mass/charge spectra of xenon (Xe) taken at a photon energy of 93 eV and different pulse irradiance levels. Each
spectrum represents an accumulation over 300 to 500 consecutive FEL shots. In the low TOF regime (below 5 µs), the ion intensities were multiplied
by a factor of 20. The multiplet structures of the different ion signals are due to the Xe isotope distribution.
Source: Courtesy M. Richter From (Sorokin et al., 2007).
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Fig. 42. Reaction microscope (REMI) for the investigation of atomic and molecular collisions with electrons, ions, and single photons in combination
with a split-and-delay mirror assembly for focusing and pulse-pair creation. The FEL beam is focused onto a collimated supersonic gas jet in the
center of an ultrahigh vacuum chamber (Ullrich et al., 2003). Ions and electrons are guided by means of weak electric and magnetic fields applied
along the spectrometer axis onto two position-sensitive and multi-hit capable MCP detectors achieving a detection solid angle close to 4 for all
particles of interest. From the measured flight times and positions on the detector, the initial momentum vectors are reconstructed. The REMI allows
highly differential or even kinematically complete measurements.
Source: From Schnorr et al. (2015).

the short-wavelength regime of the photoelectric effect. First attempts to theoretically approach the xenon results have
been published including discussions of the role of giant resonances and collective effects on photoionization in the high-
intensity short wavelength regime (Popruzhenko et al., 2008; Makris et al., 2009; Richter, 2011; Lambropoulos et al.,
2011).

4.2.2. First differential cross-sections for double ionization of He and Ne
Theory has been quite successful when describing the interaction of few photons with few electrons. Correlated

electron emission in single-photon double or multiple ionization of Helium is a prominent example. By now the problem
of single-photon double ionization is considered to be solved. At the other extreme case, in experiments with short-pulse
lasers in the IR or visible regime, ionization and excitation of atoms proceed via absorption of several tens of photons, and
a solid ab-initio theoretical description of two- or more-electron transitions like e.g. double ionization of Helium, is still
out of reach, simply because too many photons being absorbed at the same time. Between these two extreme regimes are
cases were only two or three photons are absorbed in double excitation or double ionization reactions. The theoretical
treatment of the prototype reaction, two-photon double ionization of He, is challenging but feasible - a large number
of theoretical papers on this subject appeared during last 10 years. Corresponding experiments can be done only with
intense pulses of short wavelength (VUV or XUV) provided by free-electron lasers. At FLASH the group of J. Ullrich and R.
Moshammer from the Max-Planck Institute for Nuclear Physics in Heidelberg succeeded in measuring the first differential
cross-sections for double ionization of He and Ne. The group used the Heidelberg reaction microscope (REMI) shown in
Fig. 42 in combination with a split-and-delay mirror assembly both for focusing and performing XUV–XUV pump–probe
experiments in studies of time-resolved molecular reactions. Differential measurements on two-photon double ionization
of Ne and He (Moshammer et al., 2007; Rudenko et al., 2008) provided first evidence for different electron emission
characteristics for sequential and direct (non-sequential) two-photon transitions. The very first kinematically complete
measurement on two-photon double ionization of Ne at 44 eV could be performed using the REMI at FLASH (Kurka
et al., 2009). This comprises the coincident and 3D momentum resolved detection of both electrons together with the
doubly charged ion. The data are in accord with the dynamics expected for ‘sequential’ ionization. The angular asymmetry
parameters inferred from the electron angular emission distributions served as benchmark data for theory. In a subsequent
study on He the correlated electron dynamics could be extracted and analyzed by inspection of recoil-ion momentum
distributions (Kurka et al., 2010). In comparisons with state-of-the-art theoretical models good agreement was achieved
within the experimental error bars, with remaining significant differences under certain kinematical conditions.

4.2.3. Pioneering studies of the nature of formation and breaking of molecular bonds
Today, in ultra-fast physics, fundamental questions related to the dynamics of molecules in excited states are mostly

studied with table-top ultra-fast lasers like attosecond high-harmonic sources or phase-stabilized few-cycle optical light
pulses. The nature of the formation and breaking of molecular bonds are examined by probing the correlated motions of
electrons and nuclei in molecules, the motions of nuclei during a chemical reaction, or the redistribution of vibrational-
energy along the reaction coordinate, ideally with atomic spatial and temporal resolution. However, because of the
limitations of wavelength and time regimes accessible by ultra-fast optical lasers the above mentioned ansatz could only
partly provide answers to the questions of high interest in conventional femtochemistry. Progress is expected from using
XUV or X-ray radiation provided by modern free-electron Lasers (XUV and X-rays) because probe and pump are typically
perturbative single-photon interactions for both, excitation and/or ionization, which make a theoretical treatment of the
processes straight forward and keep the perturbation of the investigated atoms and molecules by pump and probe pulses
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Fig. 43. Schematic presentation of an acetylene–vinylidene reaction observed by an XUV-pump/XUV-probe experiment. After ionization by absorption
of a photon out of the pump pulse the originally linear structure of the acetylene molecule changes to the bend structure of the vinyliden molecule.
The subsequent probe pulse ionizes the molecule further which leads to a Coulomb explosion. Depending if the molecule is in an acetylene (HCCH)-
or vinylidene (CCHH)-modification it will disintegrate into two CH+-fragments or in a C+- and a CH+

2 -fragment. The momentum distribution of the
fragments is determined with the 2D ion detector of the REMI and allows differentiation between the two modifications of the molecule.
Source: From Moshammer et al. (2013).

Fig. 44. 2-dimensional momentum distribution of C+- and CH+-fragments after a three-particle-Coulomb-explosion removing 2 electrons by the probe
pulse. In the data analysis the momentum distribution is oriented such that the momentum of the H+-fragment always points in the horizontal to
the right. The right figure shows the molecular structure deduced from the momentum distribution on the left. With increasing delay between pump
and probe pulse the momentum distributions of the C+- and CH+-fragments rotate as indicated by the white arrow from which one concludes that
the molecular structure approaches more and more the vinylidene modification.
Source: From Moshammer et al. (2013).

small. This makes a big difference compared to conventional measurements with IR or visible laser pulses involving strong-
field multi-photon probes or ‘‘streaking’’ scenarios. In addition, highly excited molecular states, relevant for e.g. modeling
of interstellar molecular clouds, are easily accessible by absorption of just one photon, and the subsequent molecular
dynamics can be probed with FELs. A number of pioneering experiments have been performed at FLASH using the
Heidelberg RMI combined with XUV–XUV pump–probe schemes shown in Fig. 42:

• The ultrafast nuclear wave-packet motion in D2 cations could be resolved with a time resolution of better than 10
fs in excellent agreement with time-dependent quantum calculations (Jiang et al., 2010a). The measurements were
the first demonstration for resolving molecular dynamics with sub 10 fs resolution using intense FEL radiation.

• The process of ultrafast isomerization of acetylene molecules C2H2 triggered by single photon excitation (Fig. 43),
i.e. migration of an H-atom from a HCCH-configuration to a CCHH-configuration, has been investigated (Jiang et al.,
2010b). By recording and analyzing coincident ion fragments created by Coulomb-explosion in the probe pulse an
isomerization time of 52 +/- 15 fs was found. The results triggered theoretical quantum-chemistry calculations. By
analyzing the two-dimensional momentum distribution of C+ and CH+- fragments the structure of the molecule
at the moment of the Coulomb-explosion could be determined (Fig. 44). By varying the time between pump and
probe pulse the structural changes during the isomerization process was visualized. These results may be seen as a
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Fig. 45. Scheme of the ion beam infrastructure TIFF installed at FLASH. The solid black line shows the dc ion beam, the thick green (light gray) line
shows the optionally trapped beam, and the dashed red (gray) line shows the ion pulses behind the ion trap (Pedersen et al., 2009).

first realization of the old dream to film molecular reactions. A pictorial description of the process is provided by
Moshammer, Rudenko and Ullrich (Moshammer et al., 2013).

• The lifetime of interatomic Coulombic decay (ICD) in Ne dimers has been determined for the first time (Schnorr
et al., 2013). The experimental value for the ICD-lifetime of 150 +/- 50 fs was found to be in agreement with
quantum calculations, but only those that explicitly take into account the intermolecular nuclear motion between
the excitation step and the subsequent ICD decay.

• The charge rearrangement in dissociating I2 molecules, i.e. the transfer of electrons from one site to the other,
could be observed in real-time (Schnorr et al., 2014). From the measured fragmentation kinematics the effective
internuclear distance between both constituents at the moment of electron exchange was extracted. The results
could be explained using a very (surprisingly) simple classical over-the-barrier model for electron transfer, with
possible implications for plasma modeling or chemistry applications.

4.2.4. Photo-absorption at XUV photon energies on molecular ions
In addition, highly excited molecular states, relevant for e.g. modeling of interstellar molecular clouds, are easily

accessible by absorption of just one photon, and the subsequent molecular dynamics can be probed with FELs.
The intense photon pulses of FLASH make it possible to study photo-absorption at XUV photon energies also on dilute

targets like molecular ions. When such experiments are performed with fast moving ion beams, the photo-fragments
can be projected onto particle detectors at the high beam velocity. Such interaction conditions allow both charged and,
in particular, neutral reaction products to be detected and analyzed with respect to fragmentation energy and break-
up geometry. The group of A. Wolf and H.B. Peterson from the Max-Planck Institute for Nuclear Physics in Heidelberg
realized at FLASH an ion infrastructure for trapped ion fragmentation named TTIF which allows the characterization of
photo-fragmentation processes of molecular ions and radicals after valence shell excitations or ionization within a fast
moving ion target (Pedersen et al., 2009). The scheme of the experimental setup is shown in Fig. 45.

With the possibility to perform measurements directly on molecular ions, even systems whose electron shell is
particularly stable in ionic form could be studied. In general the protonated versions of stable atoms or molecules belong
to this class and the first experiment, which demonstrated that photo-dissociation experiments were possible with an
ion beam and XUV photon pulses from a free-electron laser, was performed on protonated helium HeH+ (Pedersen
et al., 2007). Through fragmentation imaging, the photo-fragment momenta were studied below the ionization threshold
to HeH++, which revealed the nature of the intermediate excited states of HeH+ most favorably populated by XUV
absorption. The method was extended to study the effects of vibrational levels and to perform more detailed studies
of the final atomic states reached after the photodissociation (Pedersen et al., 2010). The measurement gave rise to new
theoretical studies (Dumitriu and Saenz, 2009; Loreau et al., 2011) which show that the non-adiabatic effects found in the
experiments during the dissociation process are difficult to accurately represent in theoretical calculations today. There is
much room for future studies of molecular ion systems of importance in the development of the theory of highly excited
molecular states and for understanding processes in astrophysical and atmospheric environments.

The protonated water molecule H3O+ (the hydronium ion) is important because of its wide natural occurrence. Water
can bind a proton with high proton affinity (about 6 eV). Moreover, once H3O + is formed, either in liquid water or in
the gas phase, it can trigger further complex reactions leading to formation of larger protonated water clusters. Here, the
interplay of electronic and vibrational excitation is of particular interest and can be sensitively studied by photoionization
of valence electrons and the subsequent fragmentation of the di-cation H3O++. These studies, employing XUV photons,
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Fig. 46. (a) The ion–photon interaction zone and fragment imaging system (not to scale) indicating the detection of the fragmentation channel
OH+2H+ . The inset shows the fragment momentum representation with εγ being the photon polarization. (b) Electrical potential surface in the
interaction region and related ion trajectories for outgoing fragments after an H3O+ breakup into H2O++H+ with a total kinetic energy release of 5
eV. (c) The same potential surface demonstrating the rejection of a slow (2 eV) H+

2 produced by FLASH in the residual gas (Pedersen et al., 2009).

require stable targets of protonated ions, which are very dilute. The very intense XUV radiation provided by FLASH
made it possible to study the XUV ionization of H3O+ ions and small protonated water clusters (Pedersen et al., 2009).
The ion–photon interaction zone and the fragment imaging systems used in this experiment are shown in Fig. 46. For
H3O+, analysis of the photo-fragment momenta after photolysis with FLASH revealed very detailed information on the
photoionization and break-up processes:

– Photoionization leads to the production of the water radical ion H2O+ in about 70% the cases, mostly (>75%) via
the 1e1 orbital of H3O++ di-cation.

– Ground-state, neutral OH radicals are produced in about 18% of the cases, via the 1e1 valence orbital of H3O++

di-cation.
– Electron detection in coincidence with the dominant H2O+ product channel shows that photoionization from outer

(3a1 and 1e1) valence orbitals by far dominates and shows that a contribution from the 2a1 inner valence orbital
should be much smaller (only a few percent of the outer valence).

– The H2O+ radical cations produced are mostly in an excited state (Ã 2A1) of linear geometry.

The results could also shed first light on the photoionization of gas-phase H3O+ ion via the so far little studied H3O++

di-cation and showed that also electron detection is feasible for XUV experiments with ion beams.
The protonated water cluster H+(H2O)2 was found to behave differently in photoionization as the formation of a

di-cationic single-water structure with subsequent destruction of one of the water molecules was avoided. Instead, the
experiment on photoionizing H+(H2O)2 ions with 90 eV FLASH photons showed that the product channel H3O+ + H2O+

is dominant (Lammich et al., 2010) , in which two ionized water structures are maintained. Soon afterwards, a theoretical
explanation of this result was suggested (Li et al., 2013). It showed that a photon-generated valence-shell vacancy would
be repelled from the positive charge of the proton in an ultra-fast non-adiabatic molecular coupling mechanism; hence
the formation of a di-cationic structure with two positive charges on a single water molecule is strongly suppressed.
This ultra-fast non-adiabatic dynamics has recently been extended to photoproduced vacancies also in larger molecular
structures (Li and Vendrell, 2016).

Studies of negative ions using fast beam setups at free electron laser facilities hold a huge potential to analyze
previously inaccessible molecular processes. In particular, the high pulse intensity available at these facilities enables the
favorable crossed photon-ion-beam geometry, from which all photofragments and electrons are universally detectable.
With the TIFF setup at FLASH these possibilities were first demonstrated by the study of one and two electron detachment
of anionic oxygen (O−) in 2012 (Harbo et al., 2012), were both electrons, neutral, and single positively charged fragments
were observed, revealing for instance a clear dominance of neutral fragments.
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Fig. 47. (a) Typical single-shot photoelectron spectrum of the 1s ionization of atomic He for overlapping FEL and NIR pulses (hν (FEL) = 48.5 eV
and I (NIR) = 2 × 1011 W cm−2). The theoretical spectrum obtained from TDSE calculations is given as a dashed line for comparison. (b) Series of
electron spectra (average of 100 single-shot spectra) of atomic Xe as a function of the temporal delay between the FEL and NIR pulses ((hν (FEL) =

91.8 eV and I (NIR) = 4 × 1013 W cm−2).
Source: From Meyer et al. (2010a).

4.2.5. Studies of photoionization multiphoton processes in the presence of intense optical fields
Photoionization in the presence of an intense optical field was investigated in experiments combining the XUV-FEL

and synchronized optical pulses (Meyer et al., 2006, 2010a,b). The spatial and temporal overlap of both pulses gives rise
to additional structures in the photoelectron spectrum, so-called sidebands, which are a clear signature of the interaction
with the optical field during the photoionization process. The appearance of the sidebands has been already demonstrated
with high-order harmonic generation sources (Glover et al., 1996), but the use of single-wavelength FEL radiation enabled
to clearly observe multi-photon processes induced by the optical laser in the ionization continuum and to test the
theoretical descriptions of the corresponding free–free transitions (Meyer et al., 2010a,b; Radcliffe et al., 2012). A typical
spectrum resulting from two-color above threshold ionization (ATI) is shown in Fig. 47(a). The spectrum was recorded
upon photoionization in the 1s shell of atomic He by one single FLASH pulse operating at 25.5 nm (48.5 eV) and by
using a NIR dressing field of about 2 × 1011 W cm−2 created by a 800 nm, 120 fs, 20 µJ laser pulse. At this intensity of
the dressing field, about 20% of the electron signal is transferred from the main photoline into the sidebands, which are
energetically displaced from it by 1.55 eV, i.e. by the photon energy of the NIR laser. The process is well understood and the
experimental data can be perfectly reproduced by a theoretical analysis using the so-called ‘soft-photon’ approximation
(Maquet and Taïeb, 2007) or by numerically solving the time dependent Schrödinger equation (TDSE) for a single active-
electron, three-dimensional model of He (Guyétand et al., 2005). Fig. 47(b) shows a series of sideband measurements at
Xe atoms as a function of the degree of temporal overlap.

After having explored the general feasibility of these two-color experiments, attention was given to details of the
photoionization process. In particular, the effect of the polarization of the radiation was explored, i.e. experiments
measuring the linear dichroism in the integrated or angle-resolved photoemission were performed (Meyer et al., 2008;
Richardson et al., 2012; Düsterer et al., 2013). In a proof-of-principle experiment on atomic helium, the dichroism for
the simplest case of non-linear processes, the two-photon ionization, was analyzed (Meyer et al., 2008), i.e. the intensity
variation of the first sideband was monitored as a function of the relative angle between the linear polarization vector of
the XUV and optical radiation, respectively (see Figs. 48–49). The emission of the He 1s electron by a two-photon process
is described by the superposition of two outgoing partial waves, characterized by ‘‘s’’ and ‘‘d’’ symmetry, respectively. Both
partial waves are differently affected by the relative orientation of the polarization vectors. As a consequence it is possible
to determine the relative contribution of the ‘‘s’’ and ‘‘d’’ waves by comparing the experimentally recorded dichroism with
the theoretical analysis of the two-photon process. This procedure is well known for experiments involving discrete states,
but could not be realized before in the ionization continuum in the non-linear regime. Generally, the final aim of these
experiments is the ‘‘complete’’ characterization of the ionization process, i.e. the determination of the amplitudes of the
outgoing partial waves and their relative phase, quantities enabling the most profound comparison with theory.

The effect of an intense optical dressing field superimposed to the FEL radiation was also investigated in studies of the
relaxation dynamics of inner shell resonances. In this type of experiment the electric field of the optical laser causes a
shift of the energy levels in the atom and a modification of the resonance line shape. For the case of the resonant 3d→5p
excitation in atomic Kr (Mazza et al., 2012), a displacement of the resonance position of about 100 meV, i.e. in the order
of the natural line width, was observed. In addition, the width of the resonance changed as a function of the optical
intensity, because the optical laser can also ionize the excited 5p electron, which represents a three-photon process. The
5p ionization competes with the relaxation of the resonance via Auger decay and represents a second decay channel,
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Fig. 48. Photoelectron spectra showing the He 1s photoline and the high energy sidebands for high optical dressing fields (∼6 x 1011 W=cm2) upon
photoionization at 90.5 eV. Spectra are presented for different relative orientations θ between the linear polarization vectors of the FEL and the 800
nm laser.
Source: From Meyer et al. (2008).

Fig. 49. Variation of the upper sideband yield in the low field regime (∼8 x 1010 W/cm2) for the two-photon ionization in the He 1s shell at
13.7 nm as a function of the relative angle θ between the linear polarization vectors of the FEL and the 800 nm laser. The solid line denotes the
fit to the experimental data (circles). The results of time-dependent second-order perturbation theory (dashed line) and soft-photon approximation
(dotted line) are almost identical.
Source: From Meyer et al. (2008).

which reduces the lifetime of the resonance and broadens its profile. This experiment is therefore a demonstration of the
possibilities for optical control of electronic relaxation processes on the femtosecond time scale. The intense optical laser
enabled (i) the change of the absorption strength of a medium for a particular wavelength as function of optical intensity
(optical switch) and (ii) the control of the relaxation dynamics passing from a resonant Auger process, which is producing
dominantly singly charged ions, towards a normal Auger process resulting mainly in doubly charged ions.

Beside the possibility to initiate the non-linear process by an intense optical field, the high number of photons carried
in the short XUV FEL pulses can also induce a multi-photon transition. In general, the two-photon processes are at the
considered intensities (1013–1014 W/cm2) several orders of magnitude less efficient than a one-photon process, but for
specific cases, e.g. resonant excitations and two-photon above threshold ionization (ATI), the weak two-photon events
can easily be separated from the intense one-photon signal. The first study of a two-photon core resonance was realized
for the 3d→4d excitation in atomic Kr (Meyer et al., 2010a,b). Due to the dipole selection rules for electronic transitions,
the absorption of two photons opens the access to resonances, which are characterized by the same symmetry as the
ground state, i.e. resonances forbidden by one-photon excitation. The possibility to excite with the intense FEL radiation
these two-photon resonances opens a completely new class of investigations dedicated to resonances and corresponding
relaxation dynamics, which were excluded from all previous studies.

Similarly, a direct two-photon transition in the ionization continuum, called above threshold ionization (ATI), was
investigated for atomic xenon in the region of the 4d giant resonance. After the first observation of the 4d ATI signal
(Richardson et al., 2010), the systematic study of the photon energy dependence of the ATI signal (Mazza et al., 2015)
provided new and unique information on the 4d giant resonance. The theoretical description of the two-photon process,
which was supported by quantitative agreement with the experiments, demonstrates high sensitivity of the ATI signal
to the photon energy. In particular, it emphasizes substructures in the broad 4d giant resonance profile, which are clear
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Fig. 50. Schematic illustration of the ionization of Xe clusters and subsequent Coulomb explosion. The Coulomb potential of the clusters is shown
at the beginning of the FEL pulse, at its maximum and at the end of the pulse. Photons are indicated by red arrows (Bostedt et al., 2010a).

signatures for collective phenomena. Through this combined experimental and theoretical study of the two-photon signal
new insights were obtained in phenomena, which, although extensively studied, remained undiscovered in one-photon
excitation experiments. This type of experiments will certainly be further explored and developed in the future, because
it provides unique and new information on the photoionization dynamics in the short wavelength regime.

4.3. Clusters

The next logical step in research with FELs are studies of the interaction of intense FEL beams with clusters. These
are assemblies of a limited number of atoms and molecules. Clusters are intermediates between atoms and molecules
with clearly defined energy states and condensed matter with energy bands. Clusters of variable size can be produced
routinely and they are often studied in the gas phase, i.e. no interaction with a surrounding medium. These experiments
allow distinguish between inter- and intra-atomic effects and make clusters model systems for the investigation of light–
matter interactions. Cluster experiments provide instructive data for benchmarking theoretical models. X-ray based tools
can yield information about their structural properties, their electronic structure with chemical sensitivity, their optical
and magnetic behavior, as well as their dynamics. Because targets in gas phase experiments are strongly diluted, intense
beams of synchrotron radiation with tunable wavelength and arbitrary polarization are most used for such experiments
today. In terms of peak brightness, FELs are many orders of magnitude brighter than synchrotron radiation sources and
enable new strategies for the investigation of clusters. Single-shot single-particle imaging experiments become possible.
The pulse structure and high photon flux in each FEL pulse can be exploited to apply the powerful X-ray spectroscopic
tools to ultra-dilute samples like size selected clusters (see Fig. 32). Detailed studies about ionization and disintegration
of nanometer-sized samples in intense X-ray pulses become possible. A schematic illustration of the ionization of clusters
and subsequent Coulomb explosion in an FEL beam is shown in Fig. 50. For a recent review on X-ray studies of clusters
see Bostedt, Gorkhover, Rupp and Möller (Bostedt et al., 2016b).

Already the first experiment with 13 eV radiation from the FEL at the Tesla Test Facility (Wabnitz et al., 2002)
demonstrated that clusters, forming the bridge between the gas and the condensed phase of matter, are very well suited
to explore the light–matter interaction in the new parameter regime offered by free-electron lasers. Since then rare-gas
clusters have revealed a surprising variety of phenomena, changing drastically with the photon energy. Studies include

• Thermionic electron emission (Laarmann et al., 2004) and multi electron dynamics in XUV radiated clusters (Bostedt
et al., 2010b)

• Identification of a step-wise, sequential ionization process (Bostedt et al., 2008)
• Identification of recombination processes in clusters (Hoener et al., 2008; Saalmann, 2010; Schroedter et al., 2014;

Müller et al., 2015)

4.3.1. Cluster ionization dynamics in intense short-wavelength laser pulses
The first VUV experiments together with a number of theoretical works show that collisional plasma heating through

inverse bremsstrahlung is typically the leading high heating process in the 100 nm wavelength range, and electron
emission mostly proceeds via thermal evaporation. With increasing photon energy collisional plasma heating processes
diminish rapidly and different heating and electron emission processes take the lead. The current understanding of cluster
ionization dynamics in intense short-wavelength laser pulses has been summarized by Arbeiter and Fennel (Arbeiter
and Fennel, 2011) (see Fig. 51). The authors investigate the wavelength-dependent ionization, heating, and expansion
dynamics of medium-sized rare-gas clusters (Ar923) under intense femtosecond short-wavelength free-electron laser
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Fig. 51. Schematics of the cluster ionization dynamics in intense short-wavelength laser pulses based on the effective cluster potential. After direct
photoemission of the first electron (a), subsequently emitted photoelectrons experience a continuous Coulomb downshift with increasing cluster
charge (b). This multistep ionization becomes frustrated at a certain ionization stage and nanoplasma formation sets in (c). Collisions between trapped
electrons induce evaporation electron emission (d). Finally, the cluster expands due to charging and hydrodynamic forces (e) (Arbeiter and Fennel,
2011).

Fig. 52. Schematic view of the experimental setup for conducting soft X-ray PES on mass-selected clusters. The cluster beam is produced by a pulsed
laser vaporization source. After acceleration with a 1 kV electric potential the clusters are guided and focused into the interaction region. There, the
mass-resolved cluster bunches overlap with radiation from FLASH. A hemispherical analyzer with a maximum detection angle of ±13◦ disperses the
electrons which are registered in a delay-line detector allowing for time-resolved electron detection. Due to the separation in time it is possible to
assign the electron signals to the corresponding cluster sizes (Bahn et al., 2012).

pulses by quasi-classical molecular dynamics simulations. A comparison of the interaction dynamics for photon pulses
with h̄ω = 20, 38 and 90 eV energy at fixed total excitation energy indicates a smooth transition from plasma-driven
cluster expansion, where predominantly surface ions are expelled by hydrodynamic forces, to quasi-electrostatic behavior
with almost pure Coulomb explosion. Corresponding signatures in the time-dependent cluster dynamics, as well as in the
final ion and electron spectra, corroborate that this transition is linked to a crossover in the electron emission processes.
The authors conclude that the resulting signatures in the electron spectra are even more reliable for identifying the cluster
expansion mechanisms than ion energy spectra.

4.3.2. Inner-shell photoemission spectroscopy on metal clusters with precisely known number of atoms
Changes in the electronic structure of metal clusters as a function of their size have been studied extensively with

photo-electron spectroscopy and synchrotron radiation. The investigations on isolated clusters suffer from the fact that
only size distributions of the clusters produced in jet expansions could be studied. Spectroscopy on mass-selected
clusters suffers from the extremely dilute target densities. However, with the advent of free-electron lasers inner-shell
photoemission spectroscopy on clusters with precisely known number of atoms become feasible. Bahn et al. performed Pb
4f photoelectron spectroscopy on mass-selected anionic lead clusters at FLASH (Bahn et al., 2012), the experimental setup
is shown in Fig. 52. FLASH provided pulse trains of up to 200 micro-pulses separated by 1 µs at a frequency of 10 Hz, the
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Fig. 53. Timing control of cluster mass peaks (broad features) and the FLASH micro-pulses (narrow features on top of the mass peaks). The channeltron
detector registers the cluster ions simultaneously with stray light from FLASH. With the gated electron spectrometer photoelectrons from each single
micro-pulse are selectively registered (Bahn et al., 2012).

photon energy was 263.5 eV. The interaction zone was deliberately placed 1.5 m out of the FLASH focal point in order to
reduce the peak intensity and illuminate a 1.5 mm spot, which matches the size of the cluster beam. By this a sufficiently
large number of clusters were exposed and multi-photon effects could largely be neglected. The ion acceleration and the
delay-line detector were triggered by the FLASH clock such that the pulse train overlapped in time with a defined cluster
size range (see Fig. 53) and photoelectrons released by each micro-pulse could be assigned to a given cluster size. The ions
as well as the FLASH stray light signals were registered simultaneously by the channeltron. Only a few delay settings were
necessary to record photoelectron spectra of a wide range of selected clusters, here with the number of atoms in a cluster
varying between 10 and 90 atoms. The size dependence in the measured 4f binding energies shows metallic behavior for
cluster larger than Pb20, i.e. for clusters containing more than 20 atoms. For smaller clusters a deviation in the 4f binding
energies is observed. The authors attribute this finding to a full screening of the core hole which, in agreement with earlier
results for the 5d levels, indicates a change in bond character from metallic to non-metallic clusters.

4.3.3. Combining single-shot single-particle imaging and spectroscopy
Free-electron lasers enable single-shot single-particle scattering and spectroscopy experiments. Because size and shape

of the individual particles can differ from shot to shot and also groups of particles may interact with the FEL beam, the
value of these experiments increases significantly if the target particles can be characterized shot by shot using imaging
techniques. The group of Thomas Möller from Technical University Berlin developed such techniques at FLASH. Their first
experimental setup is shown in Fig. 54, which is used together with time-of-flight ion and electron spectrometers for
studies of ionization dynamics and electron emission (Bostedt et al., 2010a).

The imaging device is based on a multi-channel plate (MCP) in combination with a phosphorous screen as photon
amplifier and an out of vacuum CCD camera. The MCP front is pulsed active with a negative voltage for only 50 ns during
the arrival of the light pulse. In this way, photoelectrons generated by the laser pulse are deflected from the detector and
the MCP is switched off prior to the arrival of ionic fragments from the nanoclusters explosion, resulting in clean scatter
photon detection. The X-ray pulse can exit through a 3 mm hole in the detector assembly. This setup allows the detection
of scattering angles from ± 3◦ to 50◦ over 2π covering a large solid angle. The experiments were performed with intense
soft X-ray pulses at λ = 13.7 nm and pulse length of 10–20 fs resulting in power densities up to 5 × 1013 W cm−2. All
data are stored shot by shot with a unique pulse identifier so that it can be correlated to the laser parameters in the post
analysis. First results are shown in Fig. 55.

In a subsequent study the 2D scattering patterns have been analyzed quantitatively. Scattering profiles were calculated
by cutting a slice of 20 degrees out of the 2D diffraction pattern and averaging the measured intensities radially, i.e. over
intensities at constant values of momentum transfer. The scattering curves are analyzed within the Mie scattering scheme
and provide information about the cluster size as well as the optical constants and thus information about the electronic
structure of the particles investigated. Fig. 56 shows typical results of the study on large Xe clusters at different power-
densities (Bostedt et al., 2012). The high flux of the X-ray laser induces severe transient changes of the electronic
configuration, resulting in a tenfold increase of absorption in the developing nanoplasma. The paper shows that single-
shot single-particle scattering on femtosecond time scales yields insight into ultrafast processes in highly excited systems
where conventional spectroscopy techniques are inherently blind.

The scattering patterns of single particles contain a very high degree of double cluster structures. Such ‘twin clusters’
are predicted to appear as intermediate states in the cluster growth process and, for the first time, have been studied in
detail using an improved imaging device at FLASH, see Fig. 57 (Rupp et al., 2012). Simulated patterns are calculated from
estimated 3D and 2D structures and compared to the experimental data. By taking into account a variety of parameters
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Fig. 54. Schematic illustration of the imaging detector for recording of scattering patterns of clusters (Bostedt et al., 2010a).

Fig. 55. Single-shot scattering patterns of large Xe clusters. The patterns are recorded with the detector shown in Fig. 23: (a) a single cluster; (b)
two clusters in direct contact; (c) a single large cluster; (d) an ensemble of many clusters (more than 10) in the focus; (e) two clusters separated
by a large distance; (f) a complex pattern from an ensemble with unknown geometry (Bostedt et al., 2010a).

and by careful comparison with the measured scattering patterns, cluster configurations can be determined. Virtually all
detected patterns can be explained by simulations that allow for three degrees of freedom:

• the orientation of the two clusters with respect to the scattering plane,
• the distance between two clusters, i.e. separation in the case of Newton rings (Fig. 24(b)) and fusion for twin clusters,
• sizes of both the particles.

Examples are shown in Fig. 58.
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Fig. 56. Single-shot scattering profiles (dotted curves). In (a), the profile of a R 1/4 145 nm cluster and two Mie fits for low and high qR as well as
Porod’s law are shown. The three panels on the right-hand side show the power-density-dependent changes in the scattering functions. The first
maxima, in particular, for the highest power density shot in (d), suffer from detector saturation (Bostedt et al., 2012).

Fig. 57. (a) Optical path of the experimental layout: a guiding tube for the incoming beam and a multilayer-based off-axis back-focusing geometry
allow for quasi background-free scattering measurements. (b) Schematic layout of the interaction region: a cluster beam is skimmed down to one
cluster in the focal volume by a piezo slit. The micrometer focal spot is optimized using a time-of-flight ion spectrometer. By moving the multilayer
mirror along the bisecting line between the incoming and focused FEL beams, power density dependent nonlinear processes in xenon ion spectra
can be scanned (displayed for highest power density in the inset). A fast readout pnCCD detector (Strüder et al., 2010) measures the elastically
scattered photons from single xenon clusters (Rupp et al., 2012).

4.3.4. Studies of large cluster growth
These imaging techniques at FLASH also allowed the discovery and characterization of Xe clusters in pulsed jets which

are by several orders of magnitude larger than predicted by the Hagena scaling law (Rupp et al., 2014). Scanning the
time delay between the pulsed cluster source and the intense femtosecond X-ray pulses in the range of up to 14 ms
first shows a main plateau with size distributions in line with the scaling laws, which is followed by an after-pulse of
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Fig. 58. Simulations for two equally sized clusters (a) in contact and rotated out of the scattering plane and (b) at a fixed angle of 80◦ with increasing
separation. Calculations are done with an adaption of the program ClusScat3 (de Castro et al., 2008). (c) The typical obtained pattern of the ‘classical
double slit’ case can be explained by two similarly sized clusters in direct contact (R = 65 nm at 130 nm distance). (d) The typical ’Newton rings’
pattern is in good agreement with simulations for one cluster after the other with a 10 µm separation and an axis rotation of 22◦ (Rupp et al.,
2012).

giant clusters. In addition to the cluster size, the single particle images of the clusters reveal fine structure connected
to the cluster morphology (see Fig. 59). Clusters up to approximately 100 nm appear mostly spherical with a significant
fraction of twinned clusters. For larger clusters of several hundreds of nanometers radius, hailstone-like structures are
most abundant. Their grainy shape indicates that the particles which grow by coagulation tend to freeze in non-spherical
intermediate structures from a certain grain size on. The discovery and characterization of these giant clusters gives access
to a new regime of studies on laser–cluster interaction ranging from infrared to X-rays.

4.3.5. Nanoplasma formation and explosion dynamics of single large xenon clusters
Rupp et al. studied the nanoplasma formation and explosion dynamics of single large xenon clusters in ultrashort,

intense X-ray free-electron laser pulses via ion spectroscopy (Rupp et al., 2016). FLASH pulses of about 100 fs duration
and intensities of I ≤ 5 x 1014 W/cm2 at photon energy of 91 eV were used. The cluster size varied between 180 and
600 nm in diameter. The simultaneous measurement of single-shot diffraction images enabled a single-cluster analysis
that is free from any averaging over the cluster size and laser intensity distributions. The measured charge-state-resolved
ion energy spectra show narrow distributions with peak positions that scale linearly with final ion charge state (see
Fig. 60), and average ion energies well beyond the values expected for pure hydrodynamic nanoplasma formation and
explosion dynamics of single large xenon clusters expansion. These two distinct signatures are attributed to highly efficient
recombination that eventually leads to the dominant formation of neutral atoms in the cluster. The measured mean ion
energies exceed the value expected without recombination by more than an order of magnitude, indicating that the energy
release resulting from electron–ion recombination constitutes a previously unnoticed nanoplasma heating process. The
observed nanoplasma expansion dynamics have direct implications for the physics of plasma expansion at surfaces and
provide an important benchmark scenario for theory. The single shot capability of combined ion spectroscopy and X-ray
imaging experiments will enable a deeper understanding of plasma expansion dynamics in weakly and strongly coupled
plasmas. Including this novel acceleration mechanism into theoretical modeling will be important for experiments in a
broad field from matter under extreme conditions to biophysics, aerosol science, and X-ray imaging of nanoparticles.

With the single-shot single-particle imaging techniques in hand the time evolution of laser-induced nanoplasma in
large clusters and its neutral residuals was investigated by means of pump–probe experiments at FLASH (Flückiger et al.,
2016). Light induced dynamics in clusters proceeds on several time scales depending on cluster size and the power of the
pump pulse. Flückiger et al. studied very large, individual Xe clusters with radii larger than 700 nm using 800 nm pump
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Fig. 59. Examples of single-cluster scattering patterns measured in the after pulse for varying delay times between the trigger of the valve of the
cluster source and the arrival time of the FEL pulse. The typical shape of clusters changes with increasing size from spherical over twin and triple
structures to grainy hailstones (Rupp et al., 2014).

Fig. 60. Ion time-of-flight spectra of single large clusters [radii of 180(±30) nm, 250(±40) nm, 400(±50) nm, and 600(±50) nm] sorted by cluster size
and laser intensity, derived by comparison with Mie simulations;. The FEL intensity values experienced by the clusters, as indicated in the figure,
have to be considered as orientation only, as the intensity assignment may be compromised by detector nonlinearities and intensity-dependent
ultrafast electronic changes in the cluster (Rupp et al., 2016).

and 13.6 nm probe pulses with power densities of 1014 and 4 × 1014 W cm−2, respectively. The time delay between IR
pump and VUV probe pulse varied from ps to ns. Fig. 61 shows typical single-shot scattering patterns taken at a sample
which is not pumped, and at 4 samples after different delay times.

Model calculations based on recent theoretical work show a radius of at least 700 nm for the original cluster. The
key observation in a quantitative analysis of the diffraction patterns shown in Fig. 61 is that the envelope slopes of
the scattering signal at small angles get steeper with increasing delay time. Such observation has also been made in
a recent experiment at LCLS in Stanford studying a different size regime of xenon clusters (Gorkhover et al., 2016) and
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Fig. 61. Scattering patterns from xenon clusters imaged with the soft X-ray pulse without pre-irradiation (a), and at several delay times after the IR
pulse excitation (b)–(e). Each pattern is the most intense out of all images recorded at the indicated delay time. Exclusive probe pulse imaging (a)
shows an intact particle with radius larger than 700 nm. In pump–probe configuration (b)–(e) with increasing delay time the information at lower
scattering angles is blurred revealing proceeding particle surface ablation. The blue dots in the center correspond to blind areas due to the hole in
the center of the detector preventing damage by the FEL beam. The bright diffuse spot at around −20◦ on the left side of the scattering patterns is
an artifact. Striking is the growth of diffuse scattering at larger scattering angles for delay times of 50 ps and larger (Flückiger et al., 2016) (Creative
Commons Attibution 3.0 Unported, https://creativecommons.org/licenses/by/3.0/).

is well explained by theoretical calculations on hydrogen clusters (Peltz et al., 2014). The effect is attributed to surface
ablation. By analyzing the diffuse scattering at high momentum transfer, which shows characteristic speckle patterns, the
development of the structure of the recombined inner part of the cluster has been studied next.

Fig. 62 shows typical speckle patterns recorded 0.5 and ∼1.5 ns after irradiation with the Ir pulse together with
the corresponding azimuthally integrated speckle intensities. A detailed analysis of such speckle patterns can provide
information on particle shape and density. The mean size of speckles is inversely proportional to the average radius of
the overall object and the slope of a speckle distribution is correlated with the average characteristic length scale of the
internal structure which induces the scattering. For references see (Flückiger et al., 2016). The analysis of the data is very
much hindered due to the missing information in the angular range of ±4◦. Nevertheless, after systematic calculations
of the speckle patterns of model systems the measured diffraction patterns could be reproduced by simulations which
assumed that the cluster expands with pronounced internal density fluctuations hundreds of ps after IR excitation. For
samples I to III in Fig. 62 a change of slope in the amplitude envelope is found at approximately 20◦. This corresponds
to about 25 nm range in density fluctuations, which is mimicked by a sub-cluster radius of 25 nm in simulations whose
results are shown in Fig. 63.

In summary, Flückiger et al. explored cluster evolution by snapshotting time-slices of laser induced disintegration in
pump–probe configuration, pushing to extreme time regimes from several ps up to 1.5 ns. After initiation of the expansion
with an intense IR laser pulse, xenon clusters in the size range of several ten to hundred nanometers in radius were imaged
with a soft-X-ray FEL pulse in single-shot single-particle mode. Two different kinds of scattering patterns on different time
scales were identified: fringe patterns, where the scattering signal vanishes at high scattering angles with increasing delay
time within tens of picoseconds, as well as speckle patterns, which appear from 500 picoseconds onwards.

The authors attribute these two types of patterns to different stages of the expansion:

• Following strong particle excitation and subsequent electron trapping in the deepening Coulomb potential a quasi-
neutral nanoplasma is formed. Its surface ions undergo hydrodynamic expansion due to the pressure of the plasma
electrons. The expansion evolves on a picosecond timescale layer-wise from the outside towards the cluster center.
This surface softening is mirrored by a decrease in scattering signal at high scattering angles.

• Meanwhile the majority of excited electrons recombines and consequently the expansion driven by plasma electrons
finally stops. The remaining neutral cluster core stays in the interaction region up to nanoseconds. Its density
decreases slowly and density fluctuations occur, leading to speckle patterns with intensity modulations.

https://creativecommons.org/licenses/by/3.0/
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Fig. 62. (a) Characteristic speckle patterns measured with soft X-ray FEL radiation at large Xe clusters 0.5 and ∼1.5 ns after irradiation with a strong
IR pulse. (b) Corresponding azimuthally integrated scattering intensities showing a modulation in the amplitude envelope with change of slope at
around 20◦ scattering angle and lower. The angular range of ±4◦ is not considered because it contains the hole in the detector and is affected by stray
light from the incident FEL beam (Flückiger et al., 2016) (Creative Commons Attibution 3.0 Unported, https://creativecommons.org/licenses/by/3.0/).

It is shown that simple image analysis of the recorded speckle patterns has the potential to determine the overall size
and internal density fluctuation range of the examined object. These findings from dynamic diffraction imaging extend the
picture of laser–matter interaction into the nanosecond time scale, where structural signatures up to date not explored
in homogeneous clusters could be identified.

4.4. Plasmas and warm dense matter

From early on, studies of high energy density plasmas and warm dense matter have been one of the most prominent
research fields in building the scientific case for X-ray free-electron lasers (Lee et al., 2003). Theoretically, such matter is
difficult to handle because electrostatic and thermal energies are at the same order of magnitude, rather than one being a
perturbation of the other, as in solid state physics or classical plasma physics (Ziaja et al., 2007). A good understanding of
this complex regime between cold solids and hot dilute plasmas is important for high pressure studies, applied materials
studies, inertial fusion, and planetary interiors. Free-electron lasers providing extremely intense XUV and/or hard X-ray
pulses of some tens of fs duration open a new window in warm dense matter (WDM) research. The photon energy can
be higher than the plasma frequency ωp, so that the penetration of the radiation into the sample is not limited to the
surface but results in volumetric photo absorption and consequent heating. In addition, compared to optical heating,
irradiation with intense fs XUV radiation is a relatively clean excitation/heating process because photo absorption is
the dominant radiation–matter interaction. While in the astrophysical context WDM states exist in a stable phase, in
laboratory experiments they occur as transient states following non-equilibrium paths in the phase diagram. In general,
the cold sample system is excited into a non-equilibrium, two-temperature state with Tion « Telectron immediately after
heating (<50 fs). In a next step the system develops into a local thermal equilibrium WDM state (after 1–2 ps) from where
it further cools down by isentropic expansion (>2 ps after irradiation). Due to its ultrashort pulse duration (∼15–50 fs)
and high penetration power, X-ray FEL radiation is well suited for experiments probing these states in a time resolving
manner.

In addition to high beam power, extreme focusing of the FEL beams is necessary to reach the power densities essential
for warm dense matter studies. In a large international effort at FLASH a beam of 13.5 nm wavelength could be focused
down to sub-micron size reaching a power density of 1018 W cm −2 in the focus using a multilayer-coated 27-cm focal
length parabola in normal incidence (Bajt et al., 2009; Nelson et al., 2009). Beam imprints on poly methyl methacrylate
(PMMA) were used to determine the focus (Chalupský et al., 2010) and the focused beam could then be used to create
isochoric heating of various slab targets. The optics survived the very intense beam. XUV spectroscopy (Zastrau et al.,
2012) and Thomson scattering (Höll et al., 2007; Glenzer and Redmer, 2009) are applied for accurate determination of
plasma temperatures and densities.

https://creativecommons.org/licenses/by/3.0/
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Fig. 63. (a) Typical speckle diffraction patterns recorded 1.4 ns (II) and 0.5 ns (IV) after IR laser impingement. (b) Simulated patterns calculated
in scalar numerical small angle X-ray scattering approach from a Rcluster = 950 nm dilute gas ball with internal density fluctuations on a size
range of RSub = (25 ± 15) nm, and a cluster with Rcluster = 800 nm and RSub = (52 ± 30) nm, respectively. (c) Visualization of the model
clusters used to calculate (b). Atomic distances are set to DAtom = 4 nm and sub-cluster distances to DSub = 50 nm, and DAtom = 10 nm and
DSub = 104 nm, respectively. (d) Radial profiles of measured and simulated data show the elaborateness of input values. The intensity scale for
measured and simulated data varies due to the ambiguous linearity of the detector (Flückiger et al., 2016) (Creative Commons Attibution 3.0 Unported,
https://creativecommons.org/licenses/by/3.0/).

The kinematics of a Thomson scattering experiment determines if collective electron excitations or non-collective
properties are probed. In the examples discussed later the probed length scales are larger than the Debye screening
length and as a consequence primarily collective scattering is accessible. This collective scattering probes the existence of
plasmons which are down- and up-shifted in energy, relative to the elastic scattering at the incoming photon energy. From
the energy difference of these resonances with respect to the FEL probe pulse the electron density can be estimated. The
slope of the peak heights of the resonances allows an independent estimate of the electron temperature. Fig. 64 shows the
idealized result expected from a Thomson scattering experiment at a homogeneous and stationary WDM target performed
with XUV radiation.

The measurement of plasma parameters such as temperature, free-electron density or ionization is required for
the investigation of equation-of-state properties, the main goal in WDM research. In the following, pioneering FLASH

https://creativecommons.org/licenses/by/3.0/
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Fig. 64. Schematic view of the dynamical structure factor S(k, ω) as a function of the frequency shift ω in the collective scattering regime. The high
resonance collective mode (plasmons) is shown as a red hatched region. At low frequency shifts, the ion feature due to weakly and tightly bound
electrons is shown as the blue dotted region. The plasmon and ion acoustic resonance frequency, ωres and ωac , respectively, are shown. The insets
on the upper left and right show magnifications of the plasmon resonance and the ion feature, respectively (Höll et al., 2007).

Fig. 65. Phase space representation for electron density ne and temperature Te; probing photon energy h̄ω = 92 eV and scattering angle θ = 90◦ .
The coupling parameter Γ is the ratio of the interatomic potential energy to the thermal energy; the scattering parameter α is the ratio between the
inverse momentum transfer in the scattering experiment and the Debye screening length. Both quantities are functions of free electron temperature
and free electron density and the green and red lines show their relationship for fixed values of α and Γ . Densities of cold hydrogen and aluminum
are indicated. For details see Toleikis et al. (2010a).

experiments at warm dense aluminum and warm dense hydrogen will be discussed. Fig. 65 shows the temperature-
density diagram for both systems with the filled areas indicating the regions of the parameter space accessible with
Thompson scattering using 92 eV radiation.

4.4.1. First observation of saturable absorption of an L-shell transition in aluminum
Based on extensive preparatory work by the so called ‘‘Peak-Brightness-Collaboration’’ at FLASH, saturable absorption

of an L-shell transition in aluminum could be observed for the first time in the soft X-ray regime of the electro-magnetic
spectrum (Nagler et al., 2009). Saturable absorption, the decrease in the absorption of light with increasing intensity, is
a well-known effect in the visible and near-visible region of the electromagnetic spectrum, and is a widely exploited
phenomenon in laser technology. However, the effect had never been observed before with XUV radiation because of
the short lifetime of the excited states involved and the high intensities of the soft X-rays needed. The transmission of a
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Fig. 66. Schematic view of two experimental setups at FLASH to access a range of power densities between 1013 and 1016 W/cm2 (Vinko et al., 2010).
20 µm beamline: Experimental setup for lower power densities. The power density is varied using a gas attenuator providing between 1–50 µJ on
target in a constant spot size of 20 x 30 µm2 (Zastrau et al., 2008). Microfocus beamline: FLASH beam is focused using a Si/Mo-multilayer-coated
off-axis parabola (Nelson et al., 2009). At constant intensity of the incident beam the power density is varied by changing the position of the target
with respect to the focus leading to effective spot sizes between 1–10 µm. (Zastrau et al., 2012).

Fig. 67. Transmission of an aluminum target as a function of fluence. The circles are the experimental data points with a 1σ error bar; the solid
line is a theoretical prediction. The dashed curve is the predicted electron temperature in electronvolts (right y axis) in the valence band after the
FEL pulse has passed, but before the L-shell holes are filled and the Auger recombination heats the band further (Nagler et al., 2009).

53 nm thick Al foil was measured using 92 eV (wavelength 13.5 nm) FLASH pulses of about 15 fs duration. By moving
the target through the focal area of the FLASH micro-focus beamline the power density could be varied by 3 orders of
magnitude reaching record intensities over 1016 W/cm2. The experimental setup is shown in Fig. 66.

For photons of 92 eV almost all of the absorption in aluminum is due to photoionization of L-shell electrons. At high
intensities, the fraction of aluminum atoms with photo ionized L-shell electrons is high, leading to depletion of L-shell
absorption: after an electron is ejected from the L-shell of an atom, the L-edge of that particular atom will increase owing
to reduced screening. The energy needed to eject a second L-shell electron is calculated to be 93 eV, which is confirmed
by measurements of Auger energies. Therefore, the FEL (at 92.5 eV) will not be able to create a second L-shell hole;
the photoionization quenches and the absorption coefficient is heavily reduced to the value of the free–free absorption,
i.e. due to the valence electrons. Once an electron is ejected from the L-shell, the hole will be refilled by means of either
radiative decay or the dominant Auger decay.

However, the total lifetime of such an L-shell vacancy (which is much shorter than the radiative lifetime) is estimated
to be around 40 fs, that is, long compared with the FLASH pulse length of 15 fs, but still short compared with any electron–
phonon coupling time, or hydrodynamic motion. Thus, the loss of L-shell electrons during the initial part of the FLASH
pulse results in reduced absorption during the rest of the pulse, an effect that is negligible at previously accessible soft
X-ray intensities (see Fig. 67).

For the same experimental conditions Vinko et al. showed that soft-X-ray emission spectroscopy measurements,
supported by detailed calculations of the electronic structure based on finite-temperature density functional theory, can
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Fig. 68. Experimental setup to study warm dense hydrogen using Thomson scattering at FLASH. HiTRax is a compact soft X-ray spectrograph
combining high efficiency and resolution for Thomson scattering plasma diagnostics. (For a detailed description see Fäustlin et al. (2010a).
Source: Toleikis et al. (2010b).

reveal the electronic temperature and density of this highly excited state of matter in solid-density aluminum immediately
after the excitation pulse (Vinko et al., 2010). A similar paper by Medvedev et al. improves the understanding of non-
equilibrium electron dynamics of the experimental spectra measured by Vinko et al. by means of ultrafast Monte-Carlo
electron kinetics simulations (Medvedev et al., 2011). Galtier et al. analyzed the plasma emission lines measured at the
same system and estimated the electron temperature and density just after decay of crystalline order and to characterize
the early time evolution (Galtier et al., 2011).

4.4.2. Pioneering studies of warm dense hydrogen
The investigation of warm dense hydrogen has been one of the core areas of research in the early years of FLASH

operation. Focus was on the experimental setup including target station, WDM diagnostics and synchronization with
external optical laser (Toleikis et al., 2010a). The vacuum chamber is shown in Fig. 68. The FEL beam passes horizontally
through the chamber aligned such that the focal point is located in the center of the chamber. At the focus the hydrogen
pellet source horizontally injects a continuous liquid hydrogen jet or liquid hydrogen droplets depending on the operation
mode. The FEL beam at FLASH is horizontally polarized and in order not to decrease the scattered power the soft X-ray
spectrometer is mounted vertically at a scattering angle of θ = 90◦. In addition a reference spectrograph is mounted in
the transmission direction to monitor the reference wavelength of the incident FEL beam for a later comparison with the
scattering spectra recorded at 90◦. The liquid hydrogen jet which is horizontally injected is dumped in a turbo-molecular
pump to reduce the gas ballast in the chamber. The optical pump laser at an 800 nm wavelength is guided and reflected
onto an off-axis parabolic mirror which has a hole to let pass the FEL beam, allowing on the one hand to collinearly
overlap both beams and on the other hand to focus the optical laser to the same focal spot as the FEL beam.

To provide a free standing target of near-solid density hydrogen in the focus of the FEL beam, the use of cryogenic
liquid or solid hydrogen as a target is mandatory. A fluid is pressed through a small orifice into the vacuum in a way that
a continuous liquid filament is formed. Such a cylindrical liquid is unstable against its surface tension, small fluctuations
will grow and the Rayleigh breakup process will produce almost monodisperse droplets. By introducing an artificial
perturbance to the liquid, the breakup process can be stabilized and the tuning of the droplet size becomes possible.
The produced droplets freeze by evaporational cooling in the vacuum and form solid pellets after several millimetres in
flight. In the present setup a temperature-controlled helium flow cryostat is used to cool down a nozzle holder and the
hydrogen to the needed temperature in the range of 20 K. A picture of the hydrogen liquid jet and pellet source and a
sketch of the cold head are shown in Fig. 69. The cryostat is mounted on a three-dimensional manipulator to provide the
alignment to the focus area. The source can be operated in different modes. At higher temperatures, smaller droplets in a
divergent jet are generated. In the Rayleigh regime, a well-collimated stream of droplets is produced. The piezo actuator
can be used to modulate the Rayleigh breakup process with frequencies between 25 and about 100 kHz which provides
a limited size control and the possibility of synchronizing the droplets in the focus area with the optical laser and the
FLASH pulse.

The experiments on warm dense hydrogen have been performed using a photon energy of 91.8 eV. FEL radiation with
5 Hz pulse repetition rate, average pulse energy on target of 15 µJ and duration of ∼40 fs is focused to a 25 µm spot
yielding intensities of ∼8 x 1013 W cm−2. The energy of 91,8 eV has been chosen in order to be in a regime where the
photon energy is well above the plasma frequency for liquid density hydrogen (h̄ω = 7.6 eV) and to match the large
penetration depth of 9.4 µm to the target radius (10 µm). While at this photon energy attenuation via photoabsorption
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Fig. 69. (a) A picture of the hydrogen pellet source used to study WDM at FLASH. It utilizes a cryostat to control the temperature of a cold head
holding the nozzle and the piezo transducers. Details of the cold head are shown in (b) (Toleikis et al., 2010b).

Fig. 70. Thompson scattering at warm dense hydrogen (red circles) measured over 15 min integration time is shown together with a best fit (solid
blue line) of a calculated spectrum with a free-electron density of ne = 2.8 × 1020 cm−3 and an electron temperature of Te = 13 eV. The results
of calculations using different values of ne (left) and Te (right) are shown for comparison. The error in the fitting procedure is estimated to 25% for
the electron temperature and 7% for the density (Fäustlin et al., 2010a).

has the highest cross section, a small fraction of the incident radiation is Thomson scattered. Thus, the FEL pulses deposit
energy in the liquid hydrogen while simultaneously probing the system, which leads to gradients in the free-electron
density ne and the electron temperature Te across the target. This so called self-Thomson scattering has been simulated
with the result that ignoring the gradients in the target can lead to errors in the determined electron density ne and
temperature Te of the order of 10% (Fortmann et al., 2009). The effect is much stronger in an optical pump XUV probe
experiment leading to a very inhomogeneous target (Thiele et al., 2010). The result of the FLASH experiment on warm
dense hydrogen is shown in Fig. 70. The scattering pattern is composed of asymmetric peaks (plasmons) equally blue and
red shifted from the incident photon energy by 0.65 eV. The measured spectrum is mainly broadened by the incident
FEL bandwidth (1.1 eV full width at half maximum, mainly Gaussian). Further source broadening effects, like 0.2 eV
due to the 20 µm source diameter, are not significant. From a comparison with theoretical calculations it is concluded
that the hydrogen plasma has been driven to a nonthermal state with an electron temperature of 13 eV and an ion
temperature below 0.1 eV, while the free-electron density is 2.8 × 1020 cm−3 (Fäustlin et al., 2010b). It is suggested that
the electronic subsystem is thermalized within the duration of the FEL pulse, but no equilibrium has been reached between
the other components explaining the combination of low degree of ionization and high electron temperature (Fäustlin
et al., 2010b). Pump–probe techniques available at FLASH (Mitzner et al., 2009) allow the investigation of the time scales
for the subsequent relaxation channels via electron–ion collision and equilibration, which determine the microscopic
properties of matter related to reflectivity and thermal conductivity.

For investigations of dynamic processes of uniform samples of warm dense hydrogen on all relevant time scales, dual-
pulse experiments are necessary, where the first XUV FEL pulse generates an excited state that is subsequently probed by
a second XUV FEL pulse. Fig. 71 shows the schematic layout of such a pump–probe experiment at FLASH for investigations
of the dynamics of ultrafast heating in cryogenic hydrogen. (Zastrau et al., 2014a,b)

FLASH was operated with a repetition rate of 10 Hz and at photon energy of 92 eV to be in a regime where the photon
energy is well above the plasma frequency for liquid-density hydrogen (ℏωP ∼ 8 eV). This leads to a high penetration
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Fig. 71. Schematic layout of the pump–probe experiment at FLASH for investigations of the dynamics of ultrafast heating in cryogenic hydrogen. Soft
X-ray pulses are split and delayed before they are focused onto a cryogenic hydrogen jet. Scattering at 90◦ is observed with an XUV spectrometer.
(Zastrau et al., 2014b).

Fig. 72. Experimental scattering spectra as function of time delay. The inset shows two raw spectra, each 25 × 50 pixels of (13.5 µm)2 size. The
scattering data are obtained after integration over the vertical axis (Zastrau et al., 2014b).

depth with an absorption length labs = 11 µm, comparable to the hydrogen jet radius of ∼9 µm. The average spectral
bandwidth was measured to be ∆ E/E ≈ 1.6%. An upper limit for the FEL pulse duration was estimated from the measured
electron bunch duration (∼300 fs FWHM), and individual pulse energies have been recorded by a residual gas ionization
detector, yielding an average pulse energy of (200 ± 50) µJ. The horizontally polarized FEL radiation is geometrically
divided by a split-and-delay unit (Wöstmann et al., 2013) which allows adjustment of the delay times between pump
and probe pulse of up to 15 ps with a precision of a few fs. The pulses are subsequently focused to a (20 x 30) µm2 spot
yielding intensities up to 27 ± 0.6 TW/cm2 for the variable delay branch and 19 ± 0.4 TW/cm2 for the fixed branch. In the
focus, the FEL pulses hit a (9 ± 2)-µm-radius cryogenic hydrogen jet with mass density of 0.08 g/cm3 (5 × 1022 cm −3)
and temperature of 20 K, prepared in a liquid-helium-cooled cryostat (Toleikis et al., 2010b). With a 60 m/s flow velocity
each FLASH pulse scatters from an unperturbed sample.

Fig. 72 shows a series of scattering patterns as a function of delay times between 0 and 2 ps. The momentum transfer
k is very small in this experiment and the measured scattering represents the sum of all short and long range electron
correlations. For these conditions the probed length scale is about 100 times larger than the mean inter-particle distance so
that the collective behavior of a large number of particles is probed in the experiment. Fig. 73 shows the transition of the
scattering measured with the probe pulse from dense cryogenic molecular hydrogen to a nearly uncorrelated plasma-
like structure together with the results of various theoretical simulations of this process. The indicated electron–ion
equilibration time is (0.9 ± 0.2) ps. This result agrees with hydrodynamics simulations based on a conductivity model for
partially ionized plasma that is validated by a two-temperature density-functional theory (Zastrau et al., 2014a,b, 2015).

4.5. Condensed matter science

4.5.1. Magnetization dynamics
An area of very intense research with FELs in general and with FLASH in particular is ultra-fast magnetization dynamics

using coherent imaging and scattering techniques in an attempt to combine fs-temporal and nm-spatial resolution.
The fundamental physics behind ultra-fast optical switching of magnetic domains is an open question ever since the
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Fig. 73. Transition of dense cryogenic molecular hydrogen to a nearly uncorrelated plasma-like structure. A total of 300 exposures were grouped
together by delay, and their errors resemble their root mean square deviations. For the blue diamonds, ranging from ∆t = 0 to 1 ps only, the
more intense 27-TW/cm2 pulse pumps the target, while it is probed by the 19-TW/cm2 pulse. The red points, ranging from ∆t = to 5 ps, resemble
the inverse case where the pump was less intense (19 TW/cm2) than the probe (27 TW/cm2). In both cases the signal increases within 1 ps and
for the more intense pump the amplitude is larger. The lines represent the scattered fraction simulated with the HELIOS code (MacFarlane et al.,
2006), the red and blue (lower) ones using a Saha-like ionization model — and the gray (upper) one using a Thomas–Fermi model implemented in
the quotidian equation of state (QEOS), a general-purpose equation of state model for use in hydrodynamic simulation of high-pressure phenomena
More et al. (1988).
Source: Zastrau et al. (2014a).

pioneering work by Beaurepaire et al. which showed that ultra-fast demagnetization induced by an ultra-short optical
laser pulse occurs on femtosecond timescales (Beaurepaire et al., 1996). More recent studies demonstrating that with
circular polarized femtosecond laser pulses reversible all-optical switching of the magnetization can be realized in certain
materials have led to an even increased interest in ultra-fast magnetization dynamics because of the relevance for
application in magnetic data storage (Stanciu et al., 2007).

First experiments at FLASH demonstrated the possibility to record single-shot resonant magnetic scattering images
with FELs. These experiments were performed on CoPt multilayer sample with the images taken with linear polarized
XUV pulses at the Co M2,3-edges (Gutt et al., 2010) (see Fig. 74). The first time-resolved demagnetization study using a
pump–probe approach with an IR-pump pulse and an XUV probe pulse to record a resonant magnetic scattering pattern
as a function of pump–probe delay was also performed at FLASH (see Fig. 75) (Pfau et al., 2012). In this experiment
reduction of the magnetic scattering signal on less than 300 fs was observed accompanied by an apparent increase in
magnetic correlation length. This increase in correlation length has been attributed to softening of the domain walls due
to super-diffusive spin currents across the domain walls. The study represents the first experiment were correlations
between fs-demagnetization and nm-scale structure changes have been recorded.

While most of the experiments use rather indirect measures to determine the change in spin state of the electrons,
time-, spin- and energy-resolved photoelectron spectroscopy would provide direct access to the changes in spin dependent
electronic structure during the ultrafast demagnetization process. However, such experiments require intense short soft
X-ray pulses from a high repetition rate source to become feasible. At FLASH a first experiment in this direction was
successfully performed by a group lead by Yves Acremann from ETH Zürich (Fognini et al., 2014). Fig. 76 shows the
schematics of the experiment. The secondary electron cascade from a magnetic material which originates from inelastic
scattering of outgoing photoelectrons is spin polarized and reflects the spin polarization of the unoccupied electronic
states above the vacuum level Evac. Hence, the measured spin polarization can be used as a direct measure of the spin
state of the sample. By monitoring the spin polarization of energy resolved secondary electrons as a function of time
after an optical excitation, Fognini et al. were able to follow the demagnetization of an iron film showing that the total
magnetization is reduced within less than 200 fs.

4.5.2. Towards electronic structure movies
Free-Electron Lasers such as FLASH provide ultrashort, extremely powerful short wavelength pulses in the XUV and

soft X-ray regime. Hence they offer the possibility to extend the well-established X-ray spectroscopic techniques for the
investigation of the static electronic structure of matter to probing the evolution of the electronic structure after controlled
excitation in the time domain. Many pioneering experiments in this direction have been performed at FLASH and examples
will be given in the following sections.



58 J. Rossbach, J.R. Schneider and W. Wurth / Physics Reports 808 (2019) 1–74

Fig. 74. Resonant magnetic small-angle scattering pattern of a Co/Pt multilayer recorded with a single 30 fs FEL pulse of 1.3 × 1011 W cm −2 . The
photon wavelength was in resonance with the Co M2,3 edge @ 20.8 nm providing magnetic scattering contrast. The color scales indicate the number
of scattered photons per pixel (4 × 4 binned image) (Gutt et al., 2010).

Fig. 75. (a) The magnetic multilayer sample is pumped by an optical laser pulse and probed by a delayed X-ray pulse produced by the FEL. The
magnetic SAXS pattern is recorded on an IR-protected (CCD) camera while the intense directly transmitted radiation is blocked by a beamstop. The
inset shows a typical magnetic force micrograph of the sample in the probed labyrinth-domain state. The scale bar in the micrograph corresponds to
2 µm distance. (b) By fitting the azimuthally integrated (see inset) SAXS intensity, the intensity maximum is determined. A decrease in the intensity
and a shift of the peak position ∆qpeak , when comparing unpumped (blue) and pumped (green) spectra (pump fluence: 14.2 mJ cm−2 , time delay:
1.3 ps) is observed (Pfau et al., 2012).

4.5.2.1. Time resolved photoelectron spectroscopy. Time resolved photoelectron spectroscopy (TR-PES) is a very powerful
tool to study non-equilibrium electron dynamics of condensed matter systems. If performed in an angle-resolved way
(TR-ARPES) it offers the possibility to study the evolution of the valence electronic structure energy- and momentum
resolved, i.e. to follow the dynamics of the full band structure of a material. Time resolved core level photoemission
(TR-XPS) with its element specificity on the other hand provides information on the dynamics of the local charge state
around a specific center. Both techniques benefit from high-repetition sources since the typical count rates per pulse have
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Fig. 76. Experimental overview: The iron film is excited by an 800 nm pump laser. The subsequent FEL probe pulse generates an electron cascade
which passes through a hemispherical energy analyzer. The spin polarization is measured with a Mott detector. An electric field of 2.5 kV/m is
applied between the sample and the first lens element to accelerate the electrons towards the electron optics. The inset shows the energy levels
involved and the generation of the electron cascade with the electron yield denoted as I (Fognini et al., 2014).

Fig. 77. The figure shows a comparison of the usable photon flux in time-resolved photoelectron spectroscopy experiments on solid density targets
assuming a space-charge limit of 106 photons/pulse for different HHG laser sources and FELs (for LCLS II which is currently under construction
100 kHz operation has been assumed). Above 100 eV photon energy high repetition rate FELs are clearly the sources of choice for such experiments
(Oloff et al., 2016).

to be kept small. In TR-PES experiments on high density (e.g. solid) targets this is a consequence of space charge effects in
the outgoing electron cloud which limits the number of photoelectrons that can be emitted per pulse. The signal-to-noise
ratio in TR-PES experiments on solids and surfaces is governed by the detection efficiency for the photoelectrons and
the repetition rate of the photon source. Even so space charge effects prevent the use of the full power of FELs in such
experiments high repetition rate FELs such as FLASH are by far superior to HHG laser sources for TR-PES if photon energies
above 100 eV and pulse duration below 100 fs are considered (see Fig. 77).

Statistical fluctuations of SASE FELs such as FLASH require single shot detection for ultimate time- and energy
resolution. Since the SASE spectral band width is typically not sufficient for TR-PES the PG2 monochromator beamline
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Fig. 78. W4f photoemission as a function of incident X-ray intensity (photon energy 118.5 eV, pulse duration 30 fs). Focal size
395 ± 23×274 ± 14 µm2 . On the right the number of spectra measured at a given photon energy is shown (Pietzsch et al., 2008).

is used for these experiments at FLASH. To make optimum use of the unique properties of high-repetition rate FEL’s new
analyzer and detection concepts are necessary which are under constant development.

The first experiments on TR-PES at FLASH have been targeted at TR-XPS studies. Pietzsch et al. performed a pioneering
study where they investigated space charge limits by measuring the 4f core levels of a tungsten sample as a function of
the incoming intensity from FLASH (Pietzsch et al., 2008). The experiment was performed at the monochromator beamline
PG2 using the third harmonic of FLASH at 118.5 eV with the fundamental set to 38.5 eV. Burst mode operation with 50
bunches per bunch train with a repetition rate of 5 Hz was used at that time. To determine the number of monochromatic
X-ray photons impinging onto the sample on a shot-to-shot basis a calibrated MCP detector (Bittner et al., 2007) was
used, which detected a fraction of the incoming photons reflected from a Au mesh (transmission 65%) behind the exit slit.
The MCP detector was cross-calibrated against a facility gas monitor detector (Richter et al., 2003) taking into account
beamline transmission (Wellhöfer et al., 2007), reflectivity at the mesh and quantum efficiency at the MCP. The evolution
of the spectra with increasing number of photons clearly shows the FEL-induced space charge effects which lead to a shift
to higher kinetic energy and a significant broadening of the peaks (see Fig. 78).

In the same study also a first cross-correlation experiment was realized. Overlapping an IR laser field in the
photoemission process leads to the phenomenon of laser assisted photoemission and the appearance of sidebands. In
the experiment a decrease of the photoemission main line was observed which could be used to determine the temporal
width of the cross correlation of optical laser and FEL. The temporal width was determined to ∼440 fs which resulted
mainly from the fairly large jitter between the optical laser and the FEL in the earlier days of FLASH user operation.
Another important feature of the observed sideband formation is that it allows to determine time zero in laser pump FEL
probe TR-PES experiments (see Fig. 79).

The progress in FEL performance (400 bunches with 10 Hz repetition rate, higher spectral and temporal stability
across the bunchtrain) and improved instrumentation (use of time-of-flight electron spectrometers which have a higher
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Fig. 79. (a) W 4f photoemission spectra for different delays between optical and XUV pulses. (b) Single W4f spectrum. The energy range of the
sidebands is marked (B) together with the reference range (A). (c) Evolution of the ratio A/B as a function of the delay between pump and probe
pulse. A weak dip at delay t = 0 indicates the appearance of sidebands. A Gaussian fit gives a width of 440 ± 90 fs (Pietzsch et al., 2008).

transmission in comparison to hemispherical analyzers used in the earlier experiment by Pietzsch et al. can be seen in
Fig. 80 where results of a laser assisted photoemission experiment on tungsten are shown which has been performed in
2017 at FLASH by Wenthaus et al. (Wenthaus, 2018).

A first proof of the unique capabilities of high repetition rate FELs like FLASH for TR-XPS was a joint experiment by a
group from the Christian-Albrechts Universität Kiel and a group from the Universität Hamburg (Hellmann et al., 2010).
Hellmann et al. investigated the photoinduced dynamics of the Mott insulator 1T-TaS2 . They prepared the sample in the
low temperature insulating phase where 1T-TaS2 exhibits a charge density wave which is commensurate with the lattice.
This commensurate charge density wave (CCDW) results in a David-star cluster arrangement of Ta atoms in different
charge states. In the XPS spectra of the Ta 4f levels the charge inequality of the tantalum atoms results in two peaks split
by ∼0.6 eV (∆CDW) (see Fig. 81).

After photoexcitation with an 800 nm laser pulse with fluences of 1.8 and 2.5 mJ cm−2, respectively, a rapid decrease
of the splitting of the Ta 4f levels on a sub-picosecond time scale and afterwards a partial recovery on a picosecond
lifetime into a quasi-equilibrium state with a lifetime longer than 10 ps is observed. On an even longer time scale of ns
heat diffusion out of the interaction volume leads to a full recovery of the original CCDW state (Hellmann et al., 2012).
The fastest time scale is due to the electronic melting of the CCDW state followed by electron–phonon coupling which
leads to transfer of energy from the electronic system to the lattice and a partial melting of the periodic lattice distortions
which accompanies the periodic charge arrangement in the CCDW phase. The Fig. 82 shows the temporal evolution of
the Ta 4f spectra during the different phases of the dynamic evolution of the sample. The spectra were again measured at
the PG2 beamline using the third harmonic of FLASH at a photon energy of 156 eV. They were recorded in macrobunch
mode at a master frequency of 5 Hz with each macrobunch consisting of 30 FEL pulses repeated at a period of 4 µs. Each
spectrum was accumulated for about 3min.

In a more recent experiment by Dell’Angela et al. photoinduced changes in the electron distribution in the top-most
layer of an iridium single crystal were detected by TR-XPS. The experiment was performed with a photon energy of 198
eV in 30 bunch mode with a bunch train repetition rate of 10 Hz. In this photon energy range it is possible to separate
surface and bulk contributions in the Ir 4f levels with sufficient instrumental resolution. The surface core level shift of
550 meV allows to distinguish between photoinduced changes of the bulk and surface core level.

Careful evaluation of the measured delay scans reveals that the photoinduced change in the local charge distribution
around the iridium atoms induced by the 800 nm laser pulse is concentrated in the surface layer while the bulk signal
shows no significant changes (see Fig. 83). In the delay scans a clear asymmetry is visible which can be attributed to the
equilibration of the electron gas with the lattice due to electron–phonon coupling (Dell’Angela et al., 2016).

While all these studies were performed with less than the maximum number of possible bunches in a bunch train
more recent experiments (not yet published) all have used 400 microbunches which is currently the maximum number
of bunches which can be pumped by the burst mode laser in a pump–probe experiment. In combination with novel
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Fig. 80. The figure shows experimental results similar to those depicted in Fig. 79 obtained in 2017. (a) W 4f photoemission spectra for different
delays between optical and XUV pulses. (b) Single W4f spectrum. The energy range of the sidebands which can now be clearly resolved is marked
(B) together with the reference range (A). (c) Evolution of the ratio A/B as a function of the delay between pump and probe pulse. A pronounced
dip at delay t = 0 shows the appearance of sidebands and can be used as a cross-correlation of optical laser and FEL. A Gaussian fit gives a width
of 350 fs (Wenthaus, 2018).

Fig. 81. (left) Sketch of the CCDW showing David-star clusters with inequivalent a, b, and c Ta atoms. The arrows indicate the displacement of
the Ta atoms from their original positions. The electron density increases towards the center of the cluster. (right) Ta 4f photoemission spectrum
measured with a photon energy of 156 eV. Each Ta 4f level is split into two peaks associated with sites b and c, separated by ∆CDW (Hellmann
et al. (2010).
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Fig. 82. Time-resolved Ta 4f photoemission spectra of 1T-TaS2 for various pump–probe delays and two incident pump fluences of 1.8 and 2.5 mJ
cm −2, recorded at an equilibrium temperature of 10 K. Red dots represent the experimental data and the solid black curves are fits to the spectra
using a model function described in the paper. The spectra reveal a transient rigid shift towards lower binding energies, a transient reduction of
the CDW-induced Ta 4f splitting and a complete recovery within 1500 ps (Hellmann et al., 2012).

time-of flight electron spectrometers with enhanced angular acceptance this allows to take a full delay scan over a range
of 10ps with a step size of 100 fs in about 1 h (Wenthaus, 2018) as demonstrated in Fig. 80.

4.5.2.2. Spectroscopy using photon-in photon-out techniques. As mentioned above the extreme brightness combined with
the ultrashort pulses as well as the high average brightness of high repetition rate FELs such as FLASH make such XUV and
soft X-ray sources ideally suited to perform X-ray spectroscopy and scattering techniques in a time-resolved fashion which
allows to follow the light induced dynamics of materials, but also statically, where high average brightness is mandatory
to achieve ultimate spectroscopic resolution.

Among the powerful X-ray spectroscopic techniques which are used statically to investigate the electronic structure
of materials X-ray absorption and emission spectroscopy are the most widely used ones giving access to the unoccupied
and the occupied valence electronic states, respectively.

X-ray absorption spectroscopy with an FEL is a demanding experiment since it is normally required to scan the
wavelength over certain element specific resonances. With the variable gap undulators at FLASH2 this is now possible at
FLASH. However, before start of operation of FLASH2 tuning the wavelength always implied a change of electron energy
in the accelerator which generally takes quite some time. Hence, at FLASH1 it was considered very difficult to perform
X-ray absorption experiments.

However, in a pioneering experiment it was demonstrated that using the PG2 beamline in spectrometer mode and
inserting a sample in the dispersed beam after the grating in the exit slit plane while monitoring the transmission through
the sample with a CCD camera it is possible to take single shot near edge X-ray absorption fine structure (NEXAFS) spectra
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Fig. 83. Intensity as a function of pump–probe delay of the surface (upper trace), bulk (middle trace) and sideband (bottom trace) components
from the fit of the delay scans for 1 mJ/cm2 (red) and 2 mJ/cm2 (blue) pump fluence. At each fluence the intensity traces have been normalized
to the respective average bulk component intensity. The solid lines plotted to the right scale are the difference of electron temperature and lattice
temperature calculated by means of the two temperature model (Dell’Angela et al., 2016).

Fig. 84. Cartoon of NEXAFS in single shot spectrograph detection at FLASH. Femtosecond X-ray pulses from the SASE undulator disperse on the
monochromator grating and pass through the sample. The sample is two-parted for simultaneous measurement of the absorption in the thin-film
sample and the unmodified reference spectral distribution for single shot normalization. The transmitted X-rays are converted into visible light on
a Ce:YAG crystal and imaged with an ICCD (Bernstein et al., 2009).

(Bernstein et al., 2009). The schematics of the experiment which utilizes the natural spectral bandwidth of a SASE pulse
is shown in Fig. 84.

In combination with photoexcitation the setup would allow to perform transient absorption spectroscopy experiments.
In a more conventional approach Beye et al. performed the first time-resolved X-ray emission spectroscopy (XES)

experiment at FLASH (Beye et al., 2010). In this experiment non-thermal melting of a silicon sample was achieved by
absorption of 400 nm laser pulses with fluences that lead to electron–hole pair creation for about 25% of the atoms. Such
excitation densities would be thermally reached only for temperatures beyond 7000 K far above the melting temperature
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Fig. 85. Time-dependent oxygen K-edge (0,0,1/2) RSXD signal vs. laser pump and X-ray probe time-delay for three different fs-laser pulse fluences
(symbols). The lines represent double exponential fits. The inset shows the fluence dependence of the (0,0,1/2) RSXD signal measured at 200 ps
time delay measured at BESSY II (Pontius et al., 2011).

of silicon. However, the high excitation density in the electronic system which changes the potential landscape for
the silicon atoms and induces non-thermal melting exists only in the first picoseconds before the energy is gradually
transferred to the lattice and equilibration takes place. In the X-ray emission spectra taken for different time steps after
the photoexcitation by ionizing the Si2p level with a delayed FLASH pulse and spectrally resolving the X-ray fluorescence
the transient changes in the electronic structure become visible. From a comparison of the observed valence electronic
structure at different times after the photoexcitation it became obvious that in the melting process in the first few ps a
non-equilibrium low density liquid state is reached. Only after further transfer of energy from the electronic system to
the lattice after about 4 ps the equilibrium metallic high-density liquid state is reached. The existence of a metastable
low density liquid state had been postulated for many systems that show tetragonal bonding in the crystalline phase like
water for example, but spectroscopically the time-resolved silicon XES data taken at FLASH showed this for the first time.

Another powerful soft X-ray tool which combines information on the electronic or spin state of materials with
information on the ordering of the electronic degrees of freedom is resonant soft X-ray scattering (RSXS). Also here
the first time-resolved RSXS experiment on a complex material has been performed at FLASH (Pontius et al., 2011). In
the experiment the famous Verwey transition in magnetite was photoinduced by an 800 nm laser pulse with different
fluences. The intensity of the (0,0,1/2) diffraction peak at 529.4 eV (the peak maximum when scanning the photon energy
around the oxygen–edge) representative for the charge ordered insulating low-temperature state was measured with a
fast avalanche photodiode. The intensity showed a pronounced fast fluence dependent drop indicative of a loss of charge
order upon photoexcitation within the first few hundred femtoseconds (see Fig. 85).

To complete the set of powerful X-ray photon-in photon out spectroscopy tools finally a resonant inelastic X-ray
scattering (RIXS) experiment shall be discussed which was performed at the PG1 Raman spectrometer (Rusydi et al.,
2014). The off-axis parabolic double-monochromator Raman spectrometer is designed to provide an ultimate resolution
below 10 meV (see e.g. Dziarzhytski et al., 2018). In the aforementioned experiment the resolution was set to 24 meV
and the low energy excitations of quasi-one-dimensional spin-ladder compounds (SLCs) such as (La; Sr)14−xCaxCu24O41
were studied after resonant excitation at the Cu M-edges as ideal examples to investigate electronic screening effects for
correlation energies. It is expected that correlation energies are lower when electronic screening of Coulomb interactions
is present. From the polarization dependent RIXS measurements which here only make use of the high average brightness
of FLASH exceeding even powerful storage ring sources, it was possible to obtain the effective Coulomb on-site repulsion
energy Upd, superexchange energies J, and estimate anisotropic hopping matrix elements t along the leg and the rung of
the ladder for the SLCs. This experiment demonstrates the power of static RIXS at high repetition rate FELs and paves the
way for dynamic RIXS studies after photoexcitation of complex materials.

4.5.2.3. Nonlinear light–matter interaction in condensed matter systems. Nonlinear spectroscopy with optical lasers is a very
powerful tool to study dynamics in solids and liquids. The first demonstration of nonlinear light–matter interaction in a
condensed matter system with an FEL was achieved in an experiment at FLASH where a silicon sample was ionized
with FLASH pulses with a photon energy above the Si 2p threshold and the resulting X-ray emission spectra were
recorded as a function of the fluence of the FEL pulses (Beye et al., 2013). Under certain geometries an enhancement
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Fig. 86. Geometry to observe spontaneously stimulated X-ray emission from solids. a, X-rays create core excitations in the solid (yellow). A cascade
of stimulated emission builds up in a direction where the penetration depth λ of incoming photons is balanced by the absorption length L for
emission. b, The total emission is detected as a function of glancing angle at fluences where stimulated emission saturates. An enhancement is
observed for shallow angles, where the interaction length for emitted photons is longest. This direction is far away from the specular reflection
increase around 45◦ . The inset displays the layout of the experiment. APD, avalanche photodiode (Beye et al., 2013).

of the emission signal was observed (see Fig. 86) which is caused by amplified spontaneous emission through stimulated
emission processes.

Even so this experiment was only a first step towards nonlinear X-ray spectroscopy it has created a lot of interest and
stimulated activities at different FELs which have resulted in a number of demonstration experiments for nonlinear X-ray
spectroscopy such as for example sum frequency generation at LCLS (Glover et al., 2012), second harmonic generation
(SHG) (Lam et al., 2018) and Transient Grating Spectroscopy (Bencivenga et al., 2015) at FERMI, recently.

5. Outlook

For almost five years FLASH was the only short wavelength free-electron laser facility worldwide. Hence, most of the
technological developments as well as the scientific experiments performed by the user community were new and unique
as outlined above. FLASH was driving FEL science and technology and paved the way for many new ideas. The original
concept of providing only open ports at the end of the beamlines proved to be very successful because it allowed the user
community to test new concepts in instrumentation for FEL science and explore which research areas could benefit the
most from the novel photon source. Pioneering experiments in AMO science, Coherent Diffractive Imaging and Nonlinear
Light–Matter Interaction proved that some of the original science drivers for the development of short wavelength FELs
became reality. Early results from cluster studies and warm dense matter experiments at FLASH demonstrated the ability
to use FEL pulses to create extreme states of matter. However, it was also shown at FLASH that the high time-resolution
of an FEL can be very successfully used to reversibly probe the ultrafast dynamics of materials. Hence, from the success
of FLASH, it became obvious that there was an increasing demand for additional free-electron laser facilities in the soft
as well as in the hard X-ray regime.

In 2009 the Linac Coherent Light Source in Stanford came into operation where based on the use of part of the old
SLAC Linac higher electron beam energies and hence shorter wavelength down to the Angstrom range became accessible
(Emma et al., 2010). Concepts developed at FLASH such as single shot coherent imaging (Chapman et al., 2006) were now
for the first time applied to solving problems in structural biology and the new field of serial femtosecond crystallography
pioneered by Henry Chapman and his collaborators took off at LCLS (Chapman et al., 2011).

Soon after the start of LCLS user operation two more FEL facilities produced first light, SACLA at Harima in Japan,
another hard X-ray FEL (Ishikawa et al., 2012), and the first fully seeded FEL, FERMI at Trieste in Italy targeting fully
coherent XUV and soft X-ray pulses (Allaria et al., 2012). In the meantime, four more facilities started user operation:
the seeded VUV FEL in Dalian, China (Wang, 2017), and the three hard X-ray FELs, PAL FEL in Pohang, Korea (Kang et al.,
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2017), the European XFEL in Hamburg, Germany (Tschentscher et al., 2017) and most recently the SwissFEL at the Paul
Scherrer Institute in Switzerland (Milne et al., 2017). Another soft X-ray facility – SXFEL – which will also include a seeded
FEL line will soon start user operation in Shanghai, China.

Looking at the landscape of FEL facilities there are besides the wavelength range two main distinguishing features
between the different facilities. FLASH and the European XFEL are based on superconducting accelerator technology thus
being able to provide up to a few 10000 pulses/s. All the other facilities in operation run with normal conducting Linacs
which leads to significantly lower repetition rates in the range from 50 to a few 100 pulses/s. The advantage in higher
average brightness of the superconducting machines enables experiments on targets with a very low target density such
as molecular ions in astro- and atmospheric chemistry research. Similarly low hit rate experiments like single molecule
imaging would not be possible otherwise due to beamtime limits. This has recently been nicely demonstrated in the
first publications from user experiments at European XFEL (Grünbein et al., 2018; Wiedorn et al., 2018). A second class
of experiments which is only possible with the high repetition rates the superconducting machines can provide are
experiments which require or suffer from a low count rate per pulse. Typical examples are time-resolved photoemission
spectroscopy on solid targets, which has signal constraints based on space charge effects in the photoemitted electron
cloud, or time-resolved inelastic X-ray scattering experiments as well as coincidence experiments, where a low count rate
per pulse is intrinsic to the experimental techniques.

The increasing demand for high repetition rate FELs has led to the proposal of new facilities such as LCLS II now
being built in Stanford and expected to go online 2020/21 and the SHINE project in Shanghai, which will push the
superconducting technology away from the burst mode operation realized at FLASH and the European XFEL to a quasi-
continuous wave (cw-) operation with evenly spaced pulses in time and repetition rates up to a MHz. Also, at DESY –
DESY2030 – the strategy for the future development of the lab foresees to eventually turn the European XFEL into a
cw-FEL.

The second major distinguishing factor between the different facilities is the application of external seeding. Currently
there are only two fully externally seeded FELs, FERMI in Trieste operating in the XUV and soft X-ray regime and the new
VUV FEL in Dalian. Seeding provides an obvious reduction in pulse-to-pulse fluctuations in parameters such as the arrival
time jitter, the spectral content and to a lesser degree the intensity in comparison to a SASE machine. More importantly
external seeding enables fully coherent FEL pulses and hence the ability to not only control the temporal shape but also
the phase of the pulses. This has recently enabled new classes of experiments such as coherent control e.g. over ionization
processes (Prince et al., 2016) and the use of higher-order nonlinear processes such as e.g. four-wave mixing to probe
relaxation processes in solids (Bencivenga et al., 2015). It is anticipated that in particular the concepts in multidimensional
spectroscopy developed in the optical laser community can be transferred into the XUV and soft X-ray regime with
externally seeded FELs such as FERMI. Currently, externally seeded FELs are limited to the XUV and soft X-ray range
and even with novel concepts such as echo-enabled harmonic generation (Zhao et al., 2012) it is not expected that the
hard X-ray regime can be reached. Seeding in the hard X-ray regime is therefore in the moment restricted to self-seeding
with less control over the phase of the pulses (Amann et al., 2012). Since external seeding requires a certain seed laser
power in the UV seeding of high repetition rate FELs such as FLASH will require significant developments on the seed
laser side towards higher average power.

In the framework of the DESY strategy process for the next decade – DESY2030 – several long-term goals for the
future of FLASH have been defined which are in-line with user wishes expressed at a workshop in September 2017 for
an upgraded future high repetition rate XUV and soft X-ray FEL facility at DESY.

The resulting FLASH strategy – FLASH2020+ – is based on an ambitious development program of the two FEL lines and
the accelerator which includes maintaining the operation of two independent FEL lines (FLASH1 and FLASH2), however,
both with tunable undulators being able to deliver photon pulses with variable polarization. One of the two FEL lines
shall be fully externally seeded with the full repetition rate that FLASH can provide in burst mode. The other line shall
exploit novel lasing concepts based on variable undulator configurations as already in certain aspects e.g. harmonic
lasing self-seeding (Schneidmiller et al., 2017), in the moment tested and implemented at FLASH2. Together with a
small increase in electron beam energy to 1.3 GeV this would also allow the extension of the wavelength range of the
fundamental to the oxygen K-edge, in order to cover the important elements for energy research and the whole water
window for biological questions. An important request by the user community for a facility such as FLASH, where 80+%
of the experiments are time-resolved and run in some kind of pump/probe scheme, is to provide pump pulses with a
large flexibility in wavelength range. While the condensed matter community is asking for THz and mid-IR pump pulses,
experiments targeting molecular reactions would like to have tunable pump sources from the visible to the UV and even
VUV. Similar to the requirements for seeding at high repetition rate this needs considerable efforts in the development
of fully synchronized high average power lasers.

There is a strong push from the user side not only at FLASH but also at the other facilities to provide ever shorter
pulses even down to the attosecond regime. Single-spike SASE FEL pulses have been realized recently at FLASH and at
LCLS pushing the limits in time-resolution towards the few fs and sub-fs regime (Rönsch-Schulenburg et al., 2014; Huang
et al., 2017). Here improved synchronization and timing stabilization of the FELs with respect to external lasers as being
developed currently at FLASH will be of key importance for experiments. However, reaching few hundred attoseconds
requires in particular in the XUV and soft X-ray regime the realization of new concepts based on laser manipulation of
the electron bunches. For FLASH simulations have predicted below 100as pulses with nJ pulse energies down to a few nm
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in wavelength. If this could be achieved with the necessary stability in particular the high repetition rate FELs would be
below 10 nm very competitive sources in comparison to lab-based laser sources which rely on high-harmonic generation
and have certain limits in average power (Heyl et al., 2017).

To conclude, while FLASH has paved the way for FEL science in the early days there are clear trends in the development
of FEL technology towards high repetition rate quasi-cw FELs, towards FELs that provide fully coherent photon pulses with
phase control and towards the production of shorter pulses in the sub-fs or even attosecond range. At FLASH concepts
are currently developed to ensure that the facility stays at the forefront of FEL science and technology.
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