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Abstract The free-electron laser in Hamburg, FLASH, is the first extreme ultra-violet and soft X-ray free-electron laser (FEL)
user facility and has been continuously upgraded since its start in 2005. Further major works are currently underway within the
FLASH2020+ project that pioneeringly implements full repetition rate external seeding at a superconducting accelerator facility.
With fully tunable undulators providing variable polarization FEL pulses, we expect FLASH to turn into the ideal spectroscopy
machine for ultrafast processes within the coming years.

1 Introduction to the facility

FLASH is a photon science user facility, operating two undulator lines in parallel and covering wavelengths from the extreme
ultra-violet range down to the soft X-ray range. As all short wavelength FEL sources, FLASH is a single-pass FEL. It is based on the
principle of self-amplified spontaneous emission (SASE) and produces typical pulses of several ten to few hundreds of femtoseconds
duration at single pulse energies of up to one millijoule. Driven by a superconducting accelerator, FLASH provides a high number
of pulses per second (5000). Electron bunches are produced ten times a second in bursts of typically up to about 500 pulses with 1
μs spacing [1].

The roots of FLASH lie in the TESLA project for a linear particle collider from the mid 1990 s. For testing the new superconducting
accelerator technology, a TESLA test facility (TTF) was conceptualized to also generate photon pulses in a single-pass SASE FEL
scheme. In the late 1990 s, TTF1 was realized [2] and early experiments using the photon pulses were performed at wavelengths
in the range from 80 to 120 nm [3]. The second phase, TTF2 started operation in 2004 and was opened to photon science users in
2005. Renamed to ‘FLASH’, the facility received continuous upgrades. In this pioneering phase, a large set of fundamental method
developments and experimental insights have been gained at FLASH that now form the basis for many of the experiments at other
FEL facilities worldwide. The most recent major upgrade of the facility (completed in 2016), FLASH2, included the installation of
a second electron beamline and a second experimental hall [4].

The undulator section at FLASH1 consists of fixed gap undulators, delivering horizontal FEL polarization and requiring changes
in the electron energy in order to tune the delivered wavelength. A wavelength range between 51 nm and 4.2 nm is covered.
Downstream of the FLASH1 main undulators, we operate an electromagnetic undulator with nine periods to produce synchronized
radiation pulses in the THz spectral range from 1.3 to 30 THz and pulse energies up to about hundred μJ [5].

The undulators at FLASH2 provide horizontal polarization and a variable gap. This allows for easy tuning of the wavelength and
at a given electron energy, the tuning range between shortest and longest wavelength is about a factor of three. Tuning undulators
and electron energy allows FLASH2 to cover a wavelength range from 90 nm down to a bit below 4 nm. Substantial (μJ level) third
harmonic radiation reaching beyond the 3d transition metal L-edge resonances has been observed and provided to users at FLASH1
and FLASH2 (Figs. 1 and 2).
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Fig. 1 Aerial view of the FLASH
facility in the DESY campus.
Electrons are generated in the hall
on the top left and are fed into the
grass-covered tunnel. At the
bottom right, the Albert-Einstein
experimental hall of FLASH1 and
below the Kai-Siegbahn
experimental hall of FLASH2 are
visible. FLASH crosses the
PETRA ring in between two
experimental halls at the bottom
center and on the top right

Fig. 2 Layout of the FLASH facility. Electrons are accelerated from left to right and are fed into the three electron lines FLASH1, FLASH2 and FLASH-
forward. Photons are produced in undulator sections in FLASH1 and FLASH2 and are delivered to photon science user experiments in the respective
experimental halls, named after Albert Einstein and Kai Siegbahn, respectively

A third electron beam line is devoted to the FLASHforward experiment. Here, the FLASH electron bunches can be injected into
a plasma cell, where the head of the electron bunch generates wakefields which either further accelerate parts of the electron bunch
tail or accelerate a new electron bunch with properties not accessible by RF technology. Additionally, experiments on deceleration
of the incoming electron bunches demonstrate the potential as dump for high energy particle beams. Such applications hold great
promises for future accelerator technology and put this facility at the forefront of the current research in this field [6].

2 Present status and scientific highlights

With its photon parameters, FLASH provides unprecedented opportunities for photon science experiments. Especially the high
number of ultrashort pulses per second and the photon energy range make FLASH a facility where important and impactful
scientific questions can be addressed in a unique manner.

FLASH addresses a variety of scientific fields and its unique properties make it especially strong for femtosecond time-resolved
high-resolution spectroscopy on quantum materials, in the fields of catalytic dynamics and fundamental (photo-) chemistry, as well
as for charge migration and energy dissipation dynamics in biological molecules. With its pioneering role and its eased accessibility
for special experimental setups, FLASH is also still strongly contributing to the development of new FEL methodologies and
diagnostics.

One of the major diagnostics developments is the so-called gas monitor detectors (GMDs) that use the photon-induced ionization
of (rare) gases to measure the pulse energy via the generated electron- and ion-current [7, 8].

At FLASH1, four different photon beamlines are available for FEL experiments: beamline BL1 hosts the fixed CAMP endstation
mainly for gas phase spectroscopy and imaging experiments [9], while beamline BL3 has an open port that can be overlapped with
the THz beam from the undulator for THz pump-probe experiments. The beamlines PG1 and PG2 are served by a plane-grating
monochromator, where PG1 hosts the fixed TRIXS (time-resolved resonant inelastic X-ray scattering) endstation for resonant
inelastic X-ray scattering experiments [10]. The open port of PG2 is often used for high-resolution spectroscopy experiments,
mainly in the facility-operated photoemission instruments WESPE (wide-angle electron spectrometer) and HEXTOF (high-energy
X-ray time-of-flight) [11]. In the beam line, a split-and-delay unit (SDU) is integrated [12, 13].

At FLASH2, the beam is currently delivered to three beam lines for flexible experiments, FL23, FL24 and FL26, while two further
beamlines serve for the development of specialized diagnostics and machine studies. The beamline FL24 has an open port with
flexible focussing by means of bendable mirrors. FL26 hosts the fixed installation of a reaction microscope (ReMi) provided and
supported by the Max-Planck-Institute for nuclear physics in Heidelberg [14]. FL23 is currently under commissioning and features
a pulse-elongation-compensating double monochromator [15]. An SDU installation upstream in the FLASH2 hall can serve both
beamlines FL24 and FL23 and provides delays up to twenty picoseconds between the split FEL pulses.
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Both experimental halls host a pump-probe laser that produces bursts of laser pulses synchronized to the FEL pulses. From a
dedicated laser hutch, the beam is transported to laser setups next to the experiments, where further beam diagnostics, shaping and
potential wavelength conversion can be performed. These setups as well as the experiments using the pump-probe laser are enclosed
in laser safety tents.

Scientific applications at FLASH span a vast variety of fields and some highlight examples are given in the following.
One of the earliest experiments from FLASH demonstrated how short wavelengths can produce highly resolved diffraction images

with a single light pulse that can even be so intense that the sample gets destroyed [16]. The concept was later used as one of the
main arguments to develop FELs further.

In order to overlap FEL radiation with pump-probe lasers, work at FLASH established methods in order to find temporal overlap
[17], measure pulse-to-pulse jitter [18] and to diagnose pulse durations and arrival times in non-invasive ways [19]. All of these
methods have found their way into routine application at other FEL facilities around the world.

With regards to method development for the investigation of electronic phenomena in condensed matter samples, early observa-
tions of stimulated X-ray emission [20] as well as coherent sum-frequency generation [21] were reported and future applications
proposed.

Using the synchronized THz und XUV sources, pioneering experiments measured details of the THz field cycles [22]. Later
studies then used the THz beam to create transient states for example in magnetic films that were then selectively probed with the
XUV pulses [23], while other studies created highly excited warm dense matter (WDM) states and the THz conductivity was probed
[24].

Understanding of the mechanisms in intense short wavelength light-matter interaction has been obtained in split and delay
experiments. [25–30].

Recently, FLASH has increased its impact in photochemistry and astrochemistry. Experiments on thionated nucleobases in gas
phase could identify the origins for UV induced triplet-state generation. The studies investigate the coupled electron-nuclear motion
in the vicinity of the molecules’ conical intersection [31, 32]. The core-level photoelectron spectra show charge moving from sulfur
to the heterocycle and open the path to molecular electronic movies [32]. The astrochemistry community uses FLASH, to study how
harsh, short wavelength radiation environment influences the chemical composition and abundance of molecules in space. Probing
potential molecular reactions after irradiation with short wavelength pulses from FLASH thus generates insight into processes into
the origins of molecules in the interstellar space [33, 34].

The high repetition rate of FLASH makes it an ideally suited tool for high-resolution electron spectroscopy from condensed matter
samples. Photoemission spectroscopy with short pulses is limited in the acceptable number of generated electrons. Space charge
can build up and spoil the spectral information content. Only the high repetition rate of pulses at lower pulse energy then allows to
record meaningful spectra in reasonable time [35, 36]. Studies at FLASH have addressed, e.g., the field of surface catalysis [37],
charge separation and transfer in organic photovoltaic compounds [38] and making movies of time-dependent, photon-triggered
changes of orbitals of molecules absorbed on a surface [39].

3 Technological development and upgrade plans for the decade 2023-2033

At the current stage, FLASH is undergoing an ambitious upgrade program called FLASH2020+, within which refurbishments,
improvements and changes of almost all parts of the accelerator and photon complex are performed and planned as a result of
consultations with the user community [40].

In a first shutdown period, work concentrates on upgrading the accelerator part during the year 2022. Main work centers around
the exchange of two of the seven accelerator modules to more modern versions that provide higher acceleration gradients. This
increases the highest possible electron energy from 1.25 GeV to 1.35 GeV which in turn produces about 20% shorter photon
wavelengths. Among other work, also a new injector laser system as well as a laser heater are integrated into the machine and the
bunch compression sections are optimized. The installation of a variable polarization afterburner undulator at FLASH2 will provide
flexibly (also circularly) polarized pulses at the third harmonic of FLASH, covering the absorption edges of elemental magnetic
3d-materials [41].

With these new, enhanced features, FLASH is operated for users, while the next major shutdown period starting in 2024 is prepared.
During that shutdown phase, the complete FLASH1 tunnel is emptied with changes all the way downstream to the experimental hall.
The undulator section is completely removed to make space for the installation of external laser seeding into the two modulators
necessary for echo-enabled high-harmonic generation (EEHG) [42]. With this scheme, FLASH aims for operating external seeding
at photon energies up to the carbon K-edge with full coherence and high repetition rate. Anticipated photon beam parameters yield
pulses of less than 10fs duration with spectral bandwidths of well below 0.1% and nearly Fourier transform limited spectral content.

The ‘radiator’ -undulators of APPLE-III type that generate the XUV and soft X-ray radiation will provide tunable polarization at
variable gap sizes, adapting the concepts already tested at the FLASH2 afterburner undulator. The gap-tunability of the undulators
at FLASH1 and FLASH2 finally removes most of the constraints to the electron energy imposed by the fixed gap undulators at
FLASH1. With just a few electron energy working points, accelerator setup times are envisioned to be largely reduced and the
parallel operation of FLASH1 and FLASH2 is eased.
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Downstream the FLASH1 undulators, a new photon beam transport and diagnostics section will be installed, based on the state-
of-the-art diagnostics at FLASH2 [43], but particularly optimized for the analysis of seeded radiation. In the experimental hall, the
photon beam will be steered to the same starting point as before, such that the location of all the photon beam lines can be preserved.
Small adaptations regarding few mirrors have to be made though, due to a longitudinal shift of the source point.

In the experimental halls, some further work will be devoted to optimizing the optics coatings for higher transmission at shorter
wavelengths. Replacing the beam line BL3 by an improved ‘FL11’ beam line at shallower angles of incidence is planned. The new
beam line will also be equipped with bendable KB optics for variable spot sizes and it will be optimized for transporting the higher
harmonics of the FEL source as well. The integration with the THz beam line will be improved.

A further large part of the planned upgrade work concerns the pump-probe lasers. An elaborated concept has been developed that
implements more standardized high-power laser sources in the laser hutches in the experimental halls of FLASH1 and FLASH2.
They generate synchronized, high repetition rate 1030nm radiation at pulse durations of more than 1ps, but spectrally broadened
in multi-pass cells [44, 45]. The radiation is planned to be transported to modular optical delivery stations installed close to each
end-station, where the final pulse compression, shaping and wavelength tuning is performed before the beam is delivered towards
the user experiment. We further aim at improved synchronization such that temporal resolutions only limited by the respective pulse
durations, i.e. down to 20fs and below, become possible.

In a later stage of the project, a remodeling of the FLASH2 undulator section is envisioned to realize even more advanced schemes
to generate shorter pulses in the attosecond regime. Here, concepts encompass longitudinal space-charge amplifiers, harmonic lasing
ideas as well as improved multi-color operation [41].

As the next development frontier for FLASH, we see the enhancement of the number of pulses delivered per second. While
more pulses can be rather easily produced by increasing the repetition rate inside the burst and retaining a similar burst duration,
rates beyond 1 MHz are disadvantageous for charged particle spectroscopy because of long ion and electron flight times, restricted
temporal resolution of detectors, and detector dead times and read-out rates. Many scientific communities mostly prefer an increase
in burst duration or an increase in burst repetition rate, both options merging into a potential continuous wave (cw) operation of the
facility. With current accelerator concepts though, such developments would demand a substantial increase of the cryogenic cooling
capacities for the superconducting accelerator and they necessitate a lowering of the acceleration gradient. This would reduce the
reach towards shorter wavelengths which limits many scientific fields at the facility.

In the current footprint of FLASH, the realization of these long-term development goals thus requires the implementation of
novel acceleration concepts that promise to deliver substantially higher gradients, i.e., higher acceleration fields within shorter
acceleration lengths. A promising candidate here seems to be the plasma wakefield acceleration and FLASH is optimally positioned
to also pioneer this field.

4 Perspective of next scientific challenges to be addressed at the facility

In short, upgraded FLASH will possess the following properties, distinguishing it from the current machine:

1. an extended photon energy range up to the nitrogen K-edge in the fundamental and also deliver more photons in the high photon
energy region at FLASH2

2. variable, controlled polarization in the third harmonic of FLASH2
3. an externally seeded FLASH1 up to the carbon K-edge with close to Fourier transform limited pulses of small bandwidth and

high spectral and temporal stability.

The anticipated properties of FLASH after the described upgrades increase the power of FLASH to address specific scientific
questions.

The extended spectral range will have an impact on element-sensitive probing of dynamics at FLASH. In the case of molecular
dynamics, this will make selective probing of carbon and nitrogen much easier. So far, experiments at the nitrogen K-edge relied
on the third harmonic, resulting in lower flux and also adding the complication to filter out fundamental light. Hence, experiments
with dilute samples at the nitrogen K-edge become possible. This will be interesting when studying azo-photoswitch molecules.
Azobenzene is available in many different variations and can be used to accomplish opti-mechanical transduction in chemical and
biological samples on a single molecule scale via its optically controllable trans-cis and reverse switching [46, 47]. In addition, the
spectral extension to the nitrogen edge allows for ultrafast studies on nitrogen as heteroatom in heterorganic cycles. Nucleobases
are part of this class, but also interesting newly designed materials like CN compounds [48].

Variable polarization at the third harmonic of the undulator benefits spectroscopic techniques addressing the handedness in
materials. In molecules, this allows addressing the molecular chirality with a combination of femtosecond time resolution and the
X-ray typical site sensitivity. This leads to a novel understanding of molecular dynamics and interesting phenomena like molecular
ring currents [49]. A method prone to be used is photoelectron circular dichroism, which has been established with ultrafast X-ray
pulses recently [50]. In the solid state context, variable polarization addresses the magnetic subsystem of matter. The spectral range
of the third harmonic undulator is ideally suited for element-selective probing of 3d transition metals, in particular, Fe, Ni, and Co
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via their L-edges. Circular X-ray magnetic dichroism is a well-established technique and has demonstrated its power in the ultrafast
X-ray context [51].

The combination of external seeding and high repetition rate, characteristic of a superconducting accelerator, is unique in the
world of FELs. In the following, we discuss a few examples where the properties of externally seeded FEL pulses present a
unique advantage. As mentioned above, high repetition rate FEL radiation facilitates several applications. Electron spectroscopy on
surfaces and interfaces for instance suffers kinetic energy broadening induced by space charge. Dividing the delivered photons and
thus ejected electrons into many weak pulses increases the energy resolution. At SASE FEL sources, the pulses are usually filtered in
a monochromator, translating to a strong shot-to-shot fluctuation, which in turn leads to wasted photons as pulses might deliver very
few photons, or on the other extreme too many photons and again space charge broadening. The spectral stability of seeded pulses
thus increases the signal-to-noise ratio in surface photoelectron spectroscopy. In fundamental heterogeneous catalysis studies, the
new source will thus help in deciphering spectra from molecules on the surface, for instance identifying different adsorption sites
or discovering small dynamical shifts after photo excitation due to geometry changes or charge transfer. The argument translates to
heterogenous light-harvesting systems, such as dye-sensitized solar cells, and other molecule-functionalized surfaces [52].

In addition to the pure surface phenomena, the spectral stability arguments also hold for time-resolved spectroscopy of quantum
materials with their subtle interplay between electronic (charge, orbital, and spin) and lattice degrees of freedom. The increased
signal-to-noise with a seeded, high repetition rate machine can decipher the dynamic interplay of the material subsystems with
higher detail.

Spectral and temporal stability provides a major advantage for time-resolved spectroscopy with observables that cannot be
obtained on a single-shot base because of slow methodology or slow detector readout. Examples could include 2d-CCD cameras
for capturing spectra, high-resolution mass spectroscopy, or even, usually very slow techniques that the community does not think
about like chromatography or nuclear magnetic resonance. As the observable averages over many pump-probe pairs, any variation
in delay and frequency would wash out information; a fact that can be avoided with a seeded FEL.

Seeding increases the spectral flux, thus benefitting methods that are ‘photon-hungry’ and at the same time require high spectral
resolution. Typically, the SASE FLASH has a bandwidth of 0.5%. The seeded FEL FERMI in contrast provides pulses with a
bandwidth of 0.05% [53]. Performing experiments with a resolution of 0.05% by inserting a monochromator into a SASE beam
would diminish the spectral flux by roughly a factor of 1000. Resonant inelastic X-ray scattering (RIXS) is benefitting from the
superior time-integrated spectral flux by combining the low bandwidth due to seeding with the high repetition rate of FLASH.
The technique allows for the identification of quasi-particle excitations in solids [54], governing material phase transitions. In
combination with the ultrashort pulses and pre-excitation with an optical laser, very sensitive probing of the materials dynamics
is provided. In chemistry, RIXS has shown its potential to probe the ultrafast spin dynamics in transition metal complexes, which
can be solved in high concentrations [55]. Extending the electronic sensitivity of RIXS to more dilute cases is a challenge that is
alleviated by an increase in the integrated spectral flux of the FEL.

The external seeding of FLASH will create pulses with a duration close to their Fourier-transform limit. This high level of temporal
coherence of FEL pulses has been exploited at FERMI for coherent control [56] and the creation of attosecond pulse trains [57].
Translating seeding-related coherence to high repetition rates opens the avenue for combining these schemes with solid and interface
electron spectroscopy and dilute samples in gas and liquid phase. The increased control over pulse properties however will be a
major benefit for nonlinear X-ray spectroscopy. Narrow-bandwidth pulses allow for spectrally well-resolved features in stimulated
X-ray Raman spectroscopy [58, 59] and will have an application for nonlinear techniques providing increased spectral resolution
when combined with spectrally broader pulses in Raman schemes [60] similar to femtosecond stimulated Raman spectroscopy
in the visible spectral domain [61]. One important application of this scheme will be in the fundamental exploration of conical
intersections, regions of degeneracy among potential energy surfaces, that often determine the reaction path in photochemistry. A
combination of narrow and broadband coherent X-ray pulses allows for the investigation of coherences in the vicinity of conical
intersections [62]. The wealth of nonlinear X-ray spectroscopic techniques with its combinations of different pulse lengths and
photon energies will challenge the implementation of new FEL schemes at our facility and other FEL facilities worldwide.
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