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Abstract. FLASH (free electron laser in Hamburg) is a unique, ultra-brilliant
soft x-ray source providing highly coherent femtosecond pulses, currently in
a wavelength range of 6.8–47 nm. Up to several 1012 coherent photons within
a 10–70 fs pulse allow the study of dynamical changes in nanometer-sized
structures. This is a big step towards the ultimate goal of observing femtosecond
dynamics on the atomic length scale, for example ‘watching bio-machines at
work’. In this review, the properties of FLASH are summarized with a focus on
coherence, and the potential of FLASH for structural investigations is illustrated
with an overview of the recently performed coherent imaging experiments.
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1. Introduction

Free electron lasers (FELs) are currently gearing up for becoming the brightest x-ray sources
on earth. With their extremely brilliant femtosecond pulses and a wide wavelength range down
to the ångström regime, vast areas of scientific terra incognita are now being entered. In the
short-wavelength regime from the extreme ultraviolet (XUV) to the x-ray range, that is, from
about 10 nm to 1 Å, FELs are on the verge of enabling ‘movies’ of chemical reactions, probing
matter under extreme conditions, watching magnetic spins flip in real time, and unravelling the
hitherto inaccessible structure of non-crystallizable biomolecules and following their functional
dynamics. What was partially ‘wild dreams’ or almost science fiction just two decades ago now
takes shape.

FLASH [1, 2] at DESY was the first FEL worldwide that opened the door to a bright future.
Since 2005, when FLASH started user operation, we have seen many examples of scientific
breakthroughs [3]. In the current wavelength range from 47 nm down to 6.8 nm,2 FLASH
possesses unprecedented properties, such as an extreme peak brilliance, femtosecond pulses
and a high degree of coherence (cf sections 2 and 3). For the investigations of nanostructures
and in particular their femtosecond dynamics, short-wavelength FELs in combination with the
coherent diffractive imaging techniques described in this paper are superior to visible laser
applications owing to the much higher spatial resolution achievable. Compared to short-pulse
electron microscopy, one profits from a larger penetration depth and a better image contrast.
In the XUV and soft x-ray range, FELs are complemented by ‘table-top x-ray lasers’ based on
different technical approaches employing optical lasers [4]–[6]. Even though they are typically
2–4 orders of magnitude less intense than FELs, these table-top devices are suitable for various
applications in the XUV (see for example [6]–[8]), being at the same time an affordable and
compact laboratory solution. On the other hand, when it comes to ångström wavelengths and
near-atomic resolution, the x-ray FELs are clearly unrivaled.

2. FELs from the coherence point of view

Besides short pulse lengths on the order of 10–100 fs and an unsurpassed peak brilliance
of 1030–1034 photons s−1 mrad−2 mm−2 0.1% bandwidth−1 (for soft x-rays to hard x-rays,
respectively), FELs also possess a laser-like degree of coherence. FLASH, as well as all
the x-ray FELs [9]–[11], is operated in the SASE (self-amplified spontaneous emission) [12]
mode in which spontaneous undulator radiation is amplified to saturation in a single pass
of an electron bunch through a long undulator. At the onset of saturation, the FEL pulses
are characterized by one dominating transverse TEM00 mode and a few to several tens of
longitudinal modes with longitudinal coherence lengths in the micrometer range [12]–[15]. In
the future, full longitudinal coherence down to the x-ray range with coherence lengths up to
a few hundred micrometers can be achieved via so-called self-seeding [16]. A corresponding
technical realization is in progress at FLASH ([17] and references therein). Another approach
yielding full longitudinal coherence is seeding via an external high-harmonic generation (HHG)
laser. This concept will shortly be tested at FLASH via seeding at 35 and 13 nm wavelength.
The required components are currently installed within the ‘sFLASH’ (see e.g. [18]) project.
Compared to self-seeding, sFLASH also aims at Fourier-limited longitudinal coherence but

2 This refers to the fundamental, which after a presently performed energy upgrade will reach down to below 5 nm.
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potentially exhibits an order of magnitude shorter pulses (around 20 fs) at correspondingly wider
spectral bandwidth (1λph/λph 6 1%). In contrast to self-seeding, external seeding is currently
limited to the XUV range since sufficiently intense (laser-based) seed sources are not available
below 10 nm wavelength.

A figure of merit for the coherence of a radiation source is the so-called degeneracy
parameter δ, which is the number of photons per mode. For an FEL it can be expressed as [14]

δ = Ṅphτcζ, (1)

where Ṅph is the photon flux, τc is the coherence time and ζ is the degree of transverse
coherence.

The peak brilliance Br of the radiation is defined as transversely coherent spectral flux:

Br =
ωdṄph

dω

ζ

(λph/2)2
, (2)

where λph is the photon wavelength and ω the corresponding frequency.
For a Gaussian spectral line, this yields

Br =
4
√

2c

λ3
ph

δ (3)

with the speed of light c, or put the other way round

No. of photons per mode = Peak brilliance ×
λ3

ph

4
√

2 c
. (4)

Regarding the number of photons per mode, FELs are about 6–8 orders of magnitude
superior to synchrotron radiation from undulators at storage rings where the coherent fraction of
the beam has to be cut out via appropriate apertures or pinholes, respectively and spectral filter-
ing. This is particularly visible in the hard x-ray regime where the number of photons per mode
at a synchrotron radiation undulator drops below 1 since it scales with λ3

ph (equation (4)). For
this reason, synchrotron radiation with its low number of coherent photons in a single pulse is
not applicable for sub-100 ps time-resolved coherent imaging. On the other hand, the extremely
brilliant FEL radiation allows us to obtain a high-resolution, low-noise diffraction image of a
sample in a single, few-femtosecond shot before the sample—in most cases—disintegrates in a
Coulomb explosion [19]. The coherent femtosecond pulses hold the promise that imaging of, for
example, biological samples beyond conventional radiation damage resolution limits and in par-
ticular single-particle imaging at near-atomic resolution will be feasible once entering the x-ray
wavelength range with FELs. The latter has been achieved at the Linac Coherent Light Source
(LCLS) in Stanford recently [9] and we are looking forward to some more great scientific results
here and at the European XFEL [10] as well as at the Japanese SCSS [11], both gearing up.

3. Properties of the FEL radiation pulses from FLASH

The properties of the XUV to soft x-ray FEL radiation produced by FLASH have been
extensively characterized in the past, both with theoretical [20, 21] and experimental
focus [1], [22]–[29]. The measured transverse coherence properties for some specific operation
conditions are given in [25, 29]. In the aforementioned publications, longitudinal pulse
properties such as coherence length and overall pulse length have been either inferred from
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Table 1. Current operation parameters of FLASH and characteristic pulse
properties (in or close to the saturation regime).

Property Value Comment

Wavelength (fundamental) 47–6.8 nm The shortest λph used in an experiment so
far is 1.6 nm (the 5th harmonic of 8 nm)

Average pulse energy 10–100 µJ Typically around 30–50 µJ
Bandwidth 1λph/λph (FWHM) 0.7–1 %
Pulse duration (FWHM) in general 70–10 fs Derived from statistics/spectra;

shorter for short wavelengths
Pulse duration (FWHM) measured (29 ± 5) fs At 23.9 nm [31]

(35 ± 7) fs At 13.5 nm [33]
Temporal coherence length (FWHM) 12 fs At 23.9 nm [30]

8.1 fs At 33.2 nm [32]
Peak power 1 –5 GW
Peak spectral brilliance 1029–1030 Photons s−1 mrad−2 mm−2 0.1%

bandwidth−1

Source size (FWHM) 100–200 µm Depending on electron beam size
Source divergence (FWHM) 6100 µrad Smaller for the short-wavelength end
Distance from source to Around 70 m

sample

measurements of the pulse-to-pulse statistics together with the underlying FEL theory or
estimated from the measured spectral width. Just recently, both the pulse length and the
longitudinal coherence length have been measured as well. Different approaches have been used
for that: two based on autocorrelation [30]–[32] and another one adopting cross-correlation
concepts from attosecond metrology [33]. Table 1 summarizes the FLASH pulse properties.
An overview of the FLASH user facility and its infrastructure for the broad spectrum of
experiments [3] can be found in [2].

At FLASH, the number of coherent photons in a single mode ranges from a few times
1011 per pulse at the short wavelength end to a few times 1012 per pulse at longer wavelengths
or, in other words, about 10 µJ per pulse independent of λph. Since FLASH in the present,
so-called ‘femtosecond mode of operation’ [21] typically exhibits only 1–2 transverse modes
and 3–4 longitudinal modes, neither spatial nor spectral filtering is required to obtain good-
quality pictures in the imaging experiments that will be described in the following.

4. Soft x-ray imaging experiments at FLASH

The science programme at FLASH covers a broad range of novel applications [3] including
fundamental studies on atoms, ions, molecules and clusters, creation and characterization
of warm dense matter, diffraction imaging of nanoparticles, spectroscopy of bulk solids
and surfaces, investigation of surface reactions and spin dynamics, and the development of
advanced photon diagnostics and experimental techniques. Among all those experiments, about
a dozen imaging experiments have been performed at FLASH since 2005. They can be
roughly grouped into five categories: coherent x-ray diffraction imaging (CXDI) [34]–[38],
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in-line-holography (ILH) [38, 39], Fourier-transform-holography (FTH) [36, 38, 40], coherent
x-ray resonant magnetic scattering (XRMS, partially time-resolved) [41]–[43] and time-
resolved CXDI (‘pump–probe’) [44, 45] experiments.

4.1. Technical approaches

The main idea behind all the applied concepts for diffraction experiments at FLASH is to
circumvent the problems of x-ray optics (such as short focal lengths—and consequently short
working distances, absorption and optics damage) by working completely lensless. The spatial
resolution of lensless imaging is, then, obviously not affected by limits of lenses either. Since
the techniques are well established, they will be sketched only briefly here in order to work out
the main differences between them. For a more detailed treatment, the reader is kindly referred
to [46]–[48] and references therein. Schematic drawings comparing CXDI, ILH and FTH can
be found in this focus issue [38].

CXDI is the basic approach where one illuminates a finite object with a coherent pulse
yielding a diffraction pattern at a two-dimensional detector. For CXDI, the full, focused photon
beam is impinging on the sample resulting in the highest possible scattering intensities even at
high q-values, that is, at the outer edges of the detector. On the other hand, low-frequency
information is often lost, since the high intensities need a considerably sized central beam
stop to block the direct beam, which otherwise would saturate the detector. Furthermore, phase
retrieval is somewhat more complicated than with the other methods described in the following.
It needs more complex reconstruction algorithms, and assumptions about boundary conditions,
for instance the shape of the frame supporting the sample, have to be made (see for example
discussions in the Methods section of [34]). But solutions are at hand and then, after all, CXDI
due to the absence of apertures bears the potential to produce high-quality, diffraction-limited
images. Furthermore, with the high available flux at the sample it is the preferred tool for time-
resolved single shot imaging. CXDI is also the method of choice for imaging injected particles
‘on the fly’, since the proper adjustment of the focal distance—for the specific particle that was
hit—is handled computationally afterwards by the image reconstruction algorithms.

In the recent CXDI applications at FLASH, the beam size at the sample position—mostly
in or close to the focus of the respective beamline—varied from a few microns to a few
hundreds of microns. Beamstops for the direct, primary beam are put downstream of the sample
in front of the detector/camera and are adapted to the specific beam size resulting from the
experimental—in particular focusing—conditions. In the experiments by Chapman, Hajdu and
others (see for example [34]–[36], [40, 45]) the ‘beamstop’ is often realized as a custom-made
multilayer mirror that reflects the diffracted beam onto the CCD detector and lets the direct beam
pass through a central hole (of around 1.2 mm diameter) in this mirror [49]. In another recent
approach of that same collaboration, the camera detecting the diffracted beam is simply split
into an upper and a lower half letting the direct beam pass through the gap in the middle. This
allows adjusting the CCD halves to the minimum gap required to avoid saturation or damage of
the detector by the direct beam while obtaining the maximum information at low q-values. In
both the latter cases, the low-q limit typically corresponds to maximum probed length scales of
one to a few microns, which is about the maximum sample size under study.

ILH uses a pinhole upstream of the sample as a spatial filter. This way, only a fraction of
the coherent FEL beam is cut out in order to form a divergent wave front that illuminates the
sample. Here the theoretical resolution limit is given by the effective numerical aperture coming
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from the illumination of the detector by the central maximum of the Airy disc. In contrast to
CXDI, low-frequency information about the scattering object is encoded in the hologram and is
hence present in the reconstruction. ILH has a comparably large field of view and is hence best
suited for imaging larger specimens of several 10 µm size.

Due to the gigawatt pulse power of FLASH, pinholes and/or filters required for ILH
can obviously not be placed in a tightly focused and unattenuated beam. They are normally
positioned out of focus and/or the beam is attenuated. The latter is done, for example, by
using the spectrally resolved beam downstream of a monochromator or by applying thin
(≈ 100 nm) absorber/filter foils or a gas attenuator [2] to absorb a substantial fraction of the
XUV photons. Typical damage thresholds for the employed foil/pinhole materials are on the
order of 100 mJ cm−2 [50, 51]. Thus, when the full beam is focused to a diameter below a
few hundreds of microns, damage might occur already for a single FLASH pulse, whereas
above 1 mm beam diameter, foils and pinholes typically even survive a multi-shot (long-term)
exposure.

For the ILH experiments described in [38, 39] no beamstop was necessary since, due to
the geometrical overillumination of the applied, about 1 µm diameter pinhole, the beam was
attenuated by more than three orders of magnitude, reducing the flux at the sample to a few times
106 photons per pulse. That way, while avoiding saturation of the thinned, back-illuminated
CCD detector behind the sample, the full low-frequency/low-q information could be preserved
as well—but both at the expense of spatial resolution, since, due to the low intensities, averaging
of images from many, fluctuating FEL pulses was required.

For FTH, the pinhole is not put in front of the sample but a pinhole or another reference
object is present in the sample plane and imaged along with the sample. This very much
facilitates phase retrieval since the obtained hologram is the convolution of the sample and the
reference amplitudes. With the inherent reference, an inverse Fourier transform can be applied
to the image, yielding a reconstruction of the (unknown) sample object in the best case down to
a resolution of the finest resolvable structures of the reference scatterer. Note that also here, the
low-frequency information is mostly absent due to the necessity of a central beam stop.

Coherent XRMS uses coherent illumination of a magnetic sample to record magnetic
speckle images stemming from the magnetic domains. It resembles CDXI, apart from the
fact that it is not the periodic arrangement of electrons, for example in a crystal lattice, that
scatters, but the spatial magnetic correlations. Hence at FLASH wavelengths the diffraction
image provides direct information on the magnetization density of the sample as well as on
domain patterns.

Pump–Probe imaging: There is a large variety of setups for time-resolved experiments
at FLASH, since different intense radiation sources, from FLASH itself across some dedicated
optical lasers at the facility [52, 53] and user-owned lasers up to intense infrared and THz
pulses [54], can be combined in single colour up to triple colour pump–probe configurations. For
the coherent imaging experiments so far, the femtosecond magnetism dynamics were studied in
an ‘optical pump–XUV/soft x-ray (FLASH) probe’ configuration [42, 43]. In the experiment by
Gutt et al [42], single shot images of the magnetic sample have been recorded that allowed not
only to track the time dependence of the magnetization density but also to follow the domain
pattern of the magnetic multilayer on a picosecond timescale. A pump–probe imaging setup
with slightly higher (mJ) pump-laser pulses was used for the explosions in the nanoworld by
Chapman and co-workers [45]. Another experiment by Chapman et al [44] was inspired by
Newton’s ‘dusty mirror’ experiment [55] as it uses a (in this modern variant multilayer) mirror
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behind the sample to back-reflect the same FLASH pulse again onto the sample. This makes up
a soft x-ray pump–soft x-ray probe configuration where the initial diffraction from the sample
(by the pump pulse) interferes with the diffraction produced by the same but delayed probe
pulse to form a hologram of the explosion dynamics.

4.2. Studied samples

A large variety of samples have been studied in the intense FLASH pulses during the last
years. Most groups started up with test patterns, often ion-beam etched in silicon nitride (Si3N4)
membranes having a thickness of 100 nm or less. These were either non-periodic test patterns
(for instance the famous ‘two stick men below the sun’ [34]) or periodic test patterns, so-called
uniform redundant arrays (URAs)3. In a next step, a lot of particles of biological origin were
imaged, such as large viruses, bacteria, picoplankton, etc, all typically in the size range from
100 nm to a few microns to adapt the objects under study to the available wavelengths and
accordingly possible resolution at FLASH. Many of these biological samples instead of being
fixed to the usual Si3N4 membrane were injected into the interaction zone (Chapman et al). In
order to have frequent hits of particles in the beam by the coherent FLASH pulses, which could
not really be synchronized with one another, the pulsed particle beam and the FLASH pulses
were operated at high throughput and repetition rate, respectively. With improved injection
schemes, the rate of imaging ‘events’ is now several Hz, at present being limited by the readout
of the several megapixel 2D detectors [56]. The detector used by Chapman et al in this case was
a recently developed, thinned, back-illuminated XUV-sensitive in-vacuum CCD camera, split
into two halves as mentioned in section 4.1 [57]. The detector size is 16 megapixels, arranged
as 4k × 4k pixels, often binned to 2k × 2k or smaller as a compromise between resolution and
readout time. The large number of pixels results in readout times of fractions of a second—the
state-of-the-art for the CCD technology, which is the usual approach for the XUV imaging
experiments at FLASH. Within the framework of detector developments for the European
XFEL, several projects, based on different technological approaches, are under way aiming for
2D megapixel detectors with parallel readout at MHz frame rates ([58] and references therein).
This high readout rate, which is not achievable as yet, but probably within 5 years from now,
is a requirement stemming from the non-equidistantly spaced (‘burst-mode’) pulse patterns of
FELs based on superconducting linear accelerators.

For XRMS, magnetic samples were either periodic multilayers or crystals. Figure 1 gives
an example of a single shot magnetic small angle scattering image [43].

Table 2 summarizes the results of all the coherent imaging experiments, regarding the
applied imaging technique, samples, used wavelengths and achieved resolutions.

4.3. Technical developments

In order to illustrate the developments and achievements at FLASH along the way towards single
molecule imaging at the upcoming x-ray FELs, the work of Chapman, Hajdu and coworkers
during the last years may serve as an example (details can be found in the corresponding
papers [34]–[36], [40, 44, 45] and in two summarizing publications [60, 61]).

The first studied samples were artificial structures (such as the ‘stick men’ [34]) that
were milled into a 20 nm thin Si3N4 membrane with a focused ion beam (FIB). In parallel,

3 URAs are also frequently used as ‘reference beam generator’ in the FTH setup sketched in section 4.1.

New Journal of Physics 12 (2010) 035015 (http://www.njp.org/)

http://www.njp.org/


8

Figure 1. Resonant magnetic small-angle scattering (SAXS) pattern of labyrinth
domains in a Co/Pd multilayer recorded with a single 20 fs FLASH pulse of
20 µJ energy. The photon energy was tuned to the Co M3-edge at 59.8 eV.
After the pulse, the sample was destroyed. The maximum of the SAXS ring
corresponds to a mean domain size of 230 nm. Due to the small sample aperture
of 50 µm and the coherence of the FEL pulse, speckles appear in the scattering
pattern. The intense directly transmitted beam and the scattering of the aperture
edges was (mostly) blocked by two crossed 1 mm thick wires. The bright dots on
top of the horizontal line of the shadow from this beamstop-cross are ‘artefacts’
that stem from scattered radiation going through some of the already exposed
and hence destroyed membranes from other adjacent ‘windows’ of the array of
samples on a wafer (Eisebitt et al [43]).

picoplankton and small bacteria on membranes were exposed to the FLASH pulses. Here, it
was shown that placing a high-resolution reference pattern, for example an URA, side by side
with the sample under study can significantly increase the resolution of the reconstructed sample
image [36, 40]. Even if the sample itself only weakly scatters at higher q-values, the URA makes
it an FTH setup and, in combination with iterative phase retrieval methods, the finally achieved
resolution might even go beyond the resolution of the fabricated URAs (figure 2) [40].

Also around the same time, the first time-resolved experiments, both with a single colour
XUV-pump/XUV-probe [44] as well as an optical laser-pump/XUV-probe [45], were performed
and allowed to monitor explosions in the nanoworld.

As the next step, injected particles were investigated. Via an electrospray generator, an
aerosol was produced, which was then expanded and guided through a differentially pumped
aerodynamic lens into the vacuum system, yielding a beam of nanoparticles in a ‘shotgun’
mode [35, 60] (meaning particles flying at above 100 m s−1, unsynchronized with the FLASH
pulses). Just recently, another injection scheme with a micro-droplet source [62, 63] was
employed. The latest significant breakthrough was single shot imaging of larger bacteria and
viruses (200 nm to 2 µm size) on the fly [59].
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Table 2. Summary of coherent imaging experiments at FLASH.
Single or Achieved

Method Samples Wavelength multi-pulse resolution Comment Reference

CXDI Test patterns in Si3N4 32 nm Single 62 nm Diffraction limited [34]
membrane (two stick
men below sun)
DNA in sucrose 13.5 nm Multi 6 40 nm Particles in free [35]
balls (injected), flight (first time);
average diameter 81 nm! multi-pulse for

‘hit-rate’
2D periodic test pattern 8 nm Multi 6 238 nm Shows an alternative [37]
(2 µm and 495 nm (21 pulses) approach to single
periods in Si3N4 molecule imaging
membrane)
Latex spheres, Ag cubes, 13.5 nm Multi Not given Multi-pulse to get [60]
DNA nanocomplexes, high ‘hit-rate’
picoplankton and lipid
micelles (all injected)
Mimiviruses, marine 7 nm Multi and Under Single pulse for fixed, [59]
bacteriophages, single evaluation multi-pulse for injected
bacterial cells, particles (hit rate)
chromosomes, both
injected and on
Si3N4 membranes

CXDI 145 nm polystyrene 32 nm Single Reference object [36]
+ FTH spheres on Si3N4 substantially improves

membrane signal/background
+ reference object 13.5 nm Single 40 nm ratio

Time- Latex balls on Si3N4 32.5 nm Single (series) 62 nm +holography [44]
resolved membrane
CXDI Test patterns in Si3N4 13.5 nm Single (series) ≈50 nm Time-resolution 10 ps [45]

membrane
CXDI Diatom cells 8 nm Single 380 nm CXDI resolution [38]
+ ILH (phytoplankton) Multi ≈950 nm limited by
+ FTH on Si3N4 membrane Multi better than detector

450 nm size/geometry
ILH SiO2 particles and 8 nm Multi (sum 620 nm [39]

diatom cell on polymer of 6300 p.)
window, rat embryonic
fibroblast cells on
Si3N4 membrane

FTH Bacterium + URA 13.5 nm Single 150–75 nm Image retrieved [40]
on/in Si3N4 membrane without input on

reference object
Coherent Co/Pd multilayer 1.59 nm Multi (sum of 5th harm. of 7.97 nm [41]
XRMS 105 pulses)

Co/Pt multilayer 20.8 nm Single Pump–probe [42]
Co/Pd multilayer 20.8 nm Single + multi Pump–probe [43]
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Figure 2. Ultrafast holographic imaging. Top: diffraction image from a
bacterium (Spiroplasma melliferum) side by side with a URA. Bottom:
reconstruction with iterative phase extension beyond the nanofabrication limit
of the URA, which had 162 pinholes of 150 nm diameter each. The achieved
resolution as deduced from the phase retrieval transfer function is around
75 nm (scale bar is 4 µm). Bottom left: URA; bottom right (‘worm-like’ bright
structure): spiroplasma sample. The square bright spots originate from dust
particles on the supporting Si3N4 membrane (see [40], in particular figure 3(a)).

Despite the great progress at FLASH as a source, all this would not have been possible
without parallel development of a dedicated imaging and detection scheme [49], optimized
injectors, such as the aerojet source [62], as well as next steps in the image reconstruction
algorithms (see discussions in [36, 40]). Another key issue is to have reproducible objects at
hand—which is easy, for instance, for the FIB-milled test patterns but needs more thought
and work for ‘real’ samples such as picoplankton, bacteria and viruses. Having the samples,
aligning them in order to allow summation of a series of images (as required, for example, in the
case of weak scattering signals) is the next challenge. For simple molecules such as CO2, laser
alignment is already state of the art [64] and has recently been applied at FLASH as well [65].
More comments on this aspect of sample manipulation for the final goal of single biomolecule
imaging can be found in [63]. There are clearly some more, in particular technical, challenges
ahead of us.
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5. Conclusions

We have seen significant advances in FEL technology over the last decade as well as continuous
improvements on the experiment side concerning, in particular, sample preparation and
manipulation, signal detection and data analysis, and last but not least, pump–probe techniques.
All together, these are big steps forward on the road towards x-ray microscopy with femtosecond
time resolution at interatomic length scales.

The recent results from FLASH demonstrate the steep learning curve on both the machine
and the experiments side and give us great confidence that with the upcoming XFELs [9]–[11], it
is only a matter of time to see, for instance, ‘bio-machines at work’. Hence, with an even greater
impact on a vast variety of scientific fields ranging from physics across materials science and
chemistry to biology and medicine, a really bright future is yet to come [63].
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