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Abstract: Ultrafast single-particle imaging with intense x-ray pulses from free-electron laser sources provides a
new approach for visualizing structure and dynamics on the nanoscale. After a short introduction to the novel
free-electron laser sources and methods, we highlight selected applications and discuss how ultrafast imaging
flourishes from method development to early applications in physics and biology to opportunities for chemical
sciences.
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The Maloja team at SwissFEL. Standing from left to right:
Kirsten Schnorr, Andre Al Haddad, Zhibin Sun, Gregor Knopp,
and Sven Augustin. Seated from left to right: Jonas Knurr and
Christoph Bostedt. The team started with the Maloja endstation
project in 2019. The endstation received first light in 2020 and the
first call for user proposals was published in 2021. The Maloja
endstation provides many opportunities for ultrafast chemistry,
non-linear x-ray sciences, and single-particle imaging.

1. Introduction
Imaging, that is the visualization of objects or processes, is

undoubtably one of the central tools in natural sciences. The at-
tainable resolution is directly related to the employedwavelengths
and x-rays are ideally suited to get a glimpse into the nanoworld.
Equally important is the exposure time or shutter speed that de-
termines the time resolution with which dynamic processes can
be followed. The intense and coherent x-ray pulses from x-ray
free-electron lasers (XFELs) have inspired new approaches and
opened opportunities for visualizing dynamics and transient states
in single, nanometer-sized particles in a single shot. Since the
first short-wavelength FELs became operational,[1] this field has
rapidly developed and imaging as well as diffraction techniques
have been developed for various applications.

The fundamental approach in ultrafast imaging is that an in-
tense, femtosecond x-ray pulse is focused on the sample, gener-
ating a diffraction image which is recorded in one instance. The
sample will be destroyed during the process, but the image is re-
corded prior to the sample explosion. This approach is commonly
referred to as the “diffract before destroy” method.[2] Many of
the early experiments focused on the fundamental light-matter
interaction and ultrafast sample damage to confirm the validity
of the diffract before destroy approach.[3] In the last decade an
increasing number of method developments and ultrafast imag-
ing applications have flourished at XFELs at the intersection
of physical, biological, and chemical sciences.[4] In this article,
we will give a short introduction to XFELs with a focus on the
SwissFEL facility at the Paul-Scherrer-Institute. We will then de-
scribe the experimental approaches for single-shot single-particle
experiments and present representative scientific applications as
well as current developments for imaging ultrafast dynamics and

Fig. 1. Ultrafast single-particle imaging revolves around fundamental
light-matter interactions to methods development to applications in
nanoscale research and ultrafast dynamics.
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European XFEL facilities or the upgraded LCLS-II in Stanford
(USA) can support repetition rates from tens of kHz to MHz.

The Swiss free-electron laser SwissFEL is based on a compact
design concept capable of lasing at 1 Å, but with investment and
operation costs substantially reduced in comparison with other
facilities of similar scientific potential.[9] A special feature of
SwissFEL is that two bunches, separated by 28 ns but in the same
RF macropulse, can be accelerated and then separated with a fast
kicker into two undulator lines, see Fig. 4, allowing full paral-
lel operations of two FEL lines. The Aramis hard x-ray line can
deliver photon energies from 2 keV to 14.4 keV and the Athos
soft x-ray line can deliver photon energies from 0.25 keV to 1.8
keV. TheAthos branch includes a novel layout of alternating mag-
netic chicanes and short undulator segments. Together with the
APPLE X architecture of undulators, the Athos branch can be
operated in different modes producing FEL beams with special
characteristics ranging from attosecond pulse length to high pow-
er modes.[10,11]

2.1 Experimental Approaches
Single-particle imaging experiments require in principle only

a suitable photon area detector as well as a sample delivery system
but the experiments are often combined with further spectrom-
eters (Fig. 5). The photon area detector needs to be synchronized
with the XFEL pulses and ideally also supports their full repeti-
tion rate. Early experiments at FLASH used a simple, multichan-
nel plate – phosphor stack system to convert the x-ray photons into

electronic structure. We will close with a short description of the
growing opportunities for ultrafast imaging experiments at the
new SwissFEL Maloja endstation.

2. X-ray Free-electron Lasers
Free-electron lasers are accelerator-based light sources where

a small fraction of the kinetic energy of a relativistic electron
beam is converted into an intense beam of electromagnetic ra-
diation.[1,4] The key process in a free-electron laser is based on
the resonant interaction between the electron bunch and radiation
in an undulator as depicted in Fig. 2. In simple terms, the spon-
taneous emission at the beginning of the undulator imprints its
wavelengths onto the electron bunch. Accordingly, the electrons
start emitting in phase and the output scales with N2 for coherent
emission compared to N for incoherent emission, with N being the
number of electrons in the bunch. The process is called self-am-
plified spontaneous emission (SASE), where the electron beam
microbunching and the radiation power grow as a function of the
undulator distance until the process reaches saturation. Compared
to an optical laser, in a SASE FEL the electron beam is the energy
pump and the lasing medium at the same time. Due to the lack of
suitable optics in the x-ray spectral regime, no cavities can be built
and therefore all current XFEL are high-gain, single pass lasers.

Compared to other x-ray sources, FELs deliver orders of mag-
nitudes higher peak brilliances (c.f. Fig. 3) and almost fully trans-
versally coherent radiation. As a rule of thumb, the intense x-ray
pulses of FELs contain 1012 photons in a 100 fs pulse, resulting
in high peak powers of tens of gigawatts. The pulse durations
range in standard operations typically from hundreds to few tens
of emtosecond (fs) and the bandwidth of the emitted x-ray is be-
low 1% of the fundamental energy. Over the past decade, FEL
research has witnessed a rapid development and many theoreti-
cal concepts have been experimentally implemented and further
improved. Selected examples range from the generation of few
femtosecond to attosecond pulses[5] to two-color modes for pump
/ probe experiments.[6,7] The repetition rate of FELs depends on
the chosen accelerator technology. FELs based on conventional,
“warm” copper cavities operate with repetition rates around 100
Hz whereas superconducting cryogenic accelerators, such as the

Fig. 2. Principle of the SASE lasing process. The microbunching along
the undulator line leads to exponential growth in radiation output. Image
reproduced with permission from ref. [4].

Fig. 3. Growth of the brilliance of x-ray sources over time. The red line
indicates the famous Moores law for growth of integrated circuits for
comparison. Image reproduced with permission from ref. [8].
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form the signals back from the Fourier into real space. As only
the diffraction signal is recorded and as the phase information is
lost during the detection process, simple Fourier transforms back
into real space are not possible. Simple diffractive images can
be interpreted directly in Fourier space but for most applications
real space images are preferable. If the diffractive images are re-
corded with sufficient detail between the extrema, the phase can
be in principle reconstructed.[22] It took until 1999 for the first ex-
perimental demonstration of the oversampling method and phase
retrieval algorithms to transform diffraction images back to real
space.[23] These developments paved the way for coherent diffrac-
tion imaging, first at synchrotron radiation light sources and then
for XFEL-based single-particle imaging.

Another famous way to solve the phase problem is holog-
raphy. Here, the object wave and an additional reference wave
interfer with each other. The detector records the interference
patterns and hereby the phase is encoded. Multiple types of ho-
lography have been developed in the microscopy community.
In a first holography setup for free-flying, single particles of a
weakly scattering virus was mixed with a strongly scattering
xenon cluster reference object.[24] The resulting interference
pattern allowed for real space reconstruction of the virus with
quality that was at least comparable to the phase retrieval
methods.

Both, the phase retrieval as well as the holography ap-
proach, have requirements at the data quality that cannot always
be matched by the experiments. In these situations the forward
simulation approach has proven useful. A real space model is
developed, Fourier transformed and compared to the diffractive
image.[25,26] The real space model is then adjusted iteratively until
at least qualitative agreement is obtained.

visible light and an external camera for data recording.[12] A real
breakthrough was the incorporation of in-vacuum pnCCD sen-
sors in the CAMP endstation first used at LCLS[13] and still under
use at FLASH and the European XFEL. These detectors exhibit a
greatly increased linearity and finer pixel resolution. The energy
resolution in each pixel allows to discriminate the elastically scat-
tered photons over inelastically scattered light or plasma emission
from the sample target. At SwissFEL, a new generation of pixel
detectors are used which feature a slightly higher noise level but
a dramatically improved dynamic range per pixel, overcoming
some of the earlier limitations in recording the lower order dif-
fraction signals.[14]

For the sample delivery there are two basic approaches, fixed
targets on a membrane or free-flying targets. The fixed targets re-
quire less sample material and if required the same sample can be
investigated under low-fluence conditions with multiple shots.[15]
To exploit the advantages of single shot imaging, free flying tar-
gets are advantageous. They allow the investigation of samples
that would be altered or even destroyed by any interactions with
the environment as discussed below. Further, the lack of a sup-
port membrane greatly reduces the background signal and opens
the door for smaller or weakly scattering samples. Many imaging
experiments are performed on van derWaals systems with pulsed
supersonic jets[12] or cryogenic continuous expansion sources.[16]
For biological samples and more recently also colloidal nanopar-
ticles, aerodynamic lens systems with either a gas dynamic virtual
nozzle or electrospray source have been optimized for the use in
single-particle imaging experiments.[17] A third possibility is that
existing sample sources such as for example metal cluster sources
are adapted to the FEL endstations.[18]

An approach that has proven very useful is to complement
the imaging setup with spectrometers for coincident imaging and
spectroscopy.[19] Most commonly ion time-of-flight spectrom-
eters are integrated as depicted in Fig. 5. The correlation of both
data, taken within the same few femtosecond x-ray pulse, yields
additional information about the sample position in the focal vol-
ume,[19] the composition of core-shell structures,[20] or aerosols,[21]
or it can be simply taken as a hit finder as often the free-flying
particle experiments exhibit hit rates far below 10%.

We want to conclude with a short note about the data man-
agement. For single-particle imaging experiments at FELs, each
shot on the target is a complete experiment. Therefore all devices
entering the data stream have to be carefully synchronized which
is typically achieved by the FEL facility with an extensive syn-
chronization and data management scheme. At the same time, the
experiments produce manyMegabyte of data at the repetition rate
of the machines which are currently in the hundreds of Hertz and
soon Kilo-Hertz regime. Accordingly, full single-particle imag-
ing data sets reach many Terabytes per sample and accordingly
require an adequate high-performance computer.

A key difference between x-ray imaging and optical or elec-
tron microscopy is that there are no suitable lenses that can trans-

Fig. 4. Schematic of the SwissFEL free-electron laser. After the second accelerator section the bunches are separated and feed both, the Aramis
hard x-ray line and Athos soft x-ray line at the full repetition rate. Image reproduced from ref. [11].

Fig. 5. Layout of a coincidence imaging and spectroscopy experiment.
The ion time-of-flight mass spectra and coherent image provide comple-
mentary information about the target sample. Image reproduced with
permission from ref. [19].
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it was possible to reconstruct the three-dimensional shape
of the individual nanoparticles.[18] The left column
of Fig. 7 shows the experimental data (top), simulated scattering
intensity (middle), as well as reconstructed truncated twinned tetra-
hedral particle (bottom) with a size of 75 nm. The approach prom-
ises to be an efficient tool for future investigations of dynamic pro-
cesses including melting and phase transitions at the nanoscale.

An alternative approach to reconstruct three-dimensional in-
formation for highly reproducible or even identical particles is to
collect a large amount of randomly orientated two-dimensional
diffraction patters that are merged into a three-dimensional data
set.[28] In addition, utilizing the high crystallographic symmetry of
the sample has also proved to be a promising approach. The right
panel of Fig. 7 displays the data for cubic and deposited Au-Pt
core-shell particles.[29] The fine-structured single-shot diffraction
patterns (top panel) are merged into a diffraction volume (middle
panel) and the real space aparticle is reconstructed (bottom panel).
The reconstructed particle showed the Au core size and the Pd
shell thickness to be 65.0±1.0nm and 4.0±0.5nm, respectively,
with a resolution of around 6 nm. The data also allowed to de-
scribe the elemental distribution inside the nanoparticles with an
accuracy of 3%. This approach proves a new way for quantita-
tive 3D imaging of symmetrical nanostructures with elemental
specificity.

Fig. 7. Coherent images with three dimensional information of metallic
nanoparticles. Left: wide angle diffraction image (top), multislice simula-
tion (middle), and reconstructed particle (bottom). Right: Single two-
dimensional pattern (top), merged three-dimensional data set (middle),
and reconstructed particle (bottom). Images reproduced with permission
from ref. [18, 29].

2.2 Imaging Fragile Systems
Ultrafast x-ray imaging provides unique opportunities for

fragile nanoscale samples, that are systems that can be altered or
even destroyed by contact with the environment. Examples in-
clude either weakly bonded nanoparticles, particle aggregates, or
metallic clusters that are quickly oxidized. The number of experi-
ments is continously growing and it is not possible to discuss all
of them. In the following we present therefore a few selected but
in our opinion representative examples.

2.3 Structure and Morphology of Nanoparticles
The first images of van der Waals nanoclusters generated in a

supersonic expansion were taken in the early days of the FLASH
facility.[12] The early images shown in Fig. 6 reveal already some
of the basic features. In the left panel, the coherent image of a
single, mostly spherical particle can be seen. The middle panel
shows a diffraction image of two particles directly attached to
each other akin to a double slit experiment and the right panel
shows the interference patterns of two clusters separated in space.
Already based on these simple observations, significant insight
into the cluster generation dynamics in a supersonic expansion
could be obtained. It turned out that between 10 and 30% of all
clusters showed the previously underestimated twin cluster con-
figuration with two particles in direct contact.[25] When going to
more extreme expansion conditions, the resulting particles change
from spherical clusters in agreement with monomer addition, to
heavily aggregated particles that do not anneal to the spherical
ground state any more, to extremely large “hailstone” like parti-
cles.[27] The information whether the coagulating clusters reach
the spherical ground state as expected from energetic consider-
ations or freeze out in an intermediate non-spherical state was not
accessible with previous methods. In a refined approach to simu-
late weak diffraction signals from nanocluster aggregates, the size
and shape of the substructures could be reconstructed revealing
subspheres with sizes as different as 130 nm and 20 nm.[26]

Compared to the simple van derWaals systems,metal nanopar-
ticles are known to exhibit much richer growth dynamics, support-
ing many different and highly symmetric geometries. The inves-
tigation of growth processes on the nanoscale can answer key
questions on how geometric structure and stability lead to meta-
stable states during particle formation. Single-particle imaging of
free and unsupported metal nanoparticles could identify a much
larger variety of morphologies on the nanoscale than expected
from thermodynamic considerations and preceding ensemble-
averaging investigations.[18]A key development for image recon-
struction in this study has been the inclusion of wide-angle scat-
tering data and sample absorption effects beyond the first Born
approximation.With the newmultislice Fourier transformalgorithm

Fig. 6. Some of the first coherent images of van der Waals systems.
Single spherical particle (left), distinct interference patterns from two
particles next to each other (middle), and separated within the focal
volume (right) can be identified. Image reproduced with permission from
ref. [12].
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2.4 Superfluid He Droplets
The undoubtably most fragile system investigated bymeans of

single-shot imaging so far are superfluid He droplets, for which
the single-shot images allowed a glimpse into the quantum world.
Below a critical temperature of 2.17 K the superfluid 4He droplets
lack any viscosity and their motion can be described by a single
wave function. The initial experiments were motivated by study-
ing the rotational properties and vortices in superfluid droplets on
the nanometer to micrometer length scale.[16] In order to visualize
the vortices, the droplets are doped with xenon atoms which are
known to decorate along them and which act akin to a x-ray con-
trast agent. The single shot diffraction images reveal distinct
Bragg-like diffraction peaks in addition to the droplet envelope.
The Bragg patterns indicate that within the droplets highly or-
dered lattices of quantum vortices are formed that reach densities
about five orders of magnitude higher than observed in bulk su-
perfluid 4He experiments.[16] In addition to the quantum vortices,
the droplet shape yields information about the rotational speeds of
the droplets. The early experiments revealed already strong shape
deformations from centrifugal forces, indicating high rotational
speeds of the droplets.[16] Following experiments at longer wave-
length and exploiting the wide-angle scattering for three dimen-
sional reconstruction, as discussed above, they were able to paint
a detailed picture about the shape evolution of superfluid droplets.
[30] The data show that also superfluid droplets follow the evolu-
tion from axisymmetric oblate to triaxial prolate and two-lobed
droplets, similar to their classic counterparts.[30]

2.5 Aerosols
Single-shot single-particle imaging at FELs open new avenues

to investigate the size, structure, and composition of aerosols. This
approach is particularly interesting for samples that can alter their
structure upon deposition as for example soot networks. In a first
step on aerosol particles studies at FELs, soot and soot-salt mix-
tures were investigated with combined imaging and ion time-of-
flight spectroscopy. By analyzing the single diffraction patterns
and elastic scattering intensity, the fractal morphology of the ag-
gregates is determined. Fig. 9 shows the diffraction patterns and
reconstructed particles of sparked-generated soot particle (left) and
a salt-soot mixture (right). The size, shape, and electron density

Fig. 8. Coherent images (a-c) and reconstructed shapes (d-f) of super-
fluid helium droplets. Some images of doped droplets show Bragg-like
patterns indicating a high density of ordered quantum vortices (h-j).
Image reproduced with permission from ref. [16].

can be clearly seen in the reconstructed images. The time-of-flight
mass spectra yield additionl information about the elemental com-
position of each aerosol particle and allows correlations to their
shape. This early example demonstrates the opportunities from
single-particle imaging for morphological studies or even dynami-
cal processes in aerosol research.

3. Imaging Biological Samples
The potential for ultrafast imaging of biological samples down

to single molecules has been one of the early drivers for FEL de-
velopments.[2] Already in the very early operational phase of the
first hard x-ray laser, much of the biological community focused
on serial femtosecond crystallography approaches.[4] Serial crys-
tallogrpahy with jet sources or fixed targets allows the use of
smaller crystals, avoids radiation damage, and opens the opportu-
nity to investigate photo-triggered reactions with established crys-
tallographic tools. On the contrary, single-particle imaging of bio-
logical samples with the goal of Angstrom resolution requires
many dedicated developments,[31] while also facing competition
from electron microscopy. Generally, the approach from big to
small is followed with first successful experiments on the large
Mimi virus with a viral capsid around 450 nm in diameter that is
covered by a thin layer of fibers.[32] The high reproducibility of
viral targets also allowed the first proof-of-concept demonstration
of 3D imaging of a Mimi virus.[33] To collect a series of 2D dif-
fraction patterns of identical copies of the mimivirus, the virus
particles were aerosolized, focused, and injected into the intense
x-ray pulses. After sorting the data, 198 2D diffraction patterns
were analyzed. Fig. 10 shows the assembled 3D diffraction vol-
ume and the related real space image of the Mimi virus. The map
reveals an asymmetric internal structure and the resolution is still
limited to 125 nm, where the limiting factor is the small number
of high-quality 2D patterns.

Fig. 10. Merged three-dimensional diffraction data set and real space
reconstruction of a Mimi virus. Image reproduced with permission from
ref. [33].

Fig. 9. Coherent diffraction images and real space reconstructions of a
spark-generated soot particle (left) and a salt-soot mixture (right). Image
reproduced with permission from ref. [21].
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gime this fact has been exploited since a long time for resonantly
enhancing contrast of a specific atomic component or by staying
below certain resonances. An example for the latter case is water-
window imaging of biological specimen where the contrast of
carbon is enhanced over oxygen (water) by staying below the
oxygen K-edge. Ultrafast imaging experiments open new oppor-
tunities in this context as they can become sensitive to either tran-
sient resonances or collective electronic excitations.A first indica-
tion for transient resonance enhancement of the ultrafast imaging
signal was observed from ionic states in xenon clusters.[40] In a
subsequent study, resonant scattering revealed distinct core-shell
structures in clusters which is attributed to purely electronic ef-
fects in otherwise elementally homogenous xenon particles.[41]

The interaction of intense x-ray pulses is highly complex and
the discussion has been so far mostly focused on damage pro-
cesses. A recent combined experimental and theoretical work on
dynamic scattering included the excitation and decay processes
on the atomic level, showing that transient phenomena driven by
non-linear x-ray interaction are decisive for ultrafast imaging ap-
plications.[42] Taking sucrose particles as an example, the study
showed that around the oxygen K-edge resonance-mediated path-
ways can lead to multiple Auger cascades as depicted in Fig. 12.
Accordingly, the scattering amplitudes and related atomic form
factors change rapidly with the different decay channels. While
these are so far fundamental studies about the image generation
process in intense x-ray pulses, they show potential opportuni-
ties how transient resonances may be exploited for increasing the
scattering response and elemental or even electronic contrast in
diffractive imaging experiments.

6. Growing Opportunities at SwissFEL
The newMaloja endstation at the SwissFELAthos soft x-ray

branch is designed as highly versatile tool for AMO physics,
chemical sciences, soft x-ray imaging, and novel approaches in
non-linear x-ray spectroscopy. The x-ray pulses are delivered
with the minimum required three bounces from a single offset
mirror and two Kirkpatrick-Baetz focusing mirrors. A short fo-
cal length of 1.5 meters from the downstream KBmirror ensures
a tight, micron-sized focus and therefore sufficient fluence for
the photon-hungry single-particle imaging experiments while
maintaining enough space for laser incoupling elements and
differential pumping between the last optical element and the
endstation.

The top panel of Fig. 13 shows the conceptual layout of the
Maloja endstation.A variety of spectrometer and detector options
can be implemented including ion time-of-flight or ion momen-
tum spectrometers, a hemispherical electron analyzer, or a photon
spectrometer. The most important detector for the single-particle

Fig. 12. Calculated x-ray resonances at the oxygen K-edge during the
ultrafast imaging process in sucrose nanoparticles. Image reproduced
with permission from ref. [42].

The conclusion from the 3D mimivirus reconstruction is con-
sistent with simulation work[34] showing that for a target resolu-
tion of around 3 Å of phytochrome molecule, the requirement for
good-quality 2D patterns is 672,010 with a photon energy of 6 keV
and a high fluence of 1020 photons/cm2. Here, the super-conducting,
high-repetition rate FEL sources will make a difference by allow-
ing to collect much richer data sets. The first prototype experiment
for high-repetition imaging experiments was carried out at the
European-XFEL pushing both the sample size requirements and
resolution to much lower values.[35,36] Compared to the Angstrom
resolution from cryo-electron microscopy, there is still some way
to go for single particle x-ray imaging but the higher penetration
depth, the possibility to investigate dynamic processes, and the high
throughput can keep single-shot x-ray imaging an attractive option.

4. Imaging Dynamics
The time structure and wavelength of intense soft x-ray FEL

pulses are ideally suited to follow ultrafast dynamics on the na-
noscale with femtosecond resolution. The ability to image free-
flying particles is of particular advantage for nanometer sized sam-
ples or processes, where any interaction with a surface could lead
to significant distortion either from the pump pulse or the resulting
dynamics. In a first study of that kind the expansion of superheated
xenon clusters, a prototypical non-equilibrium phenomenon, was
investigated.[37] A near-infrared laser pulse was overlaid with the
x-ray pulse with a holey mirror where both pulses hit the same
target particle with an adjustable time delay as depicted in Fig. 11.
The diffraction images show distinct changes starting with a rapid
loss of higher order information already within the first 100 femto-
seconds that is associated with a surface softening around a solid
core. A follow-up study on size-selected SiO

2
particles with better

time resolution identified a global start-up delay in the particle ex-
pansion dynamics of about 50 fs and could reconstruct the rarefac-
tion wave inside the particles from the coherent particle images.[38]
It is noted that the results are in good agreement with hard x-ray
Bragg scattering experiments that show that even for superheated
clusters the inner core stays crystalline on the femtosecond time
scale until the rarefaction wave has traveled from the surface to the
particle core.[39] So far, these early examples are driven by high-
energy density processes but the results underline nicely the rich
information that can also be obtained from time-resolved single-
particle imaging applications, opening the door for future applica-
tions for photo-triggered reactions in nanoparticles or aerosols.

5. Imaging Electronic Structure
The cross section for elastic scattering is closely related to the

electronic structure of the sample. In the fully linear imaging re-

Fig. 11. Setup for imaging the ultrafast dynamics of superheated nano-
particles. Image reproduced with permission from ref. [37].



Frontiers in ultraFast spectroscopy and dynamics CHIMIA 2022, 76, No. 6 535

imaging research program is a 4 MPixel Jungfrau pixel detector
optimized for soft x-ray photon detection.[14] The bottom panel
of Fig. 13 displays three diffraction images with the interference
pattern of two xenon clusters, a 92 nm polystyrene particle, and
a 58 nm gold nanoparticle. Compared to the early diffraction im-
ages in Fig. 6, the advances in detector technology and dynamic
range are particular obvious. For the imaging setup, a supersonic
expansion source and an aerosol injector system are available
allowing to extend the ultrafast imaging capabilities to a wide
spectrum of chemical and biological systems. The Maloja end-
station in combination with ultrafast optical laser-driven sources
and the unique pulse characteristics from the Athos undulator
will enable new approaches in non-linear x-ray sciences and ul-
trafast imaging.

7. Conclusions
Ultrafast single-particle imaging with intense x-ray pulses is a

new and powerful tool to visualize structure and dynamics on the
nanoscale. First applications range from nanoparticle morphology
and growth dynamics to the behavior of superfluid nanodroplets
to biological systems and aerosol research. Current developments
push the field towards time-resolved imaging of ultrafast dynam-
ics and imaging of transient electronic structure. The new Maloja
endstation at SwissFEL promises new opportunities for ultrafast
spectroscopy and imaging for the chemical, physical, and biologi-
cal research community.
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