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ABSTRACT

Time-resolved imaging allows revealing the interaction mechanisms in the microcosm of both inorganic and biological objects.
While X-ray microscopy has proven its advantages for resolving objects beyond what can be achieved using optical microscopes,
dynamic studies using full-field imaging at the nanometer scale are still in their infancy. In this perspective, we present the cur-
rent state of the art techniques for full-field imaging in the extreme-ultraviolet- and soft X-ray-regime which are suitable for sin-
gle exposure applications as they are paramount for studying dynamics in nanoscale systems. We evaluate the performance of
currently available table-top sources, with special emphasis on applications, photon flux, and coherence. Examples for applica-
tions of single shot imaging in physics, biology, and industrial applications are discussed.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5082686

I. INTRODUCTION

Exploring and understanding the functionality and dynam-
ics in molecules, thin films, biological cells, and clusters are cru-
cial for advancing the current technology for medical, physical,
or chemical applications. The smallest achievable resolution in
full-field imaging Dr is limited and can be estimated with the
Abbe criterion, Dr ¼ k

2�NA, depending on the incident wavelength
k and the numerical aperture NA [NA ¼ n � sin(a), with n being
the refractive index of the medium between the object and the
objective and a the opening angle of the collected light cone] of
the optical system. In a conventional visible light microscope, a
resolution down to 0.2lm can be achieved for the highest possi-
ble NA of about 1. In the last few years, we have witnessed a tre-
mendous progress in this area, resulting in optical imaging with
a higher resolution under restricted conditions.

With Stochastic Optical Reconstruction Microscopy
(STORM),1 Stimulated Emission Depletion (STED),2,3 and Nearfield
Scanning Optical Microscopy (NSOM),4,5 it is now possible to
reach a resolution on the order of 20nm.4,5 NSOM, STED, and
STORM are only a few examples of novel microscopy methods
combining advanced numerical methods for image processing

with raster scanning techniques and/or spatial modulation of
the incident field to overcome the diffraction limit. However,
for this improvement, certain constraints are required such as
marking the object with specially designed fluorophores,
inserting a sufficiently small aperture, reducing the overall
light transmission, or controlling the motion of apertures or
objects with nanometer precision signifying the difference in
full-field imaging. Inspecting the Abbe criterion reveals a more
straightforward approach to resolve nanoscopic objects,
namely, shortening the wavelength of the illuminating radia-
tion. Using radiation in the sub-keV regime, the extreme ultra-
violet (XUV) and soft X-ray radiation (SXR), between 1–10 nm
(SXR) and 10–100nm (XUV), respectively, can improve the res-
olution by several orders of magnitude compared to optical
microscopy. Specifically, for the investigation of a biological
specimen, radiation in the so-called water window6 between
2.32 nm and 4.37 nm corresponding to the K-absorption edges
of oxygen and carbon is very well suited to enable high con-
trast images, which are the key for understanding the inner
mechanisms of cells. In addition to biological relevance, the
investigation of the laser-solid interaction using time-resolved
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imaging is another emerging application of high-resolution
real-time microscopy.

The wide variety of powerful imaging techniques developed
for the visible spectral range cannot easily be transferred into
the XUV/SXR-range due to the strong absorption or losses of
the available optical components. Reflective optics in grazing
incidence, multilayer mirrors, and Fresnel-zone-plates is the
choice for efficient use of the incoming radiation. However, the
rather low NA and/or inherent aberrations of all these optical
components limit the achievable resolution. A more conven-
tional X-ray transmission microscope with zone-plates as imag-
ing optics can resolve structures as small as 15nm7 for an
illumination wavelength of 1.52nm and an effective NA of 0.05. A
powerful way to overcome the restrictions by imaging optics is
using lensless imaging approaches such as Fourier-transform-
holography8 (FTH) and coherent diffractive imaging (CDI)9 and
its extension ptychography.10,11

Combining nanometer spatial resolution imaging with
time-resolved methods appears especially appealing for moni-
toring objects inside the materials and following their motion
and their modifications.12 Tracking the motion of, e.g., molecular
clusters inside cells and studying their subsequent interlinking
mechanisms provide information about the fundamental pro-
cesses of life. All of these processes happen on their typical time
scale: inorganic objects and organic species move in liquids on a
time scale of seconds to microseconds, structural changes such
as melting or solidification of solids occur on the nanosecond to
picosecond timescales, the dissociation of molecules is linked to
the femtosecond-range, and finally to follow motion of elec-
trons, attosecond resolution is required. Time-resolved mea-
surements of modifications or motions in inorganic or biological
system materials are usually triggered by an intense ultrashort
laser pulse, and the subsequent evolution of the system is
observed by taking a series of snapshots with variable delay. In
this approach, the temporal resolution is defined by the expo-
sure time, i.e., the duration of the illuminating light pulse.
Ideally, each pulse of the illuminating radiation has sufficient
flux for imaging the specimen in a single shot. Realizing a light
source delivering radiation in ultrashort pulses and high energy
photons will be very beneficial for gaining new insights into
these processes of the microcosm.

In this perspective, we review the current efforts towards
single shot XUV/SXR-microscopy. We will also discuss the
recent advances in the development of table-top ultrafast short
wavelength sources, enabling new microscopic applications in
science and technology.

II. IMAGING METHODS IN XUV/SXR

The most common XUV/SXR-microscopy approaches are
either more conventional microscopy with a zone-plate as
imaging optic or lensless methods for retrieving the information
about the object from the diffracted light. To be mentioned for
the sake of completeness, more recently, another method called
ghost imaging13,14 has been reported in the literature, enabling
imaging in the X-ray and optical regime. Ghost imaging is not a
single shot method since it requires recording many individual
strongly undersampled images as basis for retrieving the object

by calculating the correlation between the images. Specifically,
for short wavelength radiation, ghost imaging is attractive
because it allows low-dose shadowgraphy. Table-top short
wavelength imaging transmission microscopy using zone plates
is a versatile and robust approach which is widely used, whether
the source is coherent or incoherent. The commonly used X-ray
source is a laser produced plasma (LPP)15–18 that emits either
line or continuous radiation with a low degree of spatial coher-
ence. In any case, the radiation must be spectrally filtered to
ensure monochromatic illumination. Monochromacy is essential
because zone-plates have a strong chromatic aberration limit-
ing, otherwise, the achievable resolution. The radiation is
focused onto the sample, and the outgoing field from the object
is collected by a zone-plate and imaged onto a 2D-detector,7,19,20

such as a charged coupled device. As, e.g., LPP based on the
interaction with a liquid nitrogen jet is a brilliant source in the
few nanometer wavelength range,19,21 this imaging technique is
especially suitable in the water window, providing a large ampli-
tude contrast for biological samples in their natural environ-
ment. The resulting image shows only the wavelength and
thickness dependent absorption of the object. The inherent loss
of 3D is outweighed by an easily adjustable magnification
(changing the distances between the object, the zone-plate, and
the detector) and a comparatively low photon flux on the sample
for achieving a high-quality image compared to lensless meth-
ods such as holography.22 All the drawbacks linked to zone-
plates can be avoided by employing lensless imaging techniques.
FTH and CDI have been successfully implemented in the XUV/
SXR-range using light sources in a wide parameter range includ-
ing large-scale facilities [synchrotrons and Free-Electron-
Lasers (FEL)] and more recently compact table-top approaches
[high harmonic generation23 (HHG) or soft X-ray-lasers24], fit-
ting a university size laboratory.

The main challenge of these lensless imaging techniques is
the reconstruction of the object from the diffracted light
directly recorded with a 2D-detector. As such, detectors can
only record the intensity distribution, and the so-called phase
problem must be solved to obtain the object. In FTH, the wave
diffracted by the sample is superimposed with a known refer-
ence wave, usually generated by a pinhole prepared in the same
plan as the object. The interference pattern between these two
waves is recorded25 and termed the hologram. Finally, a numeri-
cal 2D-Fourier-transform of the measured holograms recovers
the object. However, FTH requires a matching of the distance
between the origin of the reference wave (pinhole) and the
object, hence requiring a priori knowledge of the object dimen-
sions. A more versatile implementation is digital-inline-hologra-
phy,where a curved wavefront illuminates the object and acts as
a reference wave at the same time. A major limitation of all holo-
graphic techniques is that the size of the pinhole determines the
achievable resolution of the image. However, reducing the pin-
hole diameter results in significantly reduced transmission
which must be compensated with a longer exposure time.
Imaging with CDI omits the need for generating a reference
wave by recording only the light diffracted by the object and
subsequently solving the phase problem numerically. For all
algorithms, the best match is searched between the measured
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intensity distribution and the calculated one, assuming different
phase profiles. The phase problem can be solved for an isolated
object by oversampling the diffraction pattern on the detector,
satisfying the Nyquist-Shannon-criterion.26 The most widely
used phase retrieval algorithm starts initially by assuming plane
wave illumination and a random phase distribution for obtaining
the first guess of the intensity distribution on the detector. To
constrain for an isolated object, the so-called support is
enforced in the object space during the iterative phase retrieval.
The autocorrelation of the intensity pattern can be used to
obtain a first approximation of the shape of the support (i.e.,
estimation of the size and shape of the object) for the retrieval.
The phase is iteratively retrieved by varying the phase after
Fourier transforming the complex fields between the Fourier
and object domain iteratively, where the measured amplitudes
in the Fourier domain and the finite support in the object
domain are enforced.27 Besides several improvements and the
basic Gerchberg-Saxton type algorithm,28 the dynamic adaption
of the support called shrink-wrap29 leads to better recovery of
objects from experimental data. The key benefit of CDI is that
the resolution depends only on the wavelength of the light
source and the NA of the setup, i.e., the relationship between
the detector size and the object-to-detector distance.
Furthermore, CDI is one of the most photon efficient techni-
ques, given that lossy optical components are omitted. Despite
the simplicity of the setup, the experimental setup must meet
several boundary conditions. The recorded pattern must fulfil
the oversampling condition, as stated by Sayre,30 at least by a
factor of two in each dimension, i.e., the sample must be a factor
of two smaller than the illuminated area. CDI further requires
illumination with spatially and temporally coherent radiation.
Like the condition provided by Sayre, Spence et al. provided
estimates for the minimum coherence lengths.31 The spatial
coherence length must be at least twice the maximum object
feature size, and the temporal/longitudinal coherence length
must be longer as the maximum pathway difference between
two distant points of the object. So, the coherence of the source
is a crucial criterion for implementing lensless techniques in
XUV/SXR-imaging. Specifically, the temporal coherence must
suffice certain conditions, which hamper the general temporal
resolution. For the highest spatial resolution, the longitudinal
coherence lc should be, if possible, implying a nearly monochro-
matic light source. On the other hand, the duration of ultrashort
light pulses should be as low as possible to ensure the highest
temporal resolution. However, for ultrashort light pulses, the
duration s is/ 1

D�, which is the spectral width. Hence, for experi-
ments, a trade-off must be made between the achievable spatial
and temporal resolution. The requirement for isolated objects in
CDI can be relaxed by using ptychography.32 Ptychography
relies on the redundancy of information of many diffractograms
gathered from overlapping illumination spots and the knowl-
edge of relative positioning of the focal spot on the sample, and
one can recover arbitrarily the extended objects. The large
redundancy of diffraction data additionally allows us to recover
the illumination function. This knowledge in general allows
higher fidelity in imaging10,33—in contrast to CDI, where nor-
mally simply a plane wave is assumed as the illumination

function. On the other hand, ptychography poses some addi-
tional requirements for the source such as a good pointing sta-
bility to ensure well-defined relative positioning of the
subsequent illumination spots. This specific requirement limits
the applicability of X-ray ptychography in current FEL sources.
All mentioned techniques can be combined with a rotating sam-
ple, enabling, instead of 2D-, 3D-image reconstruction or
tomography. Recent examples for 3D-CDI,34–36 3D-ptychogra-
phy,11,37 and 3D-zone-plate imaging21,38 demonstrate the exqui-
site capabilities of these techniques.

III. LIGHT SOURCES WITH POTENTIAL FOR SINGLE
SHOT WATER WINDOW IMAGING

High-quality imaging with the aspired resolution requires a
minimum number of photons on the detector. For many applica-
tions based on less brilliant table-top light sources, this require-
ment can be easily met by increasing the exposure time
accordingly. However, for time-resolved imaging measurements
in a pump-probe setup, the necessary number of photons must
be provided in a single shot. Also, for biological samples, the
maximum exposure time is limited because the high energy
photons can cause radiation damage inside cells followed by dis-
integration.39 Thus, using several pulses or longer integration
time would inevitably lead to modification of the observed
structures and a subsequent blurring of the reconstructed
image. Solem22 and Schneider40 estimated for different types of
cells and imaging techniques the required photon flux and the
corresponding dose impinging on the sample, depending on the
absorption properties and the desired resolution. As an example,
imaging a rather large micrometer-sized cell, like the widely
used model system, Human-Embryo-Kidney (HEK) cells,
requires �1� 1014 of photons and a dose of �1.7 � 108Gy, for
achieving a resolution of 50nm using the zone plate imaging
technique.22,40 Recent research in the hard X-ray regime
revealed that the needed dose for the specimen could be
decreased to a total of �104Gy (Ref. 41). Imaging the specimen,
in the sub-micron regime, calls for lower photon numbers, but it
must be always considered that this estimate holds for an illumi-
nating beam covering only the area of the specimen. Generally,
1011 to 1012 photons per laser shot appear as the lower limit for
meaningful imaging at a resolution better than an optical micro-
scope. The above-mentioned minimum photon number for tak-
ing a single shot picture is only a basic requirement. A source
must meet further requirements such as spatial and temporal
coherence and stability. The only sources currently available for
a single shot imaging in the water window are FELs. The combi-
nation of wiggling magnetic fields and relativistic electrons ena-
bles tunable sources with an extremely high brilliance up to

1034 photons
s�mrad2�mm2 �0:1%BW

(FEL),42 outperforming any other X-ray

source (Fig. 1). “Diffraction before destruction”-experiments,
taking advantage of the femtosecond pulse duration of FELs,
allowing to diffract light sufficiently before structural damage
sets in, have been enabling advance in FEL imaging.43–47 The lim-
ited access to large-scale facilities is a driving factor for explor-
ing the single shot imaging capability at the table-top scale.
Laser produced plasma (LPP) XUV/SXR-sources in turn can
generate almost sufficient photon flux for single shot imaging in
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the water window. However, their inherent low coherence pro-
hibits the effective use for lensless imaging techniques, but they
are ideally suited for lens-based imaging. For LPP, an intense
laser is focused into a gas target17,48,49 or double gas target,20

attaining a flux of 1:51� 1011 photons
pulse

50 in the water window. Using

liquid nitrogen jets up to 1:1� 1015 photons
s�sr�lm2 �line

16 was demonstrated.
Calculations from the study by O’Sullivan et al. in Ref. 51 for dif-
ferent other materials hold promise for new possibilities beyond
the water window. A quick inspection reveals that the photon
flux of these sources is a few orders of magnitude below the
requirements for a single shot imaging micrometer-sized
specimen.

Lasers are the basis for realizing Soft-X-Ray-Lasers
(SXRLs).70 There, a collisional excitation in the hot plasma can
create inversion for core level transitions, resulting in laser-like
emission of narrow-band XUV radiation with a flux sufficient for
single shot imaging71 (Fig. 2). The rather low spatial coherence of
the amplified spontaneous emission without the cavity signifi-
cantly reduces the maximum object size for coherent micro-
scopic imaging. However, seeding an SXRLwith a high harmonic
source was proven as a viable route for strongly enhanced
coherent XUV radiation with femtosecond pulse duration and
with a photon flux of 3� 1011 photons

pulse at 32.8nm.24 Such a high flux
is sufficient for single shot imaging of objects with CDI.
Although various routes for generating high harmonic radiation

from ultrafast optical lasers are under investigation, to date,
sources based on rare gas jets are dominating for imaging appli-
cations. The emission consists of multiple harmonics of the fun-
damental frequency, and the pulse duration can be shorter than
the driving femtosecond laser pulses and as short as few tens of
attoseconds.23,72,73 Additionally, the coherence properties of the
driving laser beam are transferred to the harmonics. To optimize
the conversion efficiency of HHG, various generation regimes
for gas-phase HHG were realized, ranging from simple gas noz-
zles,74 semi-infinite gas cells75 to gas filled hollow core fibers.76

Each of them has advantages allowing to improve either the spa-
tial properties or the selection of certain spectral components
in the emitted radiation. Taking also the complexity and the reli-
ability of the setup into account, the gas nozzle approach is the
preferred method in many experiments aiming for generating
ultrashort XUV/SXR-pulses for time-resolved spectroscopy and
imaging. Using few cycle laser pulses and a gas nozzle allowed
also for the first time HHG reaching the water window in 1997.77

More recently, it has been shown that shifting the driving laser
wavelength into the mid-infrared, the short wavelength cut-off
frequency of HHG is further pushed into the X-ray regime.78–81

Despite many improvements, a sufficient photon flux for single
shot imaging could to date only be achieved at a wavelength
below 40nm. For this rather lower photon energy, first promis-
ing results have been obtained by Rupp et al., demonstrating sin-
gle shot imaging of helium nanodroplets82 and, Schwenke et al.,
of a binary object with holography.83 Additionally, as recently
demonstrated, the spatial coherence length of HHG radiation is
inversely proportional to the harmonic order.84 For lensless
imaging experiments, only the coherent fraction of the incom-
ing XUV/SXR-radiation is useful, which will be significantly
reduced at shorter wavelengths. Scaling HHG sources towards
the X-ray regime is impeded by the significantly lower conver-
sion efficiency85 and reduced spatial coherence at higher
harmonic orders. Hence, meaningful routes to reach a sufficient
photon flux are either higher energy driver pulses for single
shot experiments or high average power driving sources59

for imaging applications permitting long exposure times. The
currently commissioned Extreme Light Infrastructure beamline
Attosecond Light Pulse Source (ELI-ALPS) is the most likely
facility to reach sufficient parameters in the near future. With a

FIG. 1. Comparison of the (I) average bril-
liance and (II) peak brilliance of different
XUV/SXR-sources vs. photon energies.
The grey highlighted area indicates the
water window. The data are taken from
recently published experimental results for
table-top sources (HHG,52–65 SXRL,24,66,67

and LPP16,48) and large-scale facilities
(synchrotron BESSY II56 and X-FELs
such as LCLS, European XFEL, and
FLASH42,68,69).

FIG. 2. Capabilities of a SXRL at 32.8 nm by collisional ionization gating of krypton
gas24 at the Laboratoire d’Optique Appliqu�ee (Paris) with a single shot CDI setup of
a binary object. (I) Diffractogram of the object [the SEM image is shown in the inset
(II)]. (II) The reconstructed amplitude of the object from Ref. 90.
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flux high enough for single shot imaging,86 the facility offers
beamlines with high repetition rates and stable attosecond
XUV/SXR-pulses87–89 for spectroscopic and imaging applica-
tions. Although the first focus of ELI will not be water window
single shot imaging, the facility and ELI framework hold great
potential for such developments.

IV. APPLICATION DEVELOPMENT

The water window offers the possibility to gain insights into
living materials. Fortunately, intense X-ray radiation and vacuum

condition requirements do not infringe imaging a living speci-
men as shown in experiments at a FEL.44,91 In this work, the
authors revealed the inner structure of biological samples with
diffraction imaging in the before-destruction scheme. In such
experiments, the biological samples are inserted via an injection
device92 or fixed on a substrate by freezing the cells in their
current state.93 The random orientation of the subsequently
injected specimen allows for a three-dimensional reconstruc-
tion,35,47 by recording a large number of images to get a suffi-
cient statistical distribution for the evaluation.92 The
redundancy in the diffraction data allows assigning orientations
for tomography via post-processing. For imaging a micron-sized
specimen with table-top instrumentation (Fig. 3), the most
appropriate approach is based on conventional zone-plate
microscopy with discharge sources.16,19,21,49,94

It might take many more years until table-top sources are
scaled to provide sufficient photon flux for imaging in the water
window and even longer to reach single shot capability. These
developments could be significantly accelerated according to
needs of the semiconductor industry which is highly interested
in table-top imaging se-ups for mask and defect inspection.
High resolution XUV/SXR-imaging can provide unique capabili-
ties for this since the short wavelength radiation has a large pen-
etration depth and thus allows inspection of buried layers and
structures, rendering the related methods superior to electron
imaging approaches. Governed by Moore’s law,95 the computer
processor nowadays exhibits feature sizes well below 22nm,
prohibiting optical inspection methods in the visible region. In
the production cycle, defects limit the effectivity of the process-
ors and increase the cost for the manufacturer. The first 3D
reconstruction of a processor structure performed by Holler
et al.37 at a synchrotron showcases the extraordinary capabilities
of XUV/SXR-imaging offers for the industry [Fig. 4 (II)].96

Further notable experiments at synchrotrons include the
inspection of complete wafers with ptychography in the reflec-
tion mode [Fig. 4 (I)].97 For applications within the production
sites, however, more compact sources are required, ideally
implemented into lithography machines. First experiments with
table-top sources show that defect inspections of masks com-
bining CDI with HHG are possible.34 Zone-plate imaging with
plasma discharge sources also enabled the investigation of
lithography masks.98–101 Another approach for quality inspection
uses a Shack-Hartmann-sensor to investigate a multilayer mir-
ror.102 For applications in the semiconductor industry, suffi-
ciently strong and compact table-top sources exploiting the
silicon window around 100eV photon energy are expected to
become a reality soon, while in contrast to biological-related
imaging, the accumulation of photons over several laser shots is
not an intrinsic restriction. This leads to developments of sour-
ces that target high average flux rather than single shot capabil-
ity.63 In one of the first successfully completed time-resolved
experiments, the heat transport over nanoscale interfaces has
been observed in a pump-probe imaging experiment.103

Observation of the magnetic domains of materials in the XUV/
SXR-regime by FTH was first reported by Eisebitt et al. at a syn-
chrotron.25 Since then, the development of circular polarized
HHG offered new possibilities to investigate this phenomenon

FIG. 3. Examples of water window microscopy with a biological specimen. (I) Human-
embryo-kidney cells at progression stages of starvation. Upper row [(a)–(d)]:
Development of carbon-dense vesicles and rounding of the cell shape with ongoing
time with a zone-plate cryo-X-ray-microscope. Lower row [(e)–(h)]: comparison to an
optical confocal microscopy image with the same timeline of starvation. Reprinted with
permission from Fogelqvist et al., Sci. Rep. 7, 13433 (2017). Copyright 2017 Authors,
licensed under a Creative Commons Attribution 4.0 License. (II) Microscopy images of
a diatom (upper row) with an acquisition time of 2min and an image of the zone-plate
in 3min exposure time (lower row). Images were recorded with a lens-based micro-
scope with a liquid-nitrogen plasma as the source in the water window. Reprinted with
permission from Legall et al., Opt. Express 20, 18362 (2012). Copyright 2012 OSA.
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inside the lab.104 Traditionally, imaging experiments are per-
formed in transmission geometry because it allows a simpler
reconstruction procedure for CDI and ptychography.105

However, the transition from transmission experiments to
reflection setups offers new possibilities for the direct measure-
ment of changes and formations of the material, as it is well
known for Laser Induced Periodic Surface Structures (LIPSS).106

LIPSS arise during the process of laser ablation or laser cutting,
and the final structures has been extensively characterized with
an atomic force or an electron microscope. However, their ori-
gin is still heavily debated in literature,107–111 calling for real-time
observation to understand the formation dynamics of the char-
acteristic ripples. The appearance of low and high spatial fre-
quency LIPPS,111 with a grating period longer and shorter than
the incident wavelength, respectively, can for instance be
imaged with XUV/SXR pulses, providing a sufficient spatial and
temporal resolution. Affected by the thickness of the object, a
study in reflection geometry could stipulate progress in this
field.

Increasing the brilliance of the sources is not the only pos-
sible route towards single shot recordings. Another promising
approach is the structured illumination, which is the basis of
many novel high-resolution microscopy approaches in the visi-
ble region such as STED. In contrast to the illumination with
beams with a flat wavefront, singular light beams, which are sol-
utions of the Helmholtz andMaxwell equations, offer new possi-
bilities for improving the resolution112 in microscopy. The screw-
like phase distribution, which is wrapped in a modulo 2p along
the azimuthal coordinate, leads to a singularity in the center of
the beam, i.e., the intensity vanishes. Such beams are called opti-
cal vortex beams and can be easily generated in the visible
region by inserting into the beam path a spiral phase plate,113 a
holographic phase imprint,114 or a spatial light modulator. Using
such beams in an optical STED microscope, the resolution can
be well below the Abbe limit. To exploit this approach in the XUV
in a first proof-of-principle experiment, the transfer of optical
vortices into the short wavelength range has been demon-
strated,115,116 and generating beams with non-trivial wavefronts

has sparked much interest recently.117–119 Attempts to use them
for high resolution imaging in XUV/SXR are under way. Using
the full spectrum of polychromatic XUV/SXR-sources is another
possibility for increasing the photon flux on the sample. Using all
harmonics of a HHG source limits the spatial resolution, due to
the short coherence length, but increases the flux of the radia-
tion. Several experiments with polychromatic light in a CDI or
FTH scheme were successfully employed on binary objects.120–126

Limiting for this kind of imaging is the varying coherence of a
group of harmonics.84 The superposition of the diffraction signals
from several wavelengths in a single pixel of the detector must be
carefully analyzed which is considered for reconstruction.

In this perspective, we have reviewed the tremendous pro-
gress in XUV/SXR-microscopy relying on imaging optics or
lensless approaches using short wavelength light provided
either from synchrotrons or laboratory sources. Many intriguing
applications in physics, material science, biology, and medicine
are underway. It will be very beneficial if the microscopic images
can be recorded with a temporal resolution ranging from the
second to attosecond range. Ideally, the image should be taken
in a very short time to avoid blurring of the image due to faster
than the exposure time processes and temporally accumulated
radiation damage. Today, only FELs provide a necessary photon
flux of roughly 1014 photons for single shot imaging in a few
nanometer range. Further developments to advance laser driven
XUV/SXR-sources based on HHG, SXRLs, and LPP emission
hold great promise to come closer to the single shot regime in
relevant wavelength ranges. These efforts include upgrading the
existing driving lasers to deliver more intense pulses at higher
repetition rates and, on the other hand, optimizing the conver-
sion process to produce XUV/SXR radiation at shorter wave-
lengths with higher efficiency and improved spatial and
temporal properties. A dominant current direction of research
pursued in many groups with the first systems being commer-
cially available involves the development of high-energy optical-
parametric chirped pulse amplification laser systems capable of
generating multi-millijoule pulses in the near infrared, which
provides potential for generating intense soft X-rays using HHG.

FIG. 4. Example applications for the use of
lensless imaging methods in the XUV/
SXR-regime. (I) Reflection ptychography at
an energy of 92 eV from a synchrotron with
a different number of probes and modes of
the beam. (a) 1 mode, 1 probe (b) 1 probe,
3 modes (c) 40 probes, 1 mode, and (d) 40
probes, 3 modes. Reprinted with permis-
sion from Helfenstein et al., Opt. Express
26, 12242 (2018). Copyright 2018 OSA. (II)
Ptychographic 3D-X-ray-tomography of the
application of a specific integrated circuit of
a hybrid silicon pixel detector at an energy
of 6.2 keV at a synchrotron. Reprinted with
permission from Holler et al., Nature 543,
402–406 (2017). Copyright 2017 Authors,
licensed under a Creative Commons
Attribution 4.0 License.
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These developments hold great promise to enable table-top
microscopes meeting the requirements for single shot imaging
of biological relevant specimens and for time-resolved imaging
of the spatial modifications of inorganic samples.
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Tur�nov�a, A. Jančarek, J. Limpouch, M. Vrbov�a, and H. Fiedorowicz, “A
compact ‘water window’ microscope with 60nm spatial resolution for
applications in biology and nanotechnology,” Microsc. Microanal. 21,
1214–1223 (2015).

50D. Adjei, M. G. Ayele, P. Wachulak, A. Bartnik, Ł. Wegrzynski, H.
Fiedorowicz, L. Vy�s�ın, A. Wiechec, J. Lekki, W. M. Kwiatek, L. Pina, M.
Dav�ıdkov�a, and L. Juha, “Development of a compact laser-produced
plasma soft x-ray source for radiobiology experiments,” Nucl. Instrum.
Methods Phys. Res., Sect. B 364, 27–32 (2015).

51G. O’Sullivan, B. Li, P. Dunne, P. Hayden, D. Kilbane, R. Lokasani, E. Long,
H. Ohashi, F. O’Reilly, J. Sheil, P. Sheridan, E. Sokell, C. Suzuki, E. White,
and T. Higashiguchi, “Sources for beyond extreme ultraviolet lithography
and water window imaging,” Phys. Scr. 90, 054002 (2015).

52E. Constant, D. Garzella, P. Breger, E. M�evel, C. Dorrer, C. L. Blanc, F.
Salin, and P. Agostini, “Optimizing high harmonic generation in absorb-
ing gases: Model and experiment,” Phys. Rev. Lett. 82, 1668–1671 (1999).

53E. Takahashi, Y. Nabekawa, and K. Midorikawa, “Generation of 10-lJ
coherent extreme-ultraviolet light by use of high-order harmonics,”
Opt. Lett. 27, 1920 (2002).

54E. A. Gibson, “Coherent soft x-ray generation in the water window with
quasi-phase matching,” Science 302, 95–98 (2003).

55J. H€uve, T. Haarlammert, T. Steinbr€uck, J. Kutzner, G. Tsilimis, and H.
Zacharias, “High-flux high harmonic soft x-ray generation up to 10 kHz
repetition rate,” Opt. Commun. 266, 261–265 (2006).

56T. Pfeifer, C. Spielmann, and G. Gerber, “Femtosecond x-ray science,”
Rep. Prog. Phys. 69, 443–505 (2006).

57A. Cing€oz, D. C. Yost, T. K. Allison, A. Ruehl, M. E. Fermann, I. Hartl, and J.
Ye, “Direct frequency comb spectroscopy in the extreme ultraviolet,”
Nature 482, 68–71 (2012).

58I. Pupeza, S. Holzberger, T. Eidam, H. Carstens, D. Esser, J. Weitenberg, P.
Rußb€uldt, J. Rauschenberger, J. Limpert, T. Udem, A. T€unnermann, T. W.
H€ansch, A. Apolonski, F. Krausz, and E. Fill, “Compact high-repetition-
rate source of coherent 100 eV radiation,” Nat. Photonics 7, 608–612
(2013).

59S. H€adrich, A. Klenke, J. Rothhardt, M. Krebs, A. Hoffmann, O. Pronin, V.
Pervak, J. Limpert, and A. T€unnermann, “High photon flux table-top
coherent extreme-ultraviolet source,” Nat. Photonics 8, 779–783 (2014).

60J. Rothhardt, S. H€adrich, A. Klenke, S. Demmler, A. Hoffmann, T.
Gotschall, T. Eidam, M. Krebs, J. Limpert, and A. T€unnermann, “53 W
average power few-cycle fiber laser system generating soft x rays up to
the water window,” Opt. Lett. 39, 5224 (2014).

61D. Popmintchev, C. Hernandez-Garcia, F. Dollar, C. Mancuso, J. A. Perez-
Hernandez, M.-C. Chen, A. Hankla, X. Gao, B. Shim, A. L. Gaeta, M.
Tarazkar, D. A. Romanov, R. J. Levis, J. A. Gaffney, M. Foord, S. B. Libby, A.
Jaron-Becker, A. Becker, L. Plaja, M. M. Murnane, H. C. Kapteyn, and T.
Popmintchev, “Ultraviolet surprise: Efficient soft x-ray high-harmonic
generation in multiply ionized plasmas,” Science 350, 1225–1231 (2015).

62H. Wang, Y. Xu, S. Ulonska, J. S. Robinson, P. Ranitovic, and R. A. Kaindl,
“Bright high-repetition-rate source of narrowband extreme-ultraviolet
harmonics beyond 22 eV,” Nat. Commun. 6, 7459 (2015).

63R. Klas, S. Demmler, M. Tschernajew, S. H€adrich, Y. Shamir, A.
T€unnermann, J. Rothhardt, and J. Limpert, “Table-top milliwatt-class
extreme ultraviolet high harmonic light source,” Optica 3, 1167 (2016).

64J. Rothhardt, S. H€adrich, Y. Shamir, M. Tschnernajew, R. Klas, A.
Hoffmann, G. K. Tadesse, A. Klenke, T. Gottschall, T. Eidam, J. Limpert, A.
T€unnermann, R. Boll, C. Bomme, H. Dachraoui, B. Erk, M. D. Fraia, D. A.
Horke, T. Kierspel, T. Mullins, A. Przystawik, E. Savelyev, J. Wiese, T.
Laarmann, J. K€upper, and D. Rolles, “High-repetition-rate and high-pho-
ton-flux 70 eV high-harmonic source for coincidence ion imaging of
gas-phase molecules,” Opt. Express 24, 18133 (2016).

65G. J. Stein, P. D. Keathley, P. Krogen, H. Liang, J. P. Siqueira, C.-L. Chang,
C.-J. Lai, K.-H. Hong, G. M. Laurent, and F. X. K€artner, “Water-window
soft x-ray high-harmonic generation up to the nitrogen k-edge driven
by a kHz, 2.1 lm OPCPA source,” J. Phys. B: At., Mol. Opt. Phys. 49, 155601
(2016).

66M. Nishikino, M. Tanaka, K. Nagashima, M. Kishimoto, M. Kado, T.
Kawachi, K. Sukegawa, Y. Ochi, N. Hasegawa, and Y. Kato,
“Demonstration of a soft-x-ray laser at 13.9 nm with full spatial
coherence,” Phys. Rev. A 68, 061802 (2003).

67M. Z€urch, R. Jung, C. Sp€ath, J. T€ummler, A. Guggenmos, D. Attwood, U.
Kleineberg, H. Stiel, and C. Spielmann, “Transverse coherence limited
coherent diffraction imaging using a molybdenum soft x-ray laser
pumped at moderate pump energies,” Sci. Rep. 7, 5314 (2017).

68W. Ackermann, G. Asova, V. Ayvazyan, A. Azima, N. Baboi, J. B€ahr, V.
Balandin, B. Beutner, A. Brandt, A. Bolzmann, R. Brinkmann, O. I. Brovko,
M. Castellano, P. Castro, L. Catani, E. Chiadroni, S. Choroba, A. Cianchi, J.

Structural Dynamics PERSPECTIVE scitation.org/journal/sdy

Struct. Dyn. 6, 010902 (2019); doi: 10.1063/1.5082686 6, 010902-8

VC Author(s) 2019

https://doi.org/10.1073/pnas.1000156107
https://doi.org/10.1038/nature16056
https://doi.org/10.1038/nature21698
https://doi.org/10.1364/OL.36.002728
https://doi.org/10.1016/j.elspec.2008.10.008
https://doi.org/10.1016/j.elspec.2008.10.008
https://doi.org/10.1016/S0304-3991(98)00054-0
https://doi.org/10.1103/PhysRevLett.114.048103
https://doi.org/10.1146/annurev-physchem-032511-143720
https://doi.org/10.1146/annurev-physchem-032511-143720
https://doi.org/10.1038/nphoton.2008.128
https://doi.org/10.1038/nphys461
https://doi.org/10.1088/1367-2630/12/3/035015
https://doi.org/10.1088/0953-4075/43/19/194015
https://doi.org/10.1103/PhysRevLett.114.098102
https://doi.org/10.1088/1367-2630/14/7/073045
https://doi.org/10.1017/S1431927615014750
https://doi.org/10.1016/j.nimb.2015.08.065
https://doi.org/10.1016/j.nimb.2015.08.065
https://doi.org/10.1088/0031-8949/90/5/054002
https://doi.org/10.1103/PhysRevLett.82.1668
https://doi.org/10.1364/OL.27.001920
https://doi.org/10.1126/science.1088654
https://doi.org/10.1016/j.optcom.2006.04.063
https://doi.org/10.1088/0034-4885/69/2/R04
https://doi.org/10.1038/nature10711
https://doi.org/10.1038/nphoton.2013.156
https://doi.org/10.1038/nphoton.2014.214
https://doi.org/10.1364/OL.39.005224
https://doi.org/10.1126/science.aac9755
https://doi.org/10.1038/ncomms8459
https://doi.org/10.1364/OPTICA.3.001167
https://doi.org/10.1364/OE.24.018133
https://doi.org/10.1088/0953-4075/49/15/155601
https://doi.org/10.1103/PhysRevA.68.061802
https://doi.org/10.1038/s41598-017-05789-w
https://scitation.org/journal/sdy


T. Costello, D. Cubaynes, J. Dardis, W. Decking, H. Delsim-Hashemi, A.
Delserieys, G. D. Pirro, M. Dohlus, S. D€usterer, A. Eckhardt, H. T.
Edwards, B. Faatz, J. Feldhaus, K. Fl€ottmann, J. Frisch, L. Fr€ohlich, T.
Garvey, U. Gensch, C. Gerth, M. G€orler, N. Golubeva, H.-J. Grabosch, M.
Grecki, O. Grimm, K. Hacker, U. Hahn, J. H. Han, K. Honkavaara, T. Hott,
M. H€uning, Y. Ivanisenko, E. Jaeschke, W. Jalmuzna, T. Jezynski, R.
Kammering, V. Katalev, K. Kavanagh, E. T. Kennedy, S. Khodyachykh, K.
Klose, V. Kocharyan, M. K€orfer, M. Kollewe, W. Koprek, S. Korepanov, D.
Kostin, M. Krassilnikov, G. Kube, M. Kuhlmann, C. L. S. Lewis, L. Lilje, T.
Limberg, D. Lipka, F. L€ohl, H. Luna, M. Luong, M. Martins, M. Meyer, P.
Michelato, V. Miltchev, W. D. M€oller, L. Monaco, W. F. O. M€uller, O.
Napieralski, O. Napoly, P. Nicolosi, D. N€olle, T. Nu~nez, A. Oppelt, C.
Pagani, R. Paparella, N. Pchalek, J. Pedregosa-Gutierrez, B. Petersen, B.
Petrosyan, G. Petrosyan, L. Petrosyan, J. Pfl€uger, E. Pl€onjes, L. Poletto, K.
Pozniak, E. Prat, D. Proch, P. Pucyk, P. Radcliffe, H. Redlin, K. Rehlich, M.
Richter, M. Roehrs, J. Roensch, R. Romaniuk, M. Ross, J. Rossbach, V.
Rybnikov, M. Sachwitz, E. L. Saldin, W. Sandner, H. Schlarb, B. Schmidt,
M. Schmitz, P. Schm€user, J. R. Schneider, E. A. Schneidmiller, S. Schnepp,
S. Schreiber, M. Seidel, D. Sertore, A. V. Shabunov, C. Simon, S. Simrock,
E. Sombrowski, A. A. Sorokin, P. Spanknebel, R. Spesyvtsev, L. Staykov, B.
Steffen, F. Stephan, F. Stulle, H. Thom, K. Tiedtke, M. Tischer, S. Toleikis,
R. Treusch, D. Trines, I. Tsakov, E. Vogel, T. Weiland, H. Weise, M.
Wellh€ofer, M. Wendt, I. Will, A. Winter, K. Wittenburg, W. Wurth, P.
Yeates, M. V. Yurkov, I. Zagorodnov, and K. Zapfe, “Operation of a free-
electron laser from the extreme ultraviolet to the water window,” Nat.
Photonics 1, 336–342 (2007).

69X-Ray Free-Electron Laser, edited by K. Ueda et al. (MDPI, 2018).
70F. J. Furch, B. A. Reagan, B. M. Luther, A. H. Curtis, S. P. Meehan, and J. J.
Rocca, “Demonstration of an all-diode-pumped soft x-ray laser,” Opt.
Lett. 34, 3352 (2009).

71A. Ravasio, D. Gauthier, F. R. N. C. Maia, M. Billon, J.-P. Caumes, D.
Garzella, M. G�el�eoc, O. Gobert, J.-F. Hergott, A.-M. Pena, H. Perez, B.
Carr�e, E. Bourhis, J. Gierak, A. Madouri, D. Mailly, B. Schiedt, M. Fajardo, J.
Gautier, P. Zeitoun, P. H. Bucksbaum, J. Hajdu, and H. Merdji, “Single-
shot diffractive imaging with a table-top femtosecond soft x-ray laser-
harmonics source,” Phys. Rev. Lett. 103, 028104 (2009).

72T. Gaumnitz, A. Jain, Y. Pertot, M. Huppert, I. Jordan, F. Ardana-Lamas,
and H. J. W€orner, “Streaking of 43-attosecond soft-x-ray pulses gener-
ated by a passively CEP-stable mid-infrared driver,” Opt. Express 25,
27506 (2017).

73J. Li, X. Ren, Y. Yin, K. Zhao, A. Chew, Y. Cheng, E. Cunningham, Y. Wang,
S. Hu, Y. Wu, M. Chini, and Z. Chang, “53-attosecond x-ray pulses reach
the carbon K-edge,” Nat. Commun. 8, 186 (2017).

74Z. Chang, A. Rundquist, H. Wang, M. M. Murnane, and H. C. Kapteyn,
“Generation of coherent soft x-rays at 2.7 nm using high harmonics,”
Phys. Rev. Lett. 79, 2967–2970 (1997).

75J. R. Sutherland, E. L. Christensen, N. D. Powers, S. E. Rhynard, J. C.
Painter, and J. Peatross, “High harmonic generation in a semi-infinite
gas cell,” Opt. Express 12, 4430 (2004).

76T. Pfeifer, R. Kemmer, R. Spitzenpfeil, D. Walter, C. Winterfeldt, G.
Gerber, and C. Spielmann, “Spatial control of high-harmonic generation
in hollow fibers,” Opt. Lett. 30, 1497 (2005).

77C. Spielmann, “Generation of coherent x-rays in the water window using
5-femtosecond laser pulses,” Science 278, 661–664 (1997).

78T. Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin, S. Brown, S.
Alisauskas, G. Andriukaitis, T. Balciunas, O. D. Mucke, A. Pugzlys, A.
Baltuska, B. Shim, S. E. Schrauth, A. Gaeta, C. Hernandez-Garcia, L. Plaja,
A. Becker, A. Jaron-Becker, M. M. Murnane, and H. C. Kapteyn, “Bright
coherent ultrahigh harmonics in the keV x-ray regime from mid-
infrared femtosecond lasers,” Science 336, 1287–1291 (2012).

79C. Ding, W. Xiong, T. Fan, D. D. Hickstein, T. Popmintchev, X. Zhang, M.
Walls, M. M. Murnane, and H. C. Kapteyn, “High flux coherent super-
continuum soft x-ray source driven by a single-stage, 10mJ, Ti:sapphire
amplifier-pumped OPA,” Opt. Express 22, 6194 (2014).

80B. Sch€utte, P. Weber, K. Kov�acs, E. Balogh, B. Major, V. Tosa, S. Han, M. J.
J. Vrakking, K. Varj�u, and A. Rouz�ee, “Bright attosecond soft x-ray pulse

trains by transient phase-matching in two-color high-order harmonic
generation,” Opt. Express 23, 33947 (2015).

81S. M. Teichmann, F. Silva, S. L. Cousin, M. Hemmer, and J. Biegert, “0.5-
keV soft x-ray attosecond continua,” Nat. Commun. 7, 11493 (2016).

82D. Rupp, N. Monserud, B. Langbehn, M. Sauppe, J. Zimmermann, Y.
Ovcharenko, T. M€oller, F. Frassetto, L. Poletto, A. Trabattoni, F. Calegari,
M. Nisoli, K. Sander, C. Peltz, M. J. Vrakking, T. Fennel, and A. Rouz�ee,
“Coherent diffractive imaging of single helium nanodroplets with a high
harmonic generation source,” Nat. Commun. 8, 493 (2017).

83J. Schwenke, A. Mai, M. Miranda, X. He, G. Genoud, A. Mikkelsen, S.-G.
Pettersson, A. Persson, and A. L’Huillier, “Single-shot holography using
high-order harmonics,” J. Mod. Opt. 55, 2723–2730 (2008).

84D. T. Lloyd, K. O’Keeffe, P. N. Anderson, and S. M. Hooker, “Gaussian-
Schell analysis of the transverse spatial properties of high-harmonic
beams,” Sci. Rep. 6, 30504 (2016).

85A. D. Shiner, C. Trallero-Herrero, N. Kajumba, H.-C. Bandulet, D.
Comtois, F. L�egar�e, M. Giguère, J.-C. Kieffer, P. B. Corkum, and D. M.
Villeneuve, “Wavelength scaling of high harmonic generation efficiency,”
Phys. Rev. Lett. 103, 073902 (2009).

86S. Mondal, M. Shirozhan, N. Ahmed, M. Bocoum, F. Boehle, A. Vernier, S.
Haessler, R. Lopez-Martens, F. Sylla, C. Sire, F. Qu�er�e, K. Nelissen, K.
Varj�u, D. Charalambidis, and S. Kahaly, “Surface plasma attosource
beamlines at ELI-ALPS,” J. Opt. Soc. Am. B 35, A93 (2018).

87S. K€uhn, M. Dumergue, S. Kahaly, S. Mondal, M. F€ule, T. Csizmadia, B.
Farkas, B. Major, Z. V�arallyay, E. Cormier, M. Kalashnikov, F. Calegari, M.
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