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Abstract: The imaging of hydrated biological samples — especially in the
energy window of 284-540 eV, where water does not obscure the signal of
soft organic matter and biologically relevant elements — is of tremendous
interest for life sciences. Free-electron lasers can provide highly intense and
coherent pulses, which allow single pulse imaging to overcome resolution
limits set by radiation damage. One current challenge is to match both the
desired energy and the intensity of the light source. We present the first
images of dehydrated biological material acquired with 3rd harmonic
radiation from FLASH by digital in-line zone plate holography as one step
towards the vision of imaging hydrated biological material with photons in
the water window. We also demonstrate the first application of ultrathin
molecular sheets as suitable substrates for future free-electron laser
experiments with biological samples in the form of a rat fibroblast cell and
marine biofouling bacteria Cobetia marina.
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1. Introduction

The most recent step in the development of highly brilliant and coherent X-ray light sources
is the evolution from 3rd generation synchrotrons to free-electron lasers (FELSs) [1,2]. The
free-electron laser in Hamburg (FLASH) [3,4] operates in the extreme ultraviolet regime
(XUV) down to 4.15 nm with lasing demonstrated to occur even in the 5th harmonic [5]. Its
successors at shorter wavelengths such as the LCLS in the US [6] and the European XFEL [7]
— which are expected to reach much higher (keV) photon energies at strongly increased peak
brilliance — offer stunning opportunities to scientists who are working in the fields of physics,
chemistry, medicine and biology [8,9]. The above FELs which are based on the self-amplified
spontaneous emission (SASE) principle [10] have one key property: they provide ultrashort
coherent light pulses, with pulse lengths down to a few femtoseconds. These ultrashort X-ray
pulses open the door to high resolution imaging with intense radiation at short wavelengths
with a single pulse. The ultrashort pulses allow the evasion of conventional resolution
limitations set by radiation damage [11]. The availability of these sources stimulates the
development of coherent imaging techniques that are capable of tapping the full potential of
these 4th generation light sources. Coherent X-ray diffraction imaging (CXDI) [12] is one
prominent and successful approach. The theoretical potential [13,14] as well as the practical
feasibility [15] of CXDI as a single-pulse experiment have both been demonstrated. However,
CXDI is inseparably linked to the so-called phase problem [16]. Its solution relies on
sophisticated iterative algorithms that may not always converge to the correct solution. Even
though progress in solving the phase problem has been made in the last years [17-19], it
remains challenging. At FLASH, recent CXDI data in the 3rd harmonic at a photon energy of
462 eV was recorded, but the phase retrieval was hampered due to the limited coherence
length in this case [20,21]. Contrary to CXDI, holography [22] is a coherent projection
microscopy technique. Regardless of the specific approach — in-line, off-axis or Fourier
transform holography (FTH) [23-28] — all holographic techniques encrypt phase information
during the recording process as the photons scattered from the sample interfere with an
undisturbed reference wave. As consequence, phase information is encoded in the fringes of
the interference pattern on the detector. This allows a direct reconstruction without the need
for iterative phase retrieval. Especially attractive but experimentally more demanding are
hybrid approaches, which extend the accessible range of spatial frequencies such as Fresnel
coherent diffractive imaging (FCDI) [29]. An overview of current experiments on soft X-ray
imaging at FLASH can be found in [30].

In order to take full advantage of the potentially radiation-damage-free imaging of
biological samples, one has to optimize sample preparation to minimize any alteration of
internal structures. This can be done by studying organic material in its natural hydrated, yet
frozen, environment. Wavelengths within 2.3-4.3 nm are especially suitable to probe such
hydrated samples. In this so-called water window, which is framed by the K-edges of carbon
at 284 eV and oxygen at 540 eV respectively, the biologically relevant elements like
potassium, calcium and carbon have a significantly shorter absorption length than water [31].
Due to this relative contrast the elemental distribution [32] and concentration within cells can
be revealed. At the time of the experiment, FLASH was not yet capable of delivering
radiation at fundamental wavelengths in the water window, and as such we used the 3rd
harmonic (A3 = 2.68 nm) of the fundamental (1 = 8 nm) to explore this region. In this paper
we present the first digital X-ray holograms of biological samples that have been recorded in
the water window at a free-electron laser using FLASH’s 3rd harmonic at 43 = 2.68 nm. Since
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higher harmonics come at the cost of a considerably reduced photon flux, this experimental
setup was based on zone plates rather than following our earlier attempts with pinholes [23].
Creating the required divergent light cone with a zone plate increases the total flux seen by
the sample by a factor of 10%-10* compared to an experimental approach based on pinholes
[33]. This improved efficiency virtually outweighs the reduced photon flux mentioned above
and therefore opens up the water window for X-ray in-line holography at FLASH.

2. Experimental setup

The experiments have been carried out at FLASH’s high-resolution plane-grating
monochromator beamline PG2 [34,35], where we flange-mounted our dedicated vacuum
chamber HORST (holographische Réntgenstreuapparatur) [36]. The FEL operated with a 5
Hz pulse train repetition rate with 30 pulses per train and provided an average of 2x10°
photons per pulse at the 3rd harmonic. This corresponds to the wavelength 1; = 2.68 nm,
which is well inside the water window. As this wavelength was beyond the designed range of
operation of the beamline, its transmittance was only 3.5x10°° (optics, pre-mirror cut and
grating efficiency) resulting in 7x10° photons per pulse in average arriving at our experiment
with an energy of E = 462 eV. Compared to the Oth order beam (transmittance of 7.5x102
and FEL intensity of 2.0x10° photons/pulse), this higher harmonic provides a lower flux by a
factor of 1.3x10* [37]. The nominal width of the beamline focus is 50 pum full width at half
maximum (FWHM) in the horizontal and 1 mm in the vertical direction, meaning that the
transmittance of a pinhole with 150 nm in diameter (given the wavelength of 2.68 nm and the
distance between focal spot and CCD of 600 nm, one would have to use a 150 nm pinhole in
order to achieve a full illumination of the detector) would be about 2x10~". Using a pinhole
with a diameter of 100 um (equal to the size of our zone plate) under the same conditions
improves the usable flux to 9x10~ of the photons available for imaging. The efficiency of an
unsupported Fresnel zone plate can be estimated to have a value of approximately 9%
considering the relevant 1st diffraction order only [38]. Taking into account the geometrical
and experimental constraints described above, this evaluation shows that our zone plate is
roughly 4 orders of magnitude more efficient than an adequate pinhole, compensating for the
lower flux when switching from the fundamental wavelength to the 3rd harmonic.

The experimental setup is depicted schematically in Fig. 1. The zone plate consists of 715
zones arranged within a diameter of D,, = 100 um. The outermost zone has a width of
Ar = 35 nm. This leads to the focal length f = 1.3 mm given a wavelength of 2.68 nm. The
direct beam was blocked by a central stop with diameter D.s = 20 um. In the focus of the zone
plate’s first diffraction order, an order-sorting aperture (OSA) with a diameter of 2 um was
used to obstruct the higher diffraction orders and the directly transmitted X-ray beam.
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Fig. 1. Schematic drawing of the experimental setup. A zone plate (ZP) is creating the
divergent light cone, which is required for digital X-ray holography. An order sorting aperture
(OSA) is filtering the direct beam as well as higher diffraction orders from the ZP. To preserve
clarity only the Oth (yellow), 1st (orange) and 3rd (blue) diffraction orders are depicted here.

Downstream of the OSA, the samples — the marine bacterium Cobetia marina and a rat
fibroblast cell — were positioned at distances of 2 and 3 mm, respectively.

The holograms were recorded by a CCD detector (Andor DODX436-BN, 2048x2048
pixels, pixel size: 13.5x13.5 um?), which was placed 600 mm behind the zone plate’s first
diffraction order focus. In this geometry the acquisition time for full saturation of the CCD
chip was approximately 600 s. Considering the estimates regarding pinhole transmittances,
experiments in the standard pinhole geometry would not have been feasible at the 3rd
harmonic. Only the use of zone plate-illumination has enabled these experiments to be carried
out.

3. Materials and methods

To reconstruct the holograms we applied the Kirchhoff-Helmholtz transformation, allowing a
direct reconstruction of arbitrary image planes between the source of the X-ray cone and the
detector without further assumptions about the phase and the sample or iterative refinement
[39]:

KO- | 1| 5 ®
screen é/

The integration extends over the two-dimensional surface of the detector with coordinates
€= (x,y,L), where L is the distance from the source (focal spot created by ZP) to the center of
the CCD-chip, k is the norm of the wave vector k, and I() is the measured intensity
distribution of the hologram. The wave front K(r) at position r can be reconstructed at any
plane between detector and source in analogy to scanning the focal depth of an optical
microscope to display the desired imaging plane within the object. For the numerical
implementation of the transformation, a fast algorithm was used that evaluates K(r)
analytically. A more detailed overview about reconstruction and resolution in digital in-line
holographic microscopy can be found in [39].

All samples were prepared on SizNs-membrane windows purchased from Silson Ltd,
Northampton. Rat embryonic fibroblasts REF52WT cells were cultivated on fibrinogen
coated silicon nitride membranes (75 nm thick, 1x1 mm? window size) for 24 h in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), both
purchased at Gibco. After fixation in 2% paraformaldehyde for 15 min, the cell water was
slowly exchanged against ethanol by six different ethanol/water concentrations and the cells
were finally critical point dried (Bal-Tec CPD 030). Marine biofouling bacteria Cobetia
marina were cultivated on membranes with a thickness of 50 nm and a window size of
1x1 mm?. After immersing the membranes into artificial seawater, Cobetia marina bacteria
were added and allowed to adhere for 30 min. The adhered organisms were fixed with 2%
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paraformaldehyde for 15 min and the seawater exchanged against distilled water in six steps.
The water was subsequently exchanged against ethanol by six different ethanol/water
concentrations and the cells were finally critical point dried (Bal-Tec CPD 030). All samples
used in the experiments were characterized by optical microscopy and overview images were
recorded. For comparison with the digital in-line X-ray holography images, the corresponding
image sections were additionally investigated by reflective and transmission light
micrographs (Nikon TE2000, 40x Plan Fluor Ph2, NA = 0.6 and 100x Plan Fluor EPI,
NA =0.9).

The zone plate [40] was prepared using several nanofabrication processes. It was
fabricated on a 100 nm thin SisNs,-membrane. 5 nm of chromium and 7 nm of gold were
evaporated onto the membrane and used as plating base during the gold electroplating
process. Polymethyl methacrylate (PMMA) was then spun onto the substrate, and electron-
beam lithography was used for generating the zone plate pattern. Then, the PMMA mold was
developed and 100 nm thick gold was electroplated to create the zone plate. Afterwards the
mold was removed using an oxygen plasma etch. The central beam stop was fabricated with a
similar technique in a subsequent step. The theoretical diffraction efficiency of this zone plate
in the first order of diffraction is approximately 9% [38]. Taking into account the
transmission of the support membrane covered by the chromium and gold layer,
approximately 5% of the incoming photons from the beamline were found in the first order
focal spot.

4. Results and discussion

Figure 2 shows the first coherent microscopy results of dehydrated biological samples in the
water window at a photon energy of E = 462 eV using free-electron laser radiation. Figures
2(a) and 2(b) show scanning electron microscopy images (SEM) of the zone plate, which was
used to create the divergent light cone following the schematic drawing of the experiment in
Fig. 1. The zone plate’s central beam stop is surrounded by periodically arranged virtual
Moiré-artifacts due to insufficient sampling of the image. The distance between the zone
plate’s focal spot and the sample was | = 2 mm. Given the OSA-camera distance of
L = 600 mm, this results in a magnification of m = 300.

Figure 2(c) shows an X-ray hologram of the marine bacteria Cobetia marina at
/3 = 2.68 nm. The depicted image is a drift-corrected accumulation of four holograms with an
exposure time of 600 s each. As pointed out in the materials and methods section, this is 10~
of the exposure time which would have been required using a pinhole to create a point source
with comparable performance. Near the center of the image one can clearly see the dark
round shaped spot, which originates from the zone plate’s central beam stop. The dashed lines
mark the border of regions where the CCD image is dominated by noise. Dividing the pixel-
diameters of the inner black spot and the partly visible outer dashed circle we obtain
Rpx = 2750/570 = 4.8. This meets the expectation R = 5 of the ratio of the diameters of the
zone plate D,, and the diameter of the central beam stop D in real space. Thus the zone plate
projects the beam profile out of the ZP-plane onto the CCD. This is why, contrary to our
former experimental results, which were based on a setup with pinholes [23], the illumination
of the detector does not have the shape of an Airy pattern and also lacks rotational symmetry.

Panel (d) in Fig. 2 shows the reconstructed hologram 2(c) of the biological specimen, a
marine bacterium of the genus Cobetia marina. A close up of the reconstructed bacterium is
shown in Fig. 2(f). The inhomogeneous background in this reconstruction originates from the
so-called twin image and the self interference, which contribute to the hologram and are
typical for holographic imaging in the soft X-ray range in in-line geometry [41]. For
comparison we included a light microscopy image of the same sample region in 2(e). Besides
the tight gap between the two bacteria no inner structure can be resolved in the reconstructed
hologram. However, a reconstruction is possible, which was not the case with previous CXDI
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Fig. 2. Imaging the marine bacteria Cobetia marina in the water window at A3 = 2.68 nm using
digital in-line holography. (a) SEM-image of used zone plate with clearly visible central beam
stop. (b) Close-up of the zone plate’s outermost zones. (c) X-ray hologram with Cobetia
marina in the lower right corner. (d) Reconstruction of hologram (c). (¢) Sample Cobetia
marina under an optical microscope in bright field illumination (100x, NA = 0.9). (f)
Magnified ROI of the reconstructed image as indicated by rectangle in (d).

data in the 3rd harmonic [20]. In the cited CXDI study, insufficient coherence was indicated
as the most likely cause for the problems during the reconstruction. Even though there is
much effort in the CXDI community to approach the problem of partial coherence [42] —
either by knowing the coherence properties of the radiation a priori, or by allowing for partial
coherence in the iterative reconstruction algorithm — generally, the often used assumption of a
fully coherent beam remains problematic to CXDI. In holography, however, limited
coherence does not need to be explicitly accounted for and just leads to an image that is lower
in quality. Thus, for FEL experiments direct encoding of the phase may be a useful option as
a hologram could be used as an initial guess for a hybrid imaging technique like FCDI in
order to ‘seed’ a successful and fast converging high resolution reconstruction even if the data
has been acquired under difficult conditions — e.g. a partially coherent source.

Figure 3 shows a critical point dried rat fibroblast cell recorded in the water window at
J3 = 2.68 nm. Panel (a) contains an overview of the whole cell imaged with an optical
microscope in bright field mode. The cell’s nucleus with its high contrast is clearly
silhouetted against the cytoplasm, which gives only poor contrast and is spread over
approximately the whole field of view. Two enlarged regions of interest for resolving further
details are shown in the Figs. 3(c) and 3(e). Figure 3(b) depicts the recorded X-ray hologram.
Here again — as discussed above — the shadow of the central beam stop and the incomplete
illumination can be recognized. To be able to compare our holographic results directly with
optical microscopy the hologram 3(b) has been reconstructed and the ROl with the cell
nucleus has been magnified in panel (d). Beginning with the nuclear envelope and going
further into details inside the nucleus, one can discover a large number of correlations
between the images 3(c) and (d). What is more interesting is that the reconstructed X-ray
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Fig. 3. Imaging a rat’s fibroblast cell in the water window at 45 = 2.68 nm using digital in-line
X-ray holography. (a) Sample imaged with an optical microscope in bright field mode (100x,
NA = 0.9). (b) X-ray hologram of the fibroblast (a) at A; = 2.68 nm. The dashed lines indicate
that (d) is not a direct magnification of the framed ROI, but its reconstruction. (c) Magnified
ROI as indicated in (a) containing the cell nucleus. (d) Reconstructed region with nucleus as
indicated in (b). (e) Magnified ROl with nucleoli as marked in (c). (f) Magnified ROI of the X-
ray holography image for direct comparison with the optical micrograph in (e).

hologram has some noticeable deviations from the optical micrograph. For a more detailed
discussion of this finding we concentrate on four subareas within the ROIs from the images
3(c) and (d), which are magnified in the Figs. 3(e) and 3(f), respectively. The most noticeable
difference between the two imaging techniques is the overall contrast level. While the optical
microscopy image contains a well-differentiated range of grey values inside the nucleus and
thus high contrast, the reconstructed hologram offers a comparable contrast level only on a
global scale. The nucleus itself reveals rather weak contrast modulations. Despite this the
local contrast behavior promises valuable insights. While the nucleoli — highlighted by
dashed oval markers (1-4) — inside the optical micrograph 3(e) all show a comparable grey
value, the situation in the reconstructed X-ray hologram 3(f) is markedly different. Here the
nucleoli (2) and (4) seem to have disappeared completely and (3) at least partially. Only the
nucleolus (1) can be found in both images 3(e) and (f). As discussed in our previous study
[32], such a difference can be explained by cellular components with similar optical
properties for visible light, but either with a different material density or different chemical
composition.

The theoretically achievable resolution is restricted by the experimental setup and the
detection geometry. The focus of the zone plate is limited by the outermost zone width of
Ar = 35 nm [38]. This determines a theoretical resolution limit of J,, = 43 nm, as the
achievable resolution in point source holography is directly linked to the size of the source of
the divergent light cone [43]. The numerical aperture NAg,, which is defined by the sample-
detector geometry by the ratio of the size of the CCD over the distance L-I, gives a second,
geometrical limit to the achievable spatial resolution. This restriction can be calculated as

A3
Ogeo = 0.61 =71nm. 2
g% NA @)

geo
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In consequence, as the latter exceeds the theoretical limit, the size of the CCD and its distance
to the sample sets the relevant resolution limit in the used geometry rather than the focus of
the zone plate. The resolution achieved in our experiment was determined by line scans using
the 10%/90% edge criterion [41] to be Jegqe = 485 + 88 nm. This value is the average over the
three steepest line plots. They have been measured perpendicular to the edges of an imaged
dirt particle, which is situated well above the shadow of the central beam stop. Interestingly,
almost every line scan in the vertical direction led to a noticeably poorer resolution.
Assuming that this dirt particle does not have perfectly steep knife-edges, the determined
value Jegqe Can be considered as an upper limit of the de facto achieved resolution.
Nevertheless, deqqe COnsiderably deviates from the theoretically possible sub-100 nm region.
The most likely reason for this is a combined effect of limited coherence, low signal-to-noise
ratio (SNR), and poor scattering from the samples. As consequence, coherently small-angle-
scattered photons, which are important for high spatial resolution in the reconstruction, were
not able to generate a signal strong enough to be interpreted by the reconstruction algorithm.
This leads to a reduced effective numerical aperture NAg. A coarse estimation of NA. based
on the visibility of interference fringes along a line plot across an object leads to a radius of
about 160 pixels where one is still able to distinguish the interference signal from the noisy
background. This radius translates in our experimental geometry into an effective numerical
aperture of NA = 3.3x107%, which corresponds to the noise-limited resolution

s =0.61 4 =453nm. 3)
N eff

Besides the limited data quality due to a low SNR, insufficient temporal coherence can
restrict the experimental resolution. A Gaussian fit to the sum of 1857 single shot spectral
measurements of the FEL which were recorded just prior to our experiment shows that the
distribution of the 3rd harmonic radiation had a maximum at 463 eV with a FWHM of 8 eV.
The spatial energy dispersion along the vertical axis in the focal plane was 5.3 eV/mm.
Taking into account the zone plate’s geometry and the arrangement of the experimental
elements, the provided bandwidth corresponds to a coherence length of 2.4 um and thus
should theoretically lead to a temporal coherence-limited resolution of d.o, = 584 nm [44].
While des lies well within the error bar of degge, dcon does not. This difference can be explained
by a direction-selective effect, which originates from the orientation of the grating in the
monochromator. The calculated value Jdq, is only strictly valid in the vertical direction, which
resembles the axis of energy dispersion due to the horizontally mounted grating. Thus,
temporal coherence should influence the resolution less in the horizontal direction. The
aforementioned measurement of the achieved resolution using the edge-criterion already
hinted that there may be a direction-selective effect influencing the resolution. Both the line
plot for the coarse estimation of the visibility of fringes and the line plots for applying the
edge-criterion were not taken in the vertical direction. They rather point to an angle of about
45° against the vertical axis. In consequence, the mismatch of degn and Jeqge is NOt astonishing.
Since it is rather unlikely that the underlying test object has uniform edges, it is impossible to
discriminate between their influence and the impact from the direction-selective coherence.
Thus, these results should be considered as a first estimate. According to a study conducted
by Vartanyants et al. [21] the influence of the transverse coherence of 3rd harmonic radiation
at PG2 does not further decrease the achievable resolution limit set by the temporal
counterpart.

While standard silicon nitride membranes supported the imaged biological samples, in
recent years novel support materials like carbon nanosheets have been introduced. They
provide a substantially thinner yet sufficiently stable support for transmission imaging
[45,46]. These support films consist of cross-linked self-assembled monolayers (SAMs) from
biphenyl-containing molecules. Their preparation is schematically sketched in Fig. 4(a).
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Fig. 4. Carbon nanosheets as a highly transparent substrate for X-ray holography. (a)
Schematic fabrication steps consist of cross-linking a biphenyl-based SAM with an electron
beam, followed by the transfer of the resulting nanosheet onto a TEM-grid. (b) SEM-image of
the TEM-grid over which the nanosheets were spanned. The holographically imaged region is
highlighted by a transparent hexagon within a white gradient. (c) X-ray hologram of a dust
particle supported by a 1 nm thick carbon nanosheet at E = 155 eV with an exposure time of
T =100 s. The illumination, namely the airy pattern of a 1.2 um pinhole, has been subtracted.
(d) Reconstruction of the hologram with an inset showing the dirt particle in detail. In both, the
hologram and its reconstruction, the honeycomb pattern of the TEM-grid is visible.

Electron exposure cross-links the SAM, which leads to an increased stability with respect to
high temperatures [47] and acids [48]. In addition an increased mechanical stability allows
the release of the monolayer from its substrate, followed by a transfer to a perforated support.
In this way openings as large as 225 pm were spanned by a 1 nm thick carbon nanosheet
[49,50]. It has been already shown that these support films provide an improved SNR in
transmission electron microscopy [46] and is expected that the same will be shown for X-ray
microscopy. Here first results are given for X-ray holography. Contrary to earlier results
above, the divergent light cone was not generated by a zone plate, but by a pinhole.
Furthermore, the photon energy was E = 155 eV, which corresponds to FLASH’s
fundamental wavelength 2 = 8 nm. The SEM-image 4(b) shows the TEM-grid that has been
used as a support for the carbon nanosheets. Looking at the grey values one can distinguish
covered from uncovered honeycombs. A white hexagon marks the TEM-region, which is
fully capped by a nanosheet and has been imaged with X-ray holography. Panel 4(c) shows
the recorded hologram of a dirt particle on top of the intact carbon nanosheet. The source has
been subtracted in order to make the supporting TEM-grid visible. The acquisition time of the
hologram 4(c) was T = 100 s. Its reconstruction is shown in 4(d).

Intensity measurements are consistent with the theoretical prediction of a 99.5%
transmittance in the case of a 1 nm thick carbon film at E = 155 eV. Compared to a typical
30 nm SizN4-membrane, this leads to a reduction of the exposure time by a factor of two.
These preliminary results show that it is possible to holographically image samples, which are
placed on carbon nanosheets. One of the main advantages of such molecular sheets is their
small roughness. For imaging of macromolecules or organelles with future X-ray free-
electron lasers supported by solid substrates, the roughness of the support will become an
increasing challenge for the reconstruction of holographic and CXDI data, as the information
lies in the same frequency range as the details to be imaged. Thus, molecular sheets seem to
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be an ideal support for such experiments including coherent imaging of single proteins,
organelles or ordered 2D structures such as membrane systems [51].

5. Conclusions

In summary, we demonstrated, for the first time, the imaging of dehydrated biological
material in the water window with radiation from a free-electron laser. The obtained contrast
of the dried material is very promising for future experiments on hydrated or vitrified
specimen. The implementation of zone plates rather than pinholes allowed us to effectively
use 3rd harmonic radiation from FLASH, which provides photons at the desired energy
between the K-edges of oxygen and carbon. The insufficient temporal coherence is a
challenge on the path to high-resolution holographic imaging in the zone plate geometry —
especially given the flux limitations of using the higher harmonics of FELs. To make a
successful reconstruction holography may be less demanding on the coherence properties, of
the radiation than CXDI is, though at the expense of contrast and resolution. Since higher
temporal coherence can be achieved by narrower filtering of the FEL radiation, the attempt of
pushing the coherence-limited resolution further up is accompanied by a reduction of photon
flux, leading to a drop in the SNR and subsequently in resolution. Thus, the increased photon
flux and higher coherence emitted from the currently constructed more powerful light sources
like the upgraded FLASH, LCLS or the European XFEL and the option to use photons in the
first harmonic are very promising in this respect. A more efficient use of photons by using
zone plates in tandem with next generation light sources and new soft X-ray detectors that
could offer an enhanced dynamic range and a bigger SNR will be of major importance for
high resolution holography. This becomes especially promising if X-ray results obtained on
hydrated specimen are considered jointly with other imaging techniques (e.g. correlative
microscopy) to solve specific biological questions. Our experiments show that high efficiency
zone plates and robust ultrathin substrates can significantly contribute to realizing the vision
of single pulse holography of hydrated biological material, where drift related problems and
first and foremost limitations set by radiation damage are elegantly overcome with ultrashort
flashes. Since FLASH is now capable of delivering photons in the water window at
fundamental wavelengths, the vision of imaging hydrated material with high contrast starts to
become reality.
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