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Towards attosecond imaging at the nanoscale
using broadband holography-assisted coherent
imaging in the extreme ultraviolet
Wilhelm Eschen 1,2✉, Sici Wang1,2, Chang Liu1,2, Robert Klas 1,2, Michael Steinert1, Sergiy Yulin3,

Heide Meißner4, Michael Bussmann4,5, Thomas Pertsch 1,3, Jens Limpert1,2,3 & Jan Rothhardt1,2,3

Nanoscale coherent imaging has emerged as an indispensable modality, allowing to surpass

the resolution limit given by classical imaging optics. At the same time, attosecond science

has experienced enormous progress and has revealed the ultrafast dynamics in complex

materials. Combining attosecond temporal resolution of pump-probe experiments with

nanometer spatial resolution would allow studying ultrafast dynamics on the smallest spatio-

temporal scales but has not been demonstrated yet. To date, the large bandwidth of atto-

second pulses poses a major challenge to high-resolution coherent imaging. Here, we present

broadband holography-enhanced coherent imaging, which enables the combination of high-

resolution coherent imaging with a large spectral bandwidth. By implementing our method at

a high harmonic source, we demonstrate a spatial resolution of 34 nm in combination with a

spectral bandwidth of 5.5 eV at a central photon energy of 92 eV. The method is single-shot

capable and retrieves the spectrum from the measured diffraction pattern.
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Coherent diffractive imaging (CDI) has been a driving force
for advances in short-wavelength imaging throughout the
past decade1–4. The reason for its widespread use is that

CDI bypasses imaging optics, resulting in three major advantages
over classical, lens-based imaging: a simple experimental config-
uration, no aberrations induced by imperfect optical components,
and flux efficiency. While the experimental setup tends to sim-
plify through the lens-less nature of CDI, this advantage comes
together with the need for sophisticated inverse modeling,
including phase retrieval techniques. In recent years, CDI has
seen great progress. Experiments from the soft to the hard X-ray
range have been performed at large scale facilities. The spatial
resolution has been pushed to ~5 nm5 and a variety of applica-
tions have been enabled ranging from 3D imaging of integrated
circuits6 or whole cells7 to chemical sensitive imaging5 of com-
plex solid-state samples.

Lately, lens-less imaging using table-top high harmonic gen-
eration (HHG) has gained attention8, since these sources allow
performing experiments on an optical table that were so far only
possible at large scale facilities9–14. These sources can provide
extremely broad spectra and pulses in the attosecond regime15

with a natural synchronization to the ultrashort driving laser
pulses. As a result, attosecond pulses generated by HHG are
intrinsically suitable for ultrafast studies by means of pump probe
experiments, and have quickly evolved as a tool to answer fun-
damental questions in atomic16, molecular17, and solid-state
physics18,19. Today, isolated attosecond pulses with µJ pulse
energies are available20 and attosecond pulses at free-electron
lasers are emerging as well21. An open challenge is the combi-
nation of attosecond science with nanoscale imaging, unlocking
access to ultrafast phenomena at mesoscopic spatial scales. The
required bandwidth leads to a shortened longitudinal coherence
length, which reduces the contrast in the diffraction pattern and
thus limits the spatial resolution22.

So far, several sophisticated methods for the reconstruction of
samples using broadband illumination have been demonstrated.
Broadband extensions23,24 to multishot techniques such as

Ptychography25,26 or the combination of Fourier transform
spectroscopy with lens-less imaging27 have been demonstrated
but appear difficult to be implemented in a pump-probe scenario,
where additional scanning of the pump-probe delay is required.
In contrast, advanced phase retrieval algorithms28 or
deconvolution-based monochromatization of the measured dif-
fraction pattern29,30 demonstrated broadband CDI from a single
measured diffraction pattern with µm resolution with visible light
and hard X-rays. However, both approaches require precise
knowledge about the spectrum of the illumination, which might
not be accessible if shot-to-shot fluctuations are present. Gen-
erally, applications have so far been restricted to narrow band-
width and temporal resolution in the few-ten femtosecond
regime31–33.

In this work, we present broadband holography-enhanced
coherent diffraction imaging. In short, multiple reference struc-
tures around the sample provide additional information about the
sample and the illumination, which is encoded in the measured
diffraction pattern. This allows extracting the spectrum of the
illuminating light source34 as well as a monochromatized and
deblurred amplitude- and phase image of the sample. The
retrieved spectrum and deblurred sample can be used as input to
a broadband iterative phase retrieval algorithm for further
refinement of the image. The holographic input data significantly
improves the reliability, convergence, speed, and image quality of
the iterative phase retrieval. In a proof-of-principle experiment,
using a high harmonic source centered at 92 eV, a spatial reso-
lution of 34 nm has been achieved with a bandwidth of 5.5 eV,
which corresponds to a theoretical Fourier-limited pulse duration
of 380 as.

Results and discussion
For the presented experiment we used a laser-driven, high-order
harmonic (HHG) source, which generates a broadband XUV
spectrum up to 100 eV and is focused on the sample (Fig. 1a).
From this very broadband spectrum, a bandwidth of 5.5 eV at a

Fig. 1 Schematic representation of the experiment. a A spatially coherent high-harmonic beam is focused on the sample using a broadband multilayer
mirror (ML-mirror). From the broadband extreme ultraviolet (XUV) continuum a bandwidth of 5.5 eV is selected at a central photon energy of 92 eV. The
resulting spectrum is shown in arbitrary units (a.u.) in b. The small inset shows the Fourier transform of the spectrum assuming a flat spectral phase, which
yields a Fourier limited pulse duration of 380 as. c SEM (scanning electron microscope) image of the sample: a resolution-test pattern is located in the
center and surrounded by five reference apertures. The scale bar in c corresponds to 2 µm and color white correspongs to a high secondary electron
intensity. d Measured (intensity) hologram of the sample in log-scale. The scale bar in d corresponds to 10 µm−1 and the intensity is shown in arbitrary
units (a.u.).
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central photon energy of 92 eV is selected, which corresponds to a
relative bandwidth λ/Δλ of 17 and a theoretical Fourier-limited
pulse duration of 380 as (Fig. 1b). A more detailed description of
the XUV source and experimental geometry is given in the
methods section. A resolution test chart with a diameter of 1 µm
is placed in the focus of the XUV-beam and acts as a test sample.
The sample is similar to a Siemens star and consists of small
apertures in an otherwise absorbing material (see Fig. 1c). Thus,
our test sample is non-dispersive. To provide holographic refer-
ence waves, five circular apertures with a diameter of 90 nm are
placed evenly spaced around the sample on a circle with a radius
of 2 µm. Adding the reference apertures enables mask-based
Fourier transform holography35 (FTH). The recorded hologram
is shown in Fig. 1d.

Broadband Fourier transform holography. In order to extract a
high-resolution image of the sample, we follow a two-step
approach. First, we extract an amplitude and phase image of the
sample from the hologram via FTH. Thus, a simple Fourier
transform of the measured hologram (Fig. 1d) yields a repre-
sentation of the objects exit wave, henceforth referred to as
reconstructed object, as shown in Fig. 2a–d. Since the object is
surrounded by five reference pinholes, five reconstructed objects
(cross-correlation of the sample with the reference), and their
complex conjugates are visible. A closer look at one of the
reconstructions (Fig. 2b) shows that the reconstructed object is
noticeably smeared, which can be attributed to the broad-
bandwidth radiation used in the experiment. A vertical and
horizontal lineout along the features of the resolution test target is
shown in Fig. 2d. Clearly, the smearing effect (i.e., the spatial
resolution) is anisotropic. The features along the horizontal
direction are resolved, while the features along the vertical
direction are blurred. This behavior is explained in more detail in
Supplementary Note 1. Mainly, the large distance between the
reference hole and sample causes a large shift of the cross-
correlation term with the wavelength. For a broadband source,
this effect leads to continuous smearing along the pinhole-sample
direction, whereas the smearing in the perpendicular direction is
much weaker. The influence of a broadband spectrum on the
sample reconstruction has been observed in previous
experiments36, but was so far accounted for by a specialized
sample design37,38.

In order to de-smear the reconstructed object, we utilize the
diverse information provided by the five pinholes. In Fig. 2a one
can clearly see that each cross-correlation term is smeared in a
different direction. Instead of averaging over all reconstructed
objects39, we thus combine the non-smeared spatial frequencies
from all cross-correlation terms to a single de-smeared image. For

doing so, we cut the five reconstructed objects (see Fig. 3a) from
the reconstruction and apply a Fourier transform on each of the
reconstructions (Fig. 3b). In Fourier space, we apply a suitable
filter on each reconstructed object. Here, five binary, hourglass-
shaped masks (small insets in Fig. 3b) are used, which keep the
high-resolution spatial frequency components along the axis
perpendicular to the sample-pinhole direction and discard the
low-resolution spatial frequency components. In essence, our
method is similar to the application of Yaroslavsky-Caulfield
filters40, which are used in monochromatic experiments using
extended references to enhance the resolution41.

The remaining spatial frequency components are summed up
(Fig. 3c) and finally the improved reconstruction is obtained by
an inverse Fourier transform. Compared to the initial reconstruc-
tion (Fig. 3d), the resulting high-resolution reconstruction of the
object (Fig. 3e) shows a significantly improved image quality. A
lineout for both reconstructions is shown in Fig. 4. Features
separated by a distance of 90 nm, which were previously not
resolved, are now clearly distinguishable. A knife-edge test along
the white line in Fig. 3d suggests a resolution of 115 nm for
standard FTH, which is in good accordance with the temporal
coherence limit given by the bandwidth (110 nm). In contrast, the
broadband-FTH method achieves a resolution of 65 nm along the
white line in Fig. 3e, which agrees well with the 60 nm limit
imposed by the diameter of the reference aperture42 (~70% of the
diameter). So far, we have demonstrated an improved resolution
of 65 nm using broadband FTH, which beats the temporal
coherence limit by a factor of 1.7. From theory this de-smearing
factor can be as large as 5, more details can be found in the
Supplementary Note 2.

Broadband iterative phase retrieval. In a second step, we refine
the reconstructed object by an iterative phase retrieval
algorithm43, which enhances the resolution and signal-to-noise
ratio of the reconstruction44,45. Methods to reconstruct the phase
for broadband diffraction patterns have already been developed,
but require a precise measurement of the spectrum28,30. At this
point we can benefit from the additional information encoded in
the hologram again, namely, we can extract the spectrum from it.
For this purpose, we investigated the cross-correlations of the
reference apertures (see Fig. 2c), which are smeared by the source
spectrum in the same way as the sample is. An average of multiple
smeared cross-correlation terms is shown in Fig. 5a. The
smearing can be described by a convolution of the reference
aperture cross-correlation term with the spectrum used. There-
fore, the spectrum can be recovered by a deconvolution procedure
if the convolution kernel is known. The convolution kernel was
estimated from the cross-correlation term itself assuming a

Fig. 2 Broadband Fourier transform holography. a Fourier transform of the measured hologram shown in Fig. 1d. The intense autocorrelation in the center
is blocked and only the five cross-correlation terms and their corresponding complex-conjugates are shown. The scale bar represents 1.5 µm. b A magnified
version of the top cross-correlation. c A magnified version of a smeared cross-correlation of two reference apertures. d The vertical and horizontal lineouts
indicated in b. The amplitude is given in arbitrary units (a.u.).
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circular shape of the reference aperture by averaging along the
horizontal direction (Fig. 5c). In the next step the spectrum is
recovered by a deconvolution of the smeared axis (Fig. 5b). The
recovered spectrum is shown in Fig. 5d (blue) and agrees well
with the measured spectrum (orange). In the next step, the
recovered spectrum and the result of the broadband FTH method
are seeded into a broadband iterative phase retrieval algorithm28.
The reconstruction algorithm assumes a non-dispersive object,
which is a valid assumption for our experiment. The result of the

phase retrieval is shown in Fig. 5e. The lineouts of the recovered
object from the iterative phase retrieval procedure, as indicated in
Fig. 5e, are compared to the lineouts from the FTH method (see
Fig. 3d, e) in Fig. 4. It is seen that the combined phase retrieval
and broadband FTH method achieves the highest resolution. We
estimate the improved resolution to be 34 nm using the 1/e cri-
terion on the phase retrieval transfer function46 (PRTF), which is
close to the Abbe-limit of 16 nm. The reconstruction is fast, since
only 200 iterations were needed for the final reconstruction. A
good starting point was already given by the broadband FTH
reconstruction. Furthermore, the reconstruction is also particu-
larly stable, since the quality of the reconstruction did not change
with the reconstruction parameters (e.g. beta parameter).
Although the diffraction pattern was recorded with a high
dynamic range and sufficient oversampling, an unseeded phase
retrieval failed. Note that for the employed phase retrieval, all
necessary input data including the spectrum are obtained from a
single measured hologram. Thus, the presented holography-
enhanced coherent imaging method can be used in case of sig-
nificant pulse-to-pulse fluctuations of the spectrum e.g., at
unseeded free-electron-lasers or single-shot HHG experiments47.
A requirement for using the presented 2-step approach is a
uniformly distributed spectrum over the extend of the sample,
because a single object is reconstructed for the entire spectrum.
This was the case in the presented experiment.

Discussion
In previous polychromatic lens-less imaging experiments using
HHG-sources, comb-like spectra have been used27,48–52. Here, we
have shown the combination of a broad and continuous XUV-
spectrum from a HHG source with nano-scale imaging. Time-
resolved pump-probe experiments are often performed near
resonances where the sample is dispersive. In the future, the
presented method could be combined with more advanced phase
retrieval algorithms53, which allow reconstructing dispersive
samples and benefit from the good initial guess provided by the

Fig. 4 Comparison of broadband with standard Fourier transform
holography (FTH). Lineouts along the white-line in Fig. 3d (blue, standard
FTH), Fig. 3e (orange, broadband FTH) and Fig. 5e (green, phase retrieval of
the broadband FTH method). The achieved resolution was estimated using
a knife-edge test on the standard Fourier transform holography (FTH)
reconstruction and broadband FTH reconstruction. The amplitude is given
in arbitrary units (a.u.).

Fig. 3 Illustration of the broadband Fourier transform holography method. a Each cross-correlation term is transformed into Fourier space by applying an
fast Fourier transform (FFT) (b), where a binary filter is applied (small inset), which preserves the high-resolution spatial frequencies. The spatial
frequencies are summed and yield a high-resolution Fourier space image which is shown in c. d An enlarged smeared cross-correlation term before the
broadband Fourier transform holography (FTH) method was applied and e shows the result of the broadband FTH method. The scalebar in d corresponds
to 1 µm and is shared for d and e. The amplitude and intensity is given in arbitrary units (a.u.).
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broadband FTH method. This will pave the way to the observa-
tion of ultrafast transport and transfer processes of charges18,19

and spins54–56, which are the basis of next-generation electronics,
data storage, energy conversion, and energy storage devices.
Further, the presented approach is robust. First, FTH itself is
stable due to the use of a monolithic mask design57,58, and at the
same time offers a fast and direct reconstruction of the object.
Second, a good starting point for the iterative algorithm as well as
the required spectrum are extracted from a single hologram.
Thus, the presented method is ideally suited for single-shot
imaging using broadband table-top HHG sources and can be
employed at synchrotron-radiation sources, since a broader
bandwidth is tolerated and thus less spectral filtering is necessary.
Moreover, the presented approach can be applied at free-electron-
lasers, since our method is single-shot capable, scanning free, and
tolerates fluctuations of the spectrum, pointing and power of the
source. Thus, broadband holography-enhanced coherent imaging
increases the usable bandwidth in FTH experiments, and pro-
mises a combination of nanoscale imaging with ultrafast experi-
ments that require a broad bandwidth.

Conclusion
In summary, we demonstrated holography enhanced coherent
diffractive imaging with a broadband high harmonic source on a
non-dispersive test-sample. In a proof-of-concept experiment, a
broad XUV continuum was generated. A bandwidth of 5.5 eV
was selected by multilayer mirrors at a photon energy of 92 eV,
which corresponds to a relative energy bandwidth of 17. Using a
broadband extension to FTH a spatial resolution of 65 nm was

demonstrated, which is beyond the temporal coherence limit.
Moreover, it was shown that the broadband spectrum can be
recovered from the measured hologram as well, which allows
seeding the spectrum and the broadband FTH result to a
broadband iterative phase retrieval algorithm. Combining these
methods, a spatial resolution of 34 nm has been demonstrated
with a bandwidth supporting pulses as short as 380 as.

Methods
Sample fabrication. A Si3N4 membrane with a thickness of 50 nm was coated with
250 nm Cu, which results in an overall transmissivity of 4.5 × 10−7 at 92 eV and
acts as an absorber. The resolution test sample and reference apertures were
structured by means of focused gallium ion beam milling on a FEI Helios NanoLab
G3 UC. The resolution test sample and the corresponding reference apertures were
written in parallel using an ion energy of 30 keV and current of 7.7 pA to achieve
the high aspect ratio of the holes and bridges. After fabrication, the size of the
reference apertures were measured using a transmission electron microscope
yielding a diameter of 90 nm. The sample diameter was chosen to be 1 µm. The
reference pinholes were placed at a radius of 2 µm equally spaced around the
sample. Since the resolution imposed by the bandwidth depends on the maximal
size of the sample (see Eq. 1), the reference aperture should be placed as close as
possible to the object. However, certain design rules have to be followed, which are
explained in more detail in Supplementary Note 3.

Experiment and data processing. A high-power fiber laser with a central wave-
length of 1 µm was compressed to a pulse duration of 7 fs with a pulse energy of
400 µJ at a repetition rate of 76 kHz, which results in an average power of 30W.
The IR-laser is focused in a gas jet with a diameter of 500 µm, where argon with a
backing pressure of 0.6 bar is applied. A broadband spectrum reaching up to 100
eV is generated with a flux of 7 × 109 phot/s/eV at 92 eV. A more detailed
description of the XUV-source has been recently published59. To separate the high-
power IR laser beam from the XUV-beam 4 grazing incidence plates reflecting
XUV radiation, and transmitting the IR beam followed by two Zr filters with a

Fig. 5 Extraction of the spectrum and broadband phase retrieval. a The average of five cross-correlations of two reference apertures each. b, c The
lineouts of the averaged cross-correlation terms, which are averaged over the vertical and horizontal axis. d Spectrum obtained by deconvolving b with c,
which is compared to the measured spectrum (orange). e Reconstructed object after applying a broadband, iterative phase retrieval algorithm on the
measured diffraction pattern with Fig. 3e as the initial field and Fig. 5d as input spectrum. The scale bar in e corresponds to 1 µm. The amplitude and
spectral intensity is given in arbitrary units (a.u.).
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thickness of 200 nm are used. Three broadband XUV-multilayer mirrors with a
peak reflectivity each of 30 % at 92 eV are used to select a bandwidth of 5.5 eV
(FWHM) and to focus the beam on the holography sample. The spectrum incident
on the sample (Fig. 1b) was calculated by multiplication of the measured spectrum
of the HHG source, which was measured in an independent measurement using an
XUV spectrometer, with the calibrated reflectivity of the three multilayer mirrors.
The theoretical Fourier limit of the spectrum on the sample was calculated to be
380 as. The true XUV pulse duration was not measured but is expected to be in the
femtosecond range. It was previously shown that CEP stable laser with similar
parameters indeed provide isolated attosecond pulses60. Note that the laser used for
this experiment is not CEP stable and therefore does not generate isolated atto-
second pulses. However, it has already been shown61 that such a laser can be made
CEP stable and thus also generate isolated attosecond pulses. Since a high degree of
spatial coherence is required for lensless imaging experiments62, the spatial
coherence was characterized with a double slit. A visibility of better than 0.9 was
measured59, which justifies the assumption of a spatially coherent beam. The XUV-
camera (Andor iKon-L) was placed 30 mm behind the sample, which results in a
NA of 0.42 and therefore in a diffraction limit of 16 nm. During the measurements,
the CCD was cooled down −50 °C. The hologram in Fig. 1d) was recorded with a
total exposure time of 120 s using 2 by 2 on-chip binning. After the measurement,
the hologram was corrected for the curvature on the Ewald’s sphere, which is due
to the high numerical aperture63. The resolution limit Δr, imposed by the band-
width of the source was estimated using28

Δr ¼ λD=ð2lcÞ; ð1Þ
where D corresponds to the largest extend of the sample (2.5 µm for a single
reference aperture) and lc to the longitudinal coherence length, which was
approximated by the coherence length of a Gaussian-shaped spectrum
(lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi

2 lnð2Þ
p

=π*λ2=Δλ) and results in a bandwidth-limited resolution of 110 nm.

Recovery of the spectrum. In order to reconstruct the spectrum, the smeared cross-
correlation of two reference apertures was used (Fig. 2a). To increase the signal-to-
noise ratio, we averaged over several cross-correlations. For this purpose, the smeared
cross-correlation terms were isolated, rotated by an angle of 36°, 72°, 108°, and 144°,
respectively and added up. The smearing along the horizontal axis can be described in
a good approximation by a convolution of the monochromatic case with the spec-
trum. A detailed mathematical description can be found in Supplementary Note 4.
Hence, the spectrum can be recovered by a deconvolution, if the convolution kernel
(i.e., the monochromatic cross-correlation of two reference apertures) is known. The
1D line profile of the smeared cross-correlation term, which is shown in Fig. 5b, was
extracted by calculating the mean value along the vertical axis. The next step is to
estimate the convolution kernel. Since the reference aperture has a circular shape and
the smearing along the vertical axis can be neglected, the vertical profile of the cross-
correlation can be used as an approximation of the convolution kernel. To improve
the signal-to-noise ratio, the convolution kernel, as it is shown in Fig. 5c, was
approximated by the average along the horizontal axis. Finally, the spectrum was
extracted by deconvolving the vertically averaged horizontal lineout (Fig. 5b) by the
horizontally averaged vertical lineout (Fig. 5c). The deconvolution was calculated by
using the Richardson-Lucy algorithm64,65.

Broadband, iterative phase retrieval algorithm. The broadband-FTH result was
seeded as the initial field to the broadband28 version of the RAAR-algorithm in
combination with the shrink-wrap algorithm66. The initial support was estimated by
applying a threshold on the broadband-FTH reconstruction. Next, we ran the shrink-
wrap algorithm for five iterations, where we updated the support by applying a
threshold on the convolution with a Gaussian kernel. We used a threshold of 0.2 for
the inner part, where the object is located and a threshold of 0.05 at the area where the
pinhole is located. The different limits were used because the exposure of the reference
apertures was much weaker than the exposure of the test targe area. After we obtained
the support we ran the algorithm for 200 iterations using a beta parameter of 0.95 and
updated the support every 20 iterations. The achieved resolution was evaluated with
the PRTF (Supplementary Note 5), which results in a resolution of 34 nm.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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