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In the context of x-ray lensless imaging, we present a recent approach for Fourier transform holography

based on the use of extended references. Major advances shown here rely on a high signal efficiency and

on the direct image reconstruction of the object performed by a simple linear derivative. Moreover, the

extended holographic reference is easy to manufacture and can be applied to a variety of imaging

experiments. Here we demonstrate single-shot imaging with a table-top, laser-based coherent soft x-ray

source. A spatial resolution of 110 nm was obtained with an integration time of 20 fs.
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Lensless imaging using coherent x rays has demon-
strated great potential in recent years especially with new
ultrafast coherent x-ray sources, the free electron laser
(FEL) [1–4], and high harmonics generation (HHG)
[5–7]. This technique has attracted much attention due to
its application in ultrafast nanoscale imaging. Indeed, these
bright flashes of x-ray light can capture snapshots of dy-
namical processes even in dense matter and at a meso-
scopic scale [4]. In this context, various lensless coherent
imaging schemes have been explored using x rays, includ-
ing, for example, coherent diffractive imaging [8], keyhole
diffractive imaging [9], and Fourier transform holography
[10–12].

Imaging without image forming optics is based on the
measurement of the intensity diffracted from an object
illuminated by a coherent x-ray beam. In this technique
the two-dimensional complex-valued object transmissivity
can be retrieved from the measured far-field scattered
amplitude using either iterative phase retrieval or direct
holographic techniques. For Fourier transform holography
(FTH) a point source in the vicinity of the object generates
a reference wave that interferes with the object’s scattered
wave at the detector plane [10–13]. Thus, the phase
and amplitude information of the object are encoded in
the intensity of the holographic diffraction pattern, the
hologram.

One advantage of FTH is that the complex-valued image
is retrieved in a noniterative and unambiguous fashion with
a simple reconstruction algorithm, namely, an inverse
Fourier transform of the hologram. This is a valuable
alternative to computationally intensive iterative algo-
rithms which attempt to solve the phase retrieval problem
of reconstructing an image from coherent diffractive
imaging (CDI) data [8,14]. The possibility of reliably
retrieving a closed-form, unique solution makes hologra-
phy an attractive lensless configuration and holds potential
in the recent context of ultrafast single-shot imaging using

an x-ray free electron laser or a table-top high harmonic
source.
In the x-ray regime, various schemes have been pro-

posed to go beyond the limitations imposed in standard
holography, as, for example, the use of complicated refer-
ences [15], large references [16], or multiples referen-
ces [17]. More recently a holographic scheme based on a
uniformly redundant array of references was successfully
demonstrated at the Hamburg FLASH soft x-ray free elec-
tron laser [18]. Although this scheme increases the signal
to noise ratio (SNR) of the reconstruction, the direct in-
version of the hologram relies on quantitative knowledge
of this reference structure. The latter is significantly af-
fected by the difficult manufacturing process. Such an
approach is also difficult to scale down to fine resolution
accessible at hard x-ray wavelengths where a reference and
a reconstruction procedure robust to manufacturing errors
should be used.
In standard FTH there is a compromise in the determi-

nation of the size of the reference point source between the
two requirements: (i) the resolution given by the reference
size, and, (ii) the flux through the reference for observing
interference fringes with a good contrast [15,16]. The
hologram fringe visibility depends on the relative ampli-
tudes of the fields diffracted by the object and the refer-
ence, respectively, and is clearly maximum when these
amplitudes are equal. The use of extended references
allows increasing the fringe visibility, especially at larger
scattering angles (which correspond to higher resolution)
where the scattering signal may be weak. The hologram is
subsequently more efficiently recorded than in standard
FTH. This improves the image reconstruction with sub-
stantially enhanced quality and resolution as compared
with a point source reference.
In this Letter we demonstrate single-shot femtosecond

x-ray holography using a recently developed approach;
holography with extended reference by autocorrelation
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linear differential operation (HERALDO) [19–21]. This
lensless imaging scheme preserves the deterministic recon-
struction properties of FTH. The analytical uniqueness of
the solution directly retrieved as a complex-valued image
from the hologram. HERALDO is a more general approach
to FTH, using boundary waves of more general extended
objects as holographic references. The reconstruction
procedure is robust and simple to implement. It is based
on the application of linear differential operators to the
field autocorrelation, i.e., the inverse Fourier transform of
the hologram. In our setup, the extended references used
around the nanoscale test object ‘‘’’’ are linear slits [see
Fig. 1]. The directional derivative (in the direction of the
slit) is applied during the reconstruction process, which
then provides two independent reconstructions of the ob-
ject ‘‘’’’, each associated with the slit extremities [Figs. 1
and 2]. As in FTH, each reconstruction has an associated
twin image that does not provide additional information.
The HERALDO image processing is indicated by the
d
d!F�1fhologramg symbol in Fig. 1.

The test object and the linear reference slits were pat-
terned using a focused ion beam at a resolution of about 20
nanometers on a freestanding Si3N4 membrane of 225 nm
thickness. A 50 nm layer of gold was deposited on the
membrane so that the sample has a pure amplitude trans-
mittance. The test object ‘‘’’’ has a 2 �m� 1:7 �m over-
all size, with 200 nm to sub-100 nm details [Fig. 2(a)]. The
horizontal and vertical reference slits have a width of,
respectively, 130 and 145 nm. The two slits are slightly

longer than the object dimensions, and they are etched at
sufficient distance from the object to satisfy the separation
conditions for a holographic reconstruction [19]. Each
reference slit has a scattering area of about �0:3 �m2

which is about 1=3 that of the object.
For the experiment, the sample was illuminated with the

25th harmonic (� ¼ 32 nm) of the table-top infrared fem-
tosecond laser LUCA (Laser Ultra Court Accordable) at
the CEA-Saclay research center, France. The source deliv-
ers up to 4� 1010 photons (0:25 �J) per pulse, within a
spectral bandwidth �=�� ¼ 150 and �20 fs pulse dura-
tion [5]. The soft x-ray beam transport and focalization has
been optimized using an x-ray wave front sensor [22].
Typically, 2� 109 photons hit the sample within a focal
spot of 5 �m in diameter, corresponding to an intensity
of �1011 W=cm2. The transverse and longitudinal coher-
ence lengths at the sample are �10 �m and �5 �m,
respectively. These are well within the requirements for
holography.
We measured the far-field diffraction pattern of the

sample exit wave, the hologram, using an x-ray CCD
camera [Fig. 1] placed at a distance z ¼ 20 mm from the
sample. The full CCD chip contains 2048� 2048 square
pixels with a size p ¼ 13:5 �m. The number of incident

FIG. 1 (color online). Schematic view of the HERALDO
experimental setup. Hologram acquisition from sample (‘‘’’’
object þ reference slits) scattering using a soft x-ray coherent
high harmonic beam at 32 nm wavelength. The reconstruction is
straightforwardly obtained by computing the directional deriva-
tive along the reference slit direction (red arrow) of the inverse
Fourier transform of the hologram (i.e., the autocorrelation of the
sample transmission). The reconstruction process is symbolized
by the operator d

d!F�1fhologramg.

FIG. 2 (color online). Image reconstruction. (a) Scanning elec-
tron micrograph (SEM) of the sample showing the ‘‘’’’ test
object and the two references slits (2:1 �m slit length). (b) Field
autocorrelation given by the inverse Fourier transform of the
hologram. The four cross-correlations of the ‘‘’’’ object with
the references surrounds the central part, as well as the cross-
correlation of the two references slits. (c),(d) Numerical deriva-
tives of the field autocorrelation along the two slit directions
(indicated by red dotted and green dashed arrows) which lead to
the reconstruction of the ‘‘’’’ object. We obtain two independent
images from each extremity of the slit references.
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photons diffracted by the sample and detected by the CCD
(quantum efficiency of 40% at 32 nm) is about�2� 107 in
single shot.

A typical measured hologram is shown in Fig. 3(d). We
clearly see the scattering from the two reference slits in the
vertical and horizontal axes of the hologram which shows
coherent interference with the field scattered from the
object. The field autocorrelation [see Fig. 2(b)] is com-
puted from the single-shot hologram through an inverse
Fourier transform. The image reconstructions shown in
Figs. 2(c) and 2(d) are obtained by computing the deriva-
tives of the field autocorrelation. The design with 2 slits,
respectively, horizontal and vertical, provides 4 indepen-
dent reconstructions, one for each slit extremity, and 4 twin
images. Notice that, next to the reconstructed object, each
slit end reconstructs also the other reference slit.

From Figs. 2(c) and 2(d) and the field autocorrelation,
we get insight into the x-ray intensity distribution on the
sample. In particular, the 4 independent reconstructions of
the object and the reference exhibit different contrasts,
higher for derivation along the horizontal than the vertical
slit. Moreover, the references are better illuminated
on their inner part (e.g., right side of horizontal slit).

This inhomogeneous contrast is attributed to the slightly
different patterns (slightly different widths) of the two
slits, and a decreasing x-ray intensity from the center to
the sample periphery. The object however is uniformly
illuminated.
In the reconstruction process the hologram was first

filtered to select the spatial frequencies with sufficient
SNR. A polynomial product was then applied in the
Fourier domain [19,20]. This operation, equivalent to a
directional derivative in the object space, facilitates differ-
entiation at arbitrary angles. The image quality was im-
proved by subpixel registration [23] and by averaging of the
4 individual complex-valued reconstructions to increase the
SNR [17]. Care was also taken to match a global phase
between the reconstructions to maximize the signal con-
structive interference. The final high quality reconstructed
image is shown in Fig. 3(a). Using a 10% to 90% edge
transition criterion on different edges of the object [see
Fig. 3(b) for a typical plot profile], we determined a spatial
resolution of 110 nm (�3:4�) for the single-shot image.
This is in good agreement with the SNR limitation of our
measurement at the high scattering angles. The equivalent
half period resolution of 110 nm corresponds to a maxi-
mum spatial frequency of 4:55 �m�1 in the hologram (i.e.
a half scattering angle of 144 mrad) above which the
scattered signal cannot be extracted due to the noise.
We have performed multishot reconstruction [Fig. 3(c)]

by accumulation of 10 shots of 20 fs duration each (the
x-ray CCD camera exposure was set to half a second)
[see recorded data on Fig. 3(d)]. This was possible because
the single-shot exposure is below the damage threshold of
the sample. We have estimated, with the multishot recon-
struction, the resolution limit given by the manufacturing
of the feature size of the reference structures. Using the
same resolution criteria as the single-shot we obtained
a resolution of 80 nm for the multishot reconstruction
[Fig. 3(c)]. Note that the holographic fringes are well
resolved and that the scattered signal is observed at a
spatial frequency up to 7:63 �m�1. This is above the
spatial frequency of 6:25 �m�1 (equivalent to 80 nm reso-
lution in the object plane). Practically, the manufacture
resolution limit can be estimated by calculating the point
spread function (PSF) of the reconstruction using the de-
rivative of the scanning electron micrograph (SEM) image
of the slit. This gives us an equivalent resolution limit of
80 nm that is the limit imposed by our HERALDO refer-
ence design. We conclude that the resolution for 10 shots
acquisition is limited by the slit width designed for the
single-shot experiment. But this setup is versatile so that,
beyond this experimental demonstration, the width of the
reference slit can be easily adjusted to various experimen-
tal requirements.
This work enables an efficient future use of holography

to capture snapshots of ultrafast phenomena at a nanometer
scale using harder x rays. This technique goes beyond the

FIG. 3 (color online). Modulus of the final reconstructed im-
age obtained by averaging the 4 independent reconstructions of
(a) single shot and (c) 10 shots acquisition. The scale bar is
200 nm and pixel size is 23 nm. (b) Plot profile of the single shot
(red line) and 10 shots (blue line) results showing, respectively, a
resolution of 105 and 74 nm. (d) Measured hologram of the 10
shots acquisition displayed in logarithmic scale on a 720� 720
pixels square which corresponds to 7:63 �m�1 maximum spatial
frequency.
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limitation imposed by conventional Fourier transform ho-
lography, in particular, because of the high signal contri-
bution of the reference and effective noise filtering (espe-
cially for Poisson limited data) from the reconstruction
procedure. The potential for this technique for higher
resolution lies in its ability to be scaled down to shorter
wavelength. Higher resolution can be obtained by using
crystal edges, carbon nanotubes, or metallic nanowires as
references to image viruses, cells or nanostructures. For
these configurations having a method that is robust against
reference defects and nonuniform illumination will be
crucial. Our results show that HERALDO has the required
robustness and gives good quality reconstructions under
significantly inhomogeneous reference illumination and
defects. Moreover, the combination of HERALDO with
the design of a very large scattering reference [19] could be
appropriately used to image weak scatterers such as bio-
molecules [24,25]. The single-shot demonstration of
HERALDO using a soft x-ray femtosecond source also
opens other possibilities. First, our femtosecond x-ray flash
can take a snapshot of the object before radiation damage
occurs. Second, dynamical imaging of nonreproducible
ultrafast phenomena at the nanoscale can be performed.
The noniterative and unambiguous image reconstruction
process makes HERALDO robust to capture space and
time amplitude and phase variations associated to complex
physical or biological processes. Investigation of ultrafast
phase transitions in mesoscopic systems, ultrafast spin
reversals of magnetic nanodomains, or large molecule
rearrangements in biological environments are some ex-
amples of accessible dynamics. Shorter HHG wavelength
down to the water window and magnetic L edges can be
used for such applications [26–28].
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