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ABSTRACT 

We demonstrate single-shot Fourier transform holography with a 7 µm diameter field of view and picosecond time 
resolution using a highly coherent ~5 ps pulse duration tabletop Ni-like molybdenum soft X-ray laser at 18.9 nm 
wavelength. The essentially full spatial coherence soft X-ray source with close to diffraction-limited divergence was 
implemented utilizing a dual-plasma amplifier scheme. The high flux illumination of ~ 2×1011 photons per pulse was split 
using a Fresnel zone plate to generate the object and reference beams creating high contrast Fourier transform holograms. 
The final image was numerically reconstructed by 2D Fourier transform. A minimum half-pitch spatial resolution of 62 
nm was obtained.  
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1. INTRODUCTION
Disciplines with high societal impact like material science, biology, medicine etc. relies on sophisticated imaging 
techniques for regular diagnostics and research.  In fact, the significant advances in high resolution imaging produced in 
the last decades had potentiated several aspects of these disciplines and opened new fields like for example those associated 
with nanotechnology.  To reach nanoscale spatial resolutions it is customary to utilize charged particles beams in electron 
and ion microscopes that are capable to produce astonishing high-resolution images reaching even the molecular scale.  
However, the utilization of charged particles sometimes makes this method unsuitable for some applications due to the 
interaction of the charged particles with the sample. 

Utilization of photons can overcome this limitation, offering also the possibility of ultrafast time resolution. Optical 
microscopy is directly associated with the advancement of science in the last centuries, and nowadays it is customary to 
use microscopes in almost all scientific disciplines.  In the optical realm, the achievable spatial resolution is directly 
proportional to the wavelength of the illumination.  Thus, one strategy to improve the resolution is to reduce the wavelength 
of the illumination and improve the resolution proportionally.  A particular spectral range well suited to image 
nanostructures is the extreme ultraviolet (EUV) and soft x-ray (SXR) region.  In this spectral range, there are available 
several accelerator-based national facilities1–4, as well as by more compact sources 5–10 capable to deliver enough photon 
flux to attempt high resolution images on nanoscale specimens efficiently. In particular, as discussed below, soft x-ray 
lasers produce a large number of photons in a single pulse of picosecond duration allowing for ultrafast single-shot imaging 
of dynamic phenomena in the nanoscale. 

The availability of these short wavelength sources motivated extensive work developing full field microscopes using zone 
plate (ZP) lenses. Of particular impact are the microscopes implemented with compact plasmas-based discharge 
pumped11,12 and laser-pumped13–15 EUV/SXR lasers, that achieved resolutions down to 38 nm resolution in transmission 
mode15 and 55 nm in reflection mode14. Also, stroboscopic imaging of oscillating magnetic probes in the EUV using ZPs 
was demonstrated with ~ 1ns temporal resolution and 54 nm spatial resolution using a 46.9 nm capillary discharge laser16. 
Instead of using ZP optics, an alternative approach very well adapter to the EUV is to eliminate optical components all 
together and measure the far field diffraction pattern of the object. This is the approach of Fourier transform holography 
(FTH)17 and coherent diffractive imaging (CDI)18. However, the absence of optics that gather the light into the image plane 
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imposes for these approaches the challenge to obtain enough flux to be able to record single-shot images with high spatial 
and temporal resolution12,16,19–24. 

The FTH hologram is recorded as the interference between the diffracted wave by the object and a point source reference 
wave. The image is then numerically reconstructed simply via a 2D Fast Fourier Transformation (FFT) of the hologram, 
making FTH an ideal method for high-resolution real-time imaging.  In FTH there are several factors that determine the 
spatial resolution and the field of view (FOV). In the reconstruction process, the image is obtained as the convolution of 
the object and the point source reference beams.  As such, the resolution in the reconstructed image depends on the size of 
the reference beam, this is how close the reference source is to a delta function-like reference. 

Requiring small size refence beam, imposes the immediate challenge in the fabrication technique to create a small pinhole 
aperture. In turn, a small pinhole restricts dramatically the intensity of the reference beam, producing interference fringes 
with very poor visibility if the object and reference beams have very dissimilar intensities. As a consequence, the low flux 
requires a long exposure time to increase the hologram signal-to-noise ratio (SNR). Anyway, there are some clever means 
to partially overcome this inconvenience. An alternative setup to improve the SNR is utilizing multiple reference sources, 
to extend the detection limit25. Replacing the reference pinhole with a uniformly redundant array also showed improvement 
in the resolutions to 44 nm26. On the other hand, to image a large object it is necessary to have a large FOV, which generates 
high spatial frequency fringes. Consequently, the numerical aperture and the detector’s pixel size limit the maximum 
spatial frequency that can be recorded and therefore sets a limit on the spatial resolution. Extended FOV FTH spanning 
180 μm has been demonstrated by applying spatial multiplexing using a filtered soft X-ray beam originating from an 
undulator source27. Such full-field of view imaging needs long exposure time and/or a large photon flux that is only 
achievable at synchrotrons and Free-Electron Lasers (FELs)28. 

Table-top EUV coherent sources have the unique advantage to enable a more readily access to experiments, as compared 
with large EUV time-shared facilities. The successful demonstration of an X-ray nanoscale imaging with high spatial and 
temporal resolution in a large FOV at table-top scale undoubtedly will provide an attractive tool that can have a significant 
impact. Such compact table-top system could use sources that include high harmonic generation (HHG) and plasma-based 
SXR lasers.  

With HHG CDI has been successfully demonstrated at table-top scale29,30 with a best resolution of 22 nm31, but in a single 
shot a resolution of 119 nm was reported [20]. FTH using a HHG source also been demonstrated with a resolution of 53 
nm32. However, the limited photon flux per-pulse of HHG sources requires long exposure times. For the same reason, the 
imaged area was limited to less than 9 square micrometers. Recently by increasing HHG repetition rate to 100 kHz, a half-
pitch resolution of 34 nm was obtained with a reduced exposure time of tens of seconds. In this case, the imaged object 
area was only 0.075 μm2.33  

Plasma-based SXR lasers provide a much larger number, ~1011, photons per-pulse, which in principle is a clear advantage 
over HHG sources for high temporal resolution (single-shot) FTH recording. SXR and EUV holograms have a very prolific 
history. The first hologram obtained with a plasma based SXR laser was a Gabor hologram34 more than 30 years ago. More 
recently a resolution of 87 nm has been obtained using a FTH setup with a FOV of 9 μm2.35 Using an EUV capillary 
discharge laser source operating at 46.9 nm wavelength a spatial resolution of 169 nm was obtained in a single laser pulse 
with temporal resolution of ≈1ns 21,36. Single-shot CDI with 180 nm resolution using an 18.9 nm Ni-like Mo SXR laser 
was also reported 37.  

In this work, we implemented a single-shot picosecond resolution FTH using a setup that a custom-made ZP with a central 
aperture that plays the role of a beam splitter, similar to the experimental setup used with a synchrotron source17.  The ZP 
generates both the point source for the reference source (third order focus) and the illuminating (central opening) beams. 
In contrast to FTH in which a pinhole produces a reference beam, this geometry increases by orders of magnitude the flux 
and therefore the area of the object that can be recorded by equalizing the intensities of the object and reference beams. 
Moreover, by employing a dual-plasma amplifier laser scheme the spatial coherence and beam divergence of the SXR 
lasers source are dramatically improved. A large number of coherent photons were concentrated on the ZP area generating 
high contrast holograms which is essential for single-shot large FOV FTH. A half-pitch resolution of up to 62 nm was 
achieved with single-shot SXR laser illumination, yielding a temporal resolution of 5 ps. The area imaged was 38.5 μm2 
i.e. near an order of magnitude larger than formerly reported experiments with SXR lasers35 and more than 500 times the
area in experiments using HHG sources33.
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2. EXPERIMENTAL SETUP

The experiment was conducted at Colorado State University’s ALEPH laser facility. A high quality SXR coherent beam 
is essential to demonstrate the ideal of large FOV FTH in a single shot. To improve the spatial coherent of the SXR laser 
source the self-seeded dual-plasma configuration38 was employed. Particularly two spatially separated plasma columns 
were pumped by two sets of beams coming from same laser with adequate delay intervals. The small cross-section area of 
the second plasma gain region acts as a spatial filter that filtering only small fraction of the amplified spontaneous emission 
from the first plasma amplifier. This filtered fraction, about 20 μm in diameter, has good wavefront and spatial coherent 
is going to be further amplified. We chose Ni-like Mo SXR laser as the source. The generated dual-plasma self-seeded 
SXR laser beam has a near-diffraction limited beam divergence of 0.66 mrad and nearly full transverse coherent with up 
to ~ 2×1011 photons per pulse at λ=18.9 nm39. The pulse duration of this type of Ni-like collisionally excited grazing 
incidence plasma-based SXR lasers was measured to be ~5 ps using a streak camera40. This highly coherent bright SXR 
beam was directed by a flat gold coated mirror at grazing incidence to the FTH experiment. 

Figure 1 shows the Fourier holography experiment setup. Ni-like Mo SXR laser illuminates a custom-made condenser ZP 
with a central aperture that plays the role of a beam splitter generating both the point reference source (third order focus) 
and the illuminating (central opening) beams. The SXR laser beam passes through the central aperture of the ZP and 
illuminates the object located in a downstream plane. The ZP focuses the remaining part of the beam into a small pinhole 
located in the same plane of the object creating the FTH reference beam. Here the pinhole is designed to block other 
diffraction orders of the ZP, while the spatial resolution defined by the ZP focal spot size. The scattered beam from the 
object and the reference beam interfere in a CCD camera that records the hologram. The size of the object hole and its 
distance from the reference hole was selected to assure the interference fringes are resolved at the CCD and there is no 
superposition between autocorrelation and cross correlation in the FFT reconstruction. 

The use of a ZP can gather a larger number of photos of the illuminating beam and better equalize the intensity between 
the object and the reference beams, which in turn overcomes the object size limitations in the mask-based FTH. Another 
advantage is the ZP design can be optimized to generate a tens of nanometer diameter focal spot. In contrast to FTH in 
which a pinhole produces a reference beam, this geometry increases by orders of magnitude the flux and therefore the area 
of the object that can be recorded. The ZP used in this experiment is an available ZP designed for 46.9 nm wavelength 
with self-standing structure that allows for maximum transparency of the SXR laser beam. It contains 623 self-standing 
zones with an outer diameter of 500 μm, an outer zone width of 200 nm and a center aperture of 30 μm. In this work we 
use the 3rd order of the ZP which gives a calculated spot size of 81 nm, a NA of 0.14 and a focal length of 1.78mm for 
λ=18.9 nm. By using a higher diffraction order, it is possible to achieve a smaller focal spot and larger NA, increasing the 
FTH resolution. 

Figure 1. Schematic setup of Fourier holography experiment. A zone plate is used as a beam splitter. The mask contains a 
hole to define the reference beam and a semitransparent area to support the sample. The hologram is recorded by a CCD 
camera. A zoomed-in inset shows the beam that illuminates the sample and the refence beam. 
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The object was placed at the focal distance of 1.78mm away from the ZP. The sample holder was implemented with a 50 
nm thick Si2N3 membrane with coatings to enhance the absorption. A 7 μm diameter object region was left without coating 
to preserve a region with higher transmission for the beam. The Ag nanowire samples, diameter varied from 180 nm to 
120 nm, are randomly spin coated over the region. Additionally, a 3 μm hole was defined in the membrane to allow for 
the passage of the reference beam produced by the focus of the ZP. The pinhole for the reference beam was located at 8 
μm from the center of the sample region. Figure 2 shows two samples images from Scanning electron microscope (SEM) 
that prepared for the experiment. The CCD camera with the pixel size of 13.5 µm and 2048 × 2048 pixels placed 50 mm 
away from the sample to capture the diffracted light.  

Figure. 2. SEM images of the two samples used in the experiment. Each sample consists of an opaque membrane with a 
7μm hole where silver nanowires were placed. The membrane contains a 3μm diameter hole for the reference beam 
separated by a center-to-center distance of ~8 µm. 

3. RESULTS
A typical single-shot hologram and its FFT reconstruction are shown in Figure 3. The raw hologram data was further 
processed to reduce the influence of the noise. An FFT of the data finally resulted in an image in the object at the plane of 
the ZP focus. By zooming in on the area of interest the nanowires are clearly visible. Figure 4 compares picosecond 
resolution single-shot images of two nanowire samples to those obtained from the same samples using a scanning electron 
microscope. 

Figure 3. (a) Typical single shot SXR laser Fourier holography image with a zoom of the fringe pattern. (b) The Fourier 
transform of the hologram with zoomed-in inset showing Ag nanowire object. 
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Figure 4. Electron microscope image (a), (c) and corresponding single shot holographic images (b), (d) of the silver 
nanowires over a 7 µm diameter hole. 

The 10% to 90% knife edge criterium was used to assess the spatial resolution. The reconstruction of the image is the 
results of the convolution of the object with a point source. Here we assume the source has a Gaussian with FWHM of 81 
nm. Convolving a Gaussian function with a step function, produces also a Gaussian profile. This Gaussian profile is the 
image that we can expect to obtain after the reconstruction from a hard-edge object.  The spatial spread for an 81nm 
FWHM Gaussian to rise from 10% to 90% of its peak value is Δx=58nm.  It is consistent with the experimental results we 
obtained of 62nm which shows in Figure 5 as a typical cross section image, corresponding to the small red segment of Ag 
nanowires indicated in Figure 4(b). 
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Figure 5. Characteristic 10% to 90% knife edge cut of the image showing a spatial resolution of 62 nm. 

The utilization of the ZP to implement the point reference source allowed for an extended field of view of 38.5 μm2. The 
imaged area could be further increased without sacrificing resolution by enlarging the high transmission area where the 
sample is located while maintaining its distance to the reference pinhole. This could be achieved using to a half doughnut 
shape instead of the circle. The area could also be enlarged by increasing the size of the central opening on the ZP, to 
create a larger illuminated area. Finally, since the reconstruction of the hologram produces an image of the object at the 
plane where the reference source is located, it would be possible to inspect the object at different planes along the optical 
axis by displacing the ZP, which will enable one to compose a tomography of the object. With the recent demonstration 
of sub 8 nm wavelength gain-saturated plasma-based table-top SXR laser10 it will be possible to further improve the 
resolutions both in time and space using compact table-top systems. 
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