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Abstract: It is challenging to obtain nanoscale resolution images in a single ultrafast shot
because a large number of photons, greater than 1011, are required in a single pulse of the
illuminating source. We demonstrate single-shot high resolution Fourier transform holography
over a broad 7 µm diameter field of view with ∼ 5 ps temporal resolution. The experiment used a
plasma-based soft X-ray laser operating at 18.9 nm wavelength with nearly full spatial coherence
and close to diffraction-limited divergence implemented utilizing a dual-plasma amplifier scheme.
A Fresnel zone plate with a central aperture is used to efficiently generate the object and reference
beams. Rapid numerical reconstruction by a 2D Fourier transform allows for real-time imaging.
A half-pitch spatial resolution of 62 nm was obtained. This single-shot nanoscale-resolution
imaging technique will allow for real-time ultrafast imaging of dynamic phenomena in compact
setups.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-resolution imaging techniques enable important applications in material science, biology
and medicine. The achievable spatial resolution, r, scales linearly with the incident wavelength λ,
and inversely with the numerical aperture of the optical system, NA, according to r = (k · λ)/NA,
where k is a factor that depends on the illumination [1]. Consequently, an approach to improve
the resolution is the use of shorter wavelengths. Particular interest is the range of extreme
ultraviolet (EUV) and soft X-ray (SXR) region where highly coherent beams are generated at
several accelerator-based national facilities [2–5], as well as by more compact sources [6–11].
Microscopes that combine zone plate (ZP) lenses with compact plasmas-based discharge pumped
[12,13] and laser-pumped [14–16] EUV/SXR lasers have produced images with up to 38 nm
resolution in transmission mode [16] and 55 nm in reflection mode [14]. Sequential EUV ZP
imaging of a magnetic probe oscillating at 318.6 kHz was demonstrated with ∼ 1 ns temporal
resolution and 54 nm spatial resolution using a 46.9 nm capillary discharge laser [17]. Alternative
it is possible to eliminate the need for optics by measuring the far field diffraction pattern of the
object. This is the approach of Fourier transform holography (FTH) [18] and coherent diffractive
imaging (CDI) [19]. However, a challenge is to be able to obtain single shot images with high
spatial and temporal resolution, a topic of high current interest particularly in SXR and XUV
spectra region [13,17,20–25].
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In CDI, the real-space image is retrieved from the coherent diffraction pattern of the object
alone. The phase of the object wave can be obtained by employing iterative phase retrieval. CDI
and the reconstruction require extensive computations that do not allow for real-time imaging. In
contrast, the FTH hologram is recorded as the interference between the diffracted wave by the
object and a known reference wave. The object can be numerically reconstructed in a fast, simple
and robust manner 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 play in determining the achievable spatial resolution and
the field of view (FOV). Since the image is the convolution of the object and reference waves,
high spatial resolution requires a delta function-like reference. This means the spatial resolution
is limited by the size of the reference point source, that in turn relies on the fabrication techniques
currently available to create a small pinhole aperture. However, a small pinhole decreases the
intensity of the reference beam due to its lower throughput. The immediate consequence is that
the reference and the object waves have very dissimilar intensities, producing interference fringes
with very poor visibility. At the same time, a long exposure time, is necessary to increase the
hologram signal-to-noise ratio (SNR). A resolution of ∼50 nm has been demonstrated using
a synchrotron X-ray beamline with typical exposure times of 10 s per frame [26]. A way to
improve the SNR is utilizing multiple reference sources, to extend the detection limit of FTH [27].
Replacing the reference pinhole with a uniformly redundant array also showed improvement
in the resolutions to 44 nm [28]. On the other hand, to image a large object it is necessary to
have a wide 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 source [29]. 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) [30].
The limited access to large-scale facilities is a powerful motivation to bring high-resolution

X-ray imaging to a table-top scale system. The successful demonstration of an X-ray nanoscale
imaging with high spatial and temporal resolution in a large FOV at table-top scale 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 scale [31,32] with a best resolution of 22 nm
[33], but in a single shot a resolution of 119 nm was reported [21]. FTH using a HHG source also
been demonstrated with a resolution of 53 nm [34]. 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. In 2018 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.
However, the imaged object area was only 0.075 µm2 [35].
In contrast, plasma-based SXR lasers have the advantage of a much larger number, ∼1011,

photons per-pulse, which makes it possible to demonstrate single-shot FTH. The first hologram
obtained with a plasma based SXR laser was a Gabor hologram [36]. More recently a resolution
of 87 nm has been obtained using a FTH setup with a FOV of 9 µm2 [37]. 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 [22,38]. Single-shot CDI
with 180 nm resolution using a 18.9 nm Ni-like Mo SXR laser was also reported [39].

In this work, we demonstrate 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. 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
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by equalizing the intensities of the object and reference beams. A similar experimental setup was
used before with a synchrotron source [18]. 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 lasers [37] and more than 500 times the area in experiments
using HHG sources [35]. Finally, mounting the ZP beam splitter and the object in separate
motorized high precision translation stages allowed for the inspection of the object at different
planes along the optical axis by displacing the point source reference plane.

2. Experimental setup

The experimental setup is illustrated in Fig. 1. A highly coherent Ni-like Molybdenum SXR
laser emitting at 18.9 nm wavelength illuminates a custom-made condenser ZP that is used as
a beam splitter. The use of a ZP serves two purposes. First, it gathers a larger fraction of the
illuminating beam to allow for a better intensity equalization between the object and the reference
beams, which in turn overcomes the object size limitations in the mask-based FTH. Second, by
tailoring the design of the ZP a tens of nanometer diameter focal point can be achieved. The
central aperture of the ZP allows the SXR laser beam to pass through and illuminates the object
area located in a downstream plane. The remaining part of the beam impinging the ZP is focused
into a small pinhole placed in the same plane as the object to create the reference beam for the
FTH. The scattered beam in the object and the reference beams interfere in a CCD camera that
records the hologram. Unlike in the mask-based FTH, where the resolution is limited by the
reference pinhole size, the spatial resolution in this setup is defined by the focal spot size of the
zone plate. The pinhole located in the object plane serves the only purpose to block the other
diffraction orders produced by the ZP that would blur the interference pattern. Thus, the size of
the pinhole is not the main factor that affects the resolution of the reconstruction. The distance
between the high transmission orifice where the sample is located and the pinhole that transmits
the refence point source was selected to assure that the interference fringes are resolved in the
image plane with a CCD with the pixel size of 13.5 µm. The size of the high transmission sample
hole was selected to assure that the autocorrelation of the object is not superposed with the cross
correlation when the FFT in performed in the reconstruction process.

The experiment used an available ZP originally designed and fabricated at Lawrence Berkeley
National Laboratory for 46.9 nm wavelength. Details of the fabrication process of the zone plate
can be found in Ref. [40]. The self-standing structure allows for maximum transparency of the
SXR laser beam. The ZP has 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. The focal spot size is directly related to the
Rayleigh resolution and gives an achievable resolution of 1.22∆r/norder, where ∆r is the outer
zone width and norder is the order number [1]. By using a higher diffraction order, it is possible
to achieve a smaller focal spot and larger NA, increasing the FTH resolution. 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 1.78 mm for λ=18.9 nm. However, the drawback of using a higher order is that the
diffraction efficiency of the ZP decreases with the order number. In a self-standing ZP, half the
incident light is lost due to absorption. The zero order has about 25% of the incident light, each
one of the 1st orders have around 10% of the light while the 3rd order encompasses around 1% of
the incident light [1]. The low diffraction efficiency at 3rd order is mitigated by using a coherent
SXR laser source with high photon flux, which is described below. Although the zone plate was
not optimized for 18.9 nm, it provides a reasonable alternative to create a bright point reference
source using the third order focal point.
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The ZP focal spot was positioned inside the pinhole in the sample mask using an actuator
driven 3-axis stage. The object was placed at the focal distance of 1.78mm away from the ZP,
supported by the same foil that contains the pinhole that is motorized by a 3-axis stage. The
sample holder was implemented with a 50 nm thick Si2N3 membrane coated with 5 nm Cr and
30 nm Au layers to enhance the absorption. A 7 µm diameter region was left without coating
to preserve a region with higher transmission (approximately 57%) for the 18.9 nm SXR laser
beam in which the sample is placed. Additionally, a 3 µm hole was defined in the membrane
to allow for the passage of the reference beam produced by the 3rd order focus of the ZP. The
pinhole for the reference beam was located at 8 µm from the center of the sample region. The
object consisted of an ensemble of Ag nanowires, diameter varied from 180 nm to 120 nm, that
were randomly placed over the high transmission orifice in the sample holder. A Ag nano-wire
suspension was spin coated on top of the sample holder membrane in such a way that nanowires

 

Fig. 1. (a) Schematic representation of the Fourier holography setup. 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 recording is performed with a CCD. (b) Zoom of the sample
plane showing beam that illuminates the sample and the refence beam.
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were randomly deposited over the 7 µm diameter high transmission region. Scanning electron
microscope (SEM) images of two samples prepared by this procedure are shown in Fig. 2. An
Andor X-ray CCD with an array size of 2048 × 2048, 13.5 µm square pixels was used to capture
the diffracted light downstream. The CCD was placed 50 mm away from the sample.

Fig. 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. Plasma based SXR laser illumination source with high spatial coherence

The implementation of soft X-ray FTH requires a coherent source. The plasma-based SXR lasers
operate in the amplified spontaneous emission (ASE) regime that typically produce beams with
insufficient spatial coherence for holography. For this reason, most of the holography experiments
reported used only a small fraction of the SXR laser beam, which significantly decreases the
photon flux and consequently limits the imaging area. To achieve near full spatial coherent SXR
laser beam necessary for holographic recording we choose the double plasma configuration first
demonstrated by M. Nishikino et al. [41]. With this particular configuration of two amplifiers,
a seeding plasma and an amplifier plasma column, we produced ∼ 2×1011 photons per shot
at λ=18.9 nm beam with practically full spatial coherence, that is suitable for single shot FTH
imaging.
The SXR laser scheme used in our work is shown schematically in Fig. 3. Two Mo slab

targets of the same length were located on the same axis and were pumped with similar laser
pulses. Each target was irradiated with a two pulse pump laser sequence from a Ti:sapphire laser
[42], which has the capability running at the repetition rate of up to 3.3Hz. Each pump pulse
sequence consisted of a 300 ps normal incidence pre-pulse that creates a plasma with a degree
of ionization close to Ni-like stage, followed by a 5 ps pulse impinging at a grazing incidence
of 22°. The short pulse rapidly heats the electrons to produce a transient population inversion
by collisional electron impact excitation. The short pulse pump beam was focused onto lines
of 15 µm width and 5.5mm length on each target. A step mirror set was used to generate a
traveling-wave excitation velocity of 1.0 c [11]. The seed and the amplifier plasma columns were
separated by 24.5 mm. This distance assures that only a small fraction of the seed wavefront
is further amplified in the second plasma. This results in a high spatial coherence amplified
beam due to the inherent spatial filtering exerted by the small cross-sectional area (∼20µm in
diameter) of the gain region. The two amplifier columns were pumped with an adequate delay
for the seed pulse to reach the amplifier column at the peak of the gain. The SXR laser beam was
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finally filtered with Al foils to avoid saturating the detector and to eliminate visible plasma light.
An X-ray CCD camera placed 815 mm away from the amplifier plasma recorded the SXR laser
far-field pattern which was integrated to measure the pulse energy.

Fig. 3. Schematic depiction of the two-plasma self-seeded SXR laser amplifier setup for the
generation of a beam with nearly full spatial coherence. The small cross section of the gain
region in the amplifier plasma acts like a spatial filter ensuring the full spatial coherence
of the seed pulses. Each plasma is pumped by a sequence of a 300 ps normal incidence
pre-pulse followed by a 5 ps main pulse at 22° gracing incidence.

Figure 4 compares typical far-field patterns corresponding to the unseeded and the seeded
Ni-like Mo 18.9 nm SXR lasers. The SXR laser beam from the first plasma amplifier shows a
typical divergence of 5 mrad. In contrast, the dual-plasma self-seeded SXR laser yields a beam
characterized by a small near-diffraction limited 0.66 mrad full width at half maximum (FWHM)
divergence.

Fig. 4. Unseeded (a) and seeded (b) Ni-like Mo 18.9 nm SXR laser far field patterns. The
pseudo-color scales of the two images shows the intensity of seeded beam is several times
larger than that of the unseeded beam.

A Young’s double-slit experiment was conducted to evaluate the transverse coherence of the
two-stage SXR laser. A mask with 10 µm wide double slits separated by 50 µm was inserted 145
mm away from exit of the plasma amplifier, covering most of the beam. The interference fringe
pattern was recorded by a CCD. Figure 5 shows a typical interference image for the seed SXR



Research Article Vol. 28, No. 24 / 23 November 2020 / Optics Express 35904

laser beam. The high visibility of the interference fringes is an indication of a practically fully
transverse coherent beam [43].

Fig. 5. Interference pattern of 18.9 nm beam from the dual-plasma SXR laser showing near
full spatial coherence.

The typical linewidth of the transient collisional Ni-like Mo 18.9 nm laser was previously
measured to be∆λ/λ ≈ 1.3×10−5 [44], corresponding to a temporal coherence length of∼ 640 µm.
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 camera [45]. The pulse energy of the seeded
amplified was measured to be about 10 µJ. This highly coherent bright SXR laser was directed
toward the ZP by a flat gold coated mirror at grazing incidence. The distance between the SXR
laser source and the ZP was set to be 815mm such that the seeded beam expands sufficiently to
cover the entire ZP.

4. Results and discussion

A typical recorded hologram is shown in Fig. 6. The hologram was digitally multiplied by a
mask to zero out the regions outside the zone with interference fringes to reduce the influence of
noise. An FFT of the data finally resulted in an image of the object at the plane of the ZP third
order focus. Figure 7 compares picosecond resolution single-shot images of nanowire ensembles
to those obtained from the same samples using a scanning electron microscope.
A typical cross section of the top image is shown in Fig. 8, corresponding to the small red

segment of a 135 nm diameter Ag nanowire indicated in Fig. 7(b). The resolution is measured to
be 62 nm using the 10% to 90% knife edge criterion [1].
To assess the spatial resolution, we used the 10% to 90% knife edge criterium. Considering

that the reconstruction of the image is produced by a 2D FFT operation, the image is the result of
the convolution of the object with a point source that in our case we assumed to be Gaussian with
a FWHM=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 81 nm FWHM Gaussian to rise from 10% to
90% of its peak value is ∆x=58 nm which is consistent with the experimental results we obtained
(62 nm).

The utilization of the ZP to create a more intense point reference source allowed for a
comparatively large field of view of 38.5 µm2. The imaged area could be further increased
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Fig. 6. Typical single shot SXR laser Fourier holography image with a zoom of the fringe
pattern.

Fig. 7. Electron microscope image (a), (c) and corresponding single shot holographic
images (b), (d) of the silver nanowires over a 7 µm diameter hole.
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Fig. 8. Characteristic 10% to 90% knife edge cut of the image showing a spatial resolution
of 62 nm. The blue line is polynomial fit to the data.

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 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.

5. Conclusion

We demonstrated single-shot FTH with ∼ 5 ps temporal resolution and up to 62 nm spatial
resolution using a highly coherent seeded plasma-based 18.9 nm SXR laser. The field of view
achieved covers an area of 38.5 µm2 that is significantly larger than that of previous experiments.
With the recent demonstration of sub 8 nm wavelength gain-saturated plasma-based table-top
SXR laser [11] it will be possible to further improve the resolutions both in time and space using
compact table-top systems. The single shot capability and rapid FFT reconstruction will allow
the real-time recording of ultrafast dynamic phenomena at the table-top scale.
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