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Abstract. We demonstrate an x-ray imaging method that combines
Fourier transform holography with tomography (‘tomoholography’) for three-
dimensional (3D) microscopic imaging. A 3D image of a diatom shell with a
spatial resolution of 140 nm is presented. The experiment is realized by using a
small gold sphere as the reference wave source for holographic imaging. This
setup allows us to rotate the sample and to collect a number of 2D projections
for tomography.
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1. Introduction

The determination of the three-dimensional (3D) structure of samples is of much interest in
various scientific areas. It can give insights into physical, chemical and biological processes
and their functionality. Soft x-rays produced at synchrotron radiation sources are a versatile
tomographic probe for micron-sized samples because they allow for sub-xm resolution imaging
and have a penetration depth of the order of 1 um, and because the tunability of the photon
energy provides chemical sensitivity. As most objects show sufficient contrast using soft
X-rays, it is not necessary to use staining procedures. High-resolution x-ray imaging has a broad
range of applications in biology and physics. For example, it is widely used to determine the
organization and function of inner-cell compartments and image magnetic processes in solid-
state physics [1-4].

The recording of a 3D tomogram requires rotation of the sample to collect a dataset of
2D projections under different angles. The projections are assembled to a 3D image of the
object using an inverse Radon transformation. In the soft x-ray regime, two methods have
been commonly used in 3D imaging: x-ray transmission microscopy and, more recently, X-ray
diffraction microscopy. The first approach uses Fresnel zone plates to focus the light scattered
by the sample [5, 6], and a change in the optical setup allows a range of contrast mechanisms
to be utilized, for example, bright-field contrast, Zernicke phase contrast or differential
interference contrast [7, 8]. In contrast, x-ray diffraction microscopy works with a lensless
setup recording the coherent diffraction pattern of a sample instead of a real-space image. The
image is reconstructed using iterative algorithms together with a priori information such as
the confinement of the sample to a finite area [9, 10]. In contrast to x-ray microscopy, no
aberrations from optical elements are present. On the other hand, convergence of the phase
retrieval algorithm to the true solution is not guaranteed in all cases.

Our objective is to demonstrate the feasibility of using tomoholography to obtain a 3D
tomographic image reconstruction on the basis of 2D projections gained by Fourier transform
holography (FTH). In principle, holography can be used to obtain 3D information on a sample
from a single view. But the weak coherent scattering at large angles in the x-ray regimes makes it
difficult to realize a high numerical aperture (NA) and a corresponding small depth-of-field [11].

FTH is a well-established imaging method allowing for an unambiguous solution of the
phase problem via interference with a reference wave. Applications of FTH in the soft x-ray
regime have been demonstrated, in particular for 2D imaging of magnetic as well as biological
samples [3, 4, 12-16]. Similar to x-ray diffraction microscopy, a coherent diffraction pattern
of the object is collected in the far-field region. The hologram is formed by the interference
of the object wave with a known reference wave, which encodes the phase information as

New Journal of Physics 14 (2012) 013022 (http://www.njp.org/)


http://www.njp.org/

3 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

modulation of the intensity. Hence, the phase problem can be solved non-iteratively by a single
Fourier transform of the hologram, which yields the unambiguous reconstruction of the object
exit wave. Usually an FTH geometry in the soft x-ray regime is realized using a transparent
support membrane covered with an approximatively 1 um thick gold film acting as an opaque
mask. An object aperture where the sample is deposited and a small pinhole (reference hole),
which creates the reference wave, are fabricated by removing the gold film at these positions.
As the reconstruction is formed by the convolution of the object exit wave with the reference
exit wave, the size of the reference wave source, i.e. of the pinhole, limits the achievable
spatial resolution [3, 17]. In FTH only simple optical elements are needed, avoiding any lens
aberrations. Additionally, holography records the complex exit wave of the object; therefore
it can be used a posteriori to calculate several contrast mechanisms used in microscopy (e.g.
Zernicke phase contrast and differential interference contrast) [13].

With mask-based FTH it is not possible to rotate the sample to collect various angular
positions for a tomographic dataset as the reference pinhole transmission is blocked at small
angles due to the high aspect ratio of the reference hole, which is typically of the order of 1:10.
Conic reference holes can increase the accessible rotation angle but may lead to an increased
effective reference size due to x-ray transmission around the hole apex.

Due to Babinet’s principle, a transparent membrane can be used instead of an opaque
holographic mask. On this membrane the object as well as a point-like scatterer are placed and
the interference between both structures forms the hologram [18]. The setup allows the rotation
of the sample without blocking the reference wave and without deteriorating the resolution. As
the test object we image a single shell of a diatom using a small gold sphere as the reference
wave source. Diatoms are algae that are commonly found all over the world in sea water as
well as fresh water. The complex structure of their shell and its biomineralization are of interest
for biomimetic approaches in nanotechnology. Here, the intricate diatom shell serves as the test
object for our proof-of-principle experiment.

2. Methods

The FTH geometry is sketched in figure 1: a single diatomic shell is prepared in the center
of a transparent silicon nitride membrane (1 x 1 mm?) carried by a silicon wafer. A gold
sphere with a diameter of 250 nm is placed close to the sample (distance 20 wm). During
preparation a micromanipulator moves the diatom and gold sphere to the correct positions.
The experiment is performed at the BESSY II U41-PGM beamline with a wavelength of
A =2.53nm at a wavelength resolution of ﬁ ~ 3000. The size of the x-ray probe is defined
by a 39.5 um diameter pinhole placed 66 cm upstream of the sample. The pinhole produces an
Airy disc of ~100 um at the sample position and is chosen such that the illumination function
over the diatom and the gold reference is almost flat. Two guard pinholes remove the higher
order diffraction of the primary pinhole. The monochromatized and spatially filtered x-ray
beam provides sufficient lateral and longitudinal coherence to record holograms with high-
contrast modulations. The sample is mounted on an xyzg-manipulator and the distance of the
last guard pinhole from the sample allows for a rotation of the specimen orthogonal to the
beam axis. As FTH reconstruction generates a focused image in the reference-source plane
perpendicular to the x-ray beam, the sample is mounted such that the object-reference axis is
collinear to the rotational axis [19]. This keeps the sample in the reference plane for all angular
positions.
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Figure 1. Scheme of the experiment setup. The sample on a rotation stage is
coherently illuminated by an Airy disc which is produced by a pinhole placed
upstream. Higher-order diffraction from the first pinhole is blocked using two
guard pinholes between the primary pinhole and the sample. A charged coupled
device (CCD) camera detects the hologram. The inset shows a light micrograph
of the sample and the gold sphere.

The holograms are recorded using a charged coupled device (CCD) camera (Princeton
Instruments PI-MTE, 2048 x 2048 pixels, pixel size 13.5 um) which is located 79 cm
downstream of the sample. The distance between the sample and CCD camera is chosen such
that the camera can sample the shortest-period modulations in the hologram, generated by the
interference of the waves emerging from the object and the gold sphere. The corresponding
depth-of-field (d = 21\;\7 =4.1 um) exceeds the projected height of our object and is hence
fulfilling the projection condition. A beamstop blocks the central part of the hologram in order

to use the limited dynamic range of the CCD for high-momentum-transfer information.

3. Results and discussion

In total, 47 holograms are recorded from ¢ = —60° to +55° in 2.5° steps, with 0° referring
to normal incidence. The exposure time of each hologram ranges 80s to 400 s depending on
the angular position and incident photon flux. The maximum tilt angles are limited by the size
of the silicon nitride membrane, and the illuminating Airy disc, as higher angular positions
result in strong diffraction from the silicon wafer facets surrounding the membrane which
deteriorates the hologram. Before image reconstruction, an inverse Gaussian filter is applied to
the hologram in order to suppress reconstruction artifacts from the sharp edges of the beamstop
shadow. Additionally, the hologram is zeropadded, resulting in 36 x 36 nm? pixel size in the
projection images and 36 x 36 x 36 nm® voxel size in the 3D reconstruction. In figure 2 we
show a representative hologram of the sample and the corresponding 2D reconstruction of the
diatom at 0° tilt angle. The object-reference modulations are clearly visible, indicating sufficient
coherence and adequate sampling even for high scattering vectors.

The resulting reconstructions have a lateral resolution of 130 nm (Rayleigh criterion) which
is limited by the size of the gold sphere. The diatom appears as a bright object on a dark
background although the object is absorbing x-rays more strongly than the nearly transparent
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Figure 2. (a) Hologram (logarithmic intensity) of the sample at an angular
position of 0°. The modulation between the object and reference waves is clearly
visible in the insets (b) and (c) even for high scattering vectors, indicating
sufficient coherence. The real-space reconstruction (d) of the hologram has a
lateral resolution of 130 nm.

silicon nitride membrane. The reason for this contrast inversion is found in the absorptive
character of the reference object.

On the basis of all 47 projections of the diatom the IMOD software package is applied for
tomographic image reconstruction and for visualization [20]. The pores of the shell are used to
determine the exact angular position and the axis of rotation of each projection. The additional
introduction of fiducial markers into the sample is not necessary. The tomogram is calculated by
weighted filtered back-projection. In figure 3, we present two slices of the tomographic back-
projection of the diatom and a 3D rendered model of the surface. The shell of the diatom has a
height of 1.3 um and and a diameter of 9.5 um. It is shaped rather like a soup bowl than a flat
disc, which cannot be visualized by a single 2D projection. The shape is typical of diatoms of
the genus Stephanodiscus and Cyclostephanos. The resolution of the tomogram was determined
to be 140 nm by using Fourier shell correlation [21]. Movies showing virtual slices through the
tomogram and a surface rendering of the diatom can be found in the supplementary material
(online supplementary data available from stacks.iop.org/NJP/14/013022/mmedia.

Previous attempts at tomographic holography have applied either massive reference
structures [22] or an in-line geometry [23]. But it is our approach of using a point-like scatterer
in rigid FTH geometry that combines the stability, simplicity and flexibility of holographic
imaging with a spatial resolution that is common in the established tomographic x-ray imaging
methods. The approach can be used to image a large variety of objects as long as they
can be placed on a support membrane. Higher spatial resolution can be achieved in future
by the arrangement of one or more smaller gold spheres or by growing small platinum dots,
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Figure 3. Two slices from the tomogram of the diatom: (a) top view and (b) side
view. The resolution of the tomogram was determined to be 140 nm by using
Fourier shell correlation. On the basis of the tomographic reconstruction, a
3D model of the shell was rendered (c). The arrows at each view indicate the
position of the respective other slice.

e.g. by using focused ion beam technology. We expect that both types of reference structures can
push the resolution below 50 nm if the incoming coherent photon flux is high enough to collect
data at correspondingly high scattering vectors (as is already the case for the dataset presented
here; see the inset of figure 2). We note that the approach can also be adapted for experiments
on biomolecules at free-electron lasers (FEL). A small gold sphere could be connected to
e.g. a protein complex via a DNA strand using biochemical linkers. This complex could be
injected into the FEL beam by using a droplet source [24]. The holograms recorded at random
projection directions would be assembled with approaches similar to those currently under
development for coherent diffraction imaging [25].

4. Summary

We demonstrate the possibility of using a small reference scatterer in order to perform
x-ray tomoholography. On the basis of 47 2D projections, we are able to reconstruct a 3D
model of a diatomic shell with a spatial resolution of 140 nm. We anticipate that sub-50-nm
resolution is achievable using smaller reference structures. Future high-resolution experiments
may employ biochemically linked object-reference structures instead of arrangements on a
support membrane.
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