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The characterisation of fast phenomena, exhibiting ve-
locities of metres per second and more, occurring in
opaque samples requires adequate X-ray imaging meth-
ods for revealing such structures in their natural state.
Fast processes are often stochastic in nature and occur in
many key technologies such as additive manufacturing
or micro-fluidics, e.g. turbulent cavitations or shock-
wave propagation. Due to the complexity of such struc-
tures and the speed of the dynamic processes involved,
it is necessary to collect 3D structural information for
each relevant point in time. Sensitivity to small density
differences in a sample can be greatly enhanced, espe-
cially for soft matter, by exploiting the phase-contrast
modality. In this work, we demonstrate a combination
of X-ray stereography and differential phase contrast mi-
croscopy with a single-shot (i.e. single exposure) acqui-
sition, paving the way to 3D movies by using sequential
"shots" to each collect 3D information. We show that
we can successfully recover the 3D phase volume of
a phantom object using two simultaneously recorded,
stereographic X-ray views. The proposed method is ex-
tendable to more than two angular projections and has
great potential for applications at megahertz X-ray Free
Electron Lasers (XFELs), where velocities of up to kilo-
metres per second can be temporally resolved. © 2022
Optica Publishing Group
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Multi-projection X-ray microscopy methods provide impor-
tant technological advancements for the visualisation of fast
stochastic processes. Samples can be statically placed into the
X-ray probes and volume information can be obtained by si-
multaneous multi-projection (so called "single-shot") acquisition
without the need for scanning. In the hard X-ray regime, ob-
taining multiple projections simultaneously can be achieved by
employing crystal beam splitters. These optical elements split
the primary beam and generate multiple probes at different an-
gles. When the sample is inserted into the beam just downstream
of the splitter, it is illuminated from multiple different directions,
providing access to 3D information from a single-shot expo-
sure. Recently, various beam-splitting schemes working with
monochromatic or broad band X-ray beams have been proposed
and experimentally demonstrated at synchrotrons using Laue or
Bragg geometry to generate multiple simultaneous X-ray probes
[1-4]. Such approaches enable the simultaneous exposure of
multiple angular projections, for example, by a single pulse
at XFEL sources. The use of megahertz XFEL sources opens
up the possibility of breaking the current technological record-
ing speed barrier of standard tomographic methods, where the
world record of tomographic frames per second (tfps) reported
so far is 208 [5]. Further increase of tfps is not only challeng-
ing from the technological point of view but also affects the
dynamics of the samples due to the strong centrifugal forces
induced by fast sample rotation. Therefore, the kHz up to MHz
sampling regime is not accessible by standard X-ray computed
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tomography. The contrast mechanism commonly used in X-ray
multi-projection imaging to date is predominantly propagation-
based full-field X-ray microscopy based on Fresnel diffraction.
It is sensitive to sharp transitions in density, e.g. at the object
boundaries, which are consequently rendered with high con-
trast. However, propagation-based phase contrast is not very
sensitive to smooth density variations in a sample. In many
fast processes, such as shock wave propagation or mixing of
the fluids, smooth density gradients propagating at high veloci-
ties are present. Differential phase-contrast methods, however,
which sense the first derivative of the phase, are highly sensitive
to such smooth density gradients. Many of them are based on
phase modulators and can be made compatible with single-shot
acquisition. Among the many deterministic differential phase
methods in the hard X-ray region, the most practical ones are
based on periodic [6, 7] or random phase modulators [8, 9]. One
of the most successful methods sensitive to density gradients is
X-ray grating interferometry [10, 11], which has found broad ap-
plication. The periodic phase gratings required for this method
can be fabricated from low absorbing materials such as diamond
with high precision [12] and can withstand the high photon flu-
ence at XFEL sources. Several methods to obtain single-shot
X-ray grating interferometry with a single phase grating have
been demonstrated over the past years for high resolution phase
microscopy and coherent probe characterisation [6, 7, 13, 14].
In this work, we combine multi-projection microscopy (in this
case stereography) and single phase-grating interferometry to
demonstrate, on a static phantom object, the feasibility of single-
exposure, stereographic X-ray phase imaging. We propose that
this method can be applied at megahertz XFEL sources where it
will enable 4D (volume in time) visualisation of fast stochastic
processes with enhanced constrast for the detection of smooth
density gradients with sampling rates up to several MHz [15].
Our experiments were carried out at the Diamond Light
Source (UK) high-coherence beamline 113-1 [16]. The photon
energy was set to 12.6 keV using a horizontal two-bounce Si
111 monochromator. A linear diamond phase grating with pitch
of 4 pm and structure height of 3.8 um was placed in front of
the thin Si 001 oriented crystal splitter. The diffraction vector of
the phase grating was oriented in the vertical direction, perpen-
dicular to the diffraction plane of the splitter, to avoid Fourier
filtering of the diffracted waves from the grating. The splitter
was a mono-crystalline membrane 30 pum thickness and with
an effective area of 5 mm x 5 mm. It was produced in the labo-
ratories of INFN-Ferrara (Italy) by anisotropic etching of a 500
pm thick wafer resulting in a thin membrane sustained by a
frame. The main face and the sides have crystallographic ori-
entations of (100), (010) and (001), respectively. X-rays passing
through a mono-crystal generate a diffracted beam for each lat-
tice plane positioned at the Bragg diffraction condition. The
rules of symmetry for families of planes can be exploited for
selecting multiple planes that diffract at the same Bragg angle
for a specific photon energy to generate a plurality of virtually
identical beams. The 113 family of planes was used in this exper-
iment, and in particular the specular 113 and 1-1-3 planes. They
present an asymmetry angle of 17.55° relative to the 100 direc-
tion (beam direction) and a rotation angle by 18.4° relative to the
001 direction. Therefore, the splitter was rotated of 18.4° around
the optical axis so that the two diffracted beams remain in the
horizontal diffraction plane (Fig. 1). The sample was placed
just after the splitter in the beam overlap region, illuminating
sample simultaneously by the two diffracted beams separated
by an angle of 70.2°. The direct transmitted beam was not used
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Fig. 1. Schematic representation of the proposed stereographic
X-ray phase imaging method using a single phase grating
made from diamond and a Si 001 crystal splitter. The crystal
beam-splitter generates two identical X-ray beams using the
113 and 1-1-3 diffraction planes. The sample is placed in the
overlap region of the beams just after the splitter and two

self images are generated simultaneously at the position of
two detectors, allowing for access to the phase gradient of the
sample under two angular views. The angle between the two
diffracted beams is 70.2°.

in this case. The sample consisted of soda lime glass spheres
with a diameter of 100 pm glued onto a bundle of carbon fibres.
Two simultaneous X-ray interferograms were generated at the
imaging planes of the high-resolution X-ray microscopes. The
projection interferometric images of the sample were simultane-
ously recorded by two high-resolution indirect-detection X-ray
microscopes. Each microscope was composed of a scintillator
coupled via a diffraction-limited optical microscope to a CCD
detector (PCO4000, 4008 pixel x 2672 pixel, 9 pm pixel size). A
total magnification of 20x was used in the experiment, providing
an effective pixel size of 0.45 pm. An exposure time of 5s was
used. Photograph of the experimental setup is shown in Fig. 2.

The recorded interferograms were processed using the
Fourier method [17, 18] for extracting differential phase, fol-
lowed by integration to obtain the phase maps. The results
are shown in Fig. 3. The phase profiles obtained from the two
branches match well with the theoretical phase profiles of lime
glass spheres.

Further, we performed the 3D reconstruction of the sample
using stereography point-based technique [19-21]. This method
relies on identifying low-level primitives and points, and match-
ing them on the multi-view images. As an example, it is possible
to fit circles to the borders of the projections of the soda lime
grass spheres, thus finding the positions of their centers. At this
point, we can solve the problem with ray-tracing. We consider
the beam parallel with Z along the beam direction, Y vertical
(direction of gravity), X horizontal, 1 and 2 being the two pro-
jections. With the beam parallel, we can solve the problem
plane-by-plane, working on parallel XZ planes and considering
Y identical for each corresponding sphere of the two projections
Y = Y1 = Y2, except for a constant Y translation between the
two images. We also know that the angles between the two pro-
jections is 70.2° and the inclination angle of the two projections
with the direct beam (Z direction) are 35.1° and -35.1°. This is
also the inclination angle of the line that connects the centre of
each projection to the corresponding centre of the sample sphere.
The position of the sample sphere is the point where the two
lines crossing each projection superimpose. The equations of the



Fig. 2. Experimental configuration of the setup during the experiment at Diamond 113 coherence branch beamline. An overview of
the entire setup with zoom on splitter and the sample, including the two detectors on the left and the beam splitter in the center.
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Fig. 3. (al, all) Absorption images for branch 1 and 2 obtained with the grating-based approach (bl, bIl) Interferogram recorded
for the black rectangle shown in panels (al) and (all), respectively for branch 1 (bI) and branch 2 (bII). (cI, cII) Differential phase
reconstructed from the interferograms in the region of the black rectangle shown in panels (al) and (all), respectively for branch 1
(cI) and branch 2 (cII). (dI, dII) Comparison of the extracted differential phase, integrated phase and theoretically expected phase of
the lime-glass spheres with a diameter of 100 pm including tolerance given by the manufacturer. The experimental plots represent
an average over the columns in the red rectangles in panels (cI) and (cII).
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Fig. 4. 3D reconstruction of the sample achieved by stereog-
raphy through point-based technique from the two stereo-
graphic projections at angles +35.1° and -35.1°. The soda-lime
glass spheres are well distinguishable, as well as the structure
of the carbon fibre thread, composed of a multitude of micro-
metric fibres.

lines are:

Xi=k-Z1+ Xqp 1)
Xy = kz - 2o+ Xp, (2)
where k; = 0.7028 and ky = —0.7028 Naming Xp; and Xp» the

X positions of the centre of the projections of the sphere in the
plane of the detector 1 and 2 respectively:

X1o = Xp1/cos(angle) (3)
X = Xpp/cos(—angle) = Xy /cos(angle) 4)

Thus we can solve the system of equation for their crossing point

X =X =X )

7 =Ty ©)

Z = (Xo0 — X10)/ (k1 — k2) @)
X = Xy = ki - Zy + Xyg @®)

The system is solved except for an X and Z translation. This
system of equations can be applied to any point of the projections
in order to attain the centres of all the soda lime glass spheres.
The same procedure can be employed for the carbon fibres that
holds the spheres by finding corresponding points in the two
projections. The result is a weak solution of the system, which
is usually the starting point for further refinement through the
statistical methods, which was not performed in this work.

In summary, we have successfully demonstrated the combi-
nation of phase imaging using grating interferometry and stere-
ographic image acquisition providing a single shot approach.
From the simultaneously recorded interferograms, the phase in-
formation was recovered and the 3D information was accurately
obtained as well. We propose the application of this method
for stereographic or multi-projection microscopy at megahertz
XFEL sources for the visualisation of phenomena such as liquid
mixing or shock-wave propagation. It should be noted that the
proposed method has limitations that need to be addressed and
investigated in order to achieve a practical implementation at

XFEL sources. The most significant is the photon energy accep-
tance of the splitter crystal, which limits the spectral bandwidth
of the diffracted beams and can even lead to a fixed photon
energy in case of multi-wave excitations. However, this issue
could be removed by employing other splitter schemes that are
tuneable in energy. Furthermore, the throughput of such devices
can be optimised using, e.g. seeded SASE beams rather than a
regular, SASE XFEL beam.
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