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High-brilliance x-ray sources (x-ray free-electron lasers or
diffraction-limited storage rings) allow the visualization of
ultrafast processes in a 2D manner using single exposures.
Current 3D approaches scan the sample using multiple expo-
sures, and hence they are not compatible with single-shot
acquisitions. Here we propose and verify experimentally an
x-ray multi-projection imaging approach, which uses a crystal
to simultaneously acquire nine angularly resolved projections
with a single x-ray exposure. When implemented at high-
brilliance sources, this approach can provide volumetric
information of natural processes and non-reproducible
samples in the micrometer to nanometer resolution range,
and resolve timescales from microseconds down to femto-
seconds. © 2018 Optical Society of America under the terms of
the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.5.001521

Since their discovery, hard x rays have been crucial in the natural
sciences because of their penetration power and short wavelength,
which allows high-resolution imaging of thick samples, even in
native conditions. Among the currently used x-ray imaging tech-
niques, phase-contrast methods enhance the contrast sensitivity
by exploiting the phase shift due to variations in the electron den-
sity, rather than the intensity attenuation characteristic of radio-
graphic approaches [1]. Coherent techniques, which exploit phase
contrast, are regarded as the most suitable to achieve high reso-
lution [2], in that they can address micrometer to nanometer
scales. Because the high brilliance is the key parameter for coher-
ent techniques, their advent coincided with the realization of
third-generation synchrotron light sources. Novel x-ray sources
with orders of magnitude higher brilliance, such as diffraction-
limited storage rings [3] and x-ray free-electron lasers (XFELs)
[4-0], enlarge the spectrum of coherent applications, especially
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addressing shorter timescales [7,8]. XFELs, in particular, provide
ultra-intense femtosecond pulses, which can image samples before
inducing any radiation damage [9]. This concept, known as
diffract before destroy, was demonstrated experimentally [10] by
reconstructing an object from an x-ray pulse, but before it
Coulomb explodes. The resolution and contrast sensitivity are
limited by the number of photons available in a single pulse,
and not by the maximum tolerable dose that preserves a given
resolution [11], as is the case for continuous sample illumination.
As a consequence, any method that requires multiple exposures of
the same sample, including three-dimensional (3D) techniques
such as tomography [12,13] and confocal microscopy [14], or
any scanning technique cannot be applied. Thus, XFEL applica-
tions aiming at 3D structural information, which deliver a high
dose, either require imaging of several identical copies of the
object [15] or are restricted to retrieving partial information from
a single exposure [16], as desired in ankylography [17].

Here we propose a scheme christened x-ray multi-projection
imaging (XMPI), which provides 3D structural information via
multiple 2D projections at different tomographic angles acquired
simultaneously from the same object. The key component of
XMPI is a beam splitter that generates a number of beams by Laue
diffraction, which illuminate a sample simultaneously from differ-
ent angles. Each of these beams retains the corresponding projec-
tion information. This idea was proposed in 1994 for the soft
x-ray regime [18] using a phase-grating splitter. In the hard x-ray
regime under consideration, however, suitable gratings are unre-
alistic; for example, the grating pitch required to achieve a deflec-
tion for the first diffracted order of 20° for 4 keV photons would
be 8.5 A, which is too small for presently known manufacturing
methods. In contrast, Laue diffracted beams are much more suit-
able because the deflection angles reach tens of degrees, making
them compatible with the requirement for true tomographic
projections. In a general case, the Laue condition can be achieved
simultaneously for two different reflections by appropriately
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Fig. 1. Beam splitter. (a) Illustration of the eight reflections in recip-
rocal space of the {113}-family of a face-centered cubic crystal. The
dotted-dashed curve represents the intersection between the Ewald
sphere and the / = 1 plane. The sample is positioned downstream from
the crystal to be illuminated by all the generated beams. (b) Image of the
direct beam and of the eight diffracted beams on a phosphor screen, gen-
erated from a single incoming beam traversing a 100 pm thick Si(001)
crystal perpendicular to the (001) surface. (c) Representation of the re-
quirement of the maximum distance L from the crystal beam splitter
surface to the sample such that the latter is illuminated by both the direct
and the diffracted beams. The relevant parameters are the diameter of the
direct beam S, the transverse extension of the sample 7, and the deflection

angle 26 of the diffracted beam.

orienting the crystal [19]. This number can be increased by
exploiting symmetries of the crystal lattice, setting the x-ray en-
ergy to specific values, and positioning the crystal so that several
reflections sit simultaneously on the Ewald sphere. Figure 1(a)
illustrates the generation of eight deflected beams by the {113}-
family of Laue reflections of a face-centered cubic crystal, such as
diamond or silicon. The incoming beam direction, defined by its
momentum vector £, is set parallel to a high-symmetry axis,
corresponding to the (001)-reflection direction in the depicted
example. All reflections related by a rotation around the symmetry
axis, e.g., corresponding to {113}-family, form identical angles
7/2 - 0 with respect to the incoming beam direction and share
the same reflection plane spacing 4. The Laue condition for the
wavelength 4,

A = 2d sin(0), (1)

is then fulfilled simultaneously by all eight planes, yielding eight
diffracted beams with a deflection angle of 26. For a silicon crys-
tal, the photon energy that sets the {113} planes in the Laue con-
dition is 12.56 keV (see Supplement 1). Figure 1(b) provides
experimental evidence for the simultaneous generation of the
eight beams described above. The experiment was performed
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Fig. 2. Near-field imaging experiment. (a) Experimental setup used at
the TOMCAT beamline of the Swiss Light Source. (b)—(d) Phase con-
trast images in the near-field regime recorded with the area detector
placed in the horizontal plane at deflection angles of (b) 0° (direct beam
direction), (c) 18.2° [diffracted beam from the Si(111) reflection], and
(d) 35.1° [diffracted beam for the Si(311) reflection]. The detection plane
was perpendicular to the direct beam. The rotation axes and rotation
directions with respect to the projection in (a) are marked with dashed
red lines and black arrows. The scale bar in (b) corresponds to 500 pm,
and the two red dashed lines illustrate the angle between the rotation
axes.

at the Materials Science beamline [20] of the Swiss Light
Source (SLS), using a silicon crystal with the aforementioned
arrangement. Figure 1(c) shows the arrangement of the beam
splitter crystal and a sample positioned downstream the crystal
in the overlap region of all eight diffracted beams. To ensure
the simultaneous illumination of a sample of size ¢ by all the
beams, the incoming beam diameter S and maximum distance
from the sample center to the closest face of the crystal L are con-
strained (see Supplement 1).

XMPI is a technique that can be applied to the near-field and
far-field imaging regimes. In this work, we demonstrate that the
different projections of an object are retrieved for both regimes
with resolutions around 17 pm and 80 nm, respectively.

The near-field imaging experiment was carried out at the
TOMCAT beamline at SLS [21]. Propagation-based phase-
contrast imaging was performed (see Supplement 1) using the
setup depicted in Fig. 2(a). The collimated beam at 12.56 keV
illuminated a Si(001) splitter mounted on a triple-axis goniom-
eter. Due to geometrical limitations of the experimental setup, the
crystal could not be oriented to simultaneously hit the eight re-
flections of the Si {113}-family [Fig. 1(a)], but only the Si(131)
and the Si(111) reflections, with deflections angles of 35.1° and
18.2°, respectively. A moth placed directly downstream from the
splitter was illuminated simultaneously by the three beams. Three
near-field images, shown in Figs. 2(b)-2(d), were recorded by
translating the detector to intercept each of the three beams.
The forward-direction image exhibits lower noise because of the
higher intensity. The image resolution of such images was esti-
mated to be about 17 pm based on analyzing the edge profiles. The
rotation axes that relate the direct-beam projection [Fig. 2(b)] with
the two deflected beam projections [Figs. 2(c) and 2(d)] form the
expected angle of 11.9°. The features of the moth head observed in
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Fig. 3. Far-field imaging experiment. (a) Experimental setup used at
the ID01 beamline of the ESRF synchrotron; (b) SEM image of the gold
nanostructure sample; (c)—(e) data related to (c) the direct beam and (d),
(e) the two accessible projections. From left to right, columns show the
simulated diffraction pattern, corresponding simulated object projection,
experimental diffraction pattern, and corresponding CDI reconstruction.
The scale bars in the diffraction patterns and in the reconstructions
correspond to 2 x 1072 nm™! and 200 nm, respectively.

the three images concur with being projections of the same object
along the directions given by (001), (111), and (13 1).

The far-field imaging experiment at 12.56 keV was performed
at the ID01 beamline of the European Synchrotron Research
Facility (ESRF) [22]. We performed coherent diffraction imaging
(CDI) [23], a well-established technique at storage rings and
XFEL:s [2], using the setup shown in Fig. 3(a). A Si(001) splitter
was mounted on a small hexapod to adjust the orientation. The
crystal was oriented such that the two {113}-family diffracted
beams accessible in the IDO01 diffractometer geometry were seen
simultaneously on a pixel detector. A gold nanostructure exhibit-
ing nontrivial 3D features [Fig. 3(b)] and grown on a silicon
nitride membrane was glued on the downstream surface of the
crystal. As the coherent flux was not sufficient, the beam was
focused to a size of about S = 1 pm at the crystal surface with
a numerical aperture, which matched the Darwin width of the Si
(131) reflection [24,25]. Unfortunately, the beam diameter § was
not sufficient to illuminate the sample simultaneously by all the
generated beams. However, this is not a limitation at sources with
higher coherent flux such as XFELs and diffraction-limited syn-
chrotrons. The sample was then translated transversely to produce
diffraction patterns on the detector positioned at a distance of
2.37 m. The three recorded diffraction patterns are shown in
the third column of panels in Figs. 3(c)-3(e), along with corre-
sponding simulations (first column) with the same signal levels.
The experimental patterns from the diffracted beam clearly mani-
fest larger background levels due to lower flux and background
components enhanced by the crystal. The CDI reconstructions
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Fig. 4. 3D reconstructions (see Visualization 1). These panels
depict the retrieved object (yellow) compared to the simulated phantom
(semi-transparent red) projected along (a) a direction perpendicular to
the direct beam, (b) the direct beam, and (c) an arbitrary direction.
The scale bar in (a) corresponds to 200 nm.

from the experimental diffraction images, obtained by applying
phase retrieval algorithms, and the simulated projections of the
sample are shown in the fourth and second columns, respectively,
of the abovementioned panels. Their comparison confirms that
the expected projections have been measured. The resolution
of the reconstructions, established using the phase-retrieval trans-
fer function criterion [26], was 18 nm for the direct beam pro-
jection and 77 and 85 nm for the two skew projections. A 3D
reconstruction of the object using the three measured projections
is depicted in Fig. 4. The reconstruction in yellow is compared to
the simulated model in semi-transparent red. For further exper-
imental and data analysis details, see Supplement 1.

In conclusion, we have experimentally validated XMPI, which
relies on a single crystal as the beam splitter to simultaneously gen-
erate tomographic projections from a single exposure of a sample to
the x rays. XMPI circumvents rotating the sample as for tomog-
raphy and represents a clear improvement with respect to pseudo-
3D single-shot methods. We conceived XMPI as an x-ray imaging
method for XFELs. In the optical domain, similar concepts can be
devised to retrieved 3D information with ultra-short laser pulses.
In the diffract-before-destroy approach, which is essential to
achieve submicrometer resolution from weakly scattering, nonrep-
roducible objects, XMPI paves the way to 3D object reconstruc-
tions. Other applications, however, appear to be meaningful. If
XFELs that offer pulse trains at megahertz repetition rates, such
as the European XFEL or the Linac Coherent Light Source after
the planned upgrade, are operated at fluences below the sample
damage threshold, XMPI may enable to track the 3D structural
dynamics of stochastic and deterministic [27] processes at the sub-
microsecond timescale. At synchrotron facilities, XMPI may find
applications in cases where a sample cannot be rotated due to the
complexity of the sample environment. Furthermore, at diffrac-
tion-limited sources, such as at MAX IV Laboratory and future
ones, the time resolution for structural dynamics investigations
may be reduced well below the millisecond regime. We, therefore,
anticipate that dedicated XMPI instruments may be realized at
operational and future hard x-ray user facilities.
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