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We further elaborate on the beam splitter concept introduced in the main text. We also
discuss in detail the data analysis and the near-field and far-field experiments.

1. CRYSTAL BEAM SPLITTERS

We propose the use of face-centered-cubic crystals as beam split-
ters due to their high degree of symmetry, i.e. they can simul-
taneously generate multiple deflected beams. Specifically, we
focus on diamond and silicon crystals. Diamond is a good can-
didate for X-ray free-electron laser optics due to its low X-ray
absorption, high damage threshold, and good heat conductivity.
On the other hand, silicon crystals can be produced with high
purity, low strain, and no defects. Their low cost means that they
can be considered consumable during high-flux experiments at
a free-electron lasers, whereas diamond crystals are expected to
survive those experiments [1]. Both crystals are commercially
available with subnanometer roughness and submicron scale
thickness control being optimal for X-ray multi-projection imag-
ing. Table S1 reports the deflection angles for a few allowed
silicon and diamond reflection families whose corresponding
wavelengths are in the hard X-ray regime and with practical
deflection angles. The energy to set a family of planes in Bragg
condition is given by

he

E= Sismno’ 1)

where E is the energy, h is the Planck constant, and c is the speed
of light in vacuum. The alignment of silicon and diamond crys-
tals to generate the multiple beams will be performed below the
damage threshold [1, 2]. The damage threshold for biological or
other radiosensitive samples will also be taken into account [3].
This alignment procedure will be crucial for the experiments per-
formed in diffraction-before-destruction conditions [4] at X-ray
free-electron lasers.

2. SIMULTANEOUS ILLUMINATION CONSTRAINTS

In order to image the sample simultaneously by all the generated
beams, two conditions have to be satisfied. First, we impose
a geometric condition, which requires that all the beams fully
illuminate the sample. Therefore, the sample has to be posi-
tioned downstream the crystal at a position L < Lg, where the
maximum geometrically allowed distance L for a thin crystal is
constrained by the beam diameter S, the maximum transverse
dimension of the sample ¢, and the deflection angle 20:

1 Scos(20) — ¢
Lg = sin(20) ( 2 ) ' 52)
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:
Refl. Symmetry direction  Reflection multiplicity E (keV) Deflection angle (26)
Si(131) (001) 8 12.56 35.1°
Si(331) (001) 8 13.70 48.2°
C(311) (011) 6 13.52 50.5°
c@aii) (111) 3 9.03 38.9°
C(i13) (111) 6 11.04 63.0°

Table S1. Bragg-reflection families of diamond and silicon cubic crystal structures suitable for multi-beam generation in the photon
energy range (E) between 2 and 14 keV, with a deflection angle between 20° to 65°.

Second, the direct and the deflected beams have different optical

paths, thus they do not illuminate exactly at the same time the

sample. Thus given a maximum tolerable time delay (At) which

ensures the immutability of the sample, the maximum tolerable

distance between the crystal and the sample is given by
L= cAt )

1
cos(20) 1
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where c is the speed of light. At XFELs, the maximum tolerable
time delay between deflected and the direct beam is constrained
by time interval between the arrival of the imaging pulse and the
observation of radiation damage. For example, for a biological
sample like a Lysozyme crystal imaged by 3 x 10'? photons at
12 keV focused on a 100 x 100 nm? the aforementioned interval
is below 10 fs [4] and the maximum distance is of the order of
10 ym. Finally, the sample to crystal distance L is chosen to be
smaller than the minimum of the geometrical Ly and temporal
Lt constraints. To ensure the overlap of the different beams at the
sample position during actual experiments, the beam diameter
on the crystal will be adjusted accordingly. For micrometer
and submicrometer samples in order to facilitate the overlap a
beam-recombiner setup will be designed as described in Ref. [5].

3. PROPAGATION-BASED PHASE CONTRAST

Phase-contrast imaging techniques exploit the phase change of
the exit wavefront after transmitting through a sample rather
than the change of transmission due to absorption. Such tech-
niques are specially useful to distinguish between two mate-
rials with similar transmission or transparent materials to the
probing radiation. The high penetration power of hard X-rays,
specially for low-Z materials, makes them a perfect radiation
type to exploit phase-contrast techniques. In the context of this
work, we exploit propagation-based phase contrast, i.e. we use
the free-space propagation to observe the phase change of the
exit wavefront as intensity variations in the recorded images [6].
The phase information is retrieved from the intensity variations
using phase-retrieval algorithms. The main solutions to this
inversion problem in the near-field regime linearize either the
transmissivity of the sample as exploited by the contrast-transfer
function approach (CTF) [7] or the propagator as transport-of-
intensity equations (TIE) [8] do. As the presented images are
acquired at propagation distances of the order of the depth of
focus of the used microscope, we can exploit TIE algorithms,
such as that presented in Ref. [9].

4. TOMCAT SETUP AND DATA COLLECTION

The phase-contrast near-field experiments were performed at
the TOMCAT beamline of the Swiss Light Source. The X-rays

provided by a bending magnet source were monochromatized
by a multilayer monochromator to 12.6 keV with approximately
a 2 % bandwidth. The natural divergence of the bending mag-
net X-ray beam at TOMCAT is about 2 mrad in the horizontal
and 0.6 mrad in the vertical direction, which is larger than the
Darwin width of the used crystal. A 100 ym thick Si(001) crys-
tal was illuminated by a 10 x 6 mm? beam after conforming it
with three sets of slits. The crystal was mounted on a triple-axis
goniometer to generate simultaneously several reflections. Be-
hind the crystal a moth was positioned to be illuminated by the
different generated beams. At 10 cm from the moth the detector
was positioned to record the different phase-contrast images.
For each of the images the detector was translated in a plane
perpendicular to the incoming beam. The detector was an X-ray
1:1 (Optique Peter) microscope with a high efficiency scintillator,
which converts X-rays to optical photons. The camera used was
a pco.edge 4.2 CMOS detector with a pixel size of 6.5 ym and
2048 x 2048 pixels. Each of the moth projections was acquired
with 4 x 10!! ph/mm? on the crystal beam splitter [10]. Around
63 % of the fluence on the crystal beam splitter contributed to
form the direct-beam image, while the contribution to the silicon
(111) and (131) images was of 4 % and 2 %, respectively.

5. COHERENT DIFFRACTION IMAGING

Coherent diffraction imaging (CDI) [11] is a lensless technique.
The sample is illuminated by plane waves, and the diffraction
patterns are recorded in the far-field regime. CDI provides a
reconstruction of the complex X-ray transmissivity of the sample
by means of phase-retrieval procedures based on iterative trans-
form algorithms [12, 13]. The achievable resolution is given by
the largest diffraction angle at which the intensity of the diffrac-
tion pattern exhibits sufficient signal-to-noise in order to reliably
reconstruct the phase [6], so that the ultimate resolution limit
is set by the wavelength of the incident radiation. The recon-
structions presented in Fig. 3(c), (d), and (e) are obtained after
averaging 20 reconstructions, where each of them was obtained
after 2800 iterations of shrink-wrap algorithm [14] and 1200 iter-
ation of hybrid input-output [13] with 8 = 0.9 combined with
an error reduction algorithm [12].

6. IDO1 SETUP AND DATA COLLECTION

The CDI experiments were performed at the ID01 beamline
at ESRF. The beam was monochromatized by a double crystal
monochromator at 12.56 keV with a ~ 4 x 10~* bandwidth as
required to efficiently generate eight beams by a silicon crystal
(Table S1). The coherent portion of the beam was focused by
compound refractive lenses to a focal spot of 1 um? on the sam-
ple. The sample was composed of a 100 ym thick Si(001) crystal
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and 500 nm gold nanostructures attached to it. The sample was
mounted on a hexapod stage capable to precisely orient the sam-
ple to generate the eight deflected beams. The intensity of the
deflected beams was 10 % less intense than the transmitted beam.
Once the crystal was aligned, a SmarAct 3D piezo system was
used to position precisely the gold nanostructures to be illumi-
nated by the deflected beams. As the beam was tightly focused
around the sample and the sample was not exactly positioned
behind the crystal, we translated around 50 ym the sample from
the position in the direct beam to the position in each of the
diffracted beams. The diffractometer was positioned on each of
the three accessible beams to record the diffraction patterns. The
detector used was a Maxipix with 55 ym pixel size and 512 x 512
pixels. The Maxipix was positioned 2.37 m from the sample on
the diffractometer arm and a vacuum pipe with a beamstop was
installed between the sample and the detector to reduce the air
scattering. The direct-beam image was recorded with a fluence
of 1.1 x 10'° ph/um? illuminating the crystal beam splitter, but
only 38 % of that fluence illuminated the sample. The deflected-
beam images were recorded for both reflections with a fluence
of 3.0 x 10" ph/um? with an efficiency of 4 %.

7. 3D RECONSTRUCTION

The 3D reconstruction was retrieved by using the filtered back-
projection algorithm. As the experimental data recorded at ID01
was limited to only three projections, we have applied symmetry
constraints [15]. First, we applied a four-fold symmetry con-
straint around the beam direction, i.e. perpendicular to the view
in Fig. 3(c). Second, we applied a mirror symmetry constraint
around a mirror plane defined perpendicular to the projection
in Fig. 3(c). Once the 3D model was reconstructed, a histogram
constraint vetoing the outlaiers was applied. The 3D data visu-
alization has been obtained using ParaView software [16].

8. SAMPLE PREPARATION FOR CDI

Gold nanoparticles for CDI experiments were manufactured on
250 nm thick SizN4 membranes by means of two steps: electron-
beam lithography and electroplating [17, 18]. First, a metal stack
of Cr/Au/Cr (5nm/10nm/5nm) was evaporated on a silicon
nitride membrane. Subsequently, a negative tone e-beam re-
sist HSQ (FOX16, Dow Corning, 1:1 dilution with MIBK) was
spin-coated at 3000 rpm, resulting in a film thickness of about
250 nm. In the first e-beam lithography step, an array of micro-
rings were exposed using Vistec EBPG5000Plus direct writing
e-beam lithography system, operated at 100 kV accelerating volt-
age. After development of the exposed HSQ in NaOH buffered
solution (MICROPOSIT 351, Rohm and Haas) and rinsing in
deionized water, silicon dioxide discs with inner/outer diam-
eter of 250 nm/4 pum, respectively, and the distance between
the neighboring particles of 100 ym were defined at specified
locations. For the following e-beam exposure, approximately
900 nm thick layer of positive tone resist (PMMA 950k, 8% in
anisole, MicroChem Corp.) was spin-coated on the membrane
at 4000 rpm and baked out at 175 °C on a hotplate. By perform-
ing the second overlay exposure and developing the samples
in IPA:DI H,O (7:3) solution, structures with various manifold
rotational symmetry, fitting into a circle of 500 nm diameter,
were created exactly above the SiO, discs. This way, molds for
electroplating gold nanoparticles with well-resolved 3D shape
control were defined. After a short Cly-based plasma etching
step (required to remove the upper Cr layer), the mold was filled
with gold during the electroplating step to a height of 500 nm.

After removing the PMMA layer and subsequently HSQ discs in
acetone and BOE (buffered oxide etch), respectively, individual
nanoparticles with complex 3D shape along the rotational sym-
metry axis anchored on the SisN4 membrane were fabricated,
an example is shown in Fig. 3(b).
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